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Low velocity perforation of an aluminum alloy: experiments and simulations
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Abstract Low velocity perforation of an aeronautical aluminum alloy sheet 2024 T3 subjected to impact is
studied in this paper. The main objective is to compare experimental results and simulations by analysis of
the failure. The perforation test is made with an instrumented 3 meter drop test. The striker has a large
diameter (45 mm) and a conical shape. Sheets’ thickness is 2 mm. The influence of the impact velocity is
analyzed. A phenomenological behavior law of the sheet’s material is implemented in the finite element code
Abaqgus/Explicit. Thus, 3D simulations of perforation are performed using a damage evolution law and a
ductile failure criterion. To understand the phenomenon, the perforation force and the sticker velocity will be
analyzed. Simulations are validated by experimental tests and compared with an analytical model.
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1. Introduction

An increased attention in impact issues is paid by authors working on various engineering fields
like aeronautic [1], naval [2], and automotive [3]. Impact on ductile material involves high strain
rates effects [4] and temperature effects [5]. Thus, the knowledge of material dynamic behavior is
necessary. Particular constitutive laws are known to be adapted for this type of issue [6]. The ductile
target perforation is a specific case of impact studies. Perforation tests can be classified in
categories according to the test velocity is high [7] or low [8], or according to the different striker's
geometries (diameter, nose shape,...). An energetic approach is recommended to understand
perforation issue. The energy absorbed by the target during impact E, can be calculated using the
difference between the initial kinetic energy and the final kinetic energy [8]. The ballistic limit Vy,
is known to be the minimal initial velocity involving perforation. In order to have a better
understanding of the rupture phenomenon and in order to compare with simulation results, it is
necessary to know the force applied to the target and/or the striker displacement, during impact.
This is the reason why some authors use the Hopkinson bar theory [9] [10] or an instrumented
pneumatic accelerator or drop test [9] to be able to plot the curve of the force versus the time and/or
the displacement. Low velocity perforation of an aeronautical aluminum alloy sheet 2024 T3
subjected to impact is studied in this paper. Unlike Rodriguez-Martinez [8] who studied the
perforation of thin target (1 mm), the idea is here to work with thicker plates (2 mm) and with a
larger striker (45 mm).

A two-pronged approach for perforation is proposed here: an experimental approach with the use of
a drop test and a modeling approach including a finite element (FE) approach and an analytical
approach. Results are compared and discussed.
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2. Drop test: Perforation of 2024 T3 aluminum alloy sheets
2.1. Material

Aluminum alloys are known for their high mechanical characteristics against their density. The
2024 T3 aluminum alloy (2024 AA) is used in aeronautical structural parts as planes' fuselage or
wings. The process route of this precipitation hardening material, alloyed with copper, is well
known: a casting, a homogenizing, a hot rolling, a solute heat treatment at 495°C, a water quench, a
cold work to obtain higher strain, and to finish a natural aging. This is the T3 heat treatment [11].
The chemical composition of the 2024 aluminum alloy is presented in Table 1.

Table 1. Chemical composition in %wt of the 2024 AA [12].
Al Cu Mg Mn Fe Si Zn Ti Cr
Bal. 476 138 0.65 0.22 0.08 0.07 0.03 0.01

2.2. Experimental setup

An instrumented drop test is used to perforate 2024 AA sheets (Fig. 1). A5 kg test trolley slides on
two bars from various height positions. Weights can be added to this trolley. Under the trolley a
piezoelectric force sensor and a conical striker are fixed. This dynamic force sensor is calibrated for
a range of validity from 0 to 100 kN and is used to measure the perforation force during impact with
a relative error less than 5%. The striker is composed of a 60° conical nose and a 45 mm diameter
cylindrical part. This cylindrical part is 10 mm long. A laser sensor (error of 0.5%) is used to
measure the trolley’s displacement. Two high speed cameras are used to measure the striker
displacement and to take picture of the sheet’s perforation. A mirror enables the observation beneath
the sheet.

Slide bars
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Displacement sensor Weights

Plate
Force sensor

Striker

Mirors
High speed camera 2

Figure 1. Instrumented drop test.

Twelve drop tests are performed to perforate a 2 mm 2024 AA sheet. The initial impact velocity and
the striker total mass of each test are given in Table 2. If the striker perforates the sheet, values are
in bolt font. The impact velocity evolves from 2.7 m/s to 6.9 m/s. The striker total mass is taken
equal to 13 kg. The main objective is to find the ballistic limit velocity, to study the residual
velocity and to analyze fracture and the force during impact.
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2.3. Experimental results

2.3.1. Description of the perforation test

A2 mm 2024 AA sheet is impacted by the striker. Thus, the striker nose induces plastic strain in the
center of the sheet. More than four cracks appear, two in the laminated direction, two in the
transversal direction, and sometimes in the 45° direction (Table 2). If the conical nose does not go
through the plate, the striker bounces. If the conical nose goes through the sheet, the force sensor
hits the sheet involving a bounce. All are analyzed before this bounce.

