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a b s t r a c t

The perforation of aluminium alloy plates subjected to impacts characterised as low-velocity (up to about
20 m/s) and moderate-velocity (20e300 m/s, approximately) are examined in this paper, wherein recent
experimental data and some empirical equations have been compared. The threshold velocity for the
normal perforation of metal plates focuses on cylindrical projectiles with various shaped impact faces,
principally flat. A criterion is suggested in order to distinquish between low-velocity and moderate-
velocity impacts.

Several new empirical equations have been developed in this paper. Recommendations are made for
the use of particular empirical equations that are suitable for estimating the perforation energy of plates
in the two impact velocity regimes which have been examined in this article. There is a paucity of
experimental data which hinders the development of empirical equations, though surprisingly accurate
predictions for perforation velocities are possible to achieve for some practical problems. Nevertheless,
numerical studies are required to remove many of the restrictions on the validity of empirical equations,
but these methods require a considerable amount of accurate experimental data on the dynamic material
properties and failure criteria.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Many articles have been written on the perforation of metal
plating caused by the impact of missiles, or projectiles, (e.g., [1e3],
etc.). A recent article [4] has discussed some of this work on the
low-velocity (up to about 20 m/s) and moderate-velocity
(20e300 m/s, approximately) perforation of steel plates struck by
projectiles having cylindrical bodies and various nose shapes. This
article discusses the data for aluminium alloy plating struck by rigid
projectiles travelling within similar ranges of the initial impact
velocities.

It was shown in Reference [4] that an estimate for the ratio
between the time taken for a plastic disturbance to travel from the
impact site to the plate boundary (th) and the time required for
a projectile to perforate through the plate thickness (tp) is

th=tp ¼ ðF=6ÞðR=HÞ2; (1)

where

F ¼ rV2
o=s (2)
All rights reserved.
is Johnson’s damage number and where s is a mean flow stress.
Thus, if th << tp, then the entire plate would participate in the
perforation process, i.e., the global deformations of a platewould be
important throughout the response. On the other hand, if th >> tp,
then the perforation process would be highly localised with
insufficient time for global effects to develop. For example, th/
tp¼ 0.016 if R/H¼ 10 for an aluminium alloy platewith r¼ 2720 kg/
m3, s ¼ 272 MPa and Vo ¼ 10 m/s, which gives F ¼ 10�3. This
suggests that global effects (e.g., membrane forces) would be an
important aspect of the response because they would have devel-
oped well before perforation had occurred. If Vo ¼ 100 m/s for the
same plate, then th/tp ¼ 1.6, so that Eq. (1) suggests that both local
and global effects would be important during the perforation
process. At Vo ¼ 1000 m/s, th/tp ¼ 166, which implies that the
perforation for this plate is highly localised because there is
insufficient time for any global deformations to develop and for the
disturbance to be transmitted away from the vicinity of the impact
site through the action of the plastic hingemovement. This article is
concerned primarily with the range of impact velocities which
produce both global and local effects, but not with local effects
alone which would introduce temperature effects and other
phenomena that are not considered here.

The next two sections discuss the perforation of aluminium
alloy plates struck by projectiles travelling at low-initial impact
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Notation

d diameter of projectile
G impact mass
H plate thickness
L length of projectile
R plate radius
S span of plate
t time
Vo impact velocity
g mass ratio
l su/sy

r density of plate material
sy yield stress
su engineering ultimate tensile stress
j d/H
F Johnson’s damage number
Up GV2

o=2syH
3, dimensionless perforation energy
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velocities (say up to about 20 m/s). Section 4 discusses the perfo-
ration due to moderate-impact velocities (20e300 m/s, approxi-
mately). A discussion and conclusions follow in Sections 5 and 6,
respectively.
2. Low-velocity impact perforation of aluminium alloy plates

