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ABSTRACT

Numerical simulations with ANSYS/DYNAMIC EXPLICIT have been performed to study the
Ballistic perforation of 12 mm thick Weldox 460E steel plate struck by projectiles with different
cone angles (30°, 60°, 90°, 120°, 180°) under normal impact. The Johnson—Cook plasticity model
combined with the Johnson—Cook dynamic failure model have been used to analyze the
perforation of the target plate and the failure modes. The objective of the work was to calculate
the ballistic limit, residual velocity and absorbed energy during the perforation process. Various
failure modes as well as perforation process are obtained for different cone angles. Results of
numerical simulation are validated with experimental results as available in literature.
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1. INTRODUCTION

The understanding of high velocity impact behavior of material is very important for dynamic
analysis. This knowledge can be used to analyze the effect of penetrating fragment, accidental
loads and collisions in various engineering application. The failure modes observed in target plate
during impact by a moving projectile depends upon response of impact zone and nose shape of
the projectile. Ballistic limit, which is defined as the velocity required for a particular projectile to
completely penetrate a particular piece of material [1], depends on thickness of the plate and
diameter of projectile.

Many investigators such as [Arias et al, Borvik et al., Zukas and scheffler, Gupta et al.] studied
the dynamic behavior of material during normal impact by projectile of various nose shapes.
Borvik et al. [2] found that blunt projectile took less time to perforate the target plate at low
impact velocity compared to conical projectile. The amount of kinetic energy of projectile used
towards the perforation of the plate depends upon the nose shape and the impact velocity. Zukas
and scheffler [3] found higher ballistic limit for blunt nose projectile than conical nose projectile
for thick plates experimentally. Arias et al.[4] found that blunt nosed projectile perforated the
plate in less time than conical projectile. Gupta et al. [5] observed that deformation of the target
plate decreases with an increase in the projectile impact velocity. Woodward [6] found that there
are many cases of ballistic perforation of the plate where mixed mode of failure appears. The
causes of mixed mode of failure are due to anisotropy in the material. Wilkins [7] found that
ballistic limit depends on the thickness of target plate. They found that for thick metal target plate
ballistic limit of blunt projectile is higher than conical projectile, while opposite was observed for
thin target plate. Borvik et al. [8] found that the absorbed energy and failure modes are directly
affected by the nose shape of the projectiles used during the perforation process. In present work
numerical simulation has been conducted to study the effect of cone angle on perforation of metal
plate by projectile during normal impact. An attempt has been made to study the influence of cone
angle on failure modes, ballistic limit, absorbed energy and residual velocity. Numerical
simulation has been performed in Ansys/Dynamic Explicit [9], a finite element code.

2. BASIC MODELLING
The plate material used in this numerical simulation of projectile-plate impact is Weldox 460 E
steel. It is a thermo-mechanically rolled ferritic structural steel which offers high strength
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combined with high ductility. The thermoviscoplastic behavior of the material which constitutes
the metal plate has been formulated using Johnson Cook material model.

The Johnson-Cook [11] plastic model incorporate the effect of strain hardening, strain rate
hardening, and thermal softening which include strain, strain rate and temperature as shown in

Eq. 1.
o(e",",T)= [A+ B(<) }{u Cln(gﬂ[l_T*m]

where, A is yield stress, B is constant of material, n is hardening parameter, C is strain rate
sensitivity parameter, m is a temperature sensitivity parameter, £o is the lower limit of constitutive
relation and T* (= (T -T,)/ (T, —T,)) is homologous temperature, T is the current temperature ,

To is the room temperature and T, is the melting temperature in K.

M)

The Johnson-Cook [10] dynamic failure model includes the effect of stress triaxiality, strain rate
and temperature. The equivalent fracture strain is given below in Eq. 2.

& =| D, +D, eXp(Dgcs*)}{l+ D, Ini}[1+ D,T" | @)
€9

Where, Di (1 =1, 2, 3, 4, 5) are failure constants coefficients ando” =1/3c [0, + o, + 0, ] is stress

triaxiality, which is defined as the ratio of mean stress to the equivalent stress. The model for
ductile material assumes that the equivalent plastic strain at the commencement of damage is a
function of stress triaxiality and strain rate. The material parameters of plate and projectile as
given by Borvik et al. [2] are given in Table 1 and Table 2 respectively. The projectile behavior
has been defined as elastic using a large value of the yield stress.

