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The mechanical properties of structural aluminium alloys EN AW-5083 and EN AW-6082
in the ‘H111” and ‘T6’ conditions, respectively, subjected to compressive loadings in the quasi-
static and dynamic strain rate regimes, are investigated. Both alloys are used as structural
components not only in car body design or ship building, but also in civil engineering. There-
fore, compression tests at room temperature were conducted using a servohydraulic Instron
machine, in order to determine the materials‘ behaviour at low and intermediate rates of defor-
mation. In addition, to predict the dynamic response of these materials, the Split Hopkinson
Pressure Bar (SHPB) technique was utilized. For alloy 5083-H111, a changeover from negative
to positive strain rate sensitivity at dynamic strain rates is observable, whilst alloy 6082-T6
exhibits a mild trend towards positive strain-rate sensitivity. Furthermore, the coefficients of
the Johnson-Cook model, that are valid under dynamic conditions, are determined. The finite
element simulation of SHPB experiments shows that the constitutive model represents the
materials’ behaviour quite well.

1. INTRODUCTION

Aluminium alloys are a flexible and attractive material for use in many ap-
plications. The desire for optimal design of structures with high mechanical
capacity and light-weight properties, does not only play a significant role in
aerospace engineering. In view of shorter becoming supply of resources, the
aspect of minimisation of weight is also crucial in car manufacturing and ship-
building. Therefore, light-weight materials like aluminium alloys are already
applied as structural materials during the design process. Moreover, automotive
crashworthiness plays an important role in the design of passenger cars. In order
to manage the energy of a collision in a reliable manner in the event of a car
accident or ship collision, the energy absorption performance needs to be un-
derstood. Thus, the stress-strain relationship for dynamic strain rates should be
studied.
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Due to its high ratio of load-bearing capacity to weight combined with high
corrosion resistance, what leads to lower maintenance requirements, aluminium
alloys are also used in civil engineering. In addition, thanks to its recycling po-
tential, it is a sustainable solution as a building material. Indeed, a classical
field of aluminiums* utilisation in civil engineering is its application as facade
elements [1], but load-bearing aluminium structures can also be found [2], for
example in bridge constructions. It can be determined that aluminium struc-
tures in civil engineering are subjected to loadings caused by wind, earthquake
and impact, for instance. These loadings generate strain rates from 10™% up to
10* s~1. Therefore, the material properties of two commercial aluminium alloys
EN AW-5083 and EN AW-6082 in the ‘H111’ and ‘T6’ condition, respectively,
at low and high rates of deformation are investigated. As mentioned in [3], the
series bzzr and 6xzxx are most used for structural components in bridge build-
ing. Eurocode 9 [4] states that the first alloy is the strongest structural non-heat
treatable alloy in general commercial use, possessing very good corrosion resis-
tance in the marine environment. Therefore, it is utilised for structural parts
of naval and offshore structures. On the other hand, the second alloy is one of
the most widely used heat treatable high strength alloy with good corrosion
resistance and good weldability.

Alloy composition, strain rate and temperature may have an effect on me-
chanical properties of aluminium alloys [5]. WAGENHOFER et al. [6] reported
a reversed strain effect occurring at room temperature in alloy 5086. A negative
strain rate sensitivity changed into a positive one at a strain rate nearly equal
to 1 s~!. Similarly, CLAUSEN et al. [7] revealed that alloy 5083 in ‘H116’ condi-
tion exhibits a negative strain rate sensitivity for strain rates up to 1 s~!, but
positive strain rate sensitivity in the dynamic strain rate regime. A changeover
from negative to mild positive strain rate was also observed by HADIANFARD
et al. [8] for 5zrz aluminium alloys. Aforementioned investigations considered
the alloys’ behaviour in tension. On the contrary, CHEN et al. [9] carried out
experimental tests over a wide range of strain rates on 6zzz aluminium alloys
in tension, namely on alloys 6060 and 6082 in tempers T6. The tests showed
that both alloys exhibit only slight strain rate sensitivity, even a slight nega-
tive tendency for high strain rates is observable for both alloys, whilst LEE and
Kiv [10] disclosed that the flow stress of alloy 6061 in temper T6 exhibits an
increase of 320 and 90% at compression and tension, respectively, for high rates
of deformation. A distinctive sensitivity to the strain rate is visible. Thus, the
objective of underlying work is to investigate the effects of strain rate on the me-
chanical properties of selected bzzr and 6zzx aluminium alloys in compression.
Hence, compression tests at room temperature were conducted using a servo-
hydraulic Instron machine in order to determine the materials’ behaviour at
low and intermediate rates of deformation. In addition, to predict the response
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caused by impact loading, the Split Hopkinson Pressure Bar (SHPB) technique
was utilised. Moreover, for further FE analysis in future, constitutive material
parameters were determined and validated.

