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Abstract: Aluminum alloy sheets are gaining increasing interest in the construction of some or all
components of the car body in view of their lightweight properties which can allow significant fuel
consumption reduction. In order to be suitable for car body application, aluminum alloy sheets
should have sufficient mechanical properties both in static (e.g., structural stability and durability) and
dynamic conditions (e.g., crash test). Static and dynamic mechanical tests (strain rates:
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Abstract: Aluminum alloy sheets are gaining increasing interest in the construction of some or all 
components of the car body in view of their lightweight properties which can allow significant fuel 
consumption reduction. In order to be suitable for car body application, aluminum alloy sheets 
should have sufficient mechanical properties both in static (e.g., structural stability and durability) 
and dynamic conditions (e.g., crash test). Static and dynamic mechanical tests (strain rates: 𝜀ሶ ≈ 1 × 
10−3 s−1 and 𝜀ሶ ≈ 5 × 102 s−1 respectively) were conducted on AA6016 alloy sheet (1 mm thick), in T4 
and T6 temper and for the longitudinal, transverse, and diagonal rolling directions by means of 
standard static tensile test and modified Hopkinson bar dynamic tests. Microstructural and 
fracture morphology observations are also reported. The results show that the ultimate tensile 
strength increases by 13−14%, and the elongation at fracture increases by 75−105%, depending on 
the temper, by increasing the strain rate.  
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1. Introduction 

One of the most important strategies of automobile manufacturers is nowadays the weight 
reduction of every vehicle component to lower the fuel consumption and satisfy the international 
rules concerning the CO2 emissions [1]. Concerning, the body in white (BIW) vehicle structure, for a 
lot of years, there was a wide debate in the scientific, as well as in the production community, about 
the possibility of using lighter metallic sheets or higher performances steel ones. In 2012, an average 
aluminum content of about 140 kg was registered for European cars, 26 kg of which in the car body 
(hoods, doors, fenders, bumpers, and interiors) [2]. The use of Al-alloys for BIW is more and more 
investigated for the production of lighter vehicles [3] and the increasing interest in the use of 
aluminum alloy in this field is confirmed by recent reviews on forming [4] and joining [5] of 
Al-alloys for automotive applications. Lightweight aluminum sheets are being used for automotive 
applications due to a number of benefits: they offer high potential weight saving, improve vehicle 
fuel efficiency, and reduce the total greenhouse gas emission throughout the life of the vehicle [6]. 
Moreover, aluminum alloy sheets can meet important requirements of the BIW such as strength 
(e.g., structural stability and durability, dent resistance, crashworthiness), good formability, joining 

≈ 1 × 10−3 s−1

and

  

Metals 2020, 10, 242; doi:10.3390/met10020242 www.mdpi.com/journal/metals 

Article 

High Strain Rate Behavior of Aluminum Alloy  
for Sheet Metal Forming Processes 
Graziano Ubertalli 1, Paolo Matteis 1, Sara Ferraris 1,*, Caterina Marcianò 2, Fabio D’Aiuto 3, 
Michele Maria Tedesco 4 and Daniele De Caro 4 

1 Department of Applied Science and Technology, Politecnico di Torino, Corso Duca degli Abruzzi 24,  
10137 Torino, Italy; graziano.ubertalli@polito.it (G.U.); paolo.matteis@polito.it (P.M.) 

2 Italdesign, door trim panels and greenhouse department, Via achille Grandi 25, 10024 Moncalieri (TO), 
Italy; caterinamarciano92@gmail.com 

3 CBMM Europe BV, Market Development department, WTC H-Tower Zuidplein 96,  
1077 XV Amsterdam, The Netherlands; fabiodaiuto@libero.it 

4 Centro Ricerche FIAT, 10135 Torino, Italy; michelemaria.tedesco@crf.it (M.M.T.); 
daniele.de-caro@fcagroup.com (D.D.C.)  

