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Abstract
The aim of this work consists of identifying the material behavior of Alucobond composite structures subjected to ballistic 
impact. The composite is made of Aluminum alloy AW5005 and LDPE (low-density polyethylene). The mechanical proper-
ties of these materials are described in term of strain rate and temperature dependencies. Quasi-static tensile and compression 
tests for Alucobond are performed at four different strain rates, i.e. 0.0001 0.001, 0.01, and 0.03 s−1 . Moreover, in dynamic 
regime the used strain rate ranges in compression and perforation tests are ( 104 s−1 ≤ 𝜀̇ ≤ 105 s−1 ) at temperatures ranging 
from room temperature 20 °C to 100 °C. Various parameters influence the behavior of the Alucobond structure under impact: 
the geometry and the mechanical properties of the projectile, the initial impact velocity, and the thermomechanical behavior 
of the target. Numerous quasi-static and dynamic original test results (traction and perforation over a wide range of strain 
rates at room temperature and high temperature) are presented. Numerical simulations, particularly using the finite element 
(FE) method with the ABAQUS explicit code, are also effective supplements for theoretical and more detailed experimental 
investigations, which were carried out to analyze the dynamic behavior of impacted structures.

Keywords  Sandwich structure · Polyethylene · Impact response · Thermal chamber · Failure mechanisms · Numerical 
simulation · Failure · Perforation

Introduction

Composite sandwich structures are a type of compos-
ite material that consists of two thin and stiff face sheets 
bonded to a lightweight and thick core material [1]. Sand-
wich structures are known for their high stiffness and 
strength-to-weight ratio, which make them ideal for various 

applications, such as aerospace, automotive, and marine 
industries [2].

The properties of composite sandwich structures depend 
on the type of materials used for the face sheets and core, 
as well as the thickness and arrangement of the layers [2]. 
The core material is typically made of foam or honeycomb 
structures, while the face sheets can be made of various 
fiber-reinforced composite materials, such as carbon, glass, 
or aramid fibers [2].

The dynamic behavior of composite sandwich structures 
is an important aspect that needs to be considered in their 
design and optimization for various applications. Under 
dynamic loading conditions, such as impact and vibration, 
the sandwich structures exhibit complex deformation and 
failure mechanisms, which can lead to reduced performance 
and even catastrophic failure [3]. Several factors affect the 
dynamic behavior of composite sandwich structures, includ-
ing the type of core material, the thickness and properties 
of the face sheets, and the loading conditions [4]. The prop-
erties of the core material play a crucial role in the energy 
absorption capacity and damping behavior of the sandwich 
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structures [4]. For example, honeycomb core structures are 
known for their high specific energy absorption and good 
damping properties, while foam core structures exhibit better 
vibration damping and noise reduction properties [5].

Numerical modeling and experimental testing are com-
monly used to study the dynamic behavior of sandwich 
structures. Numerical modeling can provide insights into the 
underlying mechanisms of deformation and damage under 
dynamic loading conditions, while experimental testing can 
validate the numerical models and provide data for material 
characterization and model calibration [3]. Recent research 
focused on developing advanced materials and manufac-
turing techniques to enhance the dynamic performance of 
composite sandwich structures. For example, the addition 
of nanoparticles to the core material can improve the damp-
ing and energy absorption properties of sandwich struc-
tures [4]. Other approaches, such as the use of functionally 
graded materials and fiber-reinforced core structures, have 
been proposed to achieve tailored mechanical properties and 
enhanced performance under dynamic loading conditions 
[6]. However, composite sandwich structures are versatile 
and lightweight materials that offer excellent mechanical 
properties, but their dynamic behavior under various load-
ing conditions needs to be carefully considered for safe and 
reliable operation in many applications. Further research 
is necessary to develop new materials and manufacturing 
techniques to improve the understanding of their dynamic 
behavior under different loading conditions. [7]

Polymers adopt a very different aspect and mechanical 
behavior depending on whether the temperature is below or 
above the glass transition temperature Tg.

•	 At low temperatures, the polymer is amorphous, rigid, 
and fragile, with Young's modulus of the order of 
1000 MPa;

•	 Above the glass transition temperature, the mechani-
cal behavior becomes viscoelastic, then rubbery with 
Young's modulus of the order of 1 MPa. The material 
can then undergo considerable hyperplastic elongations;

•	 At higher temperatures, the thermal agitation is such that 
the diffusion of the polymeric chains becomes very easy 
and the behavior is of a viscous fluid (this is the field of 
application of the shaping processes in the fused state).

The plastic behavior of amorphous polymers has been 
the subject of numerous experimental studies. For example, 
Bauwens [8–11] attempted to explain, from a microscopic 
point of view, the elementary mechanisms which control the 
plastic deformation of these polymers, and from a macro-
scopic point of view, the dependence of these materials on 
the various stress conditions. However, each study describes 
the behavior of the polymers using only one type of mechan-
ical test, often the uniaxial tensile test. Although this test is 

successful in obtaining large deformations, it is not suitable 
for studying the plasticity of polymers. The curves in Fig. 1, 
are obtained with the video metric method during a tensile 
test, corresponding to the behavior at large deformation for 
various amorphous and semi-crystalline polymers (PEEK, 
PA6, PC, PVC, PP, PE, PTFE) at ambient temperature.

Although there has been an extensive research on the 
mechanical properties of thermoplastic polymers, there is 
still a lack of understanding regarding the impact and per-
foration behavior of these polymers at different tempera-
tures. Daniel et al. [14] work aims to analyze the influence of 
temperature and the associated polymeric transitions on the 
mechanical response of PMMA (Polymethyl Methacrylate) 
under high impact velocity. Testing temperatures ranging 
from 20 °C to 140 °C are covered in this comprehensive 
study. In order to gain insights into the deformation and fail-
ure mechanisms during the perforation process, a series of 
tests were conducted using uniaxial compression under both 
quasi-static and dynamic conditions at various initial tem-
peratures. A new constitutive model is proposed to analyze 
the deformation mechanisms that govern the mechanical 
behavior of PMMA, particularly above the glass transition 
temperature [14]. This model considers finite deformations 
as well as dependencies on temperature and strain rate. Other 
polymers revealed strain rate and thermal sensitivities, for 
example, LDPE which is investigated in the present paper.

These material transitions are associated with the free 
volume and mobility of polymeric chains, which are closely 
linked to temperature and strain rate. At lower strain rates, 
the failure transition occurs at lower temperatures, which is 
why we chose to conduct tests at lower temperatures. Addi-
tionally, as the strain rate increases, the failure transition 
shifts to higher temperatures.

Based on the quasi-static results (Fig. 2a), a transition 
from pseudo-brittle to ductile behavior is observed at a 

Fig. 1   True strain curves—true deformation of various polymers 
obtained at 25° C. [12, 13]
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temperature threshold within the range of 60 °C ≤ T0 ≤ 80 °C. 
Above this threshold, a pseudo-brittle behavior is observed, 
with failure strain values around 15%. Furthermore, a 
decrease in temperature also leads to higher yield strength. 
For testing temperatures above this threshold, a ductile 
behavior is observed.

