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Abstract

A soft or deformable missile changes shape as it penetrates a ductile metal target. The deformation increases the

area of the contact surface and thus decreases the areal density of the missile. This paper investigates the e�ect of
relative deformability of missile and plate on the ballistic limit of thin ductile plates which are struck at normal
obliquity by soft cylindrical missiles. The e�ect of various parameters on the extent of global deformation (dishing)

and localised failure mechanisms of the target plate are examined as a function of the relative size of plate and
missile, ¯ow stress and fracture strain of the plate, missile mass, missile deformability at impact speeds close to the
ballistic limit. There also is an analysis of how these deformation and failure characteristics a�ect the ballistic limit
of a target plate. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Accidental impact scenarios frequently involve missiles that are composed of relatively soft materials.
Bird strike and the impact of hail stones on aircraft are examples of impact by soft missiles. Another
example is accidental explosions where the risk of puncturing nearby pipes or panels by hurled fragment
can depend on the relative hardness of the fragments in comparison with that of the pipe or panel that
they strike. The present research is to assess resistance of ductile metal plates to perforation by
cylindrical missiles of di�erent hardnesses striking at normal incidence with impact speeds V0 in the
subordnance velocity range (25<V0<500 m/s (Backman and Goldsmith, 1978)). The resistance of a
plate to perforation can be represented by an important parameter, the ballistic limit; i.e. the minimum
impact speed where the missile perforates the plate. In the `subordnance' velocity range, impact of
missiles can cause both global deformation and localised failure of the target plate. The global de¯ection
surrounding the impact point is de®ned as `dishing'. For thin to moderately thick ductile metal plates
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struck by blunt missiles, dishing ®rst occurs and then the subsequent failure mechanism is either
`plugging' (predominantly shear rupture) or `discing' (predominantly tensile rupture)1. Ruptures develop
in a narrow annulus around the contact area; the dominant rupture depends on the extent of the
structural deformation or dishing (Liu, 1996). A large stretching strain in the narrow annulus as a
consequence of very large structure deformation (dishing) results in a failure of the plate by discing. In
contrast, in the case of very little structural deformation, a plate fails by plugging due to a large relative
transverse displacement between the plug underneath the missile and the surrounding plate. As shown
by Liu and Stronge (1995), the ballistic limit of a metal plate struck by a blunt missile in the
subordnance velocity range cannot be predicted correctly without relating the localised failure mode
(either discing or plugging) to the extent of structural deformation.

A deformable missile can be either hard and relatively undeformable or ductile and very deformable
in comparison with a target plate. As a ductile missile penetrates a metal plate the impact end of missile
spreads radially or mushrooms. The mushrooming of a ductile missile striking a rigid target was
analysed by Whi�n (1948) and Taylor (1948). In the ordnance velocity range (500<V0<1300 m/s),
some experiments were conducted to investigate the penetration and perforation behaviour of metal
plates by ductile missiles (Recht, 1978; Woodward and DeMorton, 1976). In these experiments, the
target plates underwent little structural deformation away from the impact point; the investigation was
focused on size of the hole produced by the mushroomed missile and how this a�ected the residual
velocity of the missile after perforation. In the subordnance speed range, Corran et al., (1983) gave an
simple example where a soft missile resulted in a larger ballistic limit than that of a hard missile for
impact against an identical thin metal plate.

In the subordnance impact speed range, previous experiments focused on e�ects of plate material
properties and the relative size of missile and plate. The e�ect of missile deformability was neglected by
using a very hard missile so there was little plastic deformation generated in the missile during the
impact process. Although there have been many papers which examined the deformation and failure
behaviour of ductile metal plates struck by hard missiles, the following two problems remain.

1. It has not been made clear how the ratio of plate thickness to missile diameter and the plate fracture
strain a�ect the failure mechanism of a target plate struck by a ¯at-ended missile. Corran et al. (1983)
suggested that target plates of mild steel, stainless steel and aluminium alloy struck by ¯at-ended
missiles failed by `plugging' for ratios of plate thickness to missile radius H=rm in the range
0:168 < H=rm < 1:0; they did not discuss the e�ect of the plate material ductility on rupture. In
contrast, Lethaby and Skidmore (1977) concluded that for mild steel plates, the failure mechanism
was discing if 0:168 < H=rm < 0:34.

2. The experimental data for the ballistic limit has been interpreted in relation to missile mass, plate
yield stress, plate thickness and missile radius but not in relation to the ductility of the plate material
(Corbett et al., 1996).

The present paper mainly reports data for the ballistic limit of ductile metal plates struck by blunt
missiles at normal incidence with incident speeds in the subordnance velocity range. In these experiments
the missiles are made from materials with di�erent hardness ranging from a soft polymer (PTFE) to
hardened steel. The in¯uence of various non-dimensional parameters on the extent of global

1 Stronge, (1985) described discing as `a circumferential fracture near the periphery of the impressed region that results from

radial stress associated with dishing of the (thin) plate'. This through-thickness mode of failure was further investigated by

Palomby and Stronge (1988). Use of the term `discing' by Woodward (1979) describes an alternative failure mode in moderately

thick plates which have low fracture toughness across planes parallel to the surfaceÐa failure mode that has the appearance of

spalling.
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deformation and type of localised failure mechanisms of target plates are examined as functions of the
relative size of plate and missile, plate ¯ow stress and fracture strain, missile mass, and deformability for
ductile missiles. Later there is a discussion of how these deformation and failure characteristics a�ect the
ballistic limit of the plates.