2. EXPERIMENTAL PROCEDURE

2.1. The investigated materials

As mentioned above, the aluminium alloys EN AW-5083 and EN AW-6082
in tempers H111 and T6, respectively, were considered in this evaluation. Their
main alloying elements are magnesium, manganese and silicium, magnesium.
The chemical compositions of the materials are presented in Table 1. The alloys
were provided as round bars with 16 or 10 mm diameters.

Table 1. Chemical compositions of the alloys in wt.%.

Alloy Si Fe Cu | Mn | Mg | Cr Zn Ti
EN AW-5083 | 0.40 | 0.40 | 0.10 | 0.70 | 4.45 | 0.25 | 0.25 | 0.15
EN AW-6082 | 0.88 | 0.29 | 0.08 | 0.46 | 0.73 | 0.03 | 0.04 | 0.02

2.2. Static and quasi-static compression tests

Compression tests were carried out using a servohydraulic Instron machine
(type 8802) at strain rates of 1074, 1073, 1072, 10~! and 1 s !, at room tem-
perature. All tests were performed in displacement control with clamp velocity
adapted to the corresponding strain rate. In order to specify a flow curve for
cylindrical shaped metallic specimens, the initial ratio between length and di-
ameter should be between 1 and 2. The samples’ ratio was equal to 1.5 with
an initial diameter of 10 mm in all cases. Three compression tests were at least
conducted for each strain rate and alloy.

2.8. Dynamic compression tests

A variety of experimental techniques, such as Taylor impact or shock loading
by plate impact, can be utilised to obtain high rates of strain. An interesting and
detailed overview of these techniques can be found in [11]. A technique which
enables to measure the response of materials at strain rates between 102-10* s~ 1,
first introduced by KoLsKY [12], is the Split Hopkinson Pressure Bar (SHPB)
apparatus. In general, this apparatus consists of an air gun, a striker bar, two
Hopkinson bars (known as incident and transmitter bars), a velocity measuring
device and recording equipment. The specimen is sandwiched between the two
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bars. The dynamic compression tests were performed in the laboratory of the Di-
vision of Experimental Mechanics at the Institute of Fundamental Technological
Research.

A schematic view of the SHPB apparatus is illustrated in Fig. 1. Both the
incident and transmitter bars are made of spring steel, whose yield strength and
elastic modulus are equal to 1180 MPa and 210 GPa, respectively. Their diam-
eter and length are 20 and 1050 mm, respectively. The striker bar or projectile
has the identical diameter and is made of the same steel. Three striker bars of
varying length were used.

Striker f ft {

__iifg‘_m_j__gy _E!H__ .l___ph__m___E,

Strain gauge amplifier,
oscilloscope

Velocity measuring device
Fic. 1. Schematic view of SHPB apparatus.

First of all, the striker bar is fired by the air gun and impacts the incident bar.
By reason of the impact, a nearly rectangular compressive stress and a strain
pulse with very short rise time is generated, which propagates with the speed of
sound ¢g = (F/p)'/? along the incident bar until it hits the specimen, where F
is the elastic modulus and p the bar’s density. Propagating into the specimen,
a part is transmitted into the transmitter bar, whilst the other part is reflected
back into the incident bar as a tensile wave. During the test, the bars remain
within their elastic limit. The incident, transmitted and reflected pulses e, e,
and eg, respectively, were measured using strain gauges (HBM LY11-1.5/120)
attached to each bar. The strain gauges were connected with a strain gauge
amplifier. Finally, the output signals of the strain gauges were visualized and
stored in an oscilloscope (Agilent 54624A) at a sampling rate of 0.25 ps. Figure 2
shows typical incident, transmitted and reflected voltage signals that were saved
into the oscilloscope. The time-dependent strain rate can be determined by
means of recorded strains as follows:

(2.1) £g = ———¢€nR,

where [g is the initial length of the specimen. Thus, the strain as a function of
time can be calculated by integrating the above equation from 0 to ¢,

t

2 ~
(2.2) €s = il /eRdt.
lo
0
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F1c. 2. Typical pulses for (a) 5083-H111 and (b) 6082-T6 aluminium alloy.

Considering force equilibrium at the contact faces of the bars, an average
value for the stress on the specimen can be derived

Ap

A_seTa

where Ap is the cross-sectional area of the incident bar and A, is the cross-
sectional area of the specimen.