According to the dynamic results shown in Fig. 2b, a tran-
sition from pseudo-brittle to ductile behavior is observed at 
a temperature threshold of T0 = 40 °C Above T0 = 40 °C, and 
the material starts exhibiting a ductile behavior. This shift in 
the brittle to ductile transition under dynamic loading, com-
pared to quasi-static loading (see Fig. 2a), can be attributed 
to the interplay between temperature and strain rate effects 
on the mobility of polymeric chains. Increasing the tempera-
ture promotes chain mobility, leading to increased ductility, 
while higher strain rates hinder chain mobility. In the case of 

dynamic loading, the material is observed to be brittle at low 
temperatures and room temperature (Fig. 2b) [14].

Further dynamic characterization was conducted at high 
temperatures, specifically T0 ≥ Tg (glass transition tem-
perature). The purpose of this analysis was to study the 
mechanical behavior of PMMA in the rubbery region, where 
a ductile response is expected. The hardening behavior was 
observed to change at temperatures higher than T0 ≥ 120 °C, 
as shown in Fig. 3 for two strain rates. It is worth noting that 
two reference strain rates were used to facilitate the interpre-
tation and comparison of the results presented in Fig. 3. This 
change in behavior can be attributed to the increased influ-
ence of the polymeric network on the overall stress response.

Based on these results, it can be concluded that the energy 
required to cause failure increases with temperature intro-
ducing a large ductility and is accompanied by a significant 

Fig. 2   Material behavior description: a Temperature effect under quasi-static loading; b Temperature effect under dynamic loading [14]

Fig. 3   Material behaviour of PMMA for different initial temperatures; a 1500 1/s; b 2800 1/s [14]
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increase in ductility. This observation is crucial for analyzing 
the structural behavior under dynamic loading.

Arruda et al. [15] showed the influence of temperature on 
the mechanical behavior of polymers, especially for PMMA. 
The elastic limit (flow stress), Young's modulus, as well 
as hardening decreases as the temperature increases. The 
results show that the temperature has a significant influence 
on the elastic limit. This increase in the elastic limit at low 
temperatures is accompanied by a greater fragility, which 
limits the use of certain polymers in extreme conditions.

In fact, this sensitivity to temperature proves that the 
physical mechanisms governing the plastic deformation of 
polymers change according to the temperature ranges.

Recent research, exemplified by Jordan et al. [16] to 
understand the complex mechanical properties of low-
density polyethylene (LDPE). The meticulous analysis by 
Jordan et al. systematically explores the response of LDPE 
to dynamic loading conditions, highlighting the complex 
interplay between strain rate and temperature dependence 
within this thermoplastic polymer.

The mechanical properties of polymers, in particular their 
dependencies on temperature and strain rate, are considered 
of paramount importance for their practical implementation 
in design. In this study, the compressive behavior of low-
density polyethylene (LDPE) was examined over a range 
of strain rates and temperatures. The mechanical response 
of LDPE was found to be dependent on temperature and 
strain rate, with stress increasing as strain rate increased or 
temperature decreased. A consistent linear relationship was 
observed between flow stress, temperature, and the loga-
rithm of strain rate over the entire range of conditions stud-
ied. Temperature and strain rate data were mapped. based 
on time–temperature superposition, using a single mapping 
parameter. This analysis suggests the absence of phase tran-
sitions over the entire range of velocities and temperatures 
studied. In addition, Taylor impact experiments were car-
ried out, revealing a double zone of deformation and flow 
boundary measurements consistent with those obtained dur-
ing compression experiments.

In their rigorous analysis, Jordan et al. [16] have revealed 
essential information about the behavior of LDPE at dif-
ferent strain rates and temperatures, establishing a compre-
hensive framework for interpreting the material's dynamic 
response. Their work forms the fundamental basis on which 
we are building our own research, using their fundamental 
findings to further investigate the behavior of LDPE.

LDPE shows both strain rate and thermal sensitivities. 
Figure 4 reports the dependence of the stress, at different 
levels of strains, in terms of temperature, for dynamic and 
static loading conditions. It is observed that the sensitivity 
of LDPE to temperature is twice as large at high strain rates.

Combining Fig. 4. with the strain rate dependence of 
LDPE at room temperature (results not reported here) and 

using the strain rate–temperature equivalence, Jordan et al. 
[16] proposed a mapping of true stress versus temperature, 
see Fig. 5. It is observed that the stress decreases with tem-
perature, with a value close to zero when the melting tem-
perature ( ≈ 115 °C) is reached. In Fig. 5, the mapped data 
shows good agreement with the data tested at the reference 
strain rate under various temperatures. However, there is a 
significant deviation observed in the data tested at high strain 
rates with varying temperatures. Notably, the slopes of the 
lines fitting the temperature-dependent data in Fig. 4 at low 
and high strain rates are not parallel, contrary to what would 
be expected if a single parameter were sufficient to map all 
the data [16].

Fig. 4   True stress versus temperature for a strain level of 7.5% and 
20% under quasi-static and dynamic loading, [16]

Fig. 5   True stress versus temperature at quasi-static and dynamic 
strain rates in LDPE, [16]
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Based on the results of Figs. 4 and 5, it is expected that 
during perforation tests at high temperatures, the polyethyl-
ene layer will degrade according to the temperature increase, 
and consequently may have an effect on the response of the 
ALUCOBOND composite structure Note that the polymer 
represents 80% by volume of the composite structure. There-
fore, it is important to understand the effect of temperature 
on the plastic flow of the polymer as well as on the structure. 
For this reason, a perforation test device at high tempera-
tures has been developed in order to validate experimental 
observations performed during characterization tests such 
as tension and compression. For quasi-static tests, the strain 
level was 7.5% and the strain rate was equal to 10−4 s−1 . As 
in [16], the dynamic results were deduced from a mapping 
between temperature and strain rate using a single mapping 
parameter, A, based on the time–temperature superposition 
of polymers.

Metals under dynamic testing are subjected to high strain 
rates and short loading times, which can lead to unique mate-
rial behavior and failure mechanisms [17]. Dynamic testing 
is an essential aspect of materials science and engineering 
as it helps to predict the behavior of metals under extreme 
conditions such as high-speed impacts, explosions, and bal-
listic events [18]. Understanding the mechanical response 
of metals under dynamic loading conditions is critical for 
improving the safety and reliability of structural components 
in various fields such as aerospace, defense, automotive, and 
industrial applications [19]. In recent years, experimental 
techniques for characterizing the dynamic behavior of met-
als have advanced significantly. High-speed cameras, laser 
interferometry, and other sophisticated measurement tools 
have enabled researchers to capture detailed information 
about the deformation and failure processes of metals under 
dynamic loading [20, 21]. Numerical simulations, such as 
finite element analysis, have also been used to model and 
predict the response of metals under dynamic conditions. 
[7, 22–32].