2. General details

2.1. Description of experiments

To examine the e�ects of various parameters on the ballistic limit, two groups of tests were
conducted. The ®rst group of tests consisted of ®ring hardened steel missiles against thin circular plates.
These tests investigated perforation of plates made from three di�erent materials: 1200 aluminium,
2014A TB aluminium alloy and mild steel. The hardened steel missiles experienced negligible inelastic
deformation during the impact process and consequently can be considered as `rigid' missiles. In these
tests the missile mass, missile radius, plate material and plate thickness were varied within ranges listed
in Table 1. These tests aimed to obtain general relations for the ballistic limit of target plates that are
perforated by a hard ¯at-nosed cylindrical missile striking at a normal angle of obliquity. A second
group of tests were conducted to examine the e�ects of deformability (mushrooming) of a ductile missile
on the perforation behaviour and the ballistic limit of ductile aluminium plates. To achieve an extensive
range of missile deformation characteristics, the tests in the second group were performed with soft or
ductile missiles made of materials such as PTFE, 1200 aluminium, 6063 TF and 6061 T6 aluminium
alloys. Those missiles all had mass of 3.8 g and a diameter 12.5 mm, so attention was focused on the
in¯uence of missile deformability. The targets in the second group were 1200 aluminium plates of
thicknesses 1.22 and 3.03 mm. In both groups of tests, missiles struck the centre of the target plates at
normal obliquity. The target plates were bolted in a specially designed mount that clamped the edge and
restrained radial displacement; this resulted in a circular plate of diameter 95 mm. The plate diameter
was 7.6 times the diameter of the missile. When the plate diameter was changed from 95 to 190 mm, the
change in the ballistic limit of the mild steel plates of thickness 1.22 and 3.03 mm was less than 5%.
This indicates that the plate size was su�ciently large that the boundaries had negligible in¯uence on
strains in the rupture zone. A nitrogen gas gun with an inner diameter 28.7 mm was used to accelerate
the missiles to speeds above 25 m/s. Sabots made of Delron were used to carry missiles of diameters
12.5 and 25 mm down the barrel. The sabot was stripped o� the missile by a stopper located just
downstream of the muzzle. Missile velocities were controlled by either the gas pressure in the high

Table 1

Plates and missiles in ®rst group of tests

Plate Missile

Material Thickness Diameter Mass Diameter

mm mm g mm

1200 aluminium 1.22, 3.03, 6.42 95 3.8 12.5

1200 aluminium 1.22, 3.03, 6.42 95 9.7 12.5

2014A TB 3.25, 6.27 95 23.6 12.5

Mild steel 1.15, 2.98, 6.10 95 23.6 12.5

Mild steel 1.15, 2.98 95 23.6 25.0

Mild steel 1.15, 2.98 190 23.6 12.5
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pressure cylinder that powers the gun or by initially locating the missile partway down the barrel before
®ring. The muzzle velocity of the missiles was measured by a digital timer which measured the time
elapsed between the breaking of two sets of graphite leads that spanned the barrel at the muzzle; the
distance between the break-wires was 50 mm.

2.2. Properties of plate and missile materials

2.2.1. Plate material properties
To measure material properties, quasi-static uniaxial tensile tests of strips cut from the same sheets as
target plates and compressive tests of cylinders from the same rods as the deformable missiles were
carried out in an Instron test machine. For the plate materials, the yield stress sy at 0.2% strain,
ultimate stress su, ultimate strain at maximum stress eu and fracture strain ef that are measured in
uniaxial tensile tests are listed in Table 2. The fracture strain was measured from the change in width
and thickness of the fractured section. This characteristic strain at fracture is de®ned as ef � A0=Af ÿ 1
where A0 was the initial cross-sectional area and Af was the smallest cross-sectional area of the necked
region. The area of a deformed cross-section Af was calculated from the mean width and thickness
where the mean width and thickness were obtained by averaging those measurements at the edge and
centre of the associated surface. The edge and central widths and thicknesses were measured with
electrical vernier calipers.

2.2.2. Missile material properties
Because the deformable missiles su�ered a predominantly compressive deformation in the impact

process, the parameters from uniaxial compressive tests were essential for missile materials. These missile
materials have elastic±plastic stress±strain relations. The plastic behaviour of the missile can be
approximated by a rigid-plastic engineering stress±strain relation as follows (Recht, 1978) (Fig. 2)

Table 2

Summary of material parameters of plates and missiles where r is mass density per unit volume, H is plate thickness, sy is yield

stress, su is ultimate stress, P is plastic strain hardening modulus, l is strain rate hardening coe�cient, eu is ultimate strain, ef is

fracture strain. Data for strain rate hardening coe�cient are from Shadbolt et al. (1983) and Walley et al. (1989)

Material r H sy(Y ) su P l eu ef

g/cm3 mm N/mm2

Target plate Mild steel 7.8 1.15 175 288 Ð 40 0.28 1.36

Mild steel 7.8 2.98 371 485 Ð 40 0.17 1.00

Mild steel 7.8 6.10 365 481 Ð 40 0.24 0.98

2014A TB 2.7 3.25 302 464 Ð 4 0.18 0.40

2014A TB 2.7 6.27 288 309 Ð 4 0.06 0.38

1200 al. 2.7 1.22 106 112 Ð Ð 0.03 1.05

1200 al. 2.7 3.03 115 127 Ð Ð 0.06 1.07

1200 al. 2.7 6.42 114 125 Ð Ð 0.04 1.20

Cylindrical missile 1200 al. 2.7 Ð 60 Ð 150 Ð Ð Ð

6063 TF 2.7 Ð 150 Ð 200 Ð Ð Ð

6061 T6 2.7 Ð 320 Ð 650 Ð Ð Ð

PTFE 2.17 Ð 8 Ð 40 2.5 Ð Ð
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s � Y

1ÿ e
ÿ P

ln �1ÿ e�
1ÿ e

�1�

where e is the axial component of engineering strain for a cross section. Values of missile yield stress Y
and plastic strain hardening modulus P are listed in Table 2.

