Universidad

ucdm | CarloslIl -Archivo
de Madrid

This is a postprint version of the following published document:

Rodriguez-Millan, M., Garcia-Gonzalez, D., Rusinek,
A., Abed, F. & Arias, A. (2018). Perforation
mechanics of 2024 aluminium protective plates
subjected to impact by different nose shapes of
projectiles. Thin-Walled Structures, vol. 123, pp. 1-10.

DOI: 10.1016/5.tws.2017.11.004

© 2017 Elsevier Ltd.

[oloie

This work is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License.



https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.tws.2017.11.004

=

16
17
18
19
20
21
22
23
24
25
26

27

28

29

30

31

32
33

34

35

36

Perforation mechanics of 2024 aluminium protective plates subjected to impact by different nose
shapes of projectiles

M. Rodriguez-Millan**, D. Garcia-Gonzalez”®, A. Rusinek?, F.Abed*, A.Arias”
? Department of Mechanical Engineering, University Carlos Il of Madrid, Avda. de la Universidad 30, 28911

Leganés, Madrid, Spain

b Department of Continuum Mechanics and Structural Analysis, University Carlos I of Madrid, Avda. de la
Universidad 30, 28911 Leganés, Madrid, Spain

¢ Department of Engineering Science, University of Oxford, Parks Road, Oxford OXI 3PJ, UK

¢ Laboratory of Microstructure Studies and Mechanics of Materials (LEM3), Lorraine University, I route dArs
Laquenexy, 57078 Metz Cedex 3, France

¢ Department of Civil Engineering, American University of Sharjah, P.O. Box 26666 Sharjah, U.A.E.
* corresponding author
Email address: mrmillan@ing.uc3m.es(M.Rodriguez-Milldn)
Phone number: +34916245860

ABSTRACT:

This paper focuses on the mechanical behaviour of aluminium alloy 2024-T351 under impact loading.
This study has been carried out combining experimental and numerical techniques. Firstly,
experimental impact tests were conducted on plates of 4 mm of thickness covering impact velocities
from 50 m/s to 200 m/s and varying the stress state through the projectile nose shape: conical,
hemispherical and blunt. The mechanisms behind the perforation process were studied depending on
the projectile configuration used by analyzing the associated failure modes and post-mortem
deflection. Secondly, a numerical study of the mechanical behaviour of aluminium alloy 2024-T351
under impact loading was conducted. To this end, a three-dimensional model was developed in the
finite element solver ABAQUS/Explicit. This model combines Lagrangian elements with Smoothed
Particle Hydrodynamics (SPH) elements. A good correlation was obtained between numerical and
experimental results in terms of residual and ballistic limit velocities.

KEYWORDS:
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Highlights
¢ The ballistic limit for different projectile shapes has been determined.

o Different failure modes have been observed depending on the stress state associated to
projectile shape.

¢ Local effects were more important for conical and hemispherical nose projectiles.
¢ A 3D numerical model has been used to simulate the impact tests on plates.

e Good agreement has been found between experiments and FE simulations.
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1. Introduction

The impact-protective capacity of structural components has become a relevant requirement for the
automotive and aerospace industries. Both energy absorption and crashworthiness concepts are
essential for the development of new vehicles and aircraft. In such applications, design challenges are
focused on structural crashworthiness and light-weight vehicles. Accordingly, research on
crashworthiness has managed to considerably reduce fatalities by 26% in the USA from 2005 to 2011

[1].