Table 1 material constant for weldox 460E steel

Elastic constant and Density Yield stress and strain hardening Strain rate hardening

E (GPa) v p(kg/m?) A (MPa) B (MPa) N &, (sY) C
200 0.33 7850 490 807 0.73 5x10* 0.0114

Adiabatic heating and temperature softening Fracture strain constants

CP(‘]/Kg/K) ﬁ Tm To m D1 Dz D3 D4 D5
452 0.9 1800 293 0.94 0.0705 1.732 -0.54 -0.015 0

Table 2 Material constant for projectile
E (GPa) v p(kg/m°) oy (MPa) E:(MPa) Mean €& (%)
204 0.33 7850 1900 15000 2.15

3. NUMERICAL EXAMPLE

A numerical example for a circular plate of 500 mm diameter and 12 mm thick under normal
impact by projectiles has been considered after following Borvik et al. [2]. Conical projectiles
with different cone angle (26) from 30° to 180° were used for numerical analysis of projectile-
plate impact as shown in Fig. 1. The mass and diameter of all projectiles were taken as 197 g and
20 mm to keep the inertial constant. The projectiles were assumed to be non-deformable.
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20=30°,60°, 90°, 120°, 180°

20

Figure 1 Projectile used for numerical analysis

Geometric configuration of the projectile and the plate was designed using Creo 5.0 [13] and
imported to Ansys [9] for modeling. The target plates and projectiles were modelled using
axisymmetric method. The periphery of the plate was considered as fixed for the simulation. The
contact between the projectile and the plate has been defined using the penalty contact algorithm.
Surface to surface contact interaction is defined between deformable steel plates and non
deformable projectile with a tolerance limit of 0.2. The impact zone of the target plate is defined
by 0.2x0.2 mm? element size. There are eight elements across the thickness of plate. The value of
dynamic coefficient of friction is considered as 0.05 between the projectile and the target plate for
the dynamic analysis.

The adaptive meshing was used for plate and projectile to avoid excessive element distortion
during numerical simulation especially for smaller cone angles [9]. In case of large deformation
adaptive method splits and distorts a mesh automatically during the solution process. A total of
five cases of simulation with different cone angle of the projectiles are presented in the present
paper. An example of finite element model is shown in Fig. 2.
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Figure 2 Isometric view of mesh model of the plate and conical (30°) projectile

4. RESULTS AND DISCUSSION

The failure modes of steel plate obtained by different conical projectile (varying cone angles
starting from 30° to 180°) are discussed in this section. It is observed that the target plate deform
by ductile hole enlargement for lower value of cone angle. For medium cone angle plugging is
observed in target plate. Shear plugging is observed in case of higher cone angle. Similar results
were reported by Borvik et al. [2] and Arias et al. [4] in their work on blunt projectile and conical
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projectile. Equivalent plastic strain contours of the target plate for conical projectile of different
cone angles are shown in Fig. 3.
EQUIVALENT PLASTIC STRAIN CONTOURS
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Figure 3 Failure mode obtained in target plate (axisymmetric region) at 500 m/s for different cone angle

Analysis was also conducted for different impact velocity for each cone angle of the projectile
and residual velocity was calculated. The variation in residual velocity has been shown in Fig. 4.
It was observed that the residual velocity of projectiles significantly depends on the cone angle of
the projectile. The result shows that the residual velocity increases with increase in cone angle at
low impact velocity. But residual velocity decrease with increase in cone angle at high impact
velocity. This behaviour is found due to energy used towards the deformation of plate.
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Figure 4 Residual velocities of projectiles at different impact velocity
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Figure 5 Ballistic limit of different projectiles
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The ballistic limit were calculated for each cone angle and is plotted in Fig. 5. The curve shows
that ballistic limit is the function of cone angle and decreases as cone angle increase. The ballistic
limit is minimum for 180° cone angle i.e. blunt projectile.

The energy used towards the plastic deformation of plate during impact was calculated from the
difference of kinetic energy of projectile before and after impact. The energy used for the
perforation significantly depends on the cone angle as well as impact velocity of projectile. The
variation in the energy with respect to cone angle is shown in Fig. 6.

During the impact of projectile with smaller cone angle the change in energy used for perforation
of plate with impact velocity is more or less same. However with projectile of larger cone angle,
increase in impact velocity results into increase in energy used for deformation. The energy found
maximum for blunt projectile (cone angle 180°) at high impact velocity.
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Figure 6 Energy used by plate at different impact velocity

The numerical results of residual velocity obtained in this work for blunt projectile (cone angle
180°) have been compared with experimental results reported by Borvik et al. [2] and shown in
Fig. 7. The figure shows that the numerical results are closely matching with the experimental
results.
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Figure 7 Comparison of experimental and numerical results for 180° cone angle (blunt) projectile

5. CONCLUSIONS
The work included numerical studies for the influence of cone angle of conical projectile during
the impact on plates to study failure modes, residual velocity, ballistic limit and absorbed energy.
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In this analysis different failure modes were observed depending upon cone angle of projectile.
As the cone angle increases, failure mode shift to shear plugging from ductile hole enlargement.
Ballistic limit also depends upon the cone angle and found minimum for higher cone angle (180°).
At high impact velocity the energy used towards the deformation of plate is higher for larger
cone angle projectiles. The residual velocity curves are affected by the projectile cone angle and
impact velocity. The cone angle as well as impact velocity are responsible for deformation
behaviour and failure modes.
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