Langseth and Larsen [5] reported the results of impact tests on
square plates made from two aluminium alloy materials (AA5083-
H112 and AA6082-T6) when struck by missiles having blunt impact
faces and travelling up to about 22 m/s. It is evident from Fig. 1 that
the two sets of data do not collapse onto a single curve in the
Fig. 1. Up versus j for aluminium alloy square plates struck by blunt, cylindrical
missiles. Experimental results: B AA5083-H112 (S/d ¼ 14.1) [5], �; AA6082-T6
(S/d ¼ 14.1) [5], �,D; cracked and perforated aluminium alloy BSL157-T6 circular plates
(S/d ¼ 5.33) [6]. Empirical equations:ddd; Eq. (3) with S/d ¼ 14.1 [8], þ; Eq. (3) with
S/d¼ 5.33 [8],� � � � �; Eq. (4) [9],�$�$�; Eq. (8) for S/d¼ 14.1,�$$�$$1,2; Eq. (9) for
AA5083-H112 and AA6082-T6,respectively [5].
dimensionless Upej space, despite having the same values of the
test parameters j and S/d. It appears from Table 1 that the only
major difference in these tests is themagnitude of the yield stresses
for the two materials when assuming that the material strain rate
characteristics of both aluminium alloys are similar, as indicated in
Figure 18 of [5]. Thus, if the ordinate in Fig. 1 is made dimensionless
with respect to su instead of sy, i.e., Up/l, the results in Fig. 2 for the
two materials are now closer, but they still remain noticeably
distinct. This comparison emphasises the importance of the
plethora of parameters which control the impact perforation of
plating. However, Langseth and Larsen [5] did observe that fracture
occurred in the AA6082-T6 plate near to the plug boundary, but
that a similar fracture did not develop in the AA5083-H112 plate.
The uniaxial rupture strains in the AA6082-T6 plates were
0.18e0.20, which are marginally smaller than the corresponding
values of 0.20e0.24 for the AA5083-H112 plate.

The experimental results on the aluminium alloy circular plates
studied in Reference [6] are also plotted in Figs. 1 and 2.

It is shown in Reference [7] that the dimensionless perforation
energies of square and circular plates struck by blunt missiles are
indistinguishable when the diameter of a circular plate equals the
side length of a square plate, all other variables remaining the same.
Thus, empirical equations, which have been developed for circular
plates, can be used to study square plates. An empirical equation
having the same form as equation (A.8) in Reference [4] for steel,
but with different coefficients, was proposed in Reference [8] for
aluminium alloy plate

Up ¼ pj=4þ 0:1ðS=dÞ0:6j1:3: (3)

It is evident fromFigs.1 and2 that this equation,whichwas based
on the experimental results reported inReference [8], lies belowboth
sets of the data which were recorded by Langseth and Larsen [5].

Corran et al. [9] reported some experimental results on the
perforation of circular aluminium alloy plates with S/d ¼ 19.2, and
suggested an empirical equation, which, however, is not dimen-
sionless. This equation can be written in the form

Up ¼ Gð34:79HÞ2
2syH3 (4)

for impact velocities 43 < Vo < 145 m/s, which are almost an order
of magnitude higher than those in References [5,6,8]. It is evident
that Eq. (4) lies between the two sets of experimental data in Fig. 1
from Reference [5] and gives predictions which are much higher
than those from Eq. (3) and the experimental data from Reference
[6]. However, Eq. (4) provides a better prediction for the AA5083-
H112 experimental data of Langseth and Larsen [5] in Fig. 2 when
dividing Eq. (4) by l ¼ 480/460 ¼ 1.04, which corresponds to the
aluminium alloy used for the experimental tests on which the
empirical Eq. (4) is based.

Grytten et al. [10] have reported on the impact perforation of
aluminium alloy AA5083-H116 circular plates struck by blunt cylin-
dricalmissiles travelling up to 15.8m/s. The experimental results are
compared in Fig. 3 with Eq. (4) and with Eq. (3) having S/d ¼ 16.66
and 25, which embraces the range of the S/d ratios studied in
Reference [10]. Eq. (4) predicts reasonable agreement with the
experimental data of Grytten et al. [10] for values up to about j¼ 6,
while Eq. (3) is only reasonable for values of j up to about 4.

The experimental data on aluminium alloy plates, which are
reported in References [6,8] and used to construct the empirical
Eq. (3), are plotted in Fig. 4 with respect to S/d for several values of
j. The variation of Up with S/d is brought out more clearly in this
Figure and its effect is more significant for the larger values of j, as
would be anticipated from the form of the second term on the right
hand side of Eq. (3). The experimental results in Fig. 4 indicate the



Table 1
Experimental details of aluminium alloy plates struck by blunt-ended cylindrical missiles.

Authors Material Plate
geometry

H mm d mm j S mm S/d G kg Vo m/s
sy
MPa

su
MPa l

Langseth and Larsen [5] AA5083-H112 square 6e20 36.6 1.8e6 516 14.1 49.54 up to 21.6 123e163 301e333 1.9e2.5
Langseth and Larsen [5] AA6082-T6 square 10e25 36.6 1.4e3.7 516 14.1 49.54 up to 21.6 271e303 298e327 1.1
Wen and Jones [6] BSL157-T6 circular 2e9.53 8e38.1 4 42.6e203.2 5.33 2e216 2.9e4.8 390e455 445e497 1.1
Wen and Jones [8] BSL157-T6 circular 2e9.53 2.54e38.1 1.27e4 203.2 5.33e80 5.6e20 1.4e11.55 390e455 445e497 1.1
Grytten et al. [10] AA5083-H116 circular 3e10 20,30 2e10 500 16.7,25 18.7, 19 3.5e15.8 249e262 344e360 1.38
Crouch et al. [11] AA2024-T351 circular 1.59e6.48 12.7 1.96e8 37.5 2.95 0.025 62e154 303e343 514e588 1.70e1.72
Crouch et al. [11] AA2024-T351 circular 1.59 62.5 39.3 312 4.99 3 36.6e45.3 303 514 1.70
Corran et al. [9] AA(2%Cu,1.6%