* Correspondence: sara.ferraris@polito.it; Tel.: +39-0110-905-768 

Received: 20 January 2020; Accepted: 7 February 2020; Published: 12 February 2020 

Abstract: Aluminum alloy sheets are gaining increasing interest in the construction of some or all 
components of the car body in view of their lightweight properties which can allow significant fuel 
consumption reduction. In order to be suitable for car body application, aluminum alloy sheets 
should have sufficient mechanical properties both in static (e.g., structural stability and durability) 
and dynamic conditions (e.g., crash test). Static and dynamic mechanical tests (strain rates: 𝜀ሶ ≈ 1 × 
10−3 s−1 and 𝜀ሶ ≈ 5 × 102 s−1 respectively) were conducted on AA6016 alloy sheet (1 mm thick), in T4 
and T6 temper and for the longitudinal, transverse, and diagonal rolling directions by means of 
standard static tensile test and modified Hopkinson bar dynamic tests. Microstructural and 
fracture morphology observations are also reported. The results show that the ultimate tensile 
strength increases by 13−14%, and the elongation at fracture increases by 75−105%, depending on 
the temper, by increasing the strain rate.  

Keywords: high strain rate test; aluminum sheet forming; tensile test; aluminum alloy 
 

1. Introduction 

One of the most important strategies of automobile manufacturers is nowadays the weight 
reduction of every vehicle component to lower the fuel consumption and satisfy the international 
rules concerning the CO2 emissions [1]. Concerning, the body in white (BIW) vehicle structure, for a 
lot of years, there was a wide debate in the scientific, as well as in the production community, about 
the possibility of using lighter metallic sheets or higher performances steel ones. In 2012, an average 
aluminum content of about 140 kg was registered for European cars, 26 kg of which in the car body 
(hoods, doors, fenders, bumpers, and interiors) [2]. The use of Al-alloys for BIW is more and more 
investigated for the production of lighter vehicles [3] and the increasing interest in the use of 
aluminum alloy in this field is confirmed by recent reviews on forming [4] and joining [5] of 
Al-alloys for automotive applications. Lightweight aluminum sheets are being used for automotive 
applications due to a number of benefits: they offer high potential weight saving, improve vehicle 
fuel efficiency, and reduce the total greenhouse gas emission throughout the life of the vehicle [6]. 
Moreover, aluminum alloy sheets can meet important requirements of the BIW such as strength 
(e.g., structural stability and durability, dent resistance, crashworthiness), good formability, joining 

≈ 5 × 102 s−1 respectively) were conducted on AA6016 alloy sheet (1 mm thick), in T4 and T6
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observations are also reported. The results show that the ultimate tensile strength increases by
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1. Introduction

One of the most important strategies of automobile manufacturers is nowadays the weight
reduction of every vehicle component to lower the fuel consumption and satisfy the international
rules concerning the CO2 emissions [1]. Concerning, the body in white (BIW) vehicle structure, for
a lot of years, there was a wide debate in the scientific, as well as in the production community,
about the possibility of using lighter metallic sheets or higher performances steel ones. In 2012, an
average aluminum content of about 140 kg was registered for European cars, 26 kg of which in the
car body (hoods, doors, fenders, bumpers, and interiors) [2]. The use of Al-alloys for BIW is more
and more investigated for the production of lighter vehicles [3] and the increasing interest in the
use of aluminum alloy in this field is confirmed by recent reviews on forming [4] and joining [5] of
Al-alloys for automotive applications. Lightweight aluminum sheets are being used for automotive
applications due to a number of benefits: they offer high potential weight saving, improve vehicle fuel
efficiency, and reduce the total greenhouse gas emission throughout the life of the vehicle [6]. Moreover,
aluminum alloy sheets can meet important requirements of the BIW such as strength (e.g., structural
stability and durability, dent resistance, crashworthiness), good formability, joining suitability (e.g.,
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welding and brazing), recyclability, together with sustainable costs [7]. In general, both AlMgSi and
AlMg (AA 6000 and 5000 series) alloys are used to produce in part or totally the BIW structure [8].
Furthermore, they can be processed with the same technology of steel sheets, allowing a relatively
easy material substitution to be carried out in the production of a conventional vehicle structure with
approximately 40% mass reduction when compared to steel use [9].

In many applications of mechanical engineering, load agents are often dynamic or impulsive;
that is why all components must be designed to operate on a wide range of strain rates. In particular,
strength requirements of BIW structure are both static (e.g., structural stability and durability) and
dynamic (e.g., crash tests) [10]. Conventional mechanical tests can consider strain rates up to 10 s−1,
while dynamic ones (e.g., the split Hopkinson pressure bar setup) can reach range values of 103–104

s−1 [10]. The improper estimation (not correct) of material dynamic behavior in crashworthiness design,
on the one side may reduce the structure energy absorption capability, increasing the occupant’s body
accelerations and resulting in more injuries, on the other side can produce a heavier structure [11].
In order to guarantee reliable results from the simulations, an appropriate set of experimental data
needs to be collected and an appropriate elastic-plastic constitutive model needs to be chosen [12].
The engineering and the true stress–strain curves, describing the strain hardening behavior up to large
strain, are the fundamental information among the elastic-plastic parameters [13].