Mild steel and PTFE are materials which are sensitive to strain rate. A strain rate hardening
coe�cient l for these materials is needed to calculate the dynamic ¯ow stress or yield stress. The ¯ow
stress is de®ned as the average of the yield stress at 0.2% plastic strain and ultimate stress in a tensile
stress±strain relation. The relation between dynamic ¯ow stress sd0 (for a plate) or yield stress (sdy for a
plate and Y d for a missile) and strain rate is expressed by (Lindholm, 1964; Shadbolt et al., 1983;
Swallow et al., 1986; Walley et al., 1989)

sd0 � s0 � l log10 _e �2�

Table 3

Experimental data of 1200 aluminium, 2014A TB aluminium and steel plates struck by hardened steel ¯at-ended missiles where M

is missile mass, Dm is missile radius, H is plate thickness, D is plate radius, V0 is missile incident velocity and Vb is the ballistic

limit. Final state of perforation is indicated by (Y) perforated, (C) through thickness cracking or (N) no perforation

M Dm Plate H D V0 Perf. Vb

g mm material mm mm m/s Y/C/N m/s

23.6 12.5 steel 1.15 95 77 C 8124

85 Y

23.6 12.5 steel 2.98 95 182 N 18624

190 Y

23.6 12.5 steel 6.10 95 268 C 287219

306 Y

23.6 12.5 steel 1.15 190 82 C 8422

86 Y

23.6 12.5 steel 2.98 190 180 N 18121

182 Y

23.6 25.0 steel 1.15 95 132 C 13422

136 Y

23.6 25.0 steel 2.98 95 305 N 31429

323 Y

23.6 12.5 2014A 3.25 95 117 C 12225

127 Y

23.6 12.5 2014A 6.27 95 144 C 14723

151 Y

9.7 12.5 1200 al. 1.22 95 53 N 5623

59 Y

9.7 12.5 1200 al. 3.03 95 141 N 144.523.5

148 Y

9.7 12.5 1200 al. 6.42 95 213 N 21825

223 Y

3.8 12.5 1200 al. 1.22 95 94 N 9723

100 Y

3.8 12.5 1200 al. 3.03 95 224 N 229.525.5

235 Y

3.8 12.5 1200 al. 6.42 95 352 N 357.525.5

363 Y
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or

sdy � sy � l log10 _e or Y d � Y� l log10 _e �3�

Values of the strain rate hardening coe�cient l for these materials are listed in Table 2.

2.3. Experimental results

Table 3 gives the perforation data for 1200 aluminium, 2014A TB aluminium alloy and steel plates
struck by hardened steel missiles at either the highest velocity giving partial perforation or the lowest
velocity giving a complete perforation; Table 4 gives the data for 1200 aluminium plates struck by soft
missiles. Symbol Dn is the diameter of plug around which necking occurs, Dc is the diameter of the
crater (the area of obvious indentation) and Df is the diameter of the contact area (Fig. 1); Df is equal
to the maximum diameter of the impact end of a ductile missile which has mushroomed. For a
particular missile, the ballistic limit is approximated by the average of the highest velocity giving partial
perforation and the lowest velocity giving a complete perforation.

3. Discussion 1: structural deformation and rupture of metal plates

Failure mechanisms observed in our experiments are discing and plugging. For an impact system with
varying material and geometrical parameters, there are a variety of failure mechanisms. Failure

Table 4

Experimental data of 1200 aluminium plates of diameter 95 mm struck by PTFE, 1200 aluminium, 6063 TF and 6061 T6 alu-

minium alloy missiles of diameter 12.5 mm where X is the ®nal height of undeformed part and Lf is the ®nal height of the entire

missile. Dn, Dc and Df are denoted in Fig. 1

Missile M H V0 Perf. Dn Dc Df X Lf ÿ X Vb

material g mm m/s Y/C/N mm mm mm mm mm m/s

PTFE 3.8 1.22 126 N 12.84 Ð Ð 9.40 4.52 12923

132 Y 13.05 Ð Ð 4.89 8.90

PTFE 3.8 3.03 400 N 12.52 16.12 20.01 2.41 8.48 401.521.5

403 Y 13.00 16.45 19.75 3.08 8.50

1200 al 3.8 3.03 347 C Ð Ð 18.0 6.0 3.6 35427

361 Y Ð Ð 17.6 5.7 3.9

6063 TF 3.8 3.03 312 N Ð Ð 15.2 5.4 4.9 31927

327 Y Ð Ð 15.5 5.7 4.6

6061 T6 3.8 3.03 243 N Ð Ð 13.0 3.5 7.7 24723

251 Y Ð Ð 3.4 7.8 13.1

Fig. 1. Di�erent regions in the impact zone.
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mechanisms are reported only for the plates struck by missiles at velocities close to the ballistic limit. To
calculate the ballistic limit for any particular failure mechanism, a rupture criterion will be used to
determine an upper bound on plate deformation near the periphery of the interface between plate and
missile. In the following section, in¯uences of several parameters on deformation and failure
mechanisms of metal plates are examined separately.

