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Ballistic impact response of 40mm thick Rolled Homogenous Armor (RHA) impacted by a 30mm triple conical nosed AP

projectile has been reported in this paper. Armor perforation by plugging failure was observed when impacted above the

ballistic limit (BL). Microstructure of plug so formed as well as impacted area around the plug formation of RHA specimen

showed presence of adiabatic shear bands. Numerical simulation of the impact of 40mm RHA by 30mm AP shot above

ballistic limit was carried out with the help of commercial FE code Ansys-LS Dyna using plastic kinematic hardening

material model. The numerical analysis approach was found to be promising for prediction of ballistic impact response of

amours with reliable degree of accuracy and which can supplement the time consuming and costly dynamic experiments.
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1. Introduction

A substantial research effort has been directed over
the years to physically understand and mathematically
describe the phenomena of high velocity ballistic
impact of steel armor. Though there are large number
of innovative materials developed over the years, steel
is the foremost material in the context of protective
amours [1-3]. Backman and Goldsmith have
highlighted eight modes of perforation mechanisms
related to ductile and brittle targets[1]. Perforation
mechanism depends on projectile nose shape, impact
velocity, target property, target thickness and size. For
an example this can be a ductile hole enlargement for
a conical shaped projectile and plugging for a blunt
shaped projectile etc. [1, 3-4]. A comprehensive
survey by Backman and Goldsmith [1] covers
experimental, analytical and numerical studies on
penetration and perforation of armor. Investigation
reported in literature deal with experimental/fragment
simulating projectiles, small arms bullets, thin steel and

*Author for Correspondence: E-mail: nnayakpxe @yahoo.com

aluminum armor and theoretical predictions [1-7] but
detailed investigation of impact of thick steel armors
by standard military projectiles are scanty.
Understanding of the projectile-armour interaction is
crucial for design of effective armor against perceived
threat and also acts as a guiding tool for selecting
appropriate armor penetrating projectile for
acceptance tests of armor. However, due to the
complexity and costs involved in ballistic experiments,
a general solution technique is sought to supplement
high-precision tests in order to reduce experimentation
to a minimum. Chen and Li [4] has developed an
analytical model based on dynamic cavity expansion
theory which considers hole enlargement for sharp
projectile nose and the plugging formation for a blunt
projectile nose. The models have developed for non
deformable projectile with thick plates. It has assumed
materials behave as elastic-perfectly plastic material
or incompressible elastic, strain hardening plastic
material. Local effect becomes an important
parameter when the thickness of the plate gets
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increased. Again, the complexity of the many impact
events of ballistic impact phenomenon limits the use
of closed-form analytical solutions. With the
advancement of computational abilities, numerical
methods have begun to find use in solution of this
class of problems. However, numerical study of impact
problems involving thick armors, medium to large
caliber impactors moving at ordnance velocities are
few in the literature due to problems in accurate
material description, fracture calculation as well as
geometrical and material instabilities [8-9 ].

In an earlier communication [10], the
experimental findings of plugging failure of 40mm
RHA impacted by triple conical nosed 30mm AP
projectile was reported. Ballistic limit, plug mass and
microstructure of plug formed were presented.
Isolated adiabatic shear bands were observed in the
plugged portion and it was presumed that similar shear
bands would be present in the impacte]d zone of the
armor. The objective of this paper is two fold. Firstly,
to investigate the microstructure of samples from
perforated target plates and study the mechanisms of
penetration of 40mm RHA when impacted by triple
cone nose shaped 30mm caliber projectile and to
conclusively establish the conditions associated with
plugging. Secondly, to attempt numerical simulation
of plugging phenomenon using Kinematic Plastic
Hardening model and compare the predictions with
experimental data.

2. Experimental

Rolled Homogenous Armor (RHA) plates composed
of low alloy steel (Cr 1.4%, Ni 1.3%), hardness around
330 BHN, dimensions 1200mmx1200mmx40mm were
used. Iron frame with rigid support was used to clamp
the target plates. Triple conical nosed 30mm caliber
Armor Piercing (AP) projectiles (Fig. 1) made of
medium carbon steel, having hardness in the range of
600 BHN and mass of 300gm was fired from ritled
30mm guns. The striking velocities were varied by
adjusting propellant charge mass. The striking velocity
was recorded by foil and counter method [3]. Film
based high speed framing camera (NAC-HD)
operating at 10,000 frames per second was employed
to generate high-precision pre and post impact data
including plug velocity, projectile displacement with
time. An experimental set up is shown in Fig. 2.