Few studies were conducted by Vilamosa et al. [14] about the thermo-mechanical behavior
in tension of three as-cast and homogenized Al-Mg-Si alloys (6060 and 6082 aluminum alloys) in
a wide range of strain rates (0.01–750 s−1) and temperatures (20–350 ◦C). The authors evidence a
slightly positive strain rates effect on flow stress at room temperature, and a more significant effect at
temperatures higher than 250 ◦C. In addition, other authors investigated the mechanical properties of
various aluminum wrought alloys at different strain rate conditions [15–18]. This body of published
works shows that the strain rate sensitivity of aluminum alloys can depend on the alloy type and, in
some cases, on the heat treatment.

In the present research, the static (strain rate about 10−3 s−1) and dynamic (strain rate about
5 × 102 s−1) mechanical behavior of AA6016 alloy sheets (of interest for car body applications), in T4
and T6 temper conditions, were investigated by means of standard static tensile test and the modified
Hopkinson bar device. The data were fitted by using the Swift-Voce hardening model. The fracture
morphology is also presented.

2. Materials and Methods

Samples of a sheet of the AA6016 alloy, 1 mm thick, supplied in the T4 state (solution heat treated,
quenched, and natural aged) were analyzed with optical emission spectroscopy (OES) to detect the
chemical composition. The results are shown in Table 1. The obtained composition is in accordance
with standard EN 573-3 for this alloy.

Table 1. Chemical composition of the sheet of the AA6016 T4 alloy

Element %Cu %Si %Fe %Mn %Mg %Zn %Ti %Cr %Al

Sheet 0.12 0.61 0.18 0.08 0.65 0.004 0.018 0.018 Rest

Metallographic analyses were performed with an Optical Microscope (OM, Reichert-Jung MeF3,
Leica Microsystems GmbH, Wetzlar, Germany) after Keller etching. Samples obtained from cutting
both in longitudinal and transverse directions were prepared and observed in order to investigate
the microstructure.

Samples for static and dynamic tests were cut, by using an abrasive jet, from the same aluminum
sheet in longitudinal, transverse and diagonal direction (0◦, 90◦, 45◦), in respect to the rolling direction.
Three samples per type and direction were produced. Samples for the static tensile test were produced,
Figure 1, according to the standard ISO 6892-1. These samples are flat with the following dimensions:
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• 80 mm gauge length, 120 mm calibrated length, 20 mm width, 1 mm thickness (standard specimen)
• 10 mm gauge length, 10 mm calibrated length, 5 mm width, 1 mm thickness (small specimen)
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Figure 1. Geometry of tensile specimens for static tests: (a) standard specimen, (b) small specimen (all
dimensions are in mm in the figure).

The choice of these two different dimensions was done to determine the influence of size effects
on the tensile results. In fact, the gauge lengths of 80 mm, together with a longer calibrated length,
is commonly adopted in standard tensile tests on sheet metal, while the 10 mm gauge length, equal
to the calibrated length, was chosen to compare the results of the static tensile tests with those of the
dynamic ones.

The dynamic tests were conducted with a modified Hopkinson bar (MHB) device (custom made),
which requires a sample with 10 mm gauge length and 4 mm minimum width (Figure 2). These
specimens were taken from sheet positions next to those of the static tests, and had the same thickness.
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The material was immediately tested in the supplied condition (T4 temper).
However, this alloy is designed to achieve the highest mechanical properties after the paint

bake-cycle. In fact, this cycle induces a precipitation hardening by nucleation and growth of fine,
closely distributed particles of metastable precipitating phases (Guinet–Preston types).

Therefore, in order to simulate the paint bake-cycle, before the mechanical and metallographic tests,
six samples for every cutting direction were artificially aged at 180 ◦C for 20 min (producing an artificial
ageing effect correspondent to the T6 temper) and subsequently statically and dynamically tested.