A detailed derivation of Egs. (2.1)—(2.3) can be found elsewhere [13, 14]. From
the theoretical point of view, they are based on the one-dimensional propagation
of elastic waves in a continuum including some basic assumptions. Namely, there
exists force equilibrium on the interfaces during the process of deformation, i.e.

(2.3) os=F
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a uniform axial stress distribution is assumed, and both the friction and inertia
forces are negligible. In order to reduce frictional effects, the interfaces between
the specimen and the bars were lubricated. As recommended in [14, 15], to min-
imise the errors due to longitudinal and radial inertia forces, all specimens had
an initial diameter and length of 10 and 5 mm, respectively. A special instru-
mentation was used to apply the specimen in the center of the bars. A further
assumption is that the elastic wave travels along the bars without any damp-
ing. This is justified only if the ratio between wavelength and bar diameter is
great enough, otherwise dispersion is clearly visible as shown by GORHAM and
Wu [16].

3. RESULTS OF STATIC AND DYNAMIC COMPRESSION TESTS

Henceforth, the nominal (engineering) strain and stress are used to calculate
the true strain € = In(1+ ey, ) and the true stress ¢ = opom (1 + €nom )- Figure 3
illustrates representative flow curves obtained during low and intermediate strain
rate compression tests at room temperature. A considerable different trend is
observed. For alloy 5083-H111, a negative strain rate effect is clearly visible,
i.e. with increasing strain rate, a decreasing flow stress level is observable. For
instance, at a plastic strain of 0.3 the flow stress decreased approximately by
15%. In contrast, a slight trend towards positive strain rate sensitivity for alloy
6082-T6 is shown, but this effect is not so distinctive as in the case of the
previous alloy. Only an increase of nearly 3.5% could be found.
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F1c. 3. Static flow curves of (a) 5083-H111 and (b) 6082-T6 aluminium alloy.

Furthermore, several tests have been conducted for each alloy by means of
the SHPB apparatus. In Fig. 4, the obtained dynamic flow curves are illustrated.
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For the sake of clarity, only hardening curves corresponding to low, intermediate
and high impact velocities are shown. The maximum strain did not exceed the
value of 0.4, whereas strain rates from 500 up to 5500 s~ have been achieved.
Figure 4a clearly reveals that the flow stress level of aluminium alloy 5083-H111
increases with increasing strain rate. A change in the strain rate sensitivity
can be recognized. The flow stress level of alloy 6082-T6 also increases with
increasing strain rate, but very slightly. For a more precise analysis, the flow
stress level at 0.05 true plastic strain is plotted as a function of strain rate in
Fig. 5. A reduction of flow stress for alloy 5083-H111 can be clearly observed
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F1c. 4. Dynamic flow curves of (a) 5083-H111 and (b) 6082-T6 aluminium alloy.
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Fic. 5. True flow stress at 0.05 true plastic strain as a function of strain rate; comparison
of numerical results.
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for strain rates between 10~* and 1 s~!. A decrease of approximately 10% could
be found out. However, under dynamic conditions, the flow stress increases by
about 25%. In contrast, aluminium alloy 6082-T6 is almost rate-insensitive,
a decrease of nearly 3% at quasi-static strain rates is observed. A mild trend
towards positive strain rate sensitivity can be noticed. The flow stress increased
by about 8% under dynamic conditions.

Furthermore, the diameter of each specimen was measured prior and after
the experiment in two or three radial directions. It was found out that the sur-
face had a circular shape, i.e. not elliptical. This indicates that the alloys behave
as isotropic. Therefore, the use of an isotropic yield criterion for numerical pur-
poses is justified. Typical specimens are shown in Fig. 6. For samples B and C,
strain rates of 950 and 3000 s~! were calculated, their corresponding dynamic
hardening curves are plotted in Fig. 4. Their initial and final lengths were 4.94,
4.98 and 3.48, 4.58 mm, respectively, what leads to a maximum strains of 0.35
and 0.08, respectively.

Fic. 6. Examples of typical specimens used for dynamic investigations, prior to experiment
(A), and aluminium alloy 5083-H111 (B) and 6082-T6 (C) samples after compression.

4. NUMERICAL SIMULATIONS

In order to verify the constitutive model, a finite element simulation of the
Hopkinson bar test was performed. Since stress wave propagation is a typi-
cal application for an explicit finite element code, the commercial software
ABAQUS/Explicit, well-suited for high-speed dynamic events [17], was used.

