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This paper presents results on the tensile testing of AZ31B-H24 magnesium alloy and 6111-T4 aluminium
alloy at different strain rates. These materials are strong candidates for use in crashworthy automotive components
and parts due to their well-balanced combination of strength, stiffness and density. To test their application in
the auto industry an understanding of material behaviour at relevant strain rates is needed, as well as constitutive
equations suitable for use in analytical and numerical calculations. Mechanical properties were determined from
tensile tests using flat sheet samples, employing two different test techniques: a servo-hydraulic machine and
a tensile-loading Hopkinson bar. The test results were used to compare different mechanical properties of the
tested materials and to validate constitutive equations intended to provide a mathematical description of strain
rate dependence. The Cowper-Symonds equation was examined.
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1. Introduction

The improvements demanded in fuel efficiency and CO,
emissions in the auto industry have resulted in a renewed interest
in light alloys. This trend is set to continue with stricter emissions
legislation and changing public perception. There has been a dramatic
increase in the use of aluminium alloys in recent years: between
1995 and 2000, their use in automotive components increased by
over 80%!"". Weight reductions of up to 40% have been reported as
possible in aluminium intensive space frames'. Magnesium alloys
are the lightest metallic structural materials and as such have great
potential for use in the automotive industry. The use of magnesium
alloys in car parts is predicted to grow from the 3 kg per car used in
2005 to 20 kg in 2010 and 50 kg by 2015 as legislation on emissions
and pressure for weight reduction gain more importance.

When considering the use of light alloys in crashworthy
components, the dynamic behaviour of the materials used must
be considered. Furthermore, high strain-rates are also a feature in
some manufacturing processes, such as electromagnetic forming®.
Knowledge of material properties at different strain-rates and the
development of constitutive equations capable of providing a reliable
description of that behaviour, is therefore, highly relevant. One of the
most commonly used constitutive equations for steel grades is the
Cowper-Symonds equation and its variations**, being extensively used
in the car industry for the numerical simulation of crashworthiness
events. There is a gap in the literature on the constitutive parameters
of this equation for magnesium and aluminium alloys, which could
be of use for the numerical simulation of crashworthiness events.

Aluminium is commonly considered to have low strain rate
sensitivity, particularly for alloys of higher strength. Several studies
have been conducted that present dynamic material properties for
different alloys, heat treatment and/or processing conditions®”. For
magnesium alloys a higher sensitivity to strain rate is present, being
dependent on the processing (cast or wrought) and alloying used.
Li et al.? presented results of compression tests of alloy AZ31B at
different strain rates and temperatures. Valle and Ruano'® analyzed
the influence of grain size on the strain rate sensitivity of a AZ31
magnesium alloy and concluded that strain rate sensitivity increases
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strongly for decreasing grain size below 15 pum. The strain rate
sensitivity of magnesium alloys must be considered in numerical
simulation of impact events in order to obtain good correlation with
experiments, as presented in a study on denting of magnesium and
aluminium panels'".

2. Materials, Samples and Experimental Techniques

The tested materials were: magnesium alloy AZ31B-H24 (sheet
thickness of 0.9 mm) and aluminium alloy 6111-T4 (thickness
1.09 mm). Table 1 presents the chemical composition that was
obtained in a spectrometer Phillips X Unique II. Quasi-static
mechanical properties were obtained following EN 10002-1 standard
using a universal tensile testing machine (DARTEC, 600 KN),
including the tensile yield strength at 0,2% offset (R ), Ultimate
Tensile Strength (UTS) and elongation to fracture for an initial gauge
length of 80 mm are presented in Table 2.