Table 2. Testing plan and main results.

Test number 1 2 3 4 5 6 7 8 9 10 11 12
Total mass (kg) 13 13 13 13 13 13 13 13 13 13 13 13
Drop test height (m) 04 04 1 1 15 15 18 18 2 2 2.2 2.5
Impact velocity (m/s) 2.79 271 424 420 500 481 552 558 572 582 6.30 6.90

Petals number 4 4 5 5 6 4 6 5 4 4 6 5
Residual velocity (m/s) -1.4 -13 -13 -15 -13 -11 26 32 26 26 40 4.6
Absorbed Energy (J) 51 48 117 115 163 150 155 160 168 152 157 170

Peak Force (KN) 87 84 91 88 100 92 93 95 95 92 92 Unknown

Maximal Force (KN) 66 71 82 86 94 94 96 94 99 96 9.6 Unknown
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Figure 2. Residual velocity versus initial velocity.

2.3.2. Velocity results

It is usual to plot the residual velocity of the striker as a function of the initial velocity. In Fig. 2, if
the striker does not perforate the sheet completely, the residual velocity is taken equal to 0. Classical
results show that starting from the ballistic limit the velocity Vy, is a continuous growing curve [8].
Here this hypothesis is confirmed. In Fig. 2, pictures are taken at the end of the perforation (before
the bounce). Thus it can be concluded, that using a 13 kg conical striker, the ballistic limit velocity
to perforate a 2 mm sheet of 2024 AA is between 5 and 5.52 m/s. To obtain a better approximation
of the ballistic limit velocity, the definition of the absorbed energy during perforation is used. This
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energy is calculated as the difference between the initial kinetic energy and the final one and given
in Table 2 for each test. The ballistic limit velocity Vy, can be estimated using the average absorbed
energy E;-161J as:

2Eq

Vi = y Mseriker = 13kg (1)

Mstriker

It can be concluded that the ballistic limit velocity is equal to 5.0 m/s with an error of +/- 3%.
2.3.3. Force during impact

The force induced by the sheet on the striker can be plot during impact with the help of the force
sensor (Fig. 6). Firstly, when the striker is reaching the sheet, a force peak can be observed.
Secondly, cracks appear and so the force is continuously growing to be maximal when the striker
cylindrical part is reached (test 7 to 12) or when the striker start to bounce back (test 1 to 6). After,
the force is decreasing. If the conical nose goes through the sheet, the force sensor will hit the sheet
involving a new increase of force.

2.4. Conclusion on experimental results

It can be concluded that the ballistic limit velocity is about 5 m/s +/- 3% using a 13 kg striker. Four
or more than four petals always appear in the sheet during perforation. The perforation absorbed
energy tends to be constant and equal to 161 J for impact velocity between 5 m/s and 7 m/s.

3. Modeling of perforation

Experimental tests are compared with two models: an analytical model based on energetic
consideration and a shell finite elements model.

3.1 Perforation analytical model

i Striker

o
"/N cracks

<

Initial condition Bending Fracture

Figure 3. Analytical model.

An energetic approach for perforation is proposed by Nazeer [13]. A conical nose striker impacting
thin plates involves bending deformation, stretching deformation and N cracks’ propagation (fig 3).
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The idea is to adapt this model in order to study the ballistic limit velocity and the residual velocity
of the striker and with the hypothesis that the radius of the dimple is equal to the sheet radius. The
elastic bending work is neglected. Thus, the total perforation work W is the sum of the bending
plastic work W, the stretching plastic work W;s, the petals’ bending work Wy and the fracture
work Wr (W =W, + Wy + Wps +W5). The perforation work is the absorbed energy and so with the
definition of the absorbed energy, the residual velocity V; is given as a function of the initial
velocity Vo:

1 2w 2(Wp+Ws+Wpr+We)
W= Eﬁrnstriker(v()2 - Vrz) - V;‘ = \/Voz - = \/Voz - > ZBALS S (2)

Mstriker Mstriker

To obtain the ballistic limit velocity, the initial velocity is taken equal to Vy and the residual
velocity V, equal to 0 m/s. Thus, we obtain:

2w 2(W i+ Wet Wp+W )
Vpr = \/ =\/ : 1 3

Mstriker Mstriker
where

- the bending work W, is given as a function of the yield stress o, the initial thickness e, the
sheet’s radius R, and the bending angle £ (calculated as a function R, and the striker
displacement z as tan(B) = Rio ). by:

Wy, = moye§Rof (4)

- the stretching work W of the sheet is given as a function of the yield stress g, ey, Ry, and
the stretching strain &, by W; = (nR,)?0ye, €. The stretching strain can be defined thanks

to the evolving surface area of the sheet and its original area (es =In (w/ R2 — z2/R, ))

2_
W, = (rtRO)ZayeO ln< R°R222> (5)
0
- the bending work Wy involved by each petals can be written as a function of the number of
petals N, the striker radius ro, the thickness e, and y the petals bending angle (y = % —¢@—p)
as (see Fig. 3):

ToyToe?y 2+N

2 1+N
- the Fracture work Wt is due to crack propagation. It can be given as a function of the
fracture toughness G, the thickness e and the length of fracture L by Wy = NGeL.The

thickness e can be express with the stretching strain ase = ey//1 + z,/R5 . L is taken

equal to the projection of the striker on the bending sheet (L = /1 + zZ). The parameter z,
is the ultimate bending striker displacement the parameter. Thus the fracture work is given

by :
RZ_;2
Wr = NGe, ln( "R—;b>,/r02 + z} (7

Here the angle of the conical striker is 60°, its mass is equal to 13 kg, and its diameter is 45 mm.
The sheet thickness is 2 mm and its diameter is 148 mm. The static yield stress is g, = 340 MPa,,
the number of petals is taken equal to 4 and the ultimate bending striker displacement zy, is 3 mm.
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3.2 Finite element model for perforation

3.2.1 Material behavior law of 2024 T3 AA

A classical Johnson Cook behavior law [6] is used in the finite element code Abaqus [14] to model
the viscoplastic behavior where A, B, n, m, C and &, are material parameters, Tmelt is the melt
temperature and Troom is the room temperature. The stress 6 can also be written as a function of the
plastic strain &P, the plastic strain rate P, and the temperature T :

o= (4+Berm) (1 +Cln (-”)) (1- (e ®)

The elastic behavior is isotropic (E=74 GPa, v=0.3). Above a plastic strain threshold, voids appear,
grow and coalesce in the material, to produce the rupture [15]. To define this damage, a damage
variable D is used in the model. The evolution of D can be written using the Johnson Cook dynamic
damage model [16]. The damage D is dependent on the plastic strain rate, materials parameters m,
D1, D2, D3,D4 and D5, the hydrostatic pressure p, the equivalent stress a,,, the melt temperature
Tmelt and the room temperature Troom :

&P ep

£R =3P &b T-T m
D1+D, e’%¢q |[ 1+D ln(f) (1—0 (%) )
< 1Tz )( 4"\ & S\Treit-Troom

Lesuer [12] used an isotropic Johnson Cook hardening and a Johnson Cook rupture model for a
2024 AA with the parameters presented in Table 3. The strain rate parameter &, is taken equal to
15, Troom equals 298 K and Tt equals 775 K. Parameters D; and D, are determined to predict the
residual velocity after impact, according to the presented experiment. Because of the temperature
dependence, the specific heat cp is taken equal to 897 J/kg/K, the inelastic heat fraction equal  to
0.9 and the conductivity equal to 237 W/m/K.

©)

Table 3. Johnson Cook hardening and fracture law parameters [12] (modified in bolt fonts)
A (MPa) B (MPa) n C m D1 D, D3 D, Ds
369 684 0.73 0.0083 1.7 0.035 0.035 -1.5 0.011 0.0

3.2.2 3D finite element model.

A 3D finite element simulation is carried out using ABAQUS/Explicit. Shell elements are known to
be well adapted for solving thin sheets’ perforation issues [17]. Thus the 2024 AA sheet is modeled
with 3200 S4RT elements and 1869 S3RT elements with the JC law presented above (Table 3.) For
stability reason, five integration points are taken in the sheet’s thickness. An analytical rigid surface
is used to model the conical striker. The trolley mass is applied on the striker reference point.
Interaction between the striker and the sheet is modeled by a perfect contact (hard contact and
frictionless). Elements are deleted when the damage D is equal to 1. The sheet is clamped at the
edges. The initial velocity is applied on the striker reference point. The striker moves only along the
vertical direction. Temperature effects are taken into account but will not be discussed here. Initial
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velocities of simulations are taken similar to experimental drop tests ( 2.7 m/s, 4.2 m/s, 5 m/s, 5.5
m/s, 5.8 m/s, 6.3 m/s and 6.9 m/s) and another one equal to 8 m/s.