4.1. Basic formulations, constitutive equation and parameter identification

When the elastic strains are small (negligible compared to unity) in a large
deformation analysis, the additive decomposition of the rate-of-deformation ten-
sor into elastic and plastic parts is assumed (see, e.g. BELYTSCHKO et al. [18])

(4.1) D = D¢+ DP,
where D is defined as the symmetric part of the velocity gradient as follows:

ov
4.2 D= L = sym—.
(4.2) symL = symz—
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Henceforth, a hypoelastic-viscoplastic isotropic material is considered. Then,
ABAQUS computes the plastic part of the rate-of-deformation tensor by means
of the associated flow rule:

of 3eP
4.3 DP =) \-L =" 5.
(43) Jo 27
In this equation s is the deviatoric part of the stress tensor, whilst P is the
equivalent plastic strain. To characterise the yield behaviour of metals, what
means incompressible behaviour beyond the elastic limit, a yield function of von
Mises type is considered

(1.4 r= /2l -7

To ensure objectivity, the finite element programme uses a linear hypoelastic
relation based on the Green-Naghdi stress rate tensor

(4.5) oV¢=6-Q-0+0-Q=C:D°

where © and C are the angular velocity tensor and the fourth-order elastic
stiffness tensor, respectively. Moreover, the plastic behaviour of the specimen as
a function of strain, strain rate and temperature can be specified by the Johnson-
Cook constitutive equation [19]. In particular, this constitutive relation reads

-p
(4.6) &= (A+ BE)") <1+C'ln <€—>> (1-T™).

€0
The term in the last parenthesis accounts for thermal softening of the material.
In the case of T, and T};, being the room and melting temperature, respectively,
then T is defined as

T-1T,

4. T=-——".
(4.7) T T

As mentioned in [9], investigations by CLAUSEN et al. [7] and B@RVIK
et al. [20] revealed that a temperature rise up to 100°C does not affect the
mechanical behaviour in a critical manner. An estimation of the temperature
rise in this work is found to be 38°C. Due to the latter and the fact that all tests
were carried out at room temperature, T was set a priori equal to zero. In order
to determine the other coefficients, a reference stress-strain curve with a refer-
ence strain rate needs to be chosen. Thus, the parameter g is determined. The
reference strain rate for alloys 5083-H111 and 6082-T6 were chosen to be 1450
and 1000 s~!, respectively. Afterwards, the coefficients in the first parenthesis
can be determined, whereas the value of A can be identified as the yield stress.
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In the next step, B and n can be calculated by means of the least square method.
Aforementioned procedure was repeated for each test, so all stress-strain curves
have analytical forms. Finally, the parameter C' can be specified by rearranging
Eq. (4.6) with respect to parameter C'. The parameters for the alloys are listed in
Table 2, but one should note the following: namely, since C' must have a positive
value due to the fact that selected model requires a positive strain rate the use of
the model is only justified for situations where dynamic strain rates emerge. So,
negative strain rate sensitivity of alloy 5083-H111 in the static and quasi-static
dynamic strain rate regime cannot be modelled via the determined coefficients.
Moreover, it is possible to ascertain additional Johnson-Cook parameters for
alloy 6082-T6 that are valid for low and intermediate rates of deformation, but
within this strain rate regime the alloy can also be modelled as rate-insensitive.
The experimental results show that this alloy exhibits only a slight sensitivity
to the strain rate (cf. Fig. 4b); therefore, the coefficient has only a slight value.

Table 2. Parameters in the Johnson-Cook constitutive equation.

Alloy A [MPa] B [MPa] n [ CH
EN AW- 5083 147.0 349.2 0.396 0.104
EN AW- 6082 307.8 145.7 0.288 0.02519

4.2. Finite element model and numerical results

In general, the model consists of two elastic bars with a Young’s modulus of
210 GPa and Poisson’s ratio equal to 0.3, and a specimen which is sandwiched
between these two bars. A third bar (striker bar) hits the free end of the incident
bar. This experimental setup was modelled taking the double symmetry into
account (cf. Fig. 7). Eight-node hexahedron elements with reduced integration
were used to model all parts. A surface to surface contact was considered between
the respective interfaces.