Samples used in tensile testing were cut in the rolling direction.
The quasi-static and dynamic tensile tests were performed using
distinct techniques:

* Servo-hydraulic testing machine (DARTEC, 600 kN capacity),
used for lower loading speeds (0.1 mm/s), here referred to as
quasi-static loading and for tests at an intermediate loading
speed of 90 mm/s. In the quasi-static tests, values of engineering
stress and strain were determined using the strain gauge load
cell of the test machine (DARTEC, M 1000 RD, 600 kN), and
a strain-gauge extensometer clip-gauge (SANDNER model
EXA 100-10), with a gauge length of 100 mm. Elongation to
fracture was measured using a reference length of 80 mm. Tests
at intermediate loading speed (90 mm/s) used smaller samples
with a parallel length of 40 mm and reference gauge length
of 20 mm. This geometry was used in order to obtain higher
strain-rates (approx. 2.25/s). This nominal strain rate was
calculated by dividing the linear speed of the testing machine
by the parallel length of the sample. The tests at intermediate
loading speed used strain gauges attached to the main body
of the sample to obtain strain readings in the initial stage of
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Table 1. Chemical composition.

hence avoiding fluctuations observed in the load-cell signals.
Readings from the strain gauges were recorded using HBM
Spyder-8 equipment and analysed on a personal computer.

Tensile loading Hopkinson pressure bar, used for obtaining
strain rates of approximately 1000/s (Figure 2). With this
equipment a striker tube is fired from a gas gun and impacts
an anvil. A tensile pulse is generated in the incident bar
from the impact and propagates into the sample. The grip
is appropriately designed for plate type samples. Part of the
incident pulse is transmitted into the sample and propagates
through the transmitted bar as a tensile pulse. The rest of the
pulse reflects into the incident bar as a compressive pulse.
The transmitted and reflected pulses are measured with strain
gauges placed at the incident and transmitted bars. Output

Mg% Al% Si% P % S % Cl % K % Ca % Ti % Mn %  Fe % Ni % Zn %
AAG6111-T4 0.76 97.45 0.99 0.013 - 0.039 0.021 0.040 0.054 0.14 0.24 0.006 0.014
AZ31B-H24 91 429  0.29 0.07 028  0.32 0.103 0.19 0.011  0.95 0.113  0.003 2.4
Table 2. Mechanical properties.
Rpo_z [MPa] UTS [MPa] Elongation, %
AAG6111-T4 149.2 240.1 232
AZ31B-H24 197.4 261.2 7.7
Figure 1. Specimen used in tests at 2.25 /s.
(b)
the tensile test (Figure 1). Strain gauges were also placed at Stopped L' 2007/06/0615:55:03
the top edge of the sample. Since this region remains elastic CH1=2V CH2=2V ~200 us/div
these gauges were used to confirm the load at this higher speed, DC 1:1 DC 1:1 NORM: 1 MS/s

. 1. . . Format || FileName || AutoFile To
signals from the equilibrated Wheatstone circuits were TIFE MG4 ||OFF TooMenu
amplified using Fylde FE-527-SGA dynamic strain amplifiers. =Filter= =Offset= =Record length= =Trigger=
Readings were recorded using an oscilloscope Yokogawa model Smoothing : OFF CHI1:0.00V ~ Main: 10K Mode: single
DL1540L and subsequently analysed on a personal computer. BW:20MHz CH2:0.00V  Zoom: 2K Type: edge chl
From the strain gauge readings, stress-strain curves were CH3:0.0V Delay: 0.0ns &
CH4 : 0.0V Hold off: minimum

obtained following the procedure indicated in Kang et al.'>.
Additionally, local strain was measured using strain gauges

(c)

placed on the main body of the specimen. This was useful
in order to confirm results obtained with the Hopkinson bar
procedure in the initial phase of the tests.

Figure 2. a) Tensile loading Hopkinson bar — schematic representation;
b) picture of Hopkinson bar; and c) example of incident, reflected and
transmitted waves for AZ31-B test.
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3. Experimental Results 350 7

The values of R, (proportionality limit corresponding to a 300 A
permanent plastic strain of 0.2%) and UTS from the quasi-static and 250 A o 2
dynamic uniaxial tensile tests on the magnesium and aluminium - A “ o
alloys are presented in Figure 3. For the AZ31B alloy, the strength E 200 - o of
values reveal a moderate but nevertheless important variation with % $
increasing strain rate, which was expected given other results for £ 150 + i had
magnesium alloys. The highest increase in strength values was 2 100 -
observed when testing with the Hopkinson bar since the strain rates
are almost one order of magnitude larger. In the aluminium alloy the 50 4 Rp0.2-0111-T4 A UTS-6111-T4
change of material properties is less significant, which is expected O Rp02-AZ31B A UTS-AZ3IB

O T T T T T T Al 1

for this type of material.