Bendarma et al. [33] investigated the dynamic behavior 
of aluminum alloy AW 5005 under high strain rates and 

temperatures. The study focused on the effect of interfa-
cial friction and specimen configuration on the dynamic 
response of the material using a Split Hopkinson Pressure 
Bar (SHPB) system. The results showed that interfacial fric-
tion has a significant effect on the dynamic response of the 
material, with an increase in friction leading to a decrease of 
the peak stress and strain. The study also highlighted that the 
geometry of the specimen can affect the dynamic response 
of the material, with a thinner specimen showing higher 
strain rates and higher peak stresses than a thicker specimen. 
The findings of this study provide valuable insights into the 
behavior of aluminum alloy AW 5005 under dynamic load-
ing conditions and can be used to inform the design of struc-
tures and components that are subjected to high strain rates 
and temperatures.

Overview of the Studied Materials

The aim of this study is to explore the potential use of a new 
composite material called ALUCOBOND [34] for construct-
ing and protecting buildings, as for other civil engineering 
applications. This material is known for its rigidity, excellent 
resistance to weather and impact, ability to absorb vibra-
tions, and ease of installation. ALUCOBOND is manufac-
tured from a continuous rolling process with different core 
thicknesses, and can be customized according to specific 
size requirements [34].

In the present work, ALUCOBOND is a composite panel 
consisting of two aluminium cover sheets (each 0.5 mm 
thick) made of Peraluman-100 (also referred to as AlMg1 
or EN AW-5005) and a mineral-filled polymer core (3 mm 
thick). (Fig. 6). The two constituents are described in the 
following sections.

Aluminum AW 5005 Description

The aluminum alloy AW5005 contains nominally 0.8% mag-
nesium and presents a medium strength, good weldability, 

Fig. 6   Scheme of 3 layers used 
for the ALUCOBOND [34]
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and corrosion resistance in marine atmospheres. The metal-
lurgical state of the aluminum alloy used in this work is as 
received. It has a lower density and excellent thermal con-
ductivity compared to other aluminum alloys. It is the most 
commonly used type of aluminum in sheet and plate forms 
[35–37]. The EN AW 5005 aluminum alloy has been investi-
gated in our experimental results. The chemical composition 
is reported in Table 1 while some mechanical properties are 
shown in Table 2.

Low‑Density Polyethylene Description

Low-density polyethylene (LDPE) is a thermoplastic origi-
nally prepared by high-pressure polymerization of ethyl-
ene. It was the first grade of polyethylene, produced in 1933 
by Imperial Chemical Industries (ICI). Its comparatively 
low density arises from the presence of a small amount of 
branching in the chain (about 2% of the carbon atoms) [35] 
its manufacturer employs the same method today. Despite 
competition from more modern polymers, LDPE continues 
to be an important plastic grade.

LDPE is defined by a density range of 0.910–0.940 g/
cm3. It is not reactive at room temperatures, except by strong 
oxidizing agents, and some solvents cause swelling. It can 
withstand temperatures of 80 °C continuously and 95 °C for 
a short time. Made in translucent or opaque variations, it is 
quite flexible and tough [38] (Table 3).

Low-density polyethylene (LDPE) has been commonly 
used due to its versatile characteristics and usefulness. 
These traits facilitated the application of plastics to almost 
all industrial, agricultural, or domestic markets [39].

Experimental Conditions and Techniques

Tensile Test Description 

The quasi-static tests of this work were carried out on an 
Instron universal traction machine of type 5585H equipped 
with a 10 KN load cell, an Instron AVE 2663-821 video 

extensometer, a climatic enclosure regulated by a Eurotherm 
2408 type controller (the manufacturer's site [40]). The test is 
controlled by a computer via the Bluehill modular software. A 
tensile loading, under constant loading rate, is applied to the 
specimen up to failure. The range of studied strain rates varies 
from 10−4 s−1 to 10−1s−1 . For material stresses greater than 
10

−1s−1 at strain rate, the experimental means of dynamic load-
ing has been used in traction. The plane geometry as well as 
the dimensions of the flat specimens used in this work (quasi-
static tests) are presented in Fig. 7 [41]. Some specimens were 
machined from cold-rolled 1 mm aluminum sheets and other 
from an Alucobond structure with two 0.5 mm thick aluminum 
plates and a 3 mm thick polyethylene plate, see Fig. 6.

During the test the elongation of the specimen ΔL and 
tensile force F are measured. The nominal strain and stress 
are calculated using the following formulae:

where A
0
 is the initial cross-section of the specimen and 

L
0
 its initial length. Under this assumption of volume 

(1)

{
�n =

F

A0

�n =
ΔL

L0

Table 1   Chemical properties of the EN AW 5005 aluminum alloy [35]

Chemical 
Composition %

Fe Si Cu Mn Mg Zn Cr Al
0.45 0.3 0.05 0.15 0.5–1.1 0.2 0.1 Balance

Table 2   Mechanical properties of the EN AW 5005 aluminum alloy 
[35]

Mechanical
properties

Yield Stress
(MPa)

Tensile strength
(MPa)

Elongation
(%)

Hardness
(HV)

45 110 15 32

Table 3   Properties of low-density polyethylene [39]

Property Value Range/comments

Density, g/cc 0.91 0.910–0.925
Hardness, shore D 44 41–46
Tensile strength, yield MPa 10 4–16(ASTM D638)
Tensile strength, ultimate 

MPa
25 7–40

Modulus of elasticity, GPa 0.2 0.07–0.3; in tension (ASTM 
D638)

Flexural modulus, GPa 0.4 0 – 0.7: (ASTM D790)
Coefficient of linear thermal 

expansion at 20 °C, mm/
(m °C)

30 20 – 40 mm/(m°C);(ASTM 
D696)

Melting point, °C 115 –

Fig. 7   Dimensions of the tensile specimens, [36, 41]
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conservation, the true stress and strain in the specimen can 
be expressed as:

This formulation is valid only in the pre-necking domain.

Perforation Test Description

This section details the mechanical response of Alucobond 
sheets under impact loading. This perforation process has 
been thoroughly analyzed for steels and aluminum by comb-
ing experimental, analytical, and numerical investigations 
[36, 42]. Here, a similar approach is adopted to analyze the 
perforation tests in the composite structure. The tests encom-
passed a wide range of impact velocities spanning from 40 to 
180 m/s, using a conical projectile with a diameter of 13 mm 
and an angle of 72° impacting a 4.0 mm thick plate structure, 
see Fig. 6. The active region of the specimen during perfora-
tion is defined in Fig. 8.

The projectile, of mass mp , is launched using a pneumatic 
gas gun. It accelerates in the tube, Fig. 9, to reach the exit 
with the initial impact velocity denoted by V

0
 . Then, depend-

ing on the kinetic energy mP

2
V
0

2 , involved in the process, 
and the properties of the sample material, the projectile may 
impact the aluminum sheet with a partial or a complete per-
foration. Sensors are used to measure the initial velocity V

0
 

and a laser barrier for the residual velocity of the projectile 
in case of complete perforation, Fig. 9.

The projectile, of mass mp = 28 g, is made with heat-
treated maraging steel to reach yield stress about 2 GPa [42]. 
The gas gun set-up is described in Fig. 9.