3.1. E�ects of plate thickness and missile radius

The e�ects of plate thickness and missile radius on the extent of global deformation and localised
failure mechanisms of target plates were examined with several di�erent thicknesses for each of the three
plate materials (1200 aluminium, 2014A TB and mild steel). These plates were struck by hardened steel
¯at-ended missiles of diameters 12.5 and 25 mm; the corresponding ratios of plate thickness to missile
radius ranged from 0.0435 to 1. With an increasing ratio of plate thickness to missile radius, a missile
striking at a velocity close to the ballistic limit decreases the global deformation of the plate of the same
material and is more likely to cause rupture due to shear strain (Fig. 3). For the ratios of plate thickness
to missile radius less than 0.5, a representative fracture mechanism is shown in Fig. 4a. Fig. 4a
illustrates that the fracture surface was at approximately 458 to the deformed surface of the plate. A
similar fracture mechanism was observed by Lethaby and Skidmore (1974) for ratios of plate thickness

Fig. 2. Stress±strain relations of 1200 aluminium, 6063 TF and 6061 T6 aluminium alloys in uniaxial compressive tests. ÐÐ:

experimental curves. - - -: best ®t based on Eq. (1)

Fig. 3. Dishing of the plate just outside the plug d0 at impact speed V0 slightly below the ballistic limit.
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Fig. 4. Discing failure in a mild plate 2.98 mm thick struck by a hardened steel missile of radius 25 mm at 323 m/s; the fracture

surface is at 458 to the plate surface. (a) Cross-sectional view; (b) top view.
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Fig. 5. A 1200 aluminium plate 6.42 mm thick struck by a hardened steel missile of diameter 12.5 mm and mass 3.8 g where ratio

of the incident velocity to the ballistic limit is 0.98. Cross-section view shows a small shear crack in the upper part of the general-

ised hinge band.

Fig. 6. Back view of rupture of a 2014A TB aluminium alloy plate of thickness 3.25 mm struck by a hardened steel missile of

23.6 g at a velocity 117 m/s.
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to missile radius less than 0.34; the missiles were ¯at ended. They suggested that maximum shear strain
occurred at approximately 458 to the plate surface and ®nal rupture occurred when the radial stretching
strain reached a critical value. Correspondingly, Fig. 4b shows that a large tensile strain occurred on the
distal surface. As discussed by Liu and Stronge (1995), this failure mode is classi®ed as discing because
it is fundamentally caused by a large tensile strain due to stretching as well as bending. Dienes and
Miles (1977) also concluded that membranes or thin plates struck by ¯at-ended missiles were ruptured
by discing.

For the plate materials in these experiments, if the plate thickness is as large as the missile radius, the
rupture mechanism is `plugging' where the fracture surface is transverse to the plate surface (Fig. 5).
With increasing plate thickness, the failure model changes from `discing' to `plugging' for a plate struck
by ¯atended missiles. Analysis performed by Liu (1996) shows that the transition from discing to
plugging occurs at a ratio of plate thickness to missile radius that is roughly equal to 0.59 for 2014A TB
aluminium alloy plates or 0.5 for 1200 aluminium and mild steel plates. The e�ect of plate ductility on
the failure mechanism of a target plate is discussed in the following subsection.

3.2. E�ect of fracture strain of plate material

Based on experimental results for aluminium alloy and mild steel plates struck by ¯at-ended missiles
(0.22 < H/rm < 1.37 and R/rm=14.14) (Jones, 1995; Langseth and Larsen, 1990, 1994), Jones concluded
that aluminium alloy plates are more likely to rupture by discing than are mild steel plates of the same
thickness. The present experiments also suggested that 2014A TB aluminium alloy plates are more likely
to fail by discing than 1200 aluminium and mild steel plates (Fig. 6) for the same ratio of plate thickness
to missile radius. Aluminium alloy has small fracture strains (about 0.5) while 1200 aluminium and mild
steel have large fracture strains (>1); this suggests that at the same ratio of impact speed to the ballistic
limit V0=Vb, a plate of smaller fracture strain is more likely to rupture by discing.

Another phenomenon observed from the present experiments is that for thin 2014 aluminium alloy
plates that have a small value for the fracture strain, there is a multi-path cracking failure mechanism (a
crack propagated away from the periphery along a tangent to the contact area) (Fig. 6). This
phenomenon for aluminium alloy plates has been reported for ratios of plate thickness to missile radius
less than 0.2 (Langseth and Larsen, 1994). However this phenomenon has not been observed for mild steel
and 1200 aluminium plates and the di�erence may be that these materials have a large fracture strain.