Mg,1.2%Ni)
circular 1.3e6.7 12.5 1.9e9.8 240 19.2 0.0345 40e145 460 480 1.04

Iqbal and Gupta [14] AA1100-H12 circular 0.5e3 19 6.3e38 255 13.4 0.0525 35e87 148
Liu and Stronge [15] AA1200 circular 1.22e6.42 12.5 2e10.2 95 7.6 0.0038,0.0097 56e360 106�115
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difference between the largest dimensionless energy, which a plate
withstood in the tests without perforation, and the minimumvalue
which caused perforation of the test specimens. More experimental
test results would have closed this gap between the two values, but
the number of experimental tests is quite restricted from a practical
viewpoint. Thus, in this paper, the average between the two
experimental values, when they are available, is used to estimate
the perforation velocity, Vo, and the dimensionless energy, Up.

The experimental data for low-velocity impact perforation from
References [5,6,8,10] are plotted in Fig. 5 which reveals that most
experimental results lie within the restricted range 1 < Up/l < 8
and 1.4 < j < 4, approximately. Even within this restricted zone,
the results have a wide range of parameters, as indicated in Table 1.
3. Comments on the low-velocity impact perforation of
aluminium alloy plates

The support conditions for the various plate specimens in the
experimental studies reported in Table 1 vary between the different
laboratories. Corran et al. [9] did explore the influence of this effect
on the impact perforation of clamped circular plates which had
a range of flexibilities at the supports related to the clamping
pressure. They observed that the perforation velocities, Vo, for
Fig. 2. Up/l versus j for aluminium alloy plates struck by blunt, cylindrical missiles.
Experimental results are defined in Fig. 1. Empirical equations:ddd 1; Eq. (3) for
AA5083-H112 plates with S/d ¼ 14.1 and l ¼ 1.9e2.5, ddd 2; Eq. (3) for AA6082-T6
plates with S/d ¼ 14.1 and l ¼ 1.1, � � � � �, Eq. (4).
2 mm thick mild steel plates increased about 13 per cent when
a fully clamped support condition was relaxed to allow sliding of
the plate within the clamps. This would give rise to an increase of
about 27 per cent in the value of the dimensionless initial kinetic
energy, U.

The circular plate specimens in References [6,8,10] were fully
clamped around the boundary, while the square plates in Reference
[5] were not. It is observed in Fig. 5 that the experimental data of
Langseth and Larsen [5], tends to lie above the other experimental
results. It appears that the plates in Reference [5] have a section
which overhangs the supports. Zhao et al. [12] have studied the
dynamic plastic response of overhanging circular plates subjected
to a pressure pulse having a rectangular shaped pressure-time
history. In fact, a plate supported on a ring with no overhang (i.e.,
simple supports) becomes equivalent to a fully clamped plate when
the overhang has an annular width which is 1.718 times the plate
radius. The square plates in Reference [5] have an overhang which
is about 52/238 ¼ 0.2, times the half breadth, B, of the plate,
approximately. An overhang of this magnitudewould be equivalent
to an approximate 20 per cent change in the static collapse pressure
in Reference [12]. This is a similar percentage influence to that
Fig. 3. Up versus j for aluminium alloy circular plates struck by blunt, cylindrical
missiles. Experimental results: B Grytten et al., AA5083-H116 (S/d ¼ 16.66,25) [10],
>; Crouch et al., AA2024-T351, S/d ¼ 2.95 [11]. Empirical equations: ddd; Eq. (3)
with S/d ¼ 16.66(7) and S/d ¼ 25(D) for AA5083-H116. � � � � �; Eq.
(4). � $ � $ � $; Eq. (8) for S/d ¼ 25. � $$ � $$; Eq. (9) for Grytten et al.’s [10]
experimental data.