The evaluation of the elongation to fracture for the dynamic tests
should be considered with care since different specimen sizes were
used for quasi-static loading and at higher strain rates. Considering
the limitation of comparing values obtained from samples with
different gauge lengths, it was observed through SEM (Scanning
Electron Microscope) of fracture surfaces that neither material
suffers a degradation of ductility with increasing loading speeds.
These results are presented in Figures 4 and 5, where it is noted that
there is no departure from the typical morphology of ductile fracture.

4. Constitutive Equations

The well-known Cowper-Symonds equation is frequently used

to describe material behaviour at different strain rates* (Equation 1):
1

S _y (E)P 1)

Gstat D
where D and p are the Cowper-Symonds coefficients, € is the strain-
rate, 6, is the dynamic stress or strength and 6 is the quasi-static
stress or strength. The coefficients obtained for Equation 1 are
presented in Tables 3 and 4, along with the strain rate range of
applicability and the mean squared value (R?) for the tested materials.

From an analysis of the results, one can conclude that it is
generally possible to find the Cowper-Symonds coefficients, in
some cases with excellent correlation. However, these coefficients
assume different values for different reference stresses. For
example, the ultimate tensile and proof stresses have different
sensitivities to strain rate, which result in different coefficients in the
Cowper-Symonds equation. This is an intrinsic disadvantage of using
the Cowper-Symonds equation. In this case, the main risk with using
Equation 1 is that, for example, coefficients determined with R, as
the reference stress might yield an erroneous prediction for higher
stress levels at larger strains. This feature can have an important effect
on the numerical simulation of dynamic crushing of thin-walled tubes,
as discussed in Peixinho and Pinho’.

5. Discussion

An analysis of the different properties presented in this study and
the comparison between magnesium AZ31B and 6111-T4 aluminium
alloy has shown that these materials show strong potential for further
application in crashworthy automotive components and parts.
However, certain features should be studied in more detail, namely
the manufacturing limitations of the wrought magnesium alloys
given their lower elongation to fracture. Also, this lower ductility
can have an effect on the deformation modes of the crushing process
of crashworthy parts, with the possibility of fracture and consequent
reduced energy absorption.

The Cowper-Symonds coefficients obtained have excellent
correlation with the experimental data. However, those coefficients
and the associated constitutive equation need to be validated through

0,000010,0001 0,001 0,01 0,1 1 10 100 1000
Strain rate, 1/s

Figure 3. Variation of strength properties with strain rate for the tested alloys.
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Figure 4. SEM images of fracture surfaces (AZ31B) — 500x.
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Table 3. Cowper-Symonds parameters — A6111-T4.

€range [/s] D [/s] )4 R’
R ., 0.001-1020 415401.2 3.57 0.97
UTS 0.001-1020 24106691 4.35 0.90

Table 4. Cowper-Symonds parameters — AZ31B.

€range [/s] D [/s] p R?
Rp 02 0.001-1050 241249 3.09 0.96
UTS 0.001-1050 231191.1 3.56 0.91

= =N d
L EHT WD Mag  Photo
SE1 15.0kV 22 mm __ x500 21

P4 =t/ (N )
L EHT WD Mag  Photo 50 pm
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Figure 5. SEM images of fracture surfaces (6111-T4) — 500x.

the numerical simulation of the dynamic crushing of components
and comparison with experimental results. The issue of variation
of coefficients with reference stress should be carefully evaluated,
eventually addressing the need for a more sophisticated constitutive
equation.

Materials Research

6. Conclusions

This work presented results on the tensile testing of two light
alloys at different strain rates in the range 0.001-1000/s. Mechanical
properties were determined from tensile tests using flat sheet samples,
employing two different test techniques: a servo-hydraulic machine
and a tensile-loading Hopkinson bar. The test results were used to
compare different mechanical properties of the tested materials. The
results were also used to obtain parameters for the Cowper-Symonds
constitutive equation.

The results obtained highlighted properties that qualify the
materials for crashworthiness applications, namely the strain rate
sensitivity. The magnesium alloy presented a higher variation of
mechanical properties as strain rate increased. Neither material
showed a deviation from ductile failure at the highest strain rates
obtained in the Hopkinson bar.
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