The tensile static tests (strain rate
.
ε ≈ 10−3 s−1), for samples with gauge length of 80 mm, were

performed by an electromechanical universal testing machine (Galdabini SpA, Cardano al Campo
(VA), Italy) with 200 kN maximum load capacity. Those for samples with gauge length of 10 mm were
performed by an Instron hydraulic machine (Instron, Norwood, MA, USA) with 20 kN maximum
load. A video-extensometer was used in order to measure the strain on the specimen gauge length.
The initial gauge length of each sample was marked with a thin indelible line to verify, after the test,
the accuracy of the final length values performed through the video-extensometer.
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The high strain rate tests were carried out at 500 s−1 strain rate on a modified Hopkinson bar
device, i.e., the tension version developed by Albertini and Montagnani in the 1970s and nowadays
widely used [10,19]. The device adopted for the high strain rate tests has a total length of 15 m and
its scheme is shown in Figure 3. The left-hand part of the input bar is pre-stressed by applying an
increasing load, until, at a well-defined force value, the brittle intermediate piece (shown in the right
box in Figure 3) breaks, the blocking system is suddenly released, and the tensile stress is rapidly
applied to the right-hand side of the input bar, which is connected to the specimen.
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3. Results and Discussion

The optical microscopy (OM) metallographic analysis of AA6016 T4 sheets, observed in both
longitudinal and transverse rolling directions, shows a homogeneous grain distribution without
preferred orientation (Figure 4) as confirmed from other authors after solution heat treatment [20].
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The static tensile tests, conducted on specimens both in the supplied T4 condition and in the
simulated paint bake condition (T6 temper), always evidence a reduced scattering of the raw data
with a substantial overlap of the curves obtained from repeated samples. In Figure 5, the curve of one
representative sample is reported for every tested direction.

The comparison of the tensile curves among the three different tested directions also shows a
substantial overlap, thus evidencing a nearly isotropic behavior. On the other hand, a small anisotropy,
with a variation of the yield strength of about 1.4%, was observed by Pham et al. [21] on 1.2 mm thick
sheets of the same alloy, but with possible slightly different ageing time. The here observed behavior
is justifiable, because the T4 treatment provokes, in the solution heat treating temper condition, a
complete re-crystallization of the grains and produces a homogeneous microstructure in the sheet.
Only the specimens in T6 temper condition, tested in the transverse direction, show an around constant
slight decrease of strength in the whole plastic field, in respect to those tested in the longitudinal and
diagonal directions.
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Figure 5. Representative engineering stress–strain static curves of tensile specimens in T4 and T6
temper conditions.

In Figure 5, it is clearly evident that all the specimens did not show an evident elongation after
the ultimate tensile strength (UTS) was reached. On the contrary, the load drops suddenly as the
fracture appears.

The average yield strength (YS), ultimate tensile strength (UTS), and elongation at fracture (EF)
values obtained from the static tensile tests, on T4 and T6 temper conditions, are reported in Table 2
together with the percentage change of the same three values between the two temper treatments.

Table 2. Average Yield Strength (YS), Ultimate Tensile Strength (UTS) and Elongation at Fracture (EF)
of the AA6016 alloy after static tests in T4 and T6 temper conditions and relative change of values in
the comparison between the two tempers.

AA6016 Alloy Yield Strength-YS
(MPa)

Ultimate Tensile
Strength-UTS (MPa)

Elongation-EF
%

T4 temper 100.9 215.1 22.1

T6 temper 174.4 258.6 14.1

Relative change +73% +20% −36%

All the mechanical properties obtained in the case of static test of AA6016 alloy in T4 temper are
in agreement with Standard EN 485-2. In [21] the reported YS values for the same alloy in the same
temper treatment (T4) are around 50% higher than those obtained in the present research, probably
because our alloy was supplied for automotive applications and optimized to meet the best properties
after the paint baking process.

The curves obtained for short (10 mm) and long (80 mm) specimens overlap almost completely,
for both the T4 and T6 treatments.

Therefore, these results confirm the possibility to compare both stress and elongation at fracture
values between the specimens of dynamic tests (usually reduced in length) those of static ones (generally
longer). This possibility, despite of the different test method and instrument employed, was also
suggested by Chen et al. [22].