3.3. E�ect of missile mushrooming

To explain how the radial expansion of soft or ductile missiles a�ects the plate deformation and
failure mechanism, a missile deformability index is proposed to represent the relative strength of the
plate in comparison with the missile at impact velocities close to the ballistic limit. This index is
rmV

2
b1=Y where rm is missile mass density per unit volume, Y is the missile dynamic yield stress and Vb1

is the ballistic limit of an identical plate struck by a hardened steel missile of the same diameter and
mass as the specimen missile. If a ductile cylinder strikes end-on against a rigid surface, the enlarged
area of the impact end of the cylinder is a function of rmV

2=Y where V is the impact velocity of the
cylinder against the rigid surface (Taylor, 1948). The missile deformability index2 rmV

2
b1=Y is a measure

of missile radial expansion at the ballistic limit Vb1. The term rmV
2
b1 represents the target strength (i.e.

resistance to missile perforation) and is a function of plate yield stress, fracture strain and so on.

2 This parameter is di�erent from the damage number rV 2=sy proposed by Johnson where sy is the yield stress of the target

plate and V is the missile impact speed.
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The ballistic limit for a ductile missile Vb2 is non-dimensionalised with respect to a minimum speed
Vp � 2H

�����������������������
ps0efrm=M
p

at which a hard missile of radius rm and mass M perforate a rigid target plate; the
symbol s0 is the plate static ¯ow stress and H is the plate thickness. The speed Vp is termed the
plugging speed. A detailed discussion of the plugging speed Vp is presented in Section 4.1. In Fig. 11, it
can be seen from our experiments that for a soft missile the ratio of the ballistic limit Vb2 to the
plugging speed Vp is a function of the missile deformability index3. An alternative parameter syH=Yrm

based on pure plugging could be used to express the relative strength of plate to missile. However, data
on the non-dimensional ballistic limit for plates of di�erent thicknesses show that the alternative
parameter does not eliminate dependence on plate thickness as successfully as the missile deformability
index rmV

2
b1=Y. In the present tests, the missile deformability index ranges from 0 to 9. In calculating

the missile deformability index for aluminium missiles, the e�ect of strain rate on the yield stress is
negligible. However for a PTFE missile, a dynamic yield strength is obtained from eqn (3) because
PTFE is very sensitive to strain rates. The average strain rate is calculated based on a formula in
Appendix A. For the PTFE missile striking at 400 m/s, the same deformability index has been applied
despite many cracks appearing at the impact end of the missile.

In our experiments if the missile deformability index was less than 0.45 there was negligible radial
expansion of a ductile missile striking a plate at a speed close to the ballistic limit (Figs. 7b, 8b, 9a and
9b); consequently, the extent of deformation and the type of failure mechanisms of a target plate was
hardly a�ected by missile deformability (Figs. 9a and 9b). In the range of the missile deformability index
larger than 0.45, the contact area increased and bending deformation developed at the impact end of a
missile after it struck at a speed just below the ballistic limit (Figs. 9a and 9b). The larger radial
expansion and bending deformation at the impact end of a softer missile led to a larger global
deformation of the target plate and a failure mode that was controlled by radial tensile strain rather
than shearing (Figs. 7a and 8a).

4. Discussion 2: ballistic limit of metal plates

The above section discusses how geometrical and material parameters in¯uence the deformation and
failure behaviour of a target plate. In this section we examine the manner in which this deformation and
failure behaviour a�ect the ballistic limit of a target plate.

4.1. E�ect of size and material parameters

For a plate struck by a hard missile of mass M at a speed equal to the ballistic limit Vb, the missile
incident kinetic energy MV2

b1=2 is a measure of global deformation of the plate. This kinetic energy is
absorbed by (a) structural deformation (dishing) of the plate in the region surrounding the area of
contact between the missile and plate, and (b) localised deformation of the narrow hinge band
surrounding the plug. If the width of the hinge band around the plug is assumed to be equal to the
plate thickness H (Liu and Stronge, 1995; Wen et al., 1995; Shen and Jones, 1992), perforation occurs
when the local plastic work in the generalised hinge band is 2ps0efrm

H 2 regardless of whether the local

3 Ratios of plate thickness to initial missile radius H=rm for the two plate thicknesses tested are 0.49 and 0.19. As shown in Fig.

10 for hard missile impact cases (along the axis of zero missile deformability index in Fig. 11), ratios of the ballistic limit to plug-

ging speed are very close for H/rm = 0.19 and 0.49. However, for a thick plate (e.g., H/rm = 1) struck by a hard missile the ratio

of the ballistic limit to plugging speed is di�erent from that for a thin plate (e.g., H/rm = 0.19). To make the curve for a thick

plate close to that for a thin plate in Fig. 11, the ratio of the ballistic limit to plugging speed needs to be multiplied by a parameter

that depends on the ratio of plate thickness to missile radius. This parameter can be determined based on Fig. 10.
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Fig. 7. (a) Final global de¯ection of 1200 aluminium plates 1.22 mm thick struck by hardened steel and PTFE missiles of equal

mass M=3.8 g and radius H/rm=0.195. The order from top to bottom is a hardened steel missile striking at 94 m/s and a PTFE

missile striking at 126 m/s (rmVb1
2 /Y=1.6); (b) the corresponding PTFE missile.
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Fig. 8. (a) Final global de¯ection of 1200 aluminium plates 3.03 mm thick struck by missiles made from materials ranging from

PTFE to 6061 T6 aluminium alloy. The missiles have equal mass M=3.8 g and radius H=rm � 0:495. Order from top to bottom is

6061 T6 missile striking at 243 m/s, a 6063 TF aluminium alloy missile striking at 312 m/s, a 1200 aluminium missile striking at

347 m/s and a PTFE missile striking at 400 m/s. With the above order, the value of parameter rmVb1
2 /Y changes from 0.45, 0.95,