Fig. 4. Up versus S/d for several values of j for aluminium alloy circular plates struck by blunt, cylindrical missiles. Experimental results: B, D, V for perforation of plates having
j ¼ 1.27, 2.5 and 4, respectively [8].>; perforated plates with j ¼ 4 [6]. þ1, þ2 for j ¼ 2 and 4, respectively [10]. Empirical equations:ddd 1,2,3; Eq. (3) for j ¼ 1.27,2.5 and 4,
respectively. The filled-in symbols are associated with cracking. The symbol “D” is associated with a deformed plate without any cracking.
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found by Corran et al. [9], as noted above, though the problem
examined in Reference [12] is not related directly to the perforation
of plates, but it does reveal the importance of not achieving an
idealised fully clamped support condition.

Now, Johnson’s damage number given by Eq. (2) with s¼ sy, can
be used to express the dimensionless perforation energy in the
form.
Fig. 5. Up/l versus j for aluminium alloy plates struck by blunt, cylindrical missiles.
Experimental results: B, D, V and filled-in symbols are defined in Fig. 4,
5.33 < S/d < 80 [8]. ,, � for AA5083-H112 and AA6082-T6 square plate with
S/d ¼ 14.1, respectively [5]. > and filled-in symbol are defined in Fig. 4, S/d ¼ 5.33
[6]. þ1, þ2 for S/d ¼ 16.66 and 25, respectively [10]. - for S/d ¼ 2.95 [11]. The symbol
“D” is associated with a deformed plate without any cracking. Empirical equa-
tions:� � � � �, ddd, �,�,�,�; Eq. (3) with l ¼ 1.1, 1.38, 2.2, respectively, with
1,2,3,4 denoting S/d ¼ 5, 10, 30, 60, respectively.
Up ¼ ðp=8ÞFgj2ðS=dÞ2; (5)
where g is the mass ratio G/(prHR2).
Eq. (5) reveals a complex relationship between the variables.

The dimensionless perforation energy, Up, increases strongly with
increases inF (proportional to Vo

2), j2 and (S/d)2. Up varies linearly
with the mass ratio, g, which generally decreases with an increase
inF, i.e., for given values of j and S/d, the dimensionless variableUp
is proportional to Fg.

Generally speaking, the influence of transverse inertia exercises
an increasingly important effect on the response of a plate as F
increases with a concomitant decrease in the mass ratio g. In other
words, a quasi-static behaviour describes adequately the response
for low-impact velocities, which cause relatively large global
displacements. At higher impact velocities, the response of a plate
is more localised with smaller global displacements.

Eq. (1) is an attempt to characterise the transition between the
two principal response modes and can be written

th=tp ¼ ðF=24Þj2ðS=dÞ2: (6)

Langseth and Larsen [5] reported experimental results on
AA5083-H112 circular plates having S/d ¼ 14.1 and 1.8 < j < 6.1.
Taking r ¼ 2720 kg/m3, sy ¼ 143 MPa (average value) and
Vo z 20 m/s gives F ¼ 0.0076 << 1 and th=tp ¼ 2.3 for j ¼ 6.1. The
ratio th=tp reduces to 0.15 for Vo ¼ 5 m/s. These estimates indicate
that the behaviour is essentially quasi-static at the lower perfora-
tion velocities in Reference [5], but inertia effects are, perhaps, not
negligible at the higher impact velocities.

It should be noted that Eq. (1) or Eq. (6) can also be written as

th=tp ¼ Up=ð3pgÞ (7)

This equation shows that th=tp increases as g decreases for
smaller mass ratios, which are associated usually with higher
perforation velocities and, therefore, greater inertia effects.

It was observed earlier that the predictions for Up, according to
the empirical Eq. (3) in Figs. 1e3, were smaller than the low-
velocity experimental results in References [5] and [10], but gave
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good agreement with the data from Reference [6]. On the other
hand, this empirical equation was developed for the experimental
data reported in Reference [8] and reasonable agreement with
these results is shown in Fig. 4. However, a small range of the ratios,
j, were studied with j up to 4 in Reference [8]. Thus, it is suggested
that a factor could be introduced to account for larger values of j so
that Eq. (3) remains valid for j less than two, while

Up ¼f1þ0:2ðj�2Þg
n
pj=4þ0:1ðS=dÞ0:6j1:3

o
; 2�j�10: (8)

Unfortunately, apart from the data in Fig. 6, there are insufficient
experimental results to extend this modified expression with confi-
dence for larger values of the ratio j. Eq. (8) gives reasonable
predictions for the experimental results of Langseth and Larsen [5] for
the AA6082-T6 plates in Fig. 1 and for those of Grytten et al. [10] in
Fig. 3. Incidentally, Grytten et al.’s data was obtained for S/d ¼ 25 and
S/d ¼ 16.66 (see Table 1) depending on the ratio j. Eq. (8) for
S/d ¼ 16.66 predicts Up ¼ 48.5 at j ¼ 10 which is close to the asso-
ciated experimental value which was also obtained for S/d ¼ 16.66.