The dynamic tensile tests were performed on three samples for each of the three rolling directions
in the T4 and T6 temper conditions. The raw data of the dynamic curves are generally characterized
by marked oscillations in the elastic–plastic transition zone because the sudden applied load is not
homogeneous along the specimen length and the deformation recorded by the strain gauge stations is
often unstable [14]. Two representative engineering raw curves of samples taken in longitudinal rolling
direction, for the T4 and T6 treatments, as obtained by the dynamic tests, are reported in Figure 6. At
the beginning of the test, a spike followed by a sudden stress drop is usually recorded, and a final
smoothed wavering trend is shown.
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Figure 6. Engineering raw data of dynamic tests of representative samples taken in longitudinal
(rolling) direction for the T4 (Dyn Long T4) and T6 (Dyn Long T6) treatments (thin continuous lines).
The corresponding thick red and blue dashed lines (Dyn Long T4 S-V and Dyn Long T6 S-V) refer to
calculated smooth curves (S-V approximation) of specimens in T4 and T6 temper tested in dynamic
conditions. The thick orange and green dashed lines refer to the static tensile test curves of samples
taken in longitudinal rolling directions for the T4 and T6 temper.

The raw results show similar behavior for the three repeated specimens of each type, in term
of recorded stress and strain obtained for all the different sample conditions. The raw data of the
tensile tests, reported in Figure 6, are chosen as representative samples showing intermediate behavior
for every type of tested conditions. In Figure 6 the verticalaxis is set to better evidence the strain
hardening behavior of the static and dynamic tests, neglecting the evident stress maximum recorded at
the beginning of the dynamic test.

In order to obtain comparable data for researchers and useful ones for designers, it is required,
especially in the case of dynamic tests, to fit the engineering raw data with an approximation equation
in the plasticity range, before strain localization (necking), in order to obtain smooth representative
strain hardening curves.

The approximation adopted in this work is the Swift-Voce hardening model (Equation (1)),
subsequently denoted as ‘S-V approximation’.

σ = (1-α)·σv + α·σsw (1)

This equation is a linear combination of the Swift (Equation (2)) and Voce (Equation (3)) isotropic
hardening laws [23–25], balanced with the weighting factor α.

σsw = A·(εp + ε0)n (2)

σv = σ0 + Q·(1 − exp(−βεp)) (3)

The S-V approximation has been recently used by other authors [21] and compared with
different models (e.g., Swift, Voce, Hockett-Sherby, Ghosh, and Kim-Tuan) evidencing good results for
Al6016 alloy.

The hardening parameters of the Swift (Equation (2)) and Voce (Equation (3)) laws, A, ε0, n, σ0, Q
and β were identified using the non-linear least square fitting method on the raw data for both the
static and dynamic tests, and are reported in Table 3. The reported parameters were calculated for the
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specimens shown in Figure 6. The parameters were optimized for the two approximation models and
were combined with a weighting factor α of 0.7.

Table 3. Hardening parameters of the S-V hardening laws (Equation (3))

Material/Test Condition Swift Law Voce Law

AA 6016 Temper A ε0 n Q σ0 β

Static
T4 316.2 0.0023 0.175 157.4 109.1 11.61

T6 376.9 0.0051 0.125 121.9 194.8 15.31

Dynamic T4 402.3 0.0589 0.256 154.2 195.1 4.58

T6 456.5 0.0289 0.175 136.1 246.0 8.01

The same fitting approach was also adopted in the case of the static raw data. This approach
allows a better comparison of the strain hardening behavior, by comparing the calculated SV equation
parameters. Moreover, the designers need these last values in the BIW components design, in stamping
process design as well as in crash simulation software.

The average YS, UTS and EF values obtained from the dynamic tensile tests performed on AA6016
samples in T4 and T6 temper conditions are reported in Table 4, together with the percentage change
of the same three values for the two temper treatments.

Table 4. Average yield strength (YS), ultimate tensile strength (UTS) and elongation % at fracture (EF%)
of AA6016 alloy in dynamic test in T4 and T6 temper conditions and relative change in values.

AA6016 Alloy Yield strength (YS)
(MPa)

Ultimate tensile
strength (UTS) (MPa)

Elongation at Fracture
(EF) %

T4 temper 155.0 242.4 38.5

T6 temper 240.0 294.2 28.8

Relative change +55% +21% −25%

The comparison of the results between dynamic and static tests shows, for the specimens tested in
the T4 temper, a relative increase of 54% in the yield strength, of 13% in the ultimate tensile strength
and of 75% in the elongation at fracture, going from the static to the dynamic tests.