2.4 to 8.9; (b) from the left to right are the corresponding missiles.
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failure mechanism is plugging or discing. In the above expression for the local plastic work, s0 is static
¯ow stress of the plate. Therefore, for impact of hardened steel missiles, a ratio4 of the ballistic limit to the
minimum speed for plug formation v1 � Vb1=�2H

�����������������������
ps0efrm=M
p � is proposed to represent the square root

of the ratio of total global energy dissipation of a target plate hit at the ballistic limit in comparison
with energy required for the same missile to perforate this plate by plugging, MV2

b1=4ps0efrmH
2. The

minimum speed for plug formation Vp � 2H
�����������������������
ps0efrm=M
p

(termed the plugging speed) is the minimum
speed for a hard missile to perforate a rigid plastic plate; this impact speed results in perforation only if

Fig. 9. For the impact end of deformed missiles striking 1200 aluminium plates at the ballistic limit; (a) deformed/initial diameter

at impact end and (b) average curvatures at the impact end: ÐwÐ plate thickness 1.22 mm (H/rm=0.195): ±± � ±± plate thickness

3.03 mm (H/rm=0.495). Data points from left to right are for hardened steel, 6061 T6, 6063 TF, 1200 aluminium and PTFE mis-

siles respectively.

4 This ratio v1 is equal to the square root of one plus the ratio of the energy absorbed by `dishing' (plate structural deformation)

to the energy absorbed by the local deformation in the narrow hinge band. So the non-dimensional ballistic limit v1 implicitly in-

corporates the energy absorbed by `dishing'.
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there is negligible deformation of the plate outside the hinge band. The ratio of the ballistic limit to the
plugging speed v1 � Vb1=�2H

�����������������������
ps0efrm=M
p � is used to explain how the plate yield stress, fracture strain,

plate thickness, plate radius, missile mass and missile radius a�ect the ballistic limit.
The ratio of the ballistic limit to the plugging speed v1 is plotted as a function of the ratio of plate

thickness to missile radius (Fig. 10). Because mild steel is sensitive to strain rates, in Fig. 10 the data for
mild steel plates have been adjusted to account for the strain rates; these modi®ed data are calculated
with the dynamic ¯ow stress sd0 from the eqns in Appendix B. Modi®ed data for aluminium alloy plates
are not presented because the di�erence between the original and modi®ed data is less than 2%.

An important feature of Fig. 10 is that curves for di�erent materials are very close to each other. This
means that for a certain value of the ratio of plate thickness to missile radius, the ratio of the ballistic
limit to plugging speed is approximately a constant which is independent of missile mass, plate ¯ow
stress and plate fracture strain. Thus for a constant value of the ratio of plate thickness to missile
radius, Vb1A1=

�����
M
p

,
����
ef
p

,
�����
sd0

p
. Shadbolt et al. (1983) concluded that for mild steel of thickness 1.2 mm,

the missile incident kinetic energy at the ballistic limit was approximately a constant for varying missile
mass if the missile radius was constant.

Another important feature of Fig. 10 is that the ratio of the ballistic limit to the plugging speed
decreases with the ratio of plate thickness to missile radius H=rm and approaches one as H=rm

approaches one. Recalling the physical meaning of the ratio of the ballistic limit to the plugging speed,
the above statement implies that the global energy dissipation of a target plate in comparison to the
local plastic work in the hinge band is larger if the plate is thin in comparison with the missile radius. In
contrast the global deformation is very small for moderately thick plates (H/rm>0.5) and rupture is
predominantly by plugging.

Fig. 10. Variation of the ratio of the ballistic limit to the plugging speed with increasing ratio of plate thickness to missile radius

for plates of diameter 95 mm struck by hardened steel missiles: q1200 aluminium plates struck by a missile of mass 3.8 g and di-

ameter 12.5 mm: r1200 aluminium plates struck by a missile of mass 9.7 g and diameter 12.5 mm: P 2014A TB aluminium alloy

plates struck by a missile of mass 23.6 g and diameter 12.5 mm: * mild steel plates struck by a missile of mass 23.6 g and diameter

12.5 mm: � mild steel plates struck by a missile of mass 23.6 g and diameter 25 mm: w modi®cation with a dynamic ¯ow stress for

mild steel plates struck by a missile of mass 23.6 g and diameter 12.5 mm: ^ modi®cations with a dynamic ¯ow stress for mild

steel plates struck by a missile of mass 23.6 g and diameter 25 mm.
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4.2. E�ect of missile deformability

The deformability of a ductile missile striking a ductile metal plate is described by the missile
deformability index rmV

2
b1=Y which was proposed in Section 3.3. To examine how the deformability of a

ductile missile a�ects the ballistic limit of a target plate, the ratio of the ballistic limit to the plugging
speed for a rigid missile Vb2=�2H

�����������������������
ps0efrm=M
p �, is taken as a function of missile deformability index (Fig.

11); the symbol Vb2 denotes the ballistic limit of a plate struck by a deformable missile. The data
presented in Fig. 11 are for 1200 aluminium plates with thicknesses 1.22 and 3.03 mm struck by missiles
with a deformability index in the range 0 < rmV

2
b1=Y < 9. To further identify the energy dissipation

mechanism of a plate struck by a ductile missile at the ballistic limit, the work done to plastically
deform a ductile missile during mushrooming is calculated.