The gas gun (Fig.  9), has the following main 
characteristics:

(2)
{

� = �n(1 + �n)

� = ln(1 + �n)

•	 Launcher tube diameter: 13 mm.
•	 Launcher tube length: 5 m
•	 Impact speed range: 30 to 180 m.s−1 for a 28 g mass 

projectile.
•	 Power supply: Laboratory compressed air network with 

a maximum pressure of 10 bar.

The residual velocity of the projectile can be expressed 
using the equation of Ipson and Recht, [22, 43–45] Eq. 3. 
As mentioned a conical projectile shape has been used 
which induces that the mass of the plug is nil. The rela-
tionship used to calculate the residual velocity is given by:

where V
0
 is the initial velocity, VB the ballistic velocity, and 

κ is the ballistic curve shape parameter.
The energy absorbed by the plate Ed can be calculated 

using the following equation:

Experimental data are used to calculate the difference 
between initial and residual kinetic energy, and the Recht-
Ipson approximation can be employed to determine the 
amount of energy absorbed by the plate. Note that Jones 
et al. [43, 44] and Grytten et al. [46], studying the impact 
and perforation of metal plates have shown that square 
and circular plates have similar ballistic properties, energy 
absorption capacity, and failure modes, provided that the 
side length of the square plate is equal to the diameter of 
the circular plate and all other parameters are identical. In 
other words, for sufficiently large specimens, the results 
are not depending on the boundary conditions.

(3)VR =

(
V
0

κ

− VB
κ

)1∕k

(4)Ed =
mP

2

(
V
0

2
− VR

2
)

Fig. 8   Dimensions of the 
projectile and target used during 
perforation tests [36]
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Perforation Test Using a Thermal Chamber

A specific oven has been developed with a (maximum 
temperature of 300 °C) to test and analyze the ballistic 
response behavior of polymers at high temperatures (Pat-
ent Number MA41357A). This device has been used to test 
different polymers having a melting temperature close to 
300 °C (e.g. as for example: Polyester, Nylon, Polycarbon-
ate, and Polystyrene).

The principle of the heating system as well as the 
photo of the apparatus are shown in Fig. 10. The air flows 
inside the system using a ventilator. A sarcophagus is used 
around the plate specimen to have a uniform temperature 
distribution. Therefore, the two sides of the specimen are 
heated up at the same time.

A calibration step was implemented in order to control 
the heating process and ensure homogeneity of the result-
ing temperature. The temperature evolutions in the thermal 
chamber and in the specimen (captured by two thermocou-
ples during the calibration process) are reported in Fig. 11. 
It has been verified that for tests at elevated temperature 
(above 50 °C), a time twaiting ≈ 20min was sufficient to get 
uniform temperature distribution inside a steel specimen 
and a PMMA specimen, see Fig. 11.

In the present work, the composite layered structure of 
Fig. 6 has been tested with the perforation setup equipped 
with the thermal chamber at a temperature varying from 
20 °C to 300 °C. The aim is to evaluate how the temperature 
and strain rate sensitivities of the constituents are transposed 
at the level of the composite structure.

Analysis and Discussion 

Aluminum Alloy AW 5005 Characterization Results

Experimental Analysis of the Aluminum Alloy

This material has been characterized in a previous work [36]. 
This section is dedicated to recall the main obtained results. 
Aluminum 1 mm thick sheets were used to create test sample 
parts for tensile testing and to machine compression pel-
lets. The outcomes will be categorized based on the type 
of stress applied (tension, compression, and perforation). 
There is limited literature available on this material, specifi-
cally regarding the mechanical properties of this particular 
aluminum alloy. Kulekci et al. [35], reported that a tensile 
yield shear strength of 45 MPa and a tensile shear strength 

Fig. 9   Gas gun set-up used for perforation tests at high impact velocities and temperatures
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of 110 MPa. Additionally, it was noted that the elongation of 
this alloy is approximately 15%. In this study, a tensile test is 
conducted to calibrate the material's behavior. Quasi-static 
tensile tests were conducted at four different strain rates: 
0.001, 0.01, 0.1, and 0.15 s−1 . The resulting stress–strain 
curves are presented in Fig. 12. The experimental results 
demonstrate that the yield stress and strain hardening of the 
AW5005 aluminum alloy are almost not sensitive to strain 
rate in the slow loading rates regime explored here. How-
ever, the true strain values at failure, ranging from 0.042 to 
0.1, are highly depending on the strain rate. It is observed 
that the ductility increases with the strain rate (see Fig. 12). 
The average yield strength of the AW5005 aluminum was 
found to be close to 147 MPa [36].

The study involved also experimental and analytical, 
investigations to analyze the perforation process [42]. A 
broad range of impact velocities from 40 to 180 m/s were 
tested. The projectile used had a 13 mm diameter and a 72° 
angle conical shape, while the plate was 1.0 mm thick. Fig-
ure 6 shows the active part of the specimen during perfora-
tion. The results in terms of the ballistic curve VR-V

0
 are 

presented in Fig. 13-a.
Experimental results have been used to identify param-

eters involved in Eq. (3) [43]. The constant VB is equal to 
40 m/s, and the ballistic curve shape parameter k  is equal to 
1.65. The absorbed energy by the plate, Ed , has been calcu-
lated using Eq. (4).

The difference between the initial and residual kinetic 
energy can be determined using experimental data. Based on 
the Recht-Ipson approximation, the energy absorbed by the 

Fig. 10   Thermal chamber for heating up target plate specimens, a 
scheme b general view of the apparatus (Patent Number MA41357A)

Fig. 11   Calibration of the system—thermocouples records inside the thermal chamber and on specimen surface for different imposed tempera-
tures, a Metal: Steel, b Polymer: PMMA
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plate can then be calculated (see Fig. 13b). Using Eq. 4, the 
minimum energy required for perforation is 28 J ( mP = 28g 
and V

0
= VB = 40m∕s).

Figure 14 shows the failure pattern for an initial impact 
velocity of V

0
 = 85 m/s, with four petals and a residual velocity 

of VR = 66.5m∕s . The same failure pattern is observed for an 
initial impact velocity of V

0
 = 132.3 m/s, with a residual veloc-

ity of VR = 120.2m∕s ,. The number of petals is four for the 
entire range of impact velocities tested, from 40 to 180 m/s. A 
detailed discussion of the number of petals and how it depends 
on the projectile shape and failure mode can be found in [47].

In order to define completely the material behavior, a failure 
criterion has been proposed by Bendarma et al. [36] to com-
bine with the Johnson–cook constitutive relation (Eq. 5) [48].

The material constants obtained from experimental tests 
are reported in Table 4 [33, 36].