In the case of the T6 temper, the same comparison of results between dynamic and static tests
shows 38% increase in the yield strength, 14% in the ultimate tensile strength, and 105% in the
elongation at fracture.

Aluminum alloys exhibit stacking fault energy values higher than other metallic alloys (Cu and
stainless steel); therefore, the plastic deformation process takes place mainly by slipping of compact
planes [26]. In addition, in the case of face-centered cubic lattice materials, it was noted that the
flow stress increases by increasing the strain rate; therefore, a higher yield stress is needed to start
the plastic deformation. This phenomenon can justify the always evident increases in the resistance
characteristics of the material in the case of deformation at high speed [27,28]. An increase in the
mechanical properties of Al-alloys in dynamic tests, compared to static ones, was also previously
observed by the authors on die cast components [29].

The higher values of elongation at fracture, observed in the dynamic tests, about double for both
T4 and T6 temper conditions in respect to quasi-static tensile tests, can be considered the sum of the
contributions of the higher amount of uniform elongation at necking and the amount of elongation
during necking, until the final fracture. Both contributions can be explained by the fact that the high
strain rate tests occur in negligible time and the deformation work, mostly dissipated as thermal energy,
has no time to diffuse, thus making the process almost adiabatic. This could lead to a temperature
increase in the localized necking zone of the sample. The adiabatic heating of the samples has
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been demonstrated by other authors [20] and the error introduced by this approximation can be
considered negligible.

The engineering interest of the increase in the uniform strain, in the case of T4 treatment, consists
of the possible benefit in the drawing operations (before the painting process and the baking of the
paint), while in the case of the T6 treatment, the interest is focused on the crash tests as well as on
the behavior of the material in case of vehicle accidents (in this case, the total elongation is the most
important parameter).

The presence of the necking phenomenon in the dynamic tests, (even if it is almost absent in the
static ones), is evident in the stress–strain engineering curves of Figure 6, and is also confirmed on the
longitudinal profiles of specimens, after the tensile tests, shown in Figure 7.
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In the dynamic tests, the deformation during necking (Figure 7b) can be about 40% more than the
deformation at the maximum load; it is instead almost completely absent in the case of static tests.

The fracture surfaces were observed by means of field emission scanning electron microscopy
(FESEM SUPRA 40, Zeiss, Cohen, Germany) and show a ductile morphology characterized by
micro-voids (or dimples, Figure 8) [30], which sometimes (images not reported) contain particles of
second phases (mainly Si particles).
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Figure 8. Fracture surfaces of transversal specimens in the T4 temper, after static (a) or dynamic (b)
tests. FESEM observations.

However, significant differences can be highlighted between them. The fracture surface of samples
tested under static conditions shows dimples with the typical morphology resulting from microvoid
growth and coalescence (Figure 8a). On the other hand, the fracture surface of the samples tested under
dynamic conditions (Figure 8b) evidence the presence of microvoid growth in the area of maximum
deformation of the neck, but these microvoids did not have the time to coalesce and form a crack
propagating in the direction normal to that of maximum stress. This is evidenced by the presence of
deformation porosities that develop even below the main fracture surface and are visible in Figure 8b.
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4. Conclusions

In the present study, the mechanical behavior of the AA6016 aluminum alloy was characterized in
the T4 and T6 temper and under static and dynamic load. This study shows the importance of the
influence of the strain rate on the mechanical behavior of the AA 6016 alloy both in the T4 temper
and in the T6 temper. In stamping and crash simulation in the automotive field, it is necessary to take
into account this mechanical behavior to design each stage of sheet forming in order to reduce the
trial-and-error iterations. For this purpose, the Swift-Voce isotropic hardening law for the AA 6016
alloy, for the T4 and T6 tempers at different strain rates has been reported and can be implemented in
software to improve the reliability of the simulations. This approach offers benefits in terms of both
costs and time, because it can reduce the cost related to the re-design simulations.

Author Contributions: Conceptualization, G.U., P.M., and D.D.C.; Data curation, G.U., P.M., S.F., and C.M.,
F.D., M.M.T. and D.D.C.; Investigation, S.F., C.M., F.D., and M.M.T.; Supervision, G.U., P.M., and D.D.C.;
Writing—original draft, G.U., P.M., C.M., F.D., M.M.T., and D.D.C.; Writing—review and editing, G.U., P.M., S.F.,
and D.D.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bloeck, M. Aluminium sheet for automotive applications. In Advanced Materials in Automotive Engineering;
Rowe, J., Ed.; Woodhead Publishing: Cambridge, UK, 2012; pp. 85–108.

