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ehaviour  of  uniaxially  preloaded  aluminium  plates  subjected  to  high-velocity
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The  purpose  of this  paper  is  to  evaluate  the  behaviour  of  structural  thin  plates  made  of 7075-T6  aluminium
alloy  under  normal  impact  of  spherical  steel  projectiles,  when  they  are  subjected  to  uniaxial  in-plane
tensile  preload.  Also,  nonloaded  plates  were  tested  under  high-velocity  impact.  The  impact  and  residual
velocity  were  measured  in  all  tests.  From  the  relationships  between  the  impact  and  residual  velocities,  the
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ballistic  limit  was  estimated  by  a least-squares  method.  No  significant  differences  were  found  between
the  ballistic  limits  under  the  two  loaded  conditions.  Above  the  ballistic  limit  in the  preloaded  plates,
unstable  cracks  that can  generate  the  catastrophic  failure  of  the  plate  were  observed.  At  similar  velocities,
this  phenomenon  was  not  observed  in  nonloaded  plates.
. Introduction

In the aeronautical industry, aluminium alloys are considered
ne of the most important engineering materials due to the need
or low-weight aircraft structural elements. These elements can be
ubjected to accidental impact loads such as dropped tools, colli-
ions, explosions, or fragment penetration.

This problem has been broadly studied in the literature, espe-
ially on thin plates. Usually, the authors estimate the ballistic limit
nd observe the failure modes. The ballistic limit can be defined
s the velocity at which a particular projectile starts to penetrate
he plate. The main failure modes of the thin plates when sub-
ected to normal impact are ductile hole enlargement, petalling,
lugging failure, dishing, membrane stretching and tensile tearing,
nd fragmentation. The failure modes depend on the projectile,
aterial, thickness and impact velocity. Dishing could result at

mpact velocities slightly higher than the ballistic limit, and a tran-
ition from shear plugging to petalling and fragmentation could
ccur at higher-impact velocities as demonstrated by Dean et al.
2009).

Although the impact behaviour of aluminium plates, both thin

nd thick, and even in laminate form has been examined many
tudies, most analyse unloaded structures. However, it is rather
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unlikely for structures not to be subjected to load over their service
life.

A relatively small number of studies have analysed the
behaviour of preloaded structures subjected to low-velocity
impacts (Nettles et al., 1995; Whittingham et al., 2004; Herszberg
and Weller, 2006; Heimbs et al., 2009; Minak et al., 2010). Some
of these focus on plates undergoing a uniaxially in-plane load,
tensile (Nettles et al., 1995) or compressive (Whittingham et al.,
2004), subjected to a transversal impacts. It is broadly acknowl-
edged that results from low-velocity tests cannot be extrapolated
to high-velocity impact, and thus better data on the response to
high-velocity impacts of preloaded structures are needed.

The  studies on the behaviour of preloaded structures subjected
to high-velocity impacts to date have considered only ceramic
materials (Bao et al., 2002; Holmquist and Johnson, 2005) or
composite materials (García-Castillo et al., 2006). In laminate com-
posites plates, it has been observed that the presence of an in-plane
preload altered the damage generated by the impact, and also
slightly increased the ballistic limit (García-Castillo et al., 2006).

One of the few studies regarding the impact on preloaded metal
structures was  performed by Vedman et al. (2008), who experimen-
tally analysed the effect of blast loading of preloaded aluminium
plates.

In the present work, the influence of an in-plane uniaxial load on
the ballistic behaviour of thin plates made of 7075-T6 aluminium

alloy were analysed. Preloaded thin plates were experimentally
tested under high velocity impact loads, and the residual veloc-
ity, ballistic limit, and failure modes were compared with those of
nonloaded plates.
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urement of the impact and residual velocities.
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Fig. 1. Experimental device for the meas

. Experimental procedure

In  this work, tests were conducted using 12 specimens with a
niaxial in-plane tensile preload and 12 without preload. The spec-

mens were made of 7075-T6 aluminium alloy of 1.5 mm thickness.
he geometry of specimens used was of rectangular shape with the
imensions 140 mm × 200 mm.

To apply the preload, an experimental device was  designed,
hich was coupled to a gas gun. This device had a system with

 hydraulic cylinder, which applied a load of 51 kN. The load is
pplied on the upper and lower edges of the plate. These edges
ere clamped and the two other edges were unsupported.

All specimens were impacted by steel projectiles with a diame-
er of 12.5 mm and a mass of 8.33 g, in the range of velocities from
00 m/s  up to 300 m/s  by one stage gas gun manufactured by SABRE
ALLISTIC. During the impact tests, both the impact and residual
elocity were measured by the device shown in Fig. 1. This system
as made up two frames, which were placed at the front and at the

ack of the specimen. On each side of the frames, metal films were
laced, with a wire connecting these to an oscilloscope. When the
rojectile perforated the metal films, the oscilloscope recorded the
ime that the projectile took to go through the frame thickness, and
t was possible to calculate the impact and residual velocity.

.  Results

Fig. 2 shows the relationship between the impact and residual
elocities for the preloaded and nonloaded plates. As reflected in
hese figures, the variation of the residual velocity of the projectile
fter perforation with the impact velocity is very similar for both
lates.

The ballistic limit was calculated, using a least-squares method,
y fitting the expression shown in the following equation, similar
o those proposed in the model of Recht and Ipson (1963).
r =
{

0, 0 ≤ vi ≤ vBL

A · (vp
i

− vP
BL)

1/p
, vi > vBL

(1)
Fig. 2. Residual velocity vs. impact velocity in preloaded and non-preloaded plates.

where vr is the residual velocity, vi the impact velocity, vBL the
ballistic limit, and p and A are fitting parameters.

The ballistic limit was 86 m/s  in the non-preloaded plates, and
90 in the preloaded plates. There was no significant influence of
an in-plane tensile preload of 243 MPa, which was equal to 38%

of the mechanical strength of the aluminium alloy, on the ballis-
tic limit, because the difference between the two values was only
4.6%.
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Fig. 3. Impacted thin aluminium plates at 127 m/s: (a

In the non-preloaded plates the damage development during
he perforation of the plate was located in a narrow area around the
mpact point. The damage evolution started from plastic deforma-
ion below the ballistic limit to shear plugging and petalling when
he impact velocities increased. Around the hole formed by the
erforation of the projectile, several cracks were visible (Fig. 3(a)).

The damage to the preloaded plates below the ballistic limit
as also by plastic deformation. When the plate was perforated,

he crack that formed around the hole grew perpendicular to the
oad direction, and resulted in a catastrophic failure of the plate
Fig. 3(b)). For all impact velocities above the ballistic limit, this
henomenon was observed. This failure suggests that, in this case,
he cracks grew until failure mainly in mode I.

. Conclusions
The influence of the in-plane tensile preload on the high velocity
mpact behaviour of aluminium alloy plates has been studied under
igh-velocity impact.
loaded plates; (b) uniaxial in-plane preloaded plates.

In preloaded as well as nonloaded plates, no significant differ-
ences were detected between the residual velocities measured and
the ballistic limits estimated.

However,  the failure mode differed when the impact veloc-
ity was above the ballistic limit. The preloaded plates underwent
catastrophic failure, whereas this phenomenon did not occur in
nonloaded plates. A preload of 38% of the mechanical strength is
sufficient for the catastrophic failure of the loaded plates.
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