(5)𝜎 =

(
A + B𝜀n

pl

)(
1 + C𝑙𝑛

̇
𝜀
p

𝜀̇
0

)(
1 − T∗m

)

Fig. 12   Stress–strain curves for different strain rates at room tempera-
ture, aluminum AW5005 [36]

Fig. 13   a Ballistic curve obtained during perforation and determination of the ballistic limit, b Energy absorbed by the plate during impact test, 
determination of the failure energy [36]

Fig. 14   Experimental observa-
tion of failure patterns, V

0
 = 

85.3 m/s and 132.3 m/s [36]



Journal of Dynamic Behavior of Materials	

It makes possible to reflect a failure mode of the studied 
material. The damage initiation criterion is expressed using 
an optimization method, a good correlation over a wide 
range of strain rates is obtained

where𝜀̇T , J , H
1
 , �

1
 , H

2
 , and �

2
 are constant parameters. The 

parameter 𝜀̇T stands for a threshold value, defining a transi-
tion between two domains of sensitivities. The plastic strain 
at damage initiation, �pl

D−init
 , is continuous such that the fol-

lowing condition holds for the constant J:

(6)𝜀
pl

D−init
=

{
f (𝜀̇) = H

1
𝜀̇
𝛼1 if 𝜀̇ ≤ 𝜀̇T

g(𝜀̇) = J − H
2
𝜀̇
𝛼2 if 𝜀̇ ≥ 𝜀̇T

This model thus involves five independent parameters, see 
Table 6, from which, using Eq. (7), one obtains J = 1.063 . 
Figure 15 shows the good correlation between the experi-
mental data of [46] and the predicted values obtained from 
Eq. (6) and values of parameters reported in Table 5.

As it is presented in Fig. 15, the best results are obtained 
using the optimized model. This is why this model has been 
adopted for another analysis. This Initiation damage has 
been implemented into the numerical model and then com-
pared with the experimental data for different strain rates 
(0.001, 0.01, 0.1 and 0.15 s−1 ). The results are shown in 
Fig. 17.

Numerical Analysis of the Aluminum Alloy

In this section, the FE Abaqus software was used to build 
numerical models and to determine the failure criterion of 
the Aluminum alloy based tensile and perforation tests. Fail-
ure parameters are presented in Table 6, where the values 
for the tensile test were obtained from experiments while 
the perforation test values were obtained through numerical 
analysis and literature data for similar materials [42, 49–51]. 
It was observed through numerical simulations that the strain 

rates for perforation tests, 𝜀̇ = 1000 s−1 and 𝜀̇ = 10, 000 s−1 , 
correspond to initial impact velocities of V

0
 =120 m/s and 

V
0
 =180 m/s, respectively.
Numerical simulations using the FE Abaqus code were 

conducted to investigate the failure behavior of the Alu-
minum alloy under different strain rates, ranging from 
quasi-static to dynamic conditions with impact velocities 
up to 180 m/s. The shell element type S4R, with 8 degrees 
of freedom and 4 nodes, and reduced integration [52], was 
employed for the simulations. The same element type, with 
an element size of 0.5 × 0.5 mm, was used for both ten-
sion and perforation analyses, as shown in Fig. 16a, and 

(7)J = H
1
𝜀̇
𝛼1

T
+ H

2
𝜀̇
𝛼2

T

Table 4   All material parameters 
for Johnson–Cook model [31]

A (MPa) B (MPa) n (−) C (−) m (−) T
m
(K) T

0
(K)

147 60 0.9 0.003 1.08 933 300

Fig. 15   Plot of failure strain versus plastic strain rate using optimized 
model. [36]

Table 5   Identified parameters of the failure model used for aluminum 
alloy AW 5005, see Eqs. (6, 7) [36]

Failure model Aluminum alloy (AW 5005)

H
1
(−) �

1
(−) H

2
(−) �

2
(−) 𝜀̇T s−1

0.398 0.63 0.665 − 0.20 1

Table 6   Failure parameters for 
tension and perforation, [36]. 
Values reported for tensile tests 
are experimental data, while 
numerical modeling has been 
used to determine values for 
perforation tests

Test Tensile test Perforation test

1 (0.001 1/s) 2 (0.01 1/s) 3 (0.1 1/s) 4 (0.15 1/s) 1000 1/s 10,000 1/s

Damage initiation strain �pl
D−init

0.008 0.03 0.08 0.12 0.9 0.96

Displacement at failure (m)uf 0.0008
Max. degradation (ratio)
(Dmax)

0.6
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has been previously demonstrated to be effective for this 
type of analysis [53–55]. The objective of this numerical 
analysis was to reproduce the observed failure mode in the 
experimental tests and identify the constitutive parameters 
based on those tests, which are listed in Table 5.

The initiation damage law, see Eq. (6) and Fig. 15, has 
been implemented into the numerical model and compared 
with the experimental tensile test data for different strain 
rates (0.001, 0.01, 0.1 and 0.15 s−1 ). The results are shown 
in Fig. 17.

The correlation between experimental and numerical 
results can be observed in Fig. 17. The numerical model 
exhibited more ductile behavior at the beginning of failure 
in test 3, while in test 4, it demonstrated ductility at the 
end stage of failure.

A convergence method was used during perforation test 
to achieve optimal mesh density and stability of results 
independent of the mesh size. The mesh was denser in the 
contact area between the projectile and the 1.0 mm-thick 
plate, with impact velocities ranging from 40 to 180 m/s as 
in the experiment. The resulting model consisted of 6048 
elements in the central impact zone and 6161 elements of 
0.5 × 0.5 mm size, as illustrated in Fig. 18. Ballistic curves 
were generated and compared to experimental results in 
the following section, with the model allowing to pre-
dict crack propagation initiation in the internal zone. The 

projectile was assumed as rigid to prevent plastic deforma-
tion, with a friction coefficient equal to µ = 0.2 [36].

By varying the failure strain level, it was observed that 
the number of petals decreased for a projectile nose angle 

Fig. 16   Numerical simulation of tensile test, a equivalent plastic strain distribution for a macroscopic strain equal to ε = 0.04, b equivalent plastic 
strain distribution for macroscopic strain ε = 0.045 [36]

Fig. 17   Comparison between experimental and numerical curves 
using the optimized initiation damage model [36]
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of 72°. An analytical model proposed by [47] for predicting 
the number of petals was validated through finite element 
simulations. The Initiation Damage [36] was incorporated 
into the numerical model and its predictions were compared 
to experimental data for impact velocities ranging from 40 
to 180 m/s. The results are presented in Fig. 20, showing 
a good agreement between numerical and experimental 
results. Specifically, Fig. 19 shows that both experimental 
and numerical models predicted are in agreement with four 
petals.

Figure 20 displays the experimental and numerical simu-
lation results for a large range of velocities, with a good cor-
relation. The damage initiation criterion [36], Fig. 15 was 
used to verify the accuracy of the numerical predictions, 

confirming the credibility of the failure criterion model. 
Remarkably, for thicker plates with a thickness of 1.5 mm, 
the ballistic limit value shifted from 40 m/s to 50 m/s [36].

LDPE Characterization Results 

This section focuses on the new results obtained for the 
static and dynamic behavior of LDPE.

Experimental Results 

In this section, experimental tests conducted to identify the 
mechanical behavior of the polyethylene low density and 
its influence on the Alucobond structure are presented. 