Fi1G. 7. Finite element mesh of SHPB setup.
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The initial compressive stress wave can be simulated via the impact of the
striker bar at the free end of the incident bar. Another possibility is to subject
the free end of the bar to a blast load. Both possibilities have been performed
leading to the same results. Moreover, the analytical solution of one-dimensional
wave equation assumes that the specimen is subjected to a Heaviside step load
of an infinite duration. Indeed, this zero rise time assumption is not realistic.
In practice, however, the pulse shape is trapezoidal and is distorted as a result
of wave dispersion. As shown in Fig. 8b, in the time domain, dispersion is ob-
servable as oscillations. Thus, using finite element simulation, the pulse shape
caused by the impact or rather the blast load should be trapezoidal. RAMIREZ
and RUBIO-GONZALEZ [21] demonstrated that the higher, is the rise time, the
lower will be the dispersion effects. This is important, since wave dispersion is
able to limit the accuracy of the obtained results, especially for lower impact
velocities, where the rise time during the experiment takes a longer period. The
pulse shape effect on wave dispersion is presented in Fig. 8, a longer rise time
leads to reduced dispersion effects. A trapezoidal blast load fits better to exper-
imental data and is, therefore, more realistic (cf. Fig. 8b). Earlier observations
in [21] are in good agreement with experimental and numerical results of this
work.
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Fic. 8. (a) Trapezoidal and Heaviside step load, (b) comparison between experimental and
simulated incident pulses.

All tests for each alloy have been simulated. In general, the numerical results
represent the experimental findings with adequate accuracy. In Fig. 9 a com-
parison between numerical and experimental results for both alloys is presented,
their stress-strain relations were already presented in Fig. 4. All strain pulses are
simulated reasonably well, as shown in Fig. 9a-c. The aforementioned pulses are
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Fi1a. 9. Comparison between (red line) experimental and (blue line) numerical results;
representative (a) incident, (b) reflected, (c¢) transmitted strain pulse, (d) stress-strain and
strain rate-strain curve for alloy 5083-H111 and (e) stress-strain and strain rate-strain curve
for alloy 6082-T6.

related to Fig. 9d, whilst in Fig. 9e only the dynamic hardening curve with the
corresponding strain rate-strain relation for alloy 6082-T6 is presented. In case
of alloy 5083-H111, the obtained maximum strains in the finite element simula-
tions are slightly shorter compared to the experimental strains, whilst in case of
the other alloy, both strains agree much better. Nevertheless, it can be observed
that the Johnson-Cook model represents the flow stress level of both alloys quite
well. All this can be confirmed when Fig. 5 is considered. The flow stress ob-
tained by the experiments and simulations at 0.05 true plastic strain, can be
compared with each other at a wide range of strain rates. A good agreement
with the experimental data is observable.

5. CONCLUSIONS

Compression tests on two structural aluminium alloys over a wide range
of strains and strain rates were performed. To obtain quasi-static strain rates,
a servohydraulic Instron machine was utilised, whilst a Split Hopkinson Pressure
Bar was applied in order to obtain high strain rates.

The experimental findings reveal that the alloy 5083 in temper H111 exhibits
a negative strain rate sensitivity in the quasi-static strain rate regime, whilst
a positive strain rate sensitivity is observable in the dynamic strain rate regime.
Alloy 6082 in temper T6 is almost rate-insensitive for strain rates up to 1 s~%.
Above this strain rate, a slight positive strain rate sensitivity can be noticed.
Unfortunately, an exact value of the turning point in case of alloy 5083-H111
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could not be determined due to lack of experimental data in the range of 10—
500 s~!. A logarithmic interpolation through the data points in Fig. 5 would
lead to a value of approximately 600 s~'. To achieve this intermediate or “sub-
Hopkinson” strain rates, a servohydraulic machine must be used which enables
higher clamp velocities. However, as mentioned by other authors [6, 8], the
two test devices, namely the servohydraulic machine in conjunction with the
SHPB apparatus, can be applied in order to obtain consistent experimental data.
Despite the lack of experimental data it is visible to the naked eye (cf. Fig. 5)
that intermediate strain rate data points fit well with data points in the dynamic
strain rate regime. No sudden change in the flow stress level indicating a source
of error is visible.

Moreover, the parameters in the Johnson-Cook constitutive equation were
calibrated (cf. Table 2). Since it is not possible to simulate negative strain rate
sensitivity by means of this model, the calculated parameters are only valid
under dynamic conditions, i.e. for strain rates above ca. 500 s~!. In case of alloy
6082-T6, the parameters are also valid under dynamic conditions, this means for
strain rates exceeding the value of ca. 100 s~!. For strain rates below 100 s~! this
alloy can be modelled as rate-insensitive. In order to validate the constitutive
model, a finite element simulation of the Split Hopkinson Pressure Bar test
was performed. Both the strain hardening and strain rate hardening could be
represented via this model adequately. It can be determined that the numerical
results fit very well to the experimental data.
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