Simulation model Example of Simulation results

Striker : analytical surface
Vo =6.3m/s
1869 S3RT elements .

V,=3.0m/s

3200 S4RT elements

Striker reference point :
assignation of the mass

Clamped edges

V,=3.0m/s

Figure 5. Shell finite elements model and simulation results.
4. Results and discussions

4.1. Perforation force

Drop tests force during impact is compared to numerical results. In Fig. 6, forces are plotted for an
initial velocity of 5.8 m/s. Simulation’s force is noised because of numerical instabilities. That’s the
reason why a centered average numerical force is plotted. It can be noticed that the first force peak
is not simulated. The numerical model does not take in consideration friction effects and failure
propagation and thus the numerical force underestimates the measured force. As the measured force,
the numerical force rises during the perforation until a maximal force, equal to 8.8 kN, versus 9.6
kN for the measured force.

T T
' End  Impactof
of the
rforation force sensor

14

12

0 5 10 15 20 25 30 35
Time (ms)

Figure 6. Force during impact versus time for an initial velocity of 5.8 m/s (test 9).
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4.2. Discussion on the ultimate bending striker displacement before perforation

The ultimate bending striker displacement before perforation z, is used to calculate the residual
velocity for the analytical model. It can be determined by drop tests’ results and finite elements’
results, and is equal to the displacement of the striker before rupture. For an initial velocity of 5.8
m/s, z, is equal to 2.9 mm and 3.5 mm respectively for simulation and experiment. The hypothesis
to take z, equal to 3 mm for the analytical model is in good agreement.

4.3. Velocity discussions

Velocity’s results are discussed by plotting the residual velocity as a function of the initial velocity
(Fig. 7). Analytical model’s results (N=4, z,=3mm) are in good agreement with drop tests’ results.
Simulations tend to underestimate residual velocities, but results are close to experimental ones.

A good ballistic limit velocity correlation is found. With the analytical model, it is equal to 5.0 m/s.
With the finite elements model, it is between 5 and 5.5 m/s. The experimental ballistic limit velocity
is about 5.0 m/s.

Experimentally, the absorbed energy by the sheet during impact rises with the initial velocity until a
maximal energy (about 161 J), reached for the ballistic limit velocity (Fig. 7). Drop tests’ results
give an average maximal absorbed energy for perforation of 161 J. In the analytical model, this
maximal absorbed energy for perforation is the addition of plastic work and fracture work and is
equal to 168 J. Because of the use of a rate dependent model, simulations show that the absorbed
energy continues to rise beyond the ballistic limit velocity and exceeds 180 J.
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o & * Drop test results 2 150
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Figure 7. Residual velocity versus initial velocity and absorbed energy versus initial velocity.
4.4. Discussion on the number of petals.

More than four petals appear during perforation tests (Table 2). Because of the use of the “kill
element” process, no petal is observed in FE simulations. It was already explained that results from
the analytical model are number of cracks dependent. In this model, an evolution of the number of
petals leads to an augmentation of the absorbed energy during impact and thus a decrease of the
residual velocity. For example, for an initial velocity equal to 6.9 m/s the residual velocity is 4.7 m/s,
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4.6 m/s and 4.5 m/s for respectively 4, 5 and 6 petals. This tendency is not confirmed by drop tests’
results (Table. 2).

5. Conclusion and remarks

Thin sheets of 2024 AA were perforated, on a drop test, by a 60° and 45 mm diameter conical
striker for a range of velocity from 2.7 m/s to 6.9 m/s. The energy needed to perforate is about 160 J.
Four or more than four petals always appear in the sheet during perforation. A numerical model and
an analytical model were proposed. Shell element model coupled with Johnson Cook viscoplastic
and damage laws is adapted to simulate the perforation of thin sheet of aluminum alloy. The
ballistic limit velocity, the residual velocity as well as the impact are in good agreement with
experimental data. It can be shown that simulated force during impact is below the experimental
force. The analytical model also predicts the residual velocity.

Simulations using an anisotropic material model for rolled sheets are underway and predict petals’
formation during perforation (Fig. 8). Future analysis of pictures taken by high speed camera,
beneath the sheet, will permit to perform image correlation for strain measurements in order to
correlate the simulated strain field and the experimental strain field and therefore to better analyze
the crack propagation (fracture criterion).

t=9,45ms

S, Mises
SNEG, {fraction = -1.0)
(Avg: 75%)

Figure 8. Simulation versus experiment for an initial velocity of 6.9 m/s using an anisotropic material model.
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