Fig. 18   Numerical model used during numerical simulations and mesh density distribution, a mesh, b equivalent plastic strain distribution for 
macroscopic strain [36]

Fig. 19   Numerical result for 
conical projectile shape, V

0

=120 m/s, comparison between 
experiments and simulations 
[36]



	 Journal of Dynamic Behavior of Materials

Quasi-static tensile and compression tests, at various stain 
rates in the range (0.0001/s, 0.041/s) were performed.

Compression tests were conducted on cylinders (diam-
eter 10 mm, thickness 4 mm) while tensile tests (Fig. 21) 
were performed on sample with the dimensions reported 
in Fig. 7. Figure 22, showing true stress/true strain curves, 
clearly reveals that the material is highly strain rate sensitive 
in tension. A positive strain rate sensitivity was observed, 
the mechanical properties increasing with the strain rate.

The LDPE seems to be more resistant under tensile load-
ing comparing to compression. The LDPE yield stress is 
about 16.47 MPa at 0.01/s in tension while it is 10.9 MPa in 
compression at 0.01/s. Moreover, LDPE exposes a remark-
able strain hardening in compression comparing to LDPE 
plastic behavior under tension. As shown in Fig. 22b the 
compaction zone starts after 60% of strain. During the com-
pression test, a load is applied to the specimen, typically in 
a gradual and controlled manner. As the load is increased, 

the material in the compaction zone undergoes compression, 
causing it to compact and potentially change in density or 
volume.

In compression the flow stress increases from 12.45 MPa 
at 20% deformation to 22.6 MPa at 60% deformation, giv-
ing a rise of almost 81.6% in the flow stress. On the other 
hand, LDPE mechanical behavior appears to be less strain-
rate dependent under both tension and compression. In 
fact, under tensile loading, the yield stress increases from 
13.7 MPa at a strain rate of 0.0001/s to 17.2 at 0.041/s and in 
compression from 10.9 MPa at 0.01/s to 12.19 MPa at 0.1/s.

LDPE Numerical Simulation Analysis

Simulations were performed using explicit numerical 
Abaqus code with the aim to reproduce experimental results 
in terms of observed failure modes and to better understand 
the local response. The numerical simulations were per-
formed at different strain rates under quasi-static loading. 
The 3D element type is C3D8R: an 8-node linear brick, with 
reduced integration and hourglass control [52]. This model 
contains 15,308 nodes and 10,917 elements, element size is 
(0.5 × 0.5 mm). The results in terms of force vs displacement 
are presented in Fig. 24.

In order to describe the yield behavior of the polyethyl-
ene, the true stress–strain curves at 0.0001 s−1 were intro-
duced into Abaqus directly to predict the elastoplastic behav-
ior, and a Cowper-Symonds model was used to incorporate 
the strain rate effect.

The Cowper–Symonds material model [56] is a simple 
elastoplastic, strain hardening, strain rate hardening model 
that uses the empirical formulation described by Ludwik 
[57], in which materials are reinforced when plastic defor-
mations are applied. This constitutive relation is known as 
strain hardening. The Cowper-Symonds model can be writ-
ten as:

where D and p are material parameters to be determined 
from experimental observations, and 𝜀̇pl is the plastic strain 
rate. R is the ratio of the yield stress at any strain rate to the 
static yield stress. Cowper–Symonds assumes that the yield 
stress �s at a high strain-rate has a power-law relationship to 
the static yield stress �

0
:

The static yield stress �
0
 was taken equal to 14 MPa, 

corresponding to the value measured during a tensile test 
at a reference strain rate of 0.0001 s−1 . Figure 23 shows 
the good agreement between the Cowper–Symonds model 

(8)𝜀̇pl = D(R − 1)
p

(9)�s = �
0

⎡⎢⎢⎣
1 +

� .

�pl

D

� 1

p ⎤⎥⎥⎦

Fig. 20   The ballistic curve in experiment and in simulation [36]

Fig. 21   PE specimen’s used during tensile test at different strain rates
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(Eq. 9) compared to experimental data The non-dimen-
sional coefficients D and p for LDPE material are pre-
sented in Table 8.

Based on the previously cited parameters (Table 7, 8, 
9) numerical simulations were done to predict tensile test 
at different strain rates. As it might be seen in Fig. 24, 
there is a good correlation between experimental and 
numerical results. The response of polyethylene low den-
sity (LDPE) was investigated over a wide range of strain 
rates. The mechanical behavior was found to be strain rate 
dependent, showing an increase in stress with increasing 
the initial strain rate.

Characterization Test Results for Alucobond 
Structure

Experimental Analysis of the Alucobond Structure 

The Alucobond sheets of 4  mm (2 layers of 0.5  mm 

Fig. 22   Stress–strain curves for different strain rates at room temperature, LDPE a Tensile test, b Compression test

Fig. 23   Experimental data and fitted Cowper–Symonds model show-
ing the relationship between yield stress and strain rate of LDPE

Table 7   LDPE material properties [58]

Tensile strength 
(MPa)

Density (g/cm3) Tensile modu-
lus (GPa)

Poisson’s ratio 
(~)

14 0.93 0.25 0.36

Table 8   Coefficients for 
Cowper–Symonds model of 
Eq. 8

Material D (~) P (~)

LDPE 104 5.61

Table 9   Failure parameters for tension test LDPE material

Test Tensile test

1 (0.0001 1/s) 2 (0.002 1/s) 3 (0.01 1/s) 4 (0.04 1/s)

Displace-
ment at 
failure 
(m)uf

0.012 0.014 0.011 0.010

Max. deg-
radation 
(ratio) 
( Dmax)

0.1
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Aluminum alloy thickness and 3 mm LDPE sheet thickness, 
see Fig. 6) were used to produce tensile test specimens and 
to machine perforation specimen plates, see Figs. 7 and 8. 
Tensile test experiments are first presented, followed by per-
foration tests.

Tensile Test of Alucobond Structure

The quasi-static tensile tests were performed for four dif-
ferent strain rates, i.e. 0.0001, 0.001, 0.01 and 0.03 s−1 . The 
quasi-static uniaxial tensile tests of Alucobond were per-
formed using a conventional hydraulic machine. The dimen-
sions of the flat dumbbell-shaped specimen are shown in 
Fig. 7 [41]. The first part of the specimen is embedded in 
40 mm length while the other end of the specimen is fixed 
to the moving crosshead. The loading force and displace-
ment are recorded during the tests for an imposed crosshead 
speed V

0
 . The results of force vs displacement are presented 

in Fig. 25
It is clearly shown that the composite material is strain 

rate sensitive. The maximum force reached at a strain rate of 
0.0001 s−1 is 2650 N while it is increased to 3330 N at 0.03 
s−1 Since the strain rate dependence of aluminum is negligi-
ble (see Sect. "Aluminum alloy AW 5005 characterization 
results"), it can be deduced that the strain rate sensitivity 
of the composite material is attributed only to the polymer.