Several studies have been carried out to study the impact behaviour of metallic plates. In this field, the
research developed by Borvik and co-authors [2-4] and Gupta and co-authors [5-6] can be highlighted
because of their relevance. Their work focused on mechanical variables that govern the penetration
process, such as the target material, target dimensions, projectile nose shape and impact velocity. In
this regard, the projectile-nose determines the stress state and its effect varies with several
parameters such as the thickness of the target plate, impact velocity, target thickness to projectile
diameter ratio and nose angle or nose radius of the projectiles [7-12]. However, there still remains a
need for a systematic study of the influence of projectile nose shape on global deformations (plate
deflection, bending and membrane stretching) and local deformations (ductile hole formation,
petalling, plugging, rear bulging, discing, tensile tearing, thinning, shear banding and necking) of
aluminium plates under impact loading. The study of energy absorption capacity on metallic plates can
provide relevant information on the effects of local impacts on the global structural response. This
work focuses on the perforation process of a ductile plate of AA2024-T3 when it is subjected to an
impact of a non-deformable projectile. To the authors’ knowledge, none of the previous impact and
perforation studies of AA2024-T3 investigated the effect of the projectile shape on the material
response, while keeping the same kinetic energy and boundary conditions. The new experimental data
of residual velocities for AA2024-T3 presented in this study can be very useful and relevant especially
for the design and optimization of protective structures.

Finite Element Method (FEM) has been commonly used to simulate impact problems. This method
provides models that predict residual velocities, ballistic limits and failure mechanisms depending on
the projectile-target configurations [13-18]. Most of the previous studies did not focus on quantifying
the amount of global and local energy absorption during the impact process. A common problem in
FEM is the excessive element distortions encountered in dynamic loading simulations [19]. Element
deletion approach could be used to erode highly distorted elements but presents inconsistencies and
no physical fundamentals [20]. In order to minimize this problem, several authors [21-22] described
the advantage of using adaptive meshing algorithm as an alternative technique for the analysis of
plate-impact events. The scheme of the adaptive mesh available in some commercial FE software (e.g.,
ABAQUS [23]) combines the features of Lagrangian and Eulerian analyses which allows for obtaining a
high mesh quality during the whole simulation. However, the adaptive remeshing technique is
computationally expensive and can lead to numerical instabilities and unexpected termination of the
simulation [24]. A mesh-free Smoothed Particle Hydrodynamics (SPH) technique presents several
advantages over conventional FEM and can be also used for impact problems [25]. This avoids extreme
mesh distortions in problems that involve impact and penetration. However, SPH technique
encounters several difficulties in engineering problems such as tensile instability; difficulty in loading
essential boundary condition and high computational cost. A new computational method has been
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recently proposed to fill the gap between conventional FEM and models based on SPH. This method is
based on a Lagragian mesh whose elements are converted into SPH elements when a conversion
variable (strain, stress or any state variable) reaches a critical value. By this way, some distortion- and
instability-related problems are avoided without introducing a too expensive computational cost. This
approach assumes a rigid coupling between SPH particles and Lagrangian nodes at the interface zone
[22;25-27]. The rigid interface definition, however, induces some problems, particularly at highly
localized regions as discussed in detail by Zhang and co-authors [26]. This novel approach has been
used to simulate high velocity impact computations [28], and is employed in this work for the
numerical analysis. In addition to the advantages mentioned above, this method allows also for
retaining the mass and mechanical properties of the elements converted into SPH particles.

The main objective of this research is the analysis of failure mechanisms of aluminium alloy 2024-T531
plates perforated by rigid projectiles of different nose shapes. Perforation tests were conducted using
conical, hemispherical and blunt projectiles covering impact velocities from 50 m/s to 200 m/s. The
experimental arrangement enables the determination of the impact velocity, the residual velocity and
the failure mode of the aluminium plates. The experimental results were used to validate and identify
the value of the mechanical variable that controls the conversion FEM- SPH method. Once the
numerical model was validated with experimental data, it was used to analyse energy absorption
mechanisms associated with the deformation and failure of the aluminium plates. In addition, both
experimental and numerical techniques allowed for investigating the influence of impact velocity,
target thickness and projectile nose shape on the failure mechanisms. The outcomes of this work
provide new insights into the energy absorption and failure mechanisms behind the perforation
process of AA2024 which allow for a better comprehension of its mechanical response under different
impact conditions. The results presented herein provide new relevant information for the design of
structures potentially subjected to impact loading such as aeronautical components.