Fig. 11 shows that with increasing deformability index, the ratio of the ballistic limit to the plugging
speed for a rigid missile has a very similar variation for 1200 aluminium plates of thicknesses 1.22 mm
�H=rm � 0:195� and 3.03 mm �H=rm � 0:485�. If the deformability index is less than 0.45, the ratio of the
ballistic limit to the plugging speed varies little with increasing missile deformability index. Our
experiments show that if 0:45 < rmV

2
b1=Y, the ratio of the ballistic limit to the plugging speed increases

gradually with increasing missile deformability index. For plates of thickness 1.2 mm �H=rm � 0:195�
struck by missiles made from aluminium alloys with di�erent hardnesses, the ballistic limit presented in
Fig. 11 equals that of the same plate struck by a hardened steel missile. This is because at impact
velocities around 100 m/s, the increase in radius of these missiles is negligibly small (less than 1%) so
their ballistic limit speeds are very close to those of a hardened steel missile.

A plate impacted by a ductile missile has a very large ballistic limit in comparison with that for a
hardened steel missile because of two factors; i.e. absorption of the missile incident energy by missile
deformation and by a large global deformation of the target plate. The latter is due to the enlarged
contact area between the missile and plate and our conjecture is that it also is due to the rounded nose
shape of a mushroomed missile (Figs 7b and 8b). The plastic work absorbed by a missile Em

b was
estimated using the method presented in Appendix C. Fig. 12 shows the calculations of the ratio of the

Fig. 11. Non±dimensional ballistic limit of 1200 aluminium plates v2 � Vb2=�2H
�����������������������
ps0efrm=M
p � as function of the missile deformabil-

ity rmVb1
2 /Y. H=1.22 mm ± ±w± ± H=3.03 mm Ð�Ð. Data points from left to right are for hardened steel, 6061 T6, 6063 TF,

1200 aluminium and PTFE missiles respectively.
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missile plastic work for various deformed missiles as a part of the incident kinetic energy at impact
velocities approximately equal to the ballistic limit of 1200 aluminium plates.

To show how the deformability of a ductile missile a�ects the ballistic limit in comparison with that
for a hardened steel missile of the same mass and radius, an increment expression for missile incident
kinetic energy dEb is employed. The increment of missile incident kinetic energy at the ballistic limit is
dEb � Eb2 ÿ Eb1 where symbols Eb2 and Eb1 are respectively the missile incident kinetic energies for
ductile and very hard missiles of the same mass and initial radius striking at the ballistic limit. With
respect to the large permanent deformation of both missile and target for a ductile plate struck by a soft

Fig. 12. Ratios of plastic work absorbed by mushrooming of missile to incident kinetic energy at impact speeds near the ballistic

limit of 1200 aluminium plates: w 6061 T6 missiles striking a 3.03 mm thick plate: � 6063 TF aluminium alloy missiles striking a

3.03 mm thick plate: +1200 aluminium missiles striking a 3.03 mm thick plate: � PTFE missiles striking a 3.03 mm thick plate: .
PTFE missiles striking a 1.22 mm thick plate.

Fig. 13. Variation of non-dimensional energy with the parameter rmV
2
b1=Y for 1200 aluminium plates 3.03 mm thick: ±X± ratio of

missile plastic work Em
b to increase in incident kinetic energy due to missile deformability dEb. Datum points from left to right are

for 6063 TF, 1200 aluminium and PTFE missiles respectively.
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missile, the increment of missile incident kinetic energy is approximately dEb1Em
b � dE p

b , here the
symbol Em

b represents the energy absorbed by the plastic deformation of the ductile missile and dE p
b is

the di�erence between the work done to plastically deform two identical plates struck respectively by
ductile and very hard missiles at the ballistic limit. Fig. 13 illustrates the variation of Em

b =dEb with the
missile deformability index rmV

2
b1=Y for a 1200 aluminium plate of thickness 3.03 mm5. The data

for plates 1.22 mm thick is not shown in Fig. 13 because for this plate thickness only the PTFE missile
had signi®cant deformation when it struck at velocities close to the ballistic limit.

From Fig. 12 it is known that plastic deformation of the missile absorbs a very small fraction of the
missile incident kinetic energy at the ballistic limit. Figure 13 shows that the work done to deform the
missile plastically at the ballistic limit is also small in comparison with the increment of missile incident
kinetic energy dEb (about 20%). Because of the increase in the energy consumed by the plate plastic
deformation dE p

b 1dEb ÿ Em
b , the above statement means that the extra permanent deformation of a

target plate due to the missile deformability accounts for most of the missile incident kinetic energy dEb.
Combining the above discussion with Fig. 11, we can conclude that a large ratio of the ballistic limit to
the plugging speed for a soft missile in comparison with that of a hardened steel missile of same mass
and initial radius was mainly due to a very large plate deformation. As shown in Fig. 10, a large ratio
of the ballistic limit to the plugging speed corresponds to a large global deformation.

5. Conclusions

1. For a plate that is struck by a ¯at-ended missile at velocities near the ballistic limit at a normal angle
of obliquity, the failure mechanism of a plate changes from discing to plugging as the ratio of the
plate thickness to missile radius increases. An analysis by Liu (1996) shows that mild steel and 1200
aluminium plates fail by discing if H=rm < 0:5 and by plugging if H/rm > 0.5. For 2014A TB
aluminium alloy, rupture occurs by discing in the range H=rm < 0:59 while plugging occurs in the
range H/rm > 0.59.