According to these results, an analysis has been done to 
predict the percentage of supported force by each material. 
Using Eq. (1) and the thickness of each Alucobond layer. It 
has been deduced that the AW5005 Aluminum alloy car-
ried 83% of force during the test performed at 0.0001 s−1 
as summarized in Table 9. By using Eq. (1) along with the 
thickness of individual Alucobond layers, it has been deter-
mined that the AW5005 Aluminum alloy sustained 83% of 

Fig. 24   Comparison between experimental and numerical curves 
using LDPE material

Fig. 25   Force vs displacement 
for different strain rates at room 
temperature using Alucobond 
structure
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the load during the test conducted at 0.0001 s−1 , as outlined 
in Table 10.

Perforation Test of Alucobond Structure

This part describes the mechanical behavior of Alucobond 
structure under impact loading at room temperature and 
100 °C. Experimental, analytical and numerical investiga-
tions have been carried out to analyze the perforation process 
[42]. A wide range of impact velocities from 40 to 180 m/s 
at temperatures ranging from room temperature to 100 °C 
has been covered during the tests. A conical projectile with 
an angle of 72° has 13 mm in diameter and the specimen is 
4 mm thick. The active part of the specimen during perfo-
ration is presented in Fig. 7. The results obtained at room 
temperature, in terms of the ballistic curve VR-V

0
 and the 

absorbed energy are reported in Fig. 26.
The residual velocity of the projectile can be calculated 

using Eq. 3 with VB = 63m∕s , and the ballistic curve shape 
parameter κ = 1.82. The absorbed energy by the plate Ed can 
be calculated using Eq. 4. The minimum energy required to 
perforate the plate is 52 J ( mP = 28g and V

0
= VB = 63m∕s).

Figure 27 shows the failure pattern for an initial impact 
velocity of V

0
 = 71.63 m/s, resulting in a residual velocity 

of VR=34.89 m/s. Four petals are observed. The same failure 
pattern is observed at V

0
 = 125.3 m/s with VR=104.60 m/s, 

and the number of petals remains constant for impact veloci-
ties ranging from 40 to 180 m/s. A more detailed discussion 
of the number of petals and failure modes for different pro-
jectile shapes can be found in [47]. To achieve perforation 
tests at high impact velocity and high temperature, a pneu-
matic gas gun equipped with the thermal chamber detailed 
in Sect. "Perforation test using a thermal chamber" has been 
used.

Figure 28 shows a comparison of experimental results at 
room temperature, 60 and 100 °C. It can be observed that 
increasing the initial temperature of the specimen reduces 
the ballistic limit (non-perforation state) to lower values: 
the obtained ballistic limit using the conical projectile is 
approximately 60 m/s for T = 21 °C, 42 m/s for T = 60 °C 
and 40 m/s for T = 100 °C. Whereas the shape parameter K 
is 1.82 for T = 21 °C, 2.0 for T = 60 °C, and 2.3 for T = 100 
°C respectively. For elevated temperatures, the other meas-
ured values are shifted when higher residual velocities VR 
are measured. The energy absorbed during the impact does 
not change considerably with the value of impact Figs 29, 
30 velocity, as reflected in.

Experimental results stay in accordance with analytical 
predictions using Eq. 3 [43]. The plastic deformation energy 
dissipated during the perforation process is transformed into 
thermal energy and induces a considerable increase of tem-
perature in petals.

As a result, the observed failure modes depends on both 
impact velocity and initial temperature values. The conical 

Table 10   Calculated force 
during the tensile test performed 
at 0.0001 s−1

Material Calcu-
lated 
force (N)

LDPE 450
Aluminum alloy 

AW5005
2205

Total force 2655

Fig. 26   a Ballistic curve obtained during perforation and determination of the ballistic limit, b Energy absorbed by the plate during impact test, 
determination of the failure energy (room temperature)
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projectile perforates the target plate and the plastic strain is 
localized at the extremities of the petals. The number of pet-
als strongly depends on the failure deformation parameter. 
This parameter changes with temperature and the projectile 
shape. In this study, five petals are observed for temperatures 
over 100 °C, whereas three or four petals usually appear at 
lower temperatures.

The formation of four petals is the usual failure mode. Up 
to five petals were observed at higher impact velocities and 
temperatures. The failure modes observed during experi-
ments are presented in Fig. 31

Modeling and Numerical Simulation

Tensile Test of Alucobond Structure

In order to perform the experimental results, numerical 
simulations were done for tensile and perforation test on 

Fig. 27   Experimental observa-
tion of failure patterns, V

0
 = 

71.63 m/s and 125.3 m/s

Fig. 28   Alucobond structure, Impact velocity V
0
 vs residual veloc-

ity V
R
—experimental results for T = 21°C, T = 60°C and T = 100°C; 

using conical projectiles

Fig. 29   Energy absorbed by the plate during impact test at 60° C, 
determination of the failure energy

Fig. 30   Energy absorbed by the plate during impact test at 100° C, 
determination of the failure energy
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Alucobond. Shell element S4R with 24 degrees of free-
dom and 4 nodes were used. The number of elements was 
16,356 to model the Aluminium alloy layers (Fig. 32).

In the other hand the polyethylene part was modelled 
using 3D element types C3D8R [52]. This model con-
tains 15,308 nodes and 10,917 elements; element size is 
(0.5 × 0.5 mm). The results in terms of force vs displace-
ment are presented in Fig. 33.

As it might be seen in the Fig.  33, there is a good 
correlation between experimental and numerical results. 
The response of ALUCOBOND was investigated at quasi-
static range of strain rates. The mechanical behavior was 
found to be strain rate dependent.

Perforation Test

As previously, shell elements (S4R) were used for the alu-
minum layer and solid elements (C3D8R) for polyethylene 
layers. The mesh is denser along the projectile-plate contact 
zone where the thickness of the single aluminum plate in this 
area is 0.5 mm. The initial projectile velocity is defined in 
the predefined fields with impact velocities ranging from 40 
to 180 m/s as conceded in the experiment. This model con-
tains 6048 elements in the central part of impact, and 6161 
using the same element size (0.5 × 0.5 mm). The suggested 
finite element model used for the LDPE plate with 3 mm of 
thickness is intended for a 3D analysis of the impact and per-
foration problem, in order to take into account, the influence 
of the thickness. The projectile was modelled as a three-
dimensional non-deformable rigid body with a reference 
point to affect mass, velocity and moment of inertia. The 
contact between the projectile and the plate was modelled 
using the penalization method with a reduced slip formula-
tion. A constant coefficient of friction μ = 0.2 was applied 
based on the experimental studies. In order to optimize the 
mesh, taking into account the element type, mesh density 
and the computation time, the chosen method, after having 
tried several approaches, was to partition the geometry of the 
plate in two parts: a square part of 28 × 28 mm (784 mm3 ) 
and an outer part that completes the parallelepiped structure 
of 100 × 100 × 3 mm3 dimensions (LDPE part), Fig 34.