2. Hirsch, J. Recent development in aluminium for automotive applications. Trans. Nonferrous Met. Soc. China
2014, 24, 1995–2002. [CrossRef]

3. Cischino, E.; Di Paolo, F.; Mangino, E.; Pullini, D.; Elizetxea, C.; Maestro, C.; Alcalde, E.; deClaville
Christiansen, J. An advanced technological lightweighted solution for a Body in White. Transp. Res. Procedia
2016, 14, 1021–1030. [CrossRef]

4. Zheng, K.; Politis, D.J.; Wang, L.; Lin, J. A review on forming techniques for manufacturing lightweight
complexd shaped aluminium panel components. Int. J. Lightweight Mater. Manuf. 2018, 1, 55–80.

5. Haghshenas, M.; Gerlich, A.P. Joining of automotive sheet materials by friction-based welding methods:
A review. Eng. Sci. Tech. Int. J. 2018, 21, 130–148. [CrossRef]

6. Engler, O.; Schäfer, C.; Myhr, O.R. Effect of natural ageing and pre-straining on strength and anisotropy in
aluminium alloy AA 6016. Mater. Sci. Eng. A 2015, 639, 65–74. [CrossRef]

7. Hirsch, J. Aluminium alloys for automotive applications. Mater. Sci. Forum 1997, 242, 33–50. [CrossRef]
8. Gerstein, G.; Klusemann, B.; Bargmann, S.; Schaper, M. Characterization of the Microstructure Evolution in

IF-Steel and AA6016 during Plane-Strain Tension and Simple Shear. Materials 2015, 8, 285–301. [CrossRef]
9. Cwiekala, J.R.N.; Drossel, C.A.W. Pre-strain dependent relaxation behaviour of AA6016 during automotive

paint drying processes. Prod. Eng. 2016, 10, 113–118.
10. Field, J.E.; Walley, S.M.; Proud, W.G.; Goldrein, H.T.; Siviour, C.R. Review of experimental techniques for

high rate deformation and shock studies. Int. J. Impact Eng. 2004, 30, 725–775. [CrossRef]
11. D’Aiuto, F.D.; De Caro, D.; Federici, C.; Tedesco, M.M.; Ziggiotti, A.; Cadoni, E. Application of the dynamic

characterization of metals in automotive industry. In Proceedings of the DYMAT 2015–11th International
Conference on the Mechanical and Physical Behaviour of Materials under Dynamic Loading, Lugano,
Switzerland, 11–15 September 2015. [CrossRef]

12. Coppieters, S.; Kuwabara, T. Identification of Post-Necking Hardening Phenomena in Ductile Sheet Metal.
Exp. Mech. 2014, 8, 1355–1371. [CrossRef]

13. Kim, J.; Serpantié, A.; Barlat, F.; Pierron, F.; Lee, M. Characterization of the post-necking strain hardening
behavior using the virtual fields method. Int. J. Solids Struct. 2013, 50, 3829–3842. [CrossRef]

14. Vilamosa, V.; Clausen, A.H.; Børvik, T.; Skjervold, S.R.; Hopperstad, O.S. Behaviour of Al-Mg-Si alloys at a
wide range of temperatures and strain rates. Int. J. Impact Eng. 2015, 86, 223–239. [CrossRef]

15. Ma, H.; Huang, L.; Tian, Y.; Li, J. Effects of strain rate on dynamic mechanical behavior and microstructure
evolution of 5082-O aluminum alloy. Mater. Sci. Eng. A 2014, 606, 233–239. [CrossRef]

http://dx.doi.org/10.1016/S1003-6326(14)63305-7
http://dx.doi.org/10.1016/j.trpro.2016.05.082
http://dx.doi.org/10.1016/j.jestch.2018.02.008
http://dx.doi.org/10.1016/j.msea.2015.04.097
http://dx.doi.org/10.4028/www.scientific.net/MSF.242.33
http://dx.doi.org/10.3390/ma8010285
http://dx.doi.org/10.1016/j.ijimpeng.2004.03.005
http://dx.doi.org/10.1051/epjconf/20159405002
http://dx.doi.org/10.1007/s11340-014-9900-4
http://dx.doi.org/10.1016/j.ijsolstr.2013.07.018
http://dx.doi.org/10.1016/j.ijimpeng.2015.08.008
http://dx.doi.org/10.1016/j.msea.2014.03.081