2. For metal plates struck by hardened steel missiles, a ratio of ballistic limit to plugging speed v1 �
Vb1=�2H

����������������������������
Mpsd0efrm=M

p � has been proposed that represents the energy absorbed at the ballistic limit
in comparison with local plastic work in a generalised hinge band of width H. Based on our
experimental data, it is concluded that this ratio of ballistic limit to plugging speed increases
signi®cantly as the plate thickness changes from very thin to almost equal to the missile radius. This
occurs because at velocities close to the ballistic limit the global deformation of a target plate
increases signi®cantly with decreasing ratio of plate thickness to missile radius (Fig. 3). However, the
ratio of the ballistic limit to the plugging speed is very weakly dependent on the missile mass and
plate fracture strain. For a constant value of the ratio of plate thickness to missile radius, the ballistic
limit Vb1A

����������������
sd
0ef=M

p
.

3. A missile deformability index rmV
2
b1=Y has been proposed that represents the missile mushrooming at

the ballistic limit Vb1. It is found that if the index rmV
2
b1=Y is less than 0.45, the mushrooming of a

ductile missile striking at a velocity close to the ballistic limit hardly a�ects the deformation and
failure behaviour of the target plate and consequently the ballistic limit. For rmV

2
b1=Y > 0:45, the

missile is soft and the target plate is more likely to rupture by discing. It has been shown that the
plastic work done by mushrooming is very small in comparison with the missile incident energy at the
ballistic limit. The increase in the ballistic limit for a very soft missile in comparison with that for a

5 The datum for the 6061 T6 aluminium alloy missile is not presented because the estimated work done to deform the missile

plastically may not be accurate for the small mushrooming that was measured.
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hard missile striking the same plate is predominantly due to the increase in the global plastic
deformation of the plate. Our conjecture is that the part of the initial missile kinetic energy that is
absorbed by the global deformation (dishing) is larger for soft missiles because (a) missile
mushrooming increases the plug diameter and (b) the mushroomed nose has a larger curvature at the
periphery of the contact region and this reduces the shear strain in the hinge band.

Appendix A: estimate for the average strain rate of a missile

It was assumed that a missile of initial length L was deformed into a frustum of a cone of length Lf .
The average strain of the deformed part was estimated by em � �Lÿ Lf�=�Lÿ X � where X was the ®nal
length of rigid remainder of the missile. The time for a plastic wave advancing from the impact end to
an undeformed distance Lÿ X away from the impact end was T � �Lÿ X �=Cp where Cp ��

�����������
P=rm

p � is
the plastic wave speed in the undeformed material. The average strain rate _em was estimated by
_em � em=T; this gives

_em � �Lÿ Lf �Cp

�Lÿ X�2
�4�

In this paper, the average strain rate _em is taken as 103/s for PTFE missiles because the estimated
strain rates are of order 103/s.

Appendix B: estimate for the average strain rate of a target plate

Deformed pro®les of metal plates struck by a missile at a speed close to the ballistic limit show that
the large deformation mainly occurs in a region nearby the generalised hinge band. Consequently we
approximate the average strain rate of a target plate with the average strain rate in the generalised hinge
band. This gives a upper bound estimate for the average strain rate of the target plate. If the plate
centre is assumed to be uniformly decelerated, the average strain rate _em is estimated from the following
formula

_em � ef=Tm, Tm � 2df=V0 �5�
where ef is the fracture strain of a target plate, df is the ®nal central de¯ection of a plate struck by a
hardened steel missile at a velocity V0 just below the ballistic limit (see the inset ®gure of Fig. 3). In the
generalised hinge band, the material is assumed to fail when the e�ective strain reaches the fracture
strain ef (Liu, 1996; Shen and Jones, 1992, 1993). In perforation tests performed by Langseth and
Larsen (1990, 1994) it was found that through thickness rupture in target plates occurred approximately
at the maximum indentation force. At the maximum indentation force, there was no obvious unstable
deformation stage in the indentation force±de¯ection curves (see Liu, 1996). A similar method
employing a homogeneous strain-rate e�ect was used by Shen and Jones (1992, 1993) and this gave a
credible estimate of the e�ect of strain rates on dynamic ¯ow stress in their calculation.

Appendix C: plastic work done by a missile

The plastic work absorbed by a cylindrical missile is estimated using Johnson's model (Johnson, 1972)
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which assumes that the cylinder deforms to a frustum of a cone and that the missile material is rigid
perfectly-plastic. The expression for plastic work absorbed by a missile is

Em
b �

�
V

Ye dV

�
�
V

Y ln
A

A0
dV

� Y
2p�Lf ÿ X�r3m
9�rf ÿ rm �

"
3

�
rf

rm

�3

ln

�
rf

rm

�
ÿ
�
rf

rm

�3

� 1

#
�6�

where Y is the missile yield strength, e is missile true strain, X is the ®nal height of undeformed part, Lf

is the ®nal height of the whole missile, rm is initial missile radius and rf is ®nal radius of the deformed
(impact) end. The dynamic yield stress estimated in Appendix A is used in calculating the plastic work
absorbed by PTFE missiles because PTFE is very sensitive to strain rates. The ®nal height of the
mushroom �Lf ÿ X � and radius of the deformed (impact) end rf were estimated by averaging mushroom
height and diameter of the missiles obtained from incident velocities on either side of the ballistic limit.
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