2. Experimental Program

2.1 Material

In the present investigation, the attention is focused on the mechanical behaviour of aluminium alloy
(AA) 2024-T351. The principal applications of this material are aircraft structural components, wing
tension members, hardware, truck wheels, scientific instruments, veterinary and orthopaedic braces
and equipment, and in rivets because of its high strength, excellent fatigue resistance and good
strength-to-weight ratio. The AA 2024 T-351 has been widely studied in terms of mechanical behaviour
as well as ductile failure (see a previous work of Rodriguez-Millan and co-authors [29]), but its
mechanical behaviour against impact loading has not been analyzed enough. Prior to conducting the
impact tests, some experiments were conducted under quasi-static conditions in order to verify the
material used and its similarities with the one employed in previous published studies (see Appendix
A).

2.2 Test set-up



121
122
123
124
125
126
127
128
129

130
131

132
133
134
135
136
137
138

139
140

141
142
143
144
145
146

Perforation tests were conducted using a pneumatic gas gun to launch a projectile onto an AA 2024-
T351 plate specimen, see Figure 1. The maximum velocity of the projectile, denoted as impact velocity
Vo, is reached at the end of the tube C. Both initial impact and residual velocities of the projectiles
were measured during the impact tests using laser sensors attached to photodiodes and timers at D
and F. The maximum error on the velocity measurements between the two sensors was estimated
around AV ~ 1 m/s. Further details of the experimental setup are provided in previous works [10;12].
In addition, the set-up E may be instrumented to measure the force impact or force perforation on
time as reported in [40] using four piezoelectric sensors with a maximum force of 80 kN.

A: Pneumatic chamber E: Plate and fixation devicce

B: Fast valve F: Sensor for residual velocity measurement
C: Gas gun tube G: Projectile catcher

D: Sensor for initial impact velocity measurement : Projectile trajectory

Fig. 1: Scheme of experimental set up used for perforation test.

The AA 2024-T351 specimens were clamped along four edges using a rigid support in order to reduce
sliding effects during the test. This arrangement (screwing + clamping) has been discussed in previous
works by the authors [10-11]. The active target area of the specimens was reduced to

100 mm X 100 mm  with a plate thickness of 4 mm, see Figure 2.

100imm
1
Impact zone

130 mm

43.5 mm

Active part of target
Embeded part of target P g

Fig. 2: Geometry and dimensions of target.

The tests were conducted using three types of projectiles released at different impact velocities up to
Vo = 200 m/s: The projectiles were made of a maraging steel with a heat treatment to reach a yield
stress close to g, = 2 GPa. The projectiles, independently of the nose shape configuration, present a
maximum diameter ¢y, jectites = 13 mm and a constant mass of M,, ~ 30 g. Their geometries and
dimensions are shown in Figure 3-a-c.
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Fig. 3: Geometry and dimensions (mm) of the projectiles used in the perforation test: a) conical
projectile; b) hemispherical projectile; and c) blunt projectile.

The diameter of the projectiles was approximately equal to the diameter of the barrel to ensure a
perpendicular impact on the aluminium plate.

2.3 Experimental results

2.3.1 Residual velocity
Figure 4 shows the residual velocity versus impact velocity (V. — V) curves for the three different
projectile-shapes considered. The ballistic limits (V/;) were found to be 147.0 m/s, 148.8 m/s and
150.6 m/s respectively for hemispherical nose, conical nose and blunt nose. This sequence of ballistic
limits differs from previous results conducted on aluminium alloys AA 6082-T6 and AA 5754-H111
(reported by Rodriguez-Millan and co-authors [12]).