The square part of the plate was meshed using C3D8R 
elements. For a plate thicknesses of 0.5 and 3 mm, using 
the hexahedral linear elements of initial size Δx = Δz = Δz = 
0.2 mm in the impact zone makes it possible to ensure the 
stability of the digital solution without the influence of the 
mesh density with an optimal computation time. Therefore, 
the central part of our numerical model for the 3 mm plate 
contains 135,270 finite elements (3 elements in thickness). 
The outer part of the plate has been meshed using hexahe-
dral elements C3D8I (incompatible 8-node linear elements 
[52]). These elements have an additional degree of freedom 
that improves the ability to model a displacement gradient 
across the element, these elements act as quadratic elements. 
The use of incompatible mode elements produces results 

Fig. 31   Initial temperature 
effect and impact velocity dur-
ing perforation. Experimental 
observations of petaling failure 
mode, a 4 petals at T = 60°C 
and V

0
=78,62 m/s, b 5 petals at 

T = 100 °C and V
0
=93,94 m/s

Fig. 32   Numerical simulation of tensile test (Alucobond)
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Fig. 33   Comparison between experimental and numerical curves using Alucobond structure

Fig. 34   Numerical model used 
during numerical simulations 
and mesh density distribution



Journal of Dynamic Behavior of Materials	

comparable to quadratic elements with a lower computation 
time. The result of these numerical simulations are presented 
in Fig. 35.

After modeling the perforation and tensile tests with dif-
ferent parameters, and comparing the numerical results with 
the experimental data, good correlations were found between 
both results as shown in Fig. 35a–c. this confirms that both 
the chosen model and parameters are correct.

As it is shown in Fig. 36, the number of petals is the 
same as in the experiments, four petals are observed. It 
was reported that the number of petals N observed during 
dynamic perforation using a conical projectile shape, was 
related to the nose angle. In this work, one angle (72°) has 
been used to analyze the results.

This testing approach, which uses a thermal chamber 
for impact loading, allows the verification of the material’s 
behavior, interesting results were obtained for Alucobond 
heated to elevated temperatures. The failure mode in form of 
petals confirmed analytical and numerical considerations in 
which the petals number varied from 3 to 5. The studies on 
initial impact velocity and residual impact velocities repro-
duced typical behavior of the structure. The energy absorbed 
during perforation is quasi-constant for the studied range 
of velocities (up to 123 m/s). Using conical shaped projec-
tile, the average value was 52 J at room temperature and 
decreased to an average of 17 J at 100 °C. The measured bal-
listic limit for the conical shaped projectile is equal to 61 m/s 
at room temperature and diminished to 41 m/s at 100 °C.

Conclusion

The primary focus of this work is to investigate the impact 
behavior of a sandwich structure called Alucobond, which 
comprises two dissimilar materials: AW5005 aluminum 
alloy and LDPE low-density polyethylene. The research 
approach involves conducting a comprehensive study of each 
material separately, followed by a thorough examination of 
the tested structure, based on two modes of characterization: 
quasi-static and dynamic. Quasi-static tests consist of tensile 
tests with a different strain rates of 0.0001, 0.001, 0.01 and 
0.03 s−1 , whereas dynamic tests consist of perforation test 
(impact loading) at a strain rate margin between 10−4 s−1 ≤ 
𝜀̇ ≤ 104 s−1 with varying temperatures from 21 to 300 °C.

The two instruments used in dynamic tests are new in 
the experimental field and are the subject of other scientific 
publications. More technical and experimental details were 
presented.

The dynamic impact behavior of the two materials was 
analyzed during this study by means of experimental tests. 
These tests gave rise to analytical modeling and numerical 
simulations in order to obtain a more precise description via 
local measurements.

Analyzing the experimental results for both materials: 
Aluminum AW5005 and LDPE low density polyethylene, 
showed that these two materials are completely different, 
one of them is not sensitive to strain rate which is the alu-
minum AW5005, and the other one, the LDPE is very strain 
rate sensitive. It has been shown that in the range of strain 
rates between ( 10−4 s−1  ≤ 𝜀̇ ≤ 10−3 s−1 ) the deformation 

Fig. 35   Comparison of the ballistic curves between experiments and 
simulations for different temperatures 21, 60 and 100 °C
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mechanisms involved in both materials are thermally 
activated.

The dynamic aging phenomenon results in a decrease of 
the flow stress for aluminum in a given velocity and tem-
perature range (293 K ≤ T ≤ 443 K).

Preliminary analyzes of the Alucobond structure, specifi-
cally in quasi-static, have shown that it is very strain-rate 
sensitive as illustrated in Fig. 27. It can be deduced that 
Aluminum alloy supports 83% of the force during the test, 
however the low-density polyethylene supports 17% of the 
force.

Same observations have been made for perforation at high 
temperatures, the structure becomes soft (temperature-sensi-
tive), the limit of ballistic velocity decreases with tempera-
ture increase as illustrated in Fig. 28.

Experimentally, impact and perforation tests have been 
performed using a gas gun equipped with two devices for 
measuring the projectile’s velocity (the initial and residual 
velocity sensors) that were developed specifically for this 
project. It was thus possible to determine the absorbed 
energy by the impacted targets through complete energy 
balance equations. The used projectile during the tests has 
a mass of mp=28 g, a mode of rupture by petal formation 
inducing a radial necking was observed.

Three primary physical mechanisms have been rec-
ognized as the primary factors contributing to the energy 
absorption during the perforation of a metal target. These 
include the global deflection of the target, elastic deforma-
tion, and localized plastic deformation in the impact zone. 
It is important to acknowledge that there may be other phe-
nomena at play, such as friction between the projectile and 
the structure.

The mechanical response of aluminum and Alucobond 
structures under impact and perforation has been simu-
lated through a 3D finite element (FE) model using the 
Abaqus/Explicit FE software. The Johnson–Cook consti-
tutive model for aluminum and Cowper Symonds model 
for LDPE were implemented in the code to describe the 
material behavior. Failure criterion modes have been 
developed for the used materials. It has been noted that 

while the low-density polyethylene is sensitive to both 
strain rate and temperature, the Aluminum alloy AW5005, 
in contrast, is not sensitive to strain rate but is temper-
ature-sensitive. The identification of the parameters of 
the two constitutive relations was possible by means of 
analytical modeling of the experimental results from the 
characterization tests.

This sandwich beams structure can be used in order to 
increase the stiffness / mass ratio of structures in civil and 
mechanical engineering, aerospace and automotive. It can 
be used as energy absorbers in case of impact due to their 
plastic deformation dissipated at an almost constant level 
of effort over a wide range of deformations. An example is 
the crash-box used to absorb kinetic energy in the event of 
a collision of a vehicle. However, it can be used for damp-
ing vibrations in machine tools and fire resistance in build-
ings. Alucobond is also an excellent acoustic and thermal 
insulator when used as a closed cell structure, it also has 
an excellent heat transfer and chemical exchange capacity 
as demonstrated in this work. For example, in Japan, foams 
such as Alporas foam are used as an acoustic isolator along 
highways to reduce noise, and in the railway tunnel to 
mitigate sonic shock waves. In aircraft industry, Aluco-
bond structures can be used to reduce the noise that is 
generated by the engine’s turbine. Some multi-functional 
applications are naturally difficult to implement, but often 
it would be possible to satisfy a dual interest application, 
for example Queryweight reduction and sound isolation.
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