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Highlights:

e The mechanical properties of XPS and EPP depend strongly on the foam density
e XPS and EPP are found to be strain-rate sensitive even at low strain rates

e XPS absorbs more energy than EPP in quasi-static indentation tests

e The core material is found to be of less importance in dynamic tests

e The foam density in an efficient energy absorber should be as low as possible
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Abstract

Energy absorbing systems are extensively used in the automotive industry to ensure.crashworthiness. Such crash
components could typically consist of a sandwich structure with thin ductile plates as skins and a cellular foam
as core to dissipate the kinetic energy. In a previous study, the quasi-static behaviour of two polymeric foam
types with different densities, namely extruded polystyrene (XPS) and expanded polypropylene (EPP), used as
core material in typical crash components was examined. The investigation involved a large number of
compression tests of the core materials loaded in different material directions and indentation tests on sandwich
structures in different configurations. In the present study, low=velocity impact tests are conducted in a drop
tower on the same target configurations consisting of 0.8 mm thick skins of Docol 600DL steel and the various
foams as core. During testing, the dropped mass was kept constant at approximately 15 kg, while the impact
velocity varied between 5 and 10 m/s. The impact force was registered by the instrumented striker of the drop
tower, and these measurements were used.to"obtain the displacement of the striker and the energy absorption of
the different crash components. In addition, high-speed cameras and 3D-DIC were used to measure the out-of-
plane displacement of the back skin. The presented results indicate that to minimise the weight and at the same
time maximize the energy abserption of the crash component, a low density foam should be used as core
material. It is also shown™that by-proper design, it is possible to optimize the protection level of such
components, at least within'a given velocity range.

Keywords: Sandwich structures; Material tests; Impact tests; Energy absorption

1. Introduction

In the automotive industry, energy-absorbing systems have become ever more important

to ensure protection of the car body and the passengers during a crash event [1]. In the pursuit
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of new innovative designs and materials, often driven by the prospect of weight reduction,
research in this field is evolving rapidly [2]. Among such energy-absorbing systems are crash
pads located inside the vehicle to improve the passengers’ survivability, special designs for
pedestrian safety, and bumper-beam systems with crash boxes for increased crashworthiness.
A sandwich structure with a core material inserted between two skins could be part of such a
system. Here, the core is typically a light and soft cellular foam that absorbs energy by
crushing. Foams are also found inside other structural elements for passive safety.in a car
body [3], and sometimes foams are intended to absorb energy without any outer skin‘ar casing
[4]. In either case, many factors need to be considered in the design of an energy absorber.
The dissipation should be as high as possible, which can be achieved through:high forces or
large displacements of the component, but the transferred loads should:not be too high for
both passenger safety and structural integrity. In addition, there might be limitations on the
maximum displacement of the crash component. It would.he“favourable if the load can be
kept constant at a low level, while at the same time abserb considerable amounts of energy
through crushing of the component.

Cellular materials such as honeycombs and foams have excellent characteristics as
energy absorbers due to their ability to deform over a long stroke at an almost constant load
[5]. The characteristics of these materials.are, governed by the topology of the cell structure
and the intrinsic properties of the cell-wall-material, where the topology defines how the
constituent material is packed in“space to form a porous structure. While honeycombs have a
periodic topology, foams are in‘general stochastic. Polymeric foams have been particularly
attractive because of theirylow weight, excellent energy absorbing capability, insulation
properties, easy production, low price and design flexibility. Nowadays, they are used in
many applications, ,Such as protective materials including packaging and head protective
systems, and'in a multitude of aerospace, marine and automotive components [6]-[8]. A large
number /0f polymeric foams are available, and their microstructures depend on the base
material ‘and-the production process that influence the density as well as the thermal and
mechanical properties.

Foams are generally classified into open or closed cell foams. Despite the many
variations, the typical mechanical compressive response of most polymeric foams contains
three phases of deformation [9]. The first phase is the linear elastic region that is governed by
the reversible bending or distortion of the cell walls during small deformations [10]. The
second phase is the plateau region with large deformations that occur at modestly increasing

stress levels and is primarily related to buckling of the cell walls. This phase is the attractive



feature for energy absorption, i.e., the ability to withstand large deformations at an
approximately constant stress level. The third phase is the densification region that begins
when the cell walls interact with each other, even before all voids have collapsed, and this
causes the stress to rise rapidly. Theoretically, the densification strain is defined as when zero
void ratio is reached [10]. However, the meaning of this term varies in the literature and is
sometimes taken as the strain at the onset of the densification region, i.e., when the cell walls
start to interact with each other [11]. Important properties of foams include low. relative
density (< 0.3) and high specific energy absorption, where the absorbed energyper unit
volume is approximated by the area beneath the stress-strain curve [9]. Tn/general, the
mechanical properties of foams have been found to depend strongly on-<the density; e.g. the
elastic modulus and plateau stress will increase, while the densification'strain will decrease,
with increasing density [9][12]. The constitutive behaviour of most polymeric foams is both
strain-rate and temperature dependent [13], and a comprehensive review on the dynamic
compressive behaviour of cellular materials was recently published by Sun and Li [14].
Another feature that has received some attention lately i1s the anisotropic behaviour of
polymeric foams [15][16]. Although the structural anisotropy is believed important in order to
tailor the mechanical properties of foams, few investigations have analysed this in any detail.

A sandwich panel used for energy absorption typically consists of two sheets attached to
a deformable core [17]. The idea is_that the'core will absorb energy during the impact event,
and as a result, lower the impulse,transferred to the surrounding structure. A distinction is
often made between a sacrificial cladding (i.e., a sandwich panel that is fixed to an existing
structure) and a sandwich structure where the rear side is free to deform [18]. The application
usually governs the choice of skin and core material. Aluminium [19][20], steel [21][22], and
glass-fibre-reinfarced- polymer (GFRP) [23][24] sheets have all been used in combination
with various' cores, Some authors have tried to investigate the influence of the foam core
density in a systematic manner [25][26], while others have played with the idea of designing
foam components with graded density according to where compressive strength is needed
[27]-[29]. These studies have shown that the core material and density are important design
parameters, and that the performance can be optimized with a proper choice of material. They
also show that it is not straightforward to optimize such components experimentally, and that
both extended