200 : T T
Material: AA 2024-T351
180 *I{]ﬂ?permwmal results E
\3160—1"”#309 3
nE 140 & P
= 120F
§ 100
S s0b
g @
= - P 3 © O Conical projectile
o AN E 7 E
Q? O O Hemispherical projectile
20¢ 4 < ¢ Blunt projectile ]
Ok e I I L 4
140 150 160 170 180 190 200

Impact velocity, Vo(m/s)

Fig. 4: Comparison of residual velocity V,. versus impact velocity V; between conical, hemispherical and
blunt projectiles.
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The results shown in Figure 5 have been fitted via the expression proposed by Recht and Ipson [31] as
follows:

V= (Vg = ViY* (1)

where k is a fitting parameter depending on the projectile shape that describes the trend of the
relationship, determined as k¥ = 1.92 for the conical projectile; k = 2.13 for the hemispherical
projectile; and k = 2.61 for the blunt projectile.

Figure 5 illustrates the amount of energy absorbed by the target versus impact velocity V; for the
three projectile nose shapes considered. The energy absorbed by the plate, E,, was calculated using
the following expression:

Eq=3-My- (V¢ -V3) )

The energy absorbed by the target is almost independent on the initial velocity when the plate is
impacted by conical projectiles (within the range of velocities tested), see Figure 5. The same behaviour
was observed in a previous work for other two aluminium alloys: AA 5754-H111 and AA 6082-T6 [12].
For the case of hemispherical projectiles, a slight variation in energy absorption with impact velocities
can be noticed. In contrast, energy absorption sharply decreases as the impact velocity increases when
the blunt projectile is used, see Figure 5.

500

M,=30g
1501 © © Conical projectile

100k o o Hemispherical projectile

Eq(J)

¢ & Blunt projectile

350

300
250

200}

150 L

100

Enerqgy absorbed by plate,

50 F 1

 Material: AA 2024-T351 Experimental results

100 120 140 160 180 200
Initial impact velocity, Vo(m/s)

Fig. 5: Energy absorbed by the target E, versus impact velocity V, for conical, hemispherical and blunt
projectiles.

The different perforation mechanisms associated with the three nose-shaped projectiles considered
explain the intersection shown in the V. — V, curves (Figure 4) and in the E, — V; curves (Figure 5).
The larger ballistic limit of the blunt projectile is attributed to high yield stress of the AA 2024-T351,
which enhances the critical impact velocity required for the shear bands formation. However, once the
ballistic limitis exceeded, the energy consumed by this failure mechanism considerably decreases with
impact velocity.
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2.3.2 Failure mode
The variation in energy absorption capacity with different projectile nose shapes can be related to the
corresponding difference in deformation and failure modes as shown in Figure 6. In this regard,
Kpenyigba and co-authors [11] observed that the failure strain depends on the stress state induced by
the projectile shape.

When using conical projectiles in the range of impact velocities considered, the failure process occurs
following petalling mechanisms, see Figure 6a. Four petals were observed in these tests, what has been
frequently reported for metals [12; 33-33]. Hemispherical projectiles, in contrast, led to a plate failure
based on ductile hole enlargement, where the material in front of the projectile is pushed forward, see
Figure 6b. Localised rear bulging with radial cracks and short petals was also observed. The plug ejected
shows a diameter similar to the projectile; however, the diameter of the perforated hole was found to
be smaller than the projectile’s due to elastic recovery (spring back behaviour). For the case of blunt
projectile (Figure 6c), the failure mode of the plate was dominated by shear banding leading to the
ejection of a circular plug at the final stage of the perforation. This circular plug presented a diameter

equal to the projectile diameter.
Debris: Plug ejected plug

= diameter of projectile

= thickness ~
of target
mm e

a) b)

.
Radial crack
propagation Radial crack ™3

propagation

Fa
adial crack
propagation

¥
Radial crack
propagation (05

= diameter of projectile
Adiabatic shear bands mm i i

|~ thickness
of target

Fig. 6: Failure modes of the perforation process for the different projectiles: a) conical projectile, V=175
m/s; b) hemispherical projectile, V=171 m/s; and c) blunt projectile, v=168 m/s.
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The cross sections have been digitalized in order to analyze the global deformation. Figure 7 shows
cross sections of plates at velocities close to the ballistic limit for the three different projectile nose-
shapes. For the same impact velocity, the global deformation (bending and membrane stretching) was
higher when using the conical projectile configuration than for the other two configurations. However,
in the case of the blunt projectile configuration, the local failure mechanisms were more energy
consuming.