Fig. 1: Profile of triple cone 30mm armor piercing projectile

Fig. 2: Experimental set-up for ballistic impact

3. Results

Ballistic limit was determined by V,, method and was
found in the order of 788m/sec for 30mm projectile.
Perforation with plug formation was observed. Smooth
circular through hole in case of plugging failure. Each
impact zone (size approx 100mmx100mm) of RHA
plate was cut into eight pieces and marked as shown
in Fig. 3.

Fig. 3: Impact zone of RHA failed by plugging
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3.1 Microstructural Investigation

The impact zones of the armours were cut, polished
and etched for metallurgical study. The microstructure
was observed under a magnification of 50x. Sample
micrographs of plugged zone are shown in Fig. 4.

Inerseciing
shear bands

Adiabaric
™ shear hand

Fig. 4: Microstructures of periphery of plugged zone of RHA
(x50)

The micro structural analysis of the plugged zone
reveals existence of adiabatic shear bands and the
deformation represents a high strain rate shear. The
fracture is wedge type associated with reversal of
deformation lines and intersection of shear bands. The
findings corroborate with those of an earlier study [3]
where adiabatic shear bands were found to exist in
the plugged piece and their occurrence in the impact
zone of the armour was presumed.

4. Numerical Simulations

A numerical simulation has been carried out using
Plastic Kinematic Hardening material model to predict
the experimentally obtained target response during
plugging failure of a 40mm thick RHA impacted by a
30mm AP projectile.

The three dimensional Finite Element model is
analysed in ANSYS-LS DYNA. Total number of 8-
noded hexahedral elements used in the analysis is
1,32,720 with 46,080 elements for the projectile and
86,640 elements for the target plate. Eroding node-
to-surface and surface-to-surface contact algorithms
are employed to simulate the contact behaviour
between surfaces during penetration. The translational
nodal degrees of freedom along the boundary of the
target plate are constrained to prevent any translational
motion. FE analysis was conducted for striking
velocities of 800m/s and 830m/s on a P IV-3.06 GHz
processor for a time limit of 1000 ps- corresponding
to the time for complete perforation of the plate. The
required CPU time varied between 7-10 hours.

Fig. 5: Modelling of target and projectile

The geometry and dimensional details of the
projectile and the target are shown in Fig. 5. The
projectile has a triple conical profiled nose shape. The
target has been modelled as a circular plate of
diameter 150mm. The target and projectile are
discretized by mapped meshing. Material properties
used for simulation were a combination of experimental
and literature data and few of them were finalized
after initial simulation runs to arrive at final model
constants. Plastic kinematic hardening material model
with an element kill algorithm is used in these impact
simulations due to its simplicity in describing strain
hardening and strain rate hardening. The model
constants finalized from the trial simulations for both
bullet and target materials are given in Table 1.

The simulated damage in the armor caused for
a striking velocity of 830 m/s is compared with the

Table 1: Material properties and model constants used in
simulations

Material Steel

Density, p 7850 kg/m?
Young’s Modulus, Ex 21E5 MPa

Yield Stress, p, 800 MPa for bullet & 900 MPa

for target
Tangent Modulus, E, 21E4 MPa
Hardening Parameter, 3 0
Strain rate parameter, C 40 (Cowper-Simonds)

Strain rate parameter, P 5 (Cowper-Simonds)

Failure strain, € 0.15 for bullet & 0.21 for target
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experimental results in Fig. 6. Close similarity is seen
to exist in the simulated and experimental damage
areas (variation by about 10%).

Fig. 6: Experimental and simulated damage of impacted
armor

The simulated post-impact variations in
displacement and velocity of projectile with time for
two striking velocities i.e. 800m/s and 830 m/s are
compared with experimental values in Figs. 7 & 8
respectively. The displacement-time plots of simulated
and experimental plots follow the similar pattern with
amaximum difference of 20mm within a time interval
of 1000 ps from the instant of impact.

The simulated ballistic limit was found to be 758
m/s against the experimentally found ballistic limit of
788 m/s. Thus, a difference of around 4% was found
to exist between the experimental and the simulated
ballistic limit values. The difference is reasonable
considering the complexity of the problem and the
approximation in modelling of the materials. Also, a

Fig. 7: Experimental and simulated post-impact displacement-time for projectile
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Fig. 8: Experimental and simulated post-impact velocity-time for projectile
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difference of 10-15% between the simulated and the
experimental ballistic limits is normally found in the
works reported in the literature [3,8,11]. The accuracy
of the results is mainly depending on the mesh quality
of the model, the material parameters and the material
models used for the numerical simulation.

5. Conclusions

A reproducible plugging mode of failure occurred when
40mm RHA plates were impacted above BL by 30mm
triple conical nosed AP projectiles. Adiabatic shear
band formation was found to be the dominating
mechanism for shear plugging. The impact was
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