It transpired that the empirical BRL equation (equation (A.2) in
Reference [4]) gave reasonable predictions for the mild steel plates
in Reference [13]. This is a particularly simple equation, which is
independent of S/d, though the comparisons in Fig. 4 do indicate
the potential importance of this parameter. If the BRL equation is
multiplied by 1/4 to reflect the smaller values of the dimensionless
perforation energy, which is required for aluminium alloy plates
(i.e., smaller fracture strains (say ½) than mild steel and an essen-
tially strain rate insensitive material unlike the strongly strain rate
sensitive mild steel (say ½)), then a modified BRL equation for low-
impact velocities is

Up ¼
�
0:35� 109=sy

�
ðjÞ1:5: (9)

Eq. (9) gives reasonable predictions for the experimental data of
Langseth and Larsen [5], which were obtained on circular plates
made from AA6082-T6, and with the results of Grytten et al. [10] in
Figs. 1 and 3, respectively.
Fig. 6. Variation of Up with j for aluminium alloy circular plates struck normally at the
centre by cylindrical missiles having flat-impact faces. Experimental results: ,, Iqbal
and Gupta [14], S/d ¼ 13.42. B, �, Langseth and Larsen [5] for AA5083-H112 and
AA6082-T6, S/d ¼ 14.1. �, Grytten et al. [10], S/d ¼ 16.66. þ, Liu and Stronge [15],
S/d ¼ 7.6. Empirical equations:ddd, � � � � �; Eqs. (3) and (4), respectively, for the
experimental data in [14]. �$�$�$; Eq. (8) with S/d ¼ 13.42 [14]. �$$�$$; Eq. (9) for the
plates in [14].
4. Perforation of aluminium alloy plates subjected to
moderate-impact velocities

The experimental results of Crouch et al. [11] for aluminium
alloy 2024-T351 circular plates, which are struck by missiles having
G ¼ 25g and with higher impact velocities up to 154 m/s, are also
shown in Fig. 3. The values ofUp are similar to the low-velocity data
of Grytten et al. [10], but the associated value of S/d ¼ 2.95 is
significantly smaller and the impact velocity is much higher.

Iqbal and Gupta [14] have studied the perforation behaviour of
aluminium alloy 1100-H12 circular plates (2R ¼ 255 mm) having
seven thicknesses within the range 0.5e3mm and struck by 19mm
diameter cylindrical missiles weighing 52.5 g and having blunt,
ogive or hemispherical impact faces. The perforation velocities for
flat-faced missiles ranged from 35.6 to 87.4 m/s and caused failure
through the shear plugging mechanism. The experimental test
plates have a common value of S/d ¼ 13.42 and the dimensionless
results are plotted in Fig. 6 and compared with Langseth and
Larsen’s [5] experimental data on circular plates having a similar
value of S/d ¼ 14.1. It is evident that the data from Reference [14]
covers a considerably greater range of j with much larger values
of Up. However, the trends of the values of Up at j z 6 do match
those from Reference [5], approximately, though the two sets of
data do not overlap in Fig. 6. Also plotted in Fig. 6 are the experi-
mental data fromGrytten et al. [10] for aluminium alloy plates with
S/d¼ 16.66 and those of Liu and Stronge [15] with S/d¼ 7.6. Liu and
Stronge’s experimental data for aluminium alloy plates appears to
lie between the two sets of experimental data reported by Langseth
and Larsen [5] for AA5083-H112 and AA6082-T6.

The predictions of the empirical Eqs. (3) and (4) are also pre-
sented in Fig. 6 and calculated for the parameters associated with
the experimental data of Iqbal and Gupta [14]. It is evident that
these predictions fall well below the corresponding experimental
data for the larger values of the ratio j.

Eq. (5) reveals that Up increases with j2 which accounts partly
for the large values of Up in Fig. 6. In addition, the values of Vo are
relatively large in Reference [14] which gives rise to large values of
F and hence Up. The experimental values of Up associated with Liu
and Stronge’s experimental data [15] correspond to S/d¼ 7.6 which
might be responsible for giving smaller values of Up than Iqbal and
Gupta [14] since Up varies as (S/d)2 in eq. (5). However, Grytten
et al.’s [10] data in Fig. 6 has S/d ¼ 16.66, but the perforation
velocities are much lower which influences the value ofF in eq. (5).