a) Conical projectile

4~ 12.5 mm

Bending +Membrane streaching

b) Hemispherical projectile

d 2 9.8 mm

c) Blunt projectile

d~ 8 mm

Bending +Membrane streaching

Fig. 7: Cross sections of penetrated plates by: a) conical projectile, V=149 m/s; b) hemispherical
projectile, V=147 m/s; and c) blunt projectile, V=151 m/s.

In order to carry out a more extensive analysis of the problem, a numerical model is developed in next
section providing more information about the deformation and failure processes.

3. Numerical simulations

3.1 Thermoviscoplastic material behaviour

Although some authors have observed an anisotropic behaviour in AA 2024-T351 [34-35], its
mechanical behaviour is commonly defined by isotropic material models and von Mises yield function
[7,36]. Since the main objective of this work is to analyse the influence of triaxiality on the energy
absorption capability and how it affects the failure mechanisms that govern the perforation process,
the isotropic material definition adopted has been considered. In this regard, the thermoviscoplastic
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material behaviour of AA 2024-T351 plates is defined by the Johnson-Cook (JC) model [37]. This
hardening law defines the effective flow stress following the expression bellow, Eq. (3). The first term
of Eq. (3) defines the strain hardening due to plastic deformation (£P) depending on the reference yield
stress A and the material constants B and n. The second term accounts for strain rate sensitivity (£7)
through the material parameter C and the reference strain rate &,. Regarding the third term, it
captures the thermal softening on the material by the thermal sensitivity parameter m.

5(&?,é7,T) = [A+ B [1 + Cln (g)] [1-0m] 3)

Where O depends on the current temperature T, the melting temperature T, and a reference
temperature Ty as:

T-T,
Tm—-To

M=

4)

The parameters of the constitutive equation were identified for AA 2024-T351 by Teng and Wierzbicki
[36] and are provided in Table 1 with other physical properties. The Taylor-Quinney coefficient which
defines the percentage of plastic work converted into heat, was taken equal to p = 0.9 [38]. The initial
temperature Ty was set to 293 K and the melting temperature Ty, for this alloy is 775 K. The density of
the material is denoted by p and C,, is the specific heat at constant pressure.

In addition, the numerical model implemented in this work takes into account the temperature
evolution assuming adiabatic heating. This is computed along the deformation process through the
expression [39]:

. P .
AT (P, 8°,T) = p% [ 5@, é0,T) dev (5)
P
Elasticity Thermoviscoplastic behaviour
EGPe)  v(-) AMPa)  BMP®) n() & (sH CC)  m()
70 0.3 352 440 0.42 3.310%  0.0083 1.7
Other physical constants
p(kg/m?) B(=) C,J/kg K) To(K) T (K)
2700 0.9 900 293 775

Table 1: Properties of AA 2024-T351 and JC parameters [36].

3.2 SPH conversion criterion

The original mesh of the numerical model has been defined using Lagrangian elements. These
elements are converted into SPH particles when a “flag variable” reaches a critical value. In this work,
the equivalent plastic strain has been selected as the mechanical variable controlling the FEM-SPH
conversion. The features of the model (initial, boundary conditions and contact interactions) are
transferred appropriately when SPH particles are generated. The main advantage of the conversion
approach over the SPH formulation is the reduction in the computational cost.

