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INVESTIGATION OF DEFORMATION BEHAVIOUR OF ALUMINIUM FOAM UNDER
HIGH-STRAIN RATE LOADING AND COMPARISON WITH CONVENTIONAL
ENERGY ABSORBING MATERIAL

P. Zlamall, T. Fila?, O. Jirousek? and V. Kr alik 4

Summary: The aim of this study is proper description of stress-strain behavioureof th
metal foam structure Alporas under high-strain rate loading. Stressrstesponse of Al-
poras specimens is measured during an impact test using a drop tepetiment. Strain of
the specimens is evaluated by two independent approaches: i) douhéinal integration

of acceleration data and ii) digital image correlation technique. Thus, erpental setup

is equipped with triaxial accelerometer and high speed camera. Resuttiegssstrain
curves are compared with behaviour of polystyrene material samptdgstyrene material

is commonly used as a shock absorber) obtained from the same testirgipreand with
stress-strain function determined from Alporas quasi-static compresstinge
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1 Introduction

Aluminium metal foams are highly porous structures with unique material piepsuch as ability to absorb
significant amount of deformation energy in combination with their very lowifipeveights. This capability
of the metal foams is promising for using them as the impact bearing compongftimcollision protection
(bumpers, helmets [1] etc.). Description of deformation behaviour of audlaterial under high-strain rate
loading is necessary for design of shock absorbers [2] as wellrass foumerical modelling. Stress-strain
curve measured with various strain-rates are commonly taken as inputrte defterial model [3] in explicit
FE codes (e.q. Fu-Chang material model formulation).

2 Materials and methods
2.1 Sample preparation

Two types of energy absorbing materials were used for testing: cladkahaminium foam Alporas (Shinko
Wire Ltd., Japan) with the mass density 2615 kgnT3 and extruded polystyrene EPS 200 S with mass
density approximately 30 kgni. Cuboid samples of Alporas and polystyrene with the same dimensions
(60x60 mm in plane and 50 mm in thickness) were cut from a slab and front secbfsample was sprayed
with a granite sputter to obtain non-reflective and contrast surface kuit@bperforming digital image
correlation (DIC). Prepared samples for impact testing are shown in Héit. 1
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2.2 Impact tests using a drop tower

Impact tests were carried out using a custom-designed drop toweri¢seleright). The device enables to
vary impact energies by selecting initial height (maximal height up to 1750 mchjreass of the impactor.
The impactor is placed into a cage guided with three sliding bearings on thieelmpactor consists of
selected weight and triaxial accelerometer (EGCS3, Measurement pecldSA) located in its upper part
with 4+ 1000 g measuring range. Accelerometer data are recorded using amalbgiodule (NI 9234, Na-
tional instruments, USA) with 51.2 kS$ maximum sampling rate. High speed camera (NX3, Integrated

sledge

impactor equipped by
three-axis accelerometer

rail
specimen

high-speed camera

high-intensity LED

Figure 1: Alporas (top left) and polystyrene (bottom left) samples prejgarethe impact test; drop tower
with high-speed camera and LED lights (right).

Design Tools, Inc., USA) was used to capture a deformation of the samplegdmpact test for conse-
guent strain evaluation using DIC technique. Maximal rate 2.500 fps with: 2824 pixel resolution can
be increased by reducing of region of the interest (ROI). Quality of im#éged further strain evaluation) is
strongly dependent on proper illumination. A couple of the high intensity LER$igConstellation 60, Ver-
itas, USA) was employed to obtain suitable illumination of the scene. Image dataeasiired acceleration
are synchronised by using an induction sensor (IPS-18, IBESTiekctChina).

Specimens were fixed on the bottom compression plate to avoid any possildadlipe impactor was
positioned to a defined distance from the top of the sample to achieve theegequpact velocity. Set of
tests with three different impact velocities were performed for both typ&seafample. Parameters of these
tests are summarised in Tab. 1.

Table 1. Parameters of impact tests using drop tower
sample type num. of tests impactor mass [g] impact veloeity '] strain rate 1]

3 4.32 86.4
Alporas 3 6030 5.27 105.4
3 5.86 117.2

3 2.80 56.0

polystyrene 3 6504 3.13 62.6
3 6030 3.43 68.6
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3 Results and discussion

Primary experimental data were acceleration-time dependencies of the impagt®a shows comparison

of measured acceleration of Alporas and polystyrene sample. Impacvtédporas and polystyrene could

no be performed at the same impact velocity because of low impact enesgyptibn of a polystyrene.
Velocity higher than maximal, =3.43ms ! used for polystyrene sample could cause complete deformation
(destruction) of the sample and contact between impactor and the bottom glasé& 6f overloading of

the accelerometer and its damage). As it can be seen from graph the $Aipetal foam is able to absorb
high portion of impact energy in comparison with polystyrene, howeveraticeleration peak and rate are
significantly higher. As was mentioned above the material's stress-straiaschave been evaluated using
two approaches. The first approach was based on double numetggpkition of acceleration data according
to:

g - LU at) "

wherea(t) is measured time dependent acceleration/argithe original sample height. Engineering stress
was computed as

ma
Oeng = 7 (2)

wherem is the impactor mass and is the sample cross-sectional area. The true stress-strain curves were
calculated from the engineering stress-strain curves and fitted by poighfunction to eliminate measured
noise. Different deformation behaviour were observed for metal faathpolystyrene materials. Defor-
mation of Alporas is described with three deformation stages (linear elastistazd plastic flow and rapid
hardening caused by final densification). Due to relatively small impdoti which was limited by the
drop tower height, the hardening stage could not be observed in expésimehe short linear stage was
followed by a long flow plateau as is illustrated in Figure 2a and 2b. In cdnttespolystyrene is charac-
terised by initial linear-elastic response followed with slowly hardening stesse (Figure 2 a and 2d). As
it was expected, with the higher strain rate the stress values of the flowptHtdae metal foam are slightly
increased as is illustrated in Figure 2a whereas polystyrene flow plateaeissitive to strain rate changes
(see Figure 2d).