Now, Iqbal and Gupta’s [14] circular plate (sy ¼ 148 MPa)
experiments have S/d ¼ 13.42, 6.33 < j < 38 and 35.6 < Vo <

87.4 m/s. Taking the upper values, gives F ¼ 0.14 and th=tp ¼ 1521,
which suggests a strongly localised response arising from important
inertia effects. Eq. (6) when evaluated at the lowest velocity and
j¼ 6.33, gives th=tp ¼ 7, which still suggests that inertia effects are
important. It does appear from a visual inspection of Fig. 1(a) in
Reference [14] that the permanent global displacements are quite
modest when compared with those in Figure 12 of Reference [8] for
a quasi-static response. Thus, it is evident that the experimental
results recorded by Iqbal andGupta [14] lie beyond the range of low-
velocity perforation behaviour, which is characterised by dominant
global displacement effects.

It is evident that the predictions of eqs. (8) and (9) fall signifi-
cantly below Iqbal and Gupta’s [14] experimental data in Fig. 6 for
the higher impact velocities and larger values of j. However,
additional experimental data is required before extending eqs. (8)
and (9) for larger values of the ratio j.

Goldsmith and colleagues [16e19] have published several
papers containing experimental data on the perforation of
aluminium alloy 2024-0 circular plates. The plates have similar S/d
ratios between 9.03 and 11 and the perforation velocities lie



Fig. 8. Variation of Up with j for aluminium alloy 1100-H12 and commercial pure
aluminium circular plates. Experimental results: ,, x and o; blunt, ogive and hemi-
spherical nose shaped projectiles striking aluminium alloy 1100-H12 plates, respec-
tively [14]. S/d ¼ 13.42. þ; ogive nose shaped projectiles striking commercial pure
aluminium plates [20]. S/d ¼ 13.67. Empirical equations: defined in Fig. 7.
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between 54 and 333 m/s with 921 m/s in one case (blunt missile
with j ¼ 0.5 [19]). The projectiles have blunt, hemispherical or
conical (60� included angle) impact faces. Unfortunately, there is no
data for values of the ratio j between 4 and 10, as shown in Fig. 7.

Eq. (7) gives values for the ratio th/tp between 13.5 and 144 for
the test results reported in References [16,17]. References [18,19]
have th/tp between 9 and 64 except for th/tp ¼ 5.4 for the test
result with j ¼ 1.28 [18] and two test results in Reference [19] with
j ¼ 0.50 and 0.67 having th/tp ¼ 2.90 and 4.4, respectively. It is
evident for the results with j � 4 in Fig. 7 that the dimensionless
perforation energy, Up, is greatest for the blunt projectiles and
smallest for the conical tipped ones.

It can be shown that eq. (8) for the low-velocity perforation of
aluminium alloy plates predicts values of Up which are too small
when compared with the experimental data for moderate-impact
velocities in Fig. 7. It is evident that the BRL equation overpredicts
Up, while eq. (9), which was developed for the low-velocity
perforation of aluminium alloy plates, predicts values that are too
small, particularly at j ¼ 10. The BRL equation divided by 2 for
moderate-impact velocities is

Up ¼
�
0:7� 109=sy

�
ðjÞ1:5 (10)

which gives a reasonable estimate for the perforation of aluminium
alloy plating struck by flat-faced projectiles. More data is required
to check the validity, or otherwise, of eq. (10) over a wider range of
the parameters.

Iqbal and Gupta [14] have examined the effect of the projectile
nose shape on the perforation of aluminium alloy 1100-H12 circular
plates having S/d¼ 13.42 and a greater range of the ratio j than the
test specimens in Fig. 7. Eq. (7) reveals for the experimental results
in Fig. 8 that th/tp varies from 42 for the H¼ 3mm thick plate struck
by a blunt-nosed projectile (j ¼ 6.33) to 356 for a projectile with
a hemispherical nose striking a 0.5 mm thick plate (j ¼ 38). The
cylindrical projectiles with hemispherical noses required the
largest dimensionless energy, Up, to perforate the plates, while
Fig. 7. Variation of Up with j for aluminium alloy 2024-0 circular plates subjected to
cylindrical projectiles having various nose shapes. Experimental results: V; conical
with 60� included angle [16]. o; hemispherical [17]. >; blunt [17]. -; blunt [18]. ,;
blunt [19].;; conical with 60� included angle [19]. Empirical equations:dddd1; BRL
equation. dddd2; Eq. (10). dddd3; Eq. (9).
the projectiles having ogive shaped noses required the least, except
for the smaller values of j in Fig. 8 (ie, j < 8, approximately). It can
be shown that eq. (8), for the low-velocity perforation of aluminium
alloy plating having 2 � j � 10, predicts values of Up which are
much smaller than the corresponding experimental data. More-
over, eq. (9) which was developed for the low-velocity perforation
of aluminium alloy plating, also falls below the corresponding
experimental data in Fig. 8, while the BRL equation lies above all of
the experimental results, except for the value at j ¼ 38 for
a hemispherical nose. Eq. (10) predicts a fair estimate of Up when
j < 15, approximately, but underpredicts the experimental values
for larger values of j. If the BRL equation were divided by 4/3, then
reasonable predictions would be obtained for j > 15, approxi-
mately, but it would overpredict the experimental data for smaller
values. Thus, the variation of eq. (10) with j requires improving as
further experimental results become available.