Therefore, a critical value of the equivalent plastic strain implies the conversion of the Lagrangian

P

element into a sphere P > €..4¢- Once the conversion of the elements is reached, due to the nature
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of the impact problem, the SPH particles overpass the boundaries of their action domain leading to
failure. The boundaries of this action domain are defined by a characteristic length that, if is small
enough, allows the assumption of considering the conversion criterion as the failure one. The critical
equivalent plastic strain is then directly related to failure and was found to vary with the nose shape
of the projectiles. This suggests a dependence of Ei’rit on stress state. Then, the general form of this
type of conversion strain can be expressed as Eq. (6):

& = £ (©)

Where 7 is the stress triaxiality defined by the ratio of the mean stress g,,, to the equivalent stress a.
This conversion criterion model based on the level of failure strain is often used in dynamic problems
[14-16]. According to several works [11, 36], the average value of the stress triaxiality can be slightly
approximated just before the failure of the target for each projectile studied. Then, the triaxiality
values have been determined from the components of the stress tensor in the elements of the failure
zone prior to perforation.

The critical values listed in Table 2 were identified for AA 2024-T351 based on an optimization process
for the whole range of impact velocities considered depending on the projectile shape. The numerical
optimization process minimized the error on the residual velocity with experiments. Figure 8 shows a
comparison between the critical strain values obtained in this work and the failure strain values in a
recent work of the authors [29], presenting good agreement between both results. These results
provide validity of failure strain values employed in the present work. In addition, the numerical model
provides faithfully predictions of postmortem deflections of the plates with respect to experiments. It
can be concluded then, that the material failure during the perforation process is governed by
irreversible deformation mechanisms that depend on the triaxiality value associated to each projectile
shape.

Blunt
0.33

Projectile shape Conical Hemispherical
g 0.21 0.2

crit

Table 2: Failure strain values used to simulate perforation depending on the projectile shape.
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Fig. 8: Comparison of failure strain values between this work and data provided by Rodriguez-Millan
and co-authors [29].

3.3 Mesh definition and boundary conditions used in numerical simulations
The numerical simulations of the impact problem were carried out using the commercial software
ABAQUS 6.12/Explicit. The geometry of the targets and projectiles is the same as used in experiments.
The mesh of the target plate included a total number of 264100 nodes and 242500 elements, see
Figure 9. A total number of 12 elements were defined along the 4 mm thickness as recommended by
Rodriguez-Martinez and co-authors [9]. The mesh was divided into three different zones as follows
(see Figure 9):

e Zone A covers the contact region between the projectile and the target. The diameter of this
region is similar to the diameter of the projectile. A mesh with 34900 eight-node brick hexahedral
elements with one integration point, C3D8R in ABAQUS notation [23], was defined. These
elements may be converted into SPH (PC3D elements).

e Zone B covers the transition region between the fine mesh zone (centre of target) and coarse
mesh zone (boundary of target). The zone is defined by 44500 eight-node brick hexahedral
elements with one integration point, C3D8R in ABAQUS notation [23]. These elements may also
be converted into SPH (PC3D elements).

e Zone C covers the region that is located sufficiently far from the zone directly affected by the
impact. This zone was meshed using 163150 hexahedral elements, C3D8R.

Zone B Clamped

-

Zone A Zone C

amped :

Fig. 9: Target mesh used in the numerical simulations.
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The projectiles were modelled with a nominal mass and a maximum diameter of 30 g and 13mm
respectively. The projectile was defined as an analytical rigid body since experimental tests revealed
no plastic deformation on the projectile-surface after impact. This definition allows for reducing the
computational cost required in the simulations. A friction coefficient equal to 0.1 was used to define
the contact between the projectiles and the plate, as done by several other authors [2,6,9,21,32].

4. Numerical results and comparison with experimental data

4.1 Residual velocity

A comparison between experimental and numerical results in terms of residual versus impact
velocities for different projectile nose shapes was carried out, see Figure 10. The use of a mesh density
of 12 elements along the plate thickness was enough to simulate the perforation experiments
accurately. The model provides a good correlation between numerical and experimental residual
velocities depending on the impact velocity for the projectile shape configurations considered.