In addition to dynamic loading of metal foam, two samples were quasi-staticallgdoiadobtain uni-
axial compression stress-strain curves. Custom compression setugedfor strain evaluation using both
methods i.e., DIC and a platen movement (see result in Fig. 2b). As it is shodetailed view in Fig.
2c, the stress-strain curves of the quasi-static test evaluated by DIf@latad movement were significantly
different particularly in a linear part where the elastic modulagc ~1.2 GPa andv;.ten ~0.15 GPa were
determined. Elastic modulus evaluated by double integration of acceleratmmvda calculated also very
low (Egynamic ~0.16 GPa) in comparison with quasi-static DIC test (nature of the strain éaalifeom
double integration is similar to strain evaluation from platen movement as in cdaBe giasi-static test).
Underestimation of elastic modulus can be caused by boundary condititifec{a on ends of the sample,
improper contact between the sample and the platen etc.). Thus, the elgséidipsoof metal foam structure
should be determined only by DIC method.

The second evaluation of stress-strain curves was based on sammmatedn tracking in acquired
images using DIC toolkit [4] based on Lucas-Kanade algorithm [5] implendenti®latlab toolkit. The basic
principle of DIC is tracking of the selected points (or pixels) between two iméggerence and deformed
subset) recorded during the deformation process (see Fig. 3) aludtéma of the similarity degree based
on a normalised cross-correlation (NCC). Strain evaluation in case d¢éstsrconsists of four main steps: i)
selecting two rows of markers in an image of the intact state of the sample (se®;FHiytracking markers
position through image sequences; iii) distance calculation between top #ochhmairs (in vertical line)
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Figure 2: Measured acceleration and calculated stress-strain camezade curve of 3 measurements for
each impact velocity) based on an impactor movement for (b and c¢) Algolaslystyrene. Detailed view
(c) shows initial elastic part of the metal foam sample.

of markers in each deformed image and iv) strain evaluation based on kGsampaf calculated distance
(average from all pairs) through all deformation states and the initial one.

Figure 3: Deformation propagation in the metal foam sample during impact tesal state with rows of
correlation markers is shown in the first subfigure.

Strain evaluation was performed using images captured by IDT NX3 higegspamera with maximal
3280 fps rate limited by the size of the ROI. Graph in Fig. 4a shows that maxangllgg rate can not be
able to capture sufficient number of frames in a linear part of stress-stnve. Thus, full elastic and yielding
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phase were described by only one point which leads to inability to reliablyrdite elastic properties as
well as yield point from the stress-strain curve. On the other hand, pflstiés relatively slow process and
could be plotted with sufficient accuracy.
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Figure 4: Calculated stress-strain curves (average curve of 3 neeasuis for each impact velocity) based
on DIC method (a and c) Alporas, (b) polystyrene at various impactdspe8tress-strain curve (c) was
calculated based on images captured with 10.000 fps sampling rate.

In contrast, it was possible to perform one drop test with a high-enddpgled camera (FASTCAM SA5,
Photron, Japan) which allows to sample images with 10.000 fps rate (apptekirBa larger than in case
of IDT NX3) with sufficient ROI. Larger sampling rate obviously leads to enprecise description of the
linear phase of the stress-strain curve (see Fig. 4 c) and evaluatgéd madulus Ep;c =0.951 GPa) was
relatively close to the value obtained from quasi-static tests.

4 Conclusions

In this work the characteristics of metal foam and polystyrene samples biglestrain rate loading were
investigated. True stress-strain curves were calculated using twoaayes (i) double integration of mea-
sured acceleration and (ii) using DIC technique. Elastic properties ottioma double integration approach
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were significantly lower (reasons have been discussed above).vidwiee plastic flow was reliably mea-
sured by this technique. For reliable assessment of elasto-plastic feefke DIC should be preferred for
strain evaluation because this method is insensitive to improper boundaiijians. Although image data
were captured by high-speed camera the maximal sampling rate (3280dpsinable to capture sufficient
number of images in elastic region of the stress-strain diagram. Thus,r®odptermination of elastic prop-
erties it is necessary to use a camera with frame rate higher than 10.0@f fps{rain rate similar as in our
tests). Stress-strain curves evaluated from images with lower fps caselidar description of flow plateau
only. Despite the fact that elastic properties were not accurately melasieestress-strain functions can be
used for further analysis (e.q. numerical modelling) because elasticgralie replaced by the stress-strain
curve taken from quasi-static testing. There is no reason to assume tledddtie properties are strain-rate
dependent.
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