The experimental results of Gupta et al. [20], which were
obtained on commercial pure aluminium plates struck by projec-
tiles having ogive shaped noses, are also plotted in Fig. 8. The yield
stresses of this material (115e130 MPa, depending on the plate
thickness) are lower than those for the 1100-H12 aluminium plates
(148 MPa). This data (þ) falls below the results (x) which were also
obtained for cylindrical projectiles having ogive noses, except for
j< 14, approximately. The values of th/tp from eq. (7) lie within the
range 37e51.

Now it is observed in Figs. 1 and 2 that the values of Up and Up/
l for plates which were made of aluminium alloy 5083-H112 and
6082-T6 were noticeably different for the same values of j and
S/d. Reference [21] has shown that the static plastic and failure
properties of aluminium alloy 5083 are highly dependent on the
stress state. Aluminium alloy 6082-T6 has only a slight sensitivity
to strain rate [22], which could be ignored, but has a marked
strength anisotropy. Borvik et al. [23] have found that aluminium
alloy 7075-T651 has a quasi-brittle behaviour leading to frag-
mentation during a dynamic perforation. It was observed that
similar specimens made from an aluminium alloy 5083-H116 have
ballistic velocities which are 20% higher despite the yield stress
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being less than one half the yield stress of aluminium alloy 7075-
T651. This behaviour for aluminium alloy is very different to the
observations in [24] for high strength steel plate in which the
authors found that the ballistic velocity had a strong relation to
the plate yield stress. They demonstrated that the material
strength is a much more important feature than the ductility in
high strength steel plates. These studies reveal clearly the critical
role that material properties play in the impact perforation
behaviour of plating and the requirements for complete informa-
tion on the dynamic material properties, which is emphasised in
a recent study on the quasi-static behaviour [25].

5. Discussion

Iqbal and Gupta [14] studied the perforation of aluminium alloy
1100-H12 plates struck by blunt, ogive and hemispherically nosed
projectiles. The authors observed that hemispherical-nosed
projectiles have the largest ballistic limit for the 0.5e3 mm thick
monolithic plates, as shown in Fig. 8. The smallest perforation
velocities were associated with the ogive-nosed and blunt-nosed
missiles. There is a tendency for the ogive-nosed missiles to have
smaller values of Up for the thinnest aluminium alloy plates
(0.5e1.5 mm), while the blunt case is associated with the lowest
values for the thicker plates (2e3 mm). A shearing failure was
associated with the blunt-nosed missiles, while tensile stretching
and ductile hole enlargement developed in the plating struck by
ogive and hemispherical missiles. Further perforation experiments
on 1 mm thick aluminium alloy 1100-H12 plates are reported in
Reference [26]. Again the ballistic limit for a blunt projectile was
smaller than that for a hemispherical one.

Liu and Stronge [15] observed that the dimensionless perfora-
tion velocity decreases as j decreases for a range of aluminium
alloy plates struck normally by blunt-nosed missiles: it approaches
the elementary plugging speed for j ¼ 2. Moreover, the transition
between discing and plugging behaviour occurs at j z 4 for the
plates having S/d ¼ 7.6 and 3.8.

The perforation failure modes in plating is complex because
of the large number of parameters which control the response.
Fig. 1 of Reference [3] illustrates some of the perforation
mechanisms. In addition, global displacements, particularly in
thin plates, lead to the development of membrane forces and
large lateral displacements, or dishing, especially for the low and
moderate-velocity range in this paper. Material characteristics
clearly play a dominant role, as mentioned in Section 4, but the
nose shape of a projectile is critical as well as the magnitude of
the impact velocity, missile deformability [15] and many other
factors.

The general trend in the experimental studies on the perforation
of aluminium alloy plates reported here is for plugging failures to
be associated with blunt-nosed cylindrical projectiles with a tran-
sition to discing failures (circumferential fracture near to boundary
of the impressed region due to radial stresses associated with
dishing) when 2H/d is smaller than about 0.5, approximately (e.g.,
this factor is 0.5 for AA1200 and 0.59 for AA2014A TB [15]). Conical
and ogival noses on cylindrical projectiles might lead to a ductile
hole enlargement followed by petalling. Hemispherical noses cause
plate thinning due to tensile stretching and subsequent petalling in
thin plates. No consideration has been given to any temperature
effects and adiabatic shear failures for the low and moderate-
impact velocities of interest in this paper.