"1 Material: AA 2024-T351
180 E Clonteal projectile
M,=30g

Material: AA 2024-T351
IB0E Herngspherical projeetile
ok M,=30g

/s ‘]

Vo[

=
=]
T
~
L

&

Residual velocily,

¥
=]

’ 9 & A0k
O O Erperimental ’
== Numerical . 1 W0t

0 I il L 1] n B L L
100 120 140 160 180 200 100 120 140 160 180 200
Initial impact velocity, Vi(m/s) Tnitial impact velocity, Vilm/s)

a) b)
Material: AA 2024-T351 '

180F Blunt projectile
| M, —30g

(mn/s)
é

,
¥

10% g

Residual velocity, V.

0O 0O FEazperimenilal

Numerical ;

1 [Ilf) 120 1 i() 160 1 é“ 200
Initial tinpact velocity, Vilm/s)

c)
Fig. 10: Comparison of residual velocity V;. versus impact velocity V, between experiments and
numerical simulations for: a) conical projectile; b) hemispherical projectile; and c) blunt projectile.

Once the model has been validated, it is used next to analyze the mechanisms behind the failure
process.

12
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4.2 Failure Mechanism

Figure 11 shows the perforation process for the three projectile configurations at three different
stages. It can be observed that the largest density of SPH elements (converted from FEM) occurred

when using the conical projectile nose.

Conical projectile

t =0.025ms t = 0.050 ms t = 0.080 ms t = 0.100ms

Fig. 11: Details of SPH element conversion and deformation behaviour of targets impacted at v=170
m/s by: a) conical; b) hemispherical; and c) blunt projectiles. (For the sake of clarify, the projectiles are
not displayed at t=0.080 and t=0.100 ms)

Different failure modes have been observed during the perforation tests. Figure 12 presents a
comparison between experiments and numerical simulations in terms of permanent plate bending for
two impact velocities: 150 m/s and 180 m/s. The y-axis corresponds to the normalized displacement
of the impacted plates w/t (where w is the out-of-plane displacement and t is the target thickness);
and the x-axis represents the normalized target length. The numerical model provides better
predictions for impact velocities above the ballistic limit. The following general observations were
drawn from this analysis.

e For all projectile configurations, the deflection is maximum at velocities close to the ballistic
limit. This behaviour is in agreement with the observed in other aluminium alloys [12].

e Inthe case of the blunt projectile configuration, the model predictions of the plate deflection
are better than for the other two configurations. This can be explained by the predominance
of the global mechanism -bending- on the deformation process.

13
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Fig. 12: Dimensionless post-mortem deflection of the plates as a function of the normalized target
length for: (a) conical nose at Vo ~ 150 m/s; (b) conical nose at Vo ~ 180 m/s ; (c) hemispherical nose
at Vo ~ 150 m/s; (d) hemispherical nose at Vo ~ 180 m/s; (e) blunt nose at Vo ~ 150 m/s; and (f) blunt
nose at Vo ~ 180 m/s.

4.3 Energy absorption capacity
The total energy absorbed can be understood as the contribution of global and local deformations
contributions. The present numerical modelling is necessary to develop a careful analysis of the energy
absorbed by the plate within the impact velocity range considered. Thus, the target was modelled as
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a local part (zone A in Figure 9) and a global part (zone B and C in Figure 9) with identical material
properties. This allows for studying global versus local energy absorptions during penetration. In this
work, the local energy absorption is associated with local failure mechanisms (shear, petalling and
plugging); and the global energy absorption is associated with deformation mechanism (general
bending).

The sensitivity of global (Eg), local (E.), deformation (Ep) and absorption (Ea) energies to impact velocity
is assessed for all projectiles, see Figure 13. The energy absorbed is defined as the difference between
the initial and final kinetic energy, Eq. (2). The global energy (Eg) is the sum of internal energy of the
elements of zones B and C (Figure 9), while the local energy (E\) is the same sum but for the elements
of the local region (zone A in Figure 9). The deformation energy Ep = E; + E} is defined by the sum
of local and global energies.