Metals 2020, 10, 242 10 of 10

16. Smerd, R.; Winkler, S.; Salisbury, C.; Worswick, M.; Lloyd, D.; Finn, M. High strain rate tensile testing of
automotive aluminium alloy sheet. Int. J. Impact Eng. 2005, 32, 541–560. [CrossRef]

17. Tan, J.Q.; Zhan, M.; Liu, S.; Huang, T.; Guo, J.; Yang, H. A modified Johnson–Cook model for tensile flow
behaviors of 7050-T7451 aluminum alloy at high strain rates. Mater. Sci. Eng. A 2015, 631, 214–219. [CrossRef]

18. Djapic Oosterkamp, L.; Ivankovic, A.; Venizelos, G. High strain rate properties of selected aluminium alloys.
Mater. Sci. Eng. A 2000, 278, 225–235. [CrossRef]

19. Cadoni, E. Dynamic Characterization of Orthogneiss Rock Subjected to Intermediate and High Strain Rates
in Tension. Rock Mech. Rock Eng. 2010, 43, 667–676. [CrossRef]

20. Engler, O.; Hirsh, J. Texture control by thermomechanical processing of AA6 xxx Al–Mg–Si sheet alloys for
automotive applications—a review. Mater. Sci. Eng. A 2002, 336, 249–262. [CrossRef]

21. Pham, Q.T.; Lee, B.H.; Park, K.C.; Kim, Y.S. Influence of the post-necking prediction of hardening law on the
theoretical forming limit curve of aluminum sheets. Int. J. Mech. Sci. 2018, 140, 521–536. [CrossRef]

22. Chen, Y.; Clausen, A.H.; Hopperstad, O.S.; Langseth, M. Stress–strain behaviour of aluminium alloys at a
wide range of strain rates. Int. J. Solids Struct. 2009, 46, 3825–3835. [CrossRef]

23. Swift, H.W. Plastic instability under plane stress. J. Mech. Phys. Solids 1952, 1, 1–18. [CrossRef]
24. Voce, E. The relationship between stress and strain for homogeneous deformation. J. Inst. Met. 1948, 74,

537–562.
25. Kleemola, H.J.; Nieminen, M.A. On the strain-hardening parameters of metals. Metall. Trans. 1974, 5,

1863–1866. [CrossRef]
26. Humphreys, F.J.; Hatherly, M. Recrystallization and Related Annealing Phenomena, 2nd ed.; Elsevier: Oxford,

UK, 2004.
27. Firrao, D.; Matteis, P.; Scavino, G.; Ubertalli, G.; Pozzi, C.; Ienco, M.G.; Piccardo, P.; Pinasco, M.R.; Costanza, G.;

Montanari, R.; et al. Microstructural effects in face-centered-cubic alloys after small charge explosions. Metall.
Mater. Trans. A 2007, 38, 2869–2884. [CrossRef]

28. Firrao, D.; Ubertalli, G.; Matteis, P. Crystallographic analysis reveals the effect of small charge explosions on
FCC metals microstructure. Microsc. Adv. Sci. Res. Educ. 2014, 1, 1020–1031.

29. Ubertalli, G.; D’Aiuto, F.; Plano, S.; De Caro, D. High strain rate behavior of aluminum die cast components.
Procedia Struct. Integr. 2016, 2, 3617–3624. [CrossRef]

30. Anderson, T.L. Fracture Mechanics: Fundamentals and Applications, 4th ed.; CRC Press: Boca Raton, FL, USA,
2017.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijimpeng.2005.04.013
http://dx.doi.org/10.1016/j.msea.2015.02.010
http://dx.doi.org/10.1016/S0921-5093(99)00570-5
http://dx.doi.org/10.1007/s00603-010-0101-x
http://dx.doi.org/10.1016/S0921-5093(01)01968-2
http://dx.doi.org/10.1016/j.ijmecsci.2018.02.040
http://dx.doi.org/10.1016/j.ijsolstr.2009.07.013
http://dx.doi.org/10.1016/0022-5096(52)90002-1
http://dx.doi.org/10.1007/BF02644152
http://dx.doi.org/10.1007/s11661-007-9318-z
http://dx.doi.org/10.1016/j.prostr.2016.06.451
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