Other studies have been reported on aluminium alloy plates. For
example, Piekutowski et al. [27] have examined 26.3 mm thick
aluminium 6061-T651 plates struck by ogive-nosed steel rods
travelling with impact velocities up to 860 m/s, which is about
three times the maximum threshold value for the range of
perforation velocities of interest here. This study was extended by
Forrestal andWarren [28] to obtain the behaviour caused by impact
velocities up to 1800 m/s, but with an emphasis on the amount of
penetration into very thick targets, again a topic beyond our
current interest. Incidentally, F z 20 according to eq. (2) which is
also well beyond our nominal interest in cases for which F < 1. At
the other extreme, Iqbal et al. [29] have explored the behaviour of
single and double layered aluminium alloy 1100-H12 sheets having
a total thickness of 1 mm and struck normally and obliquely by
ogival-nosed missiles having a cylindrical body and travelling
initially at 65.8 m/s and a residual velocity of about 40 m/s after
perforation.

The experimental study of Borvik et al. [30] on the perforation of
extruded aluminium alloy 6005-T6 panels, which are struck by
ogive-nosed projectiles, offers an opportunity to explore the
accuracy of the empirical equations in this section for a practical
problem. Fig. 8 presents some experimental test results for the
perforation of aluminium alloy plates struck by ogive-nosed
projectiles for which eq. (10) provides a reasonable design esti-
mate, although no data is plotted for j � 6. Now G ¼ 196 g,
d ¼ 20 mm and sy ¼ 280 MPa for the data given in Reference [30].
The projectile passes through two 6 mm thick plates and an
inclined 3 mm thick web. If it is assumed that the total thickness of
the plating is H ¼ 6 þ 6 þ 3 ¼ 15 mm, then j ¼ 1.33, and eq. (10)
gives Vo ¼ 192 m/s, which is to be compared with the experi-
mental value of 187 m/s given in Figure 15 of Reference [30].

6. Conclusions

Generally speaking, the experimental results reveal that flat-
faced projectiles travelling at low- or moderate-impact velocities
require the smallest impact energy and that hemispherically-
tipped projectiles require the greatest energy to perforate
aluminium alloy plating. This observation is reflected in the
significant attention which has been given by the research
community to developing empirical equations for the perforation
of plating by flat-faced projectiles.

Eqs. (3), (8) and (9) within their associated restrictions provided
reasonable estimates for the perforation of many of the aluminium
alloy plates struck by projectiles having flat faces and travelling at
low-impact velocities. A modified form of the BRL equation (eq.
(10)) appears to be promising for estimating the perforation of
aluminium alloy plates struck by projectiles travelling with
moderate-impact velocities. For example, the use of eq. (10) for
a practical problem involving an extruded aluminium alloy section
with webs, predicts surprisingly good agreement with the perfo-
ration velocity recorded in experiments and calculated using
a numerical finite-element scheme.

In this article, the perforation velocity has been taken as the
average between the maximum velocity which does not cause
a projectile to pass through a plate and the minimum recorded
velocity which causes perforation of a plate. However, in some
experimental studies, perforation is taken to occur when the distal
side of a plate is cracked [31]. This article has focussed on the
threshold value of the perforation velocity for which, in the limiting
case, therewould be no residual, or exit, velocity of a projectile after
perforation. Even with this restriction of purpose, it is quite clear
that a plethora of variables which control the perforation behaviour
still remain, and, in the past, empirical equations have been
developed to assist designers. These equations are still valuable, but
must be used with care because they are valid within restricted
ranges of the parameters, sometimes unknown, as observed in this
article, though analytical methods have been developed by several
authors to place these methods on firmer foundations (e.g.,
[32,33]).
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Numerical schemes are now available which can be used to
predict the perforation velocities of plating for a wide range of
materials and geometries. However, extreme care must be exer-
cised in the deployment of these numerical programmes, particu-
larly with regard to the dynamic material properties and fracture
criterion for which considerable experimental work is necessary.
Borvik et al. [30] have demonstrated the success which can be
achieved for predicting the perforation velocity of plating with
a numerical scheme, but an extensive companion experimental
programme is necessary. Nevertheless, a numerical procedure does
free a designer from the restrictions of empirical equations, so that
the deformability of missiles, missile shape, oblique impacts, etc.,
can be assessed once the numerical programme has been devel-
oped and validated and the extensivematerial properties have been
obtained. On this last point, a recent study [21] has revealed that
the entire stress state has a significant influence on the value of the
ductile failure strain, and not just the value of the stress triaxiality
(e.g., [25,34]), for aluminium alloy 5083whichwas used for some of
the perforated plate results in Figs. 1e3, 5 and 6.
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