For all nose shapes, it is remarkable that the local energy slightly increases while the global energy
decreases with impact velocity. These results suggest that impact velocity is the variable that governs
the main deformation mechanisms. As this variable increases, a progressive change can be observed
from a global mechanical resistance to deformation associated with the overall response of the
structure as a whole, to a local mechanical resistance associated with local deformation and failure
mechanisms such as shearing, plugging or petalling. In addition, the global to local energy transition
has been found to depend on the projectile nose shape and, therefore, on the triaxiality and failure
mechanisms associated. For the case of blunt projectile, the thickness of plug is similar to the plate
one. According to previous work [21], the adiabatic shear bands (ASB) velocity is faster than the initial
impact velocity, inducing a failure by ASB propagation and obtaining local energy higher than global
energy as demonstrated in Figure 13. In this regard, plugging mechanism associated with type of
projectile shows the sharpest energy transition. Moreover, the evolution of these energies revealed
15% to 20% differences between absorption energy and deformation energy for the three projectile
configurations. Although some cracks propagate reaching zone B, the energy consumed in this region
due to such effects can be neglected with respect to the energy associated to local energy in zone A.
This issue has been analysed by varying the relative dimensions of both zones in order to keep the local
cracks into zone A. The dimensions used in this work are consistent for the different configurations
used in terms of energy evaluation.
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Fig. 14: Differences between ballistic limit and neutral velocity for conical, hemispherical and blunt
projectile.

The observations mentioned above, reinforce the idea that the impact energy is absorbed by a
combination of local and global deformation mechanisms. It is also important to emphasize the need
of developing reliable numerical models in order to obtain accurate predictions of the mechanical
behaviour of materials under impact loading.

5. Conclusions

In this paper an experimental and numerical analysis of the influence of projectile geometry on the
ballistic performance of 2024-T351 aluminium alloy is presented. Projectiles with conical,
hemispherical and blunt nose shapes were considered. Residual velocities, failure mechanisms and
energy absorption during and after impact were investigated at velocities up to 200 m/s. The
conversion FEM-SPH method was used in this study providing accurate predictions of the mechanical
behaviour of AA 2024-T351 under impact loading. The simulations allowed for the understanding of
impact phenomena and deformation energy distribution along the aluminium plates. No significant
difference in the ballistic resistance was observed between three nose shape projectiles considered.
However, a relevant variation in residual velocity was noted as the impact velocity increases. The
amount of kinetic energy converted into global and local energy strongly depends on the nose-shape
of the projectile as revealed by numerical simulations. At low impact velocities, the global energy was
higher for blunt nose shape while at high impact velocities local energy was more significant for
hemispherical and conical nose shapes.

In conclusion, the stress state has been demonstrated to be a key variable in determining the failure
mechanisms and the FEM-SPH method has been found to be a valid way to analyze this influence in
impacts events.
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Appendix A. Quasi-static tests on 2024-T351 aluminium alloy

In order to verify the material used in this work and prior to identify the material parameters for its
mechanical modelling, quasi-static compression tests were performed. The results obtained from such
tests are in good agreement with the ones reported by other authors for this material [41-43], see Fig
Al
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Fig. A.1: Quasi-static compression test for AA 2024-T351. Comparison of the stress-strain curve
obtained for the material used in this work with published data.

In addition, the material parameters identified for the JC model used in this work have been compared
with the ones provided by other authors, finding again a good agreement between them:

A (MPa) B (MPa) n(-)
Ourtest | Baoetal. | Error Ourtest | Baoetal. | Error Our test | Bao et al. Error
[41] (%) [41] (%) [41] (%)
329.3 352 6.44 431.7 440 1.88 0.36 0.42 14.2

Fig. A.2: Quasi-static compression test for AA 2024-T351. Comparison of the stress-strain curve
obtained for the material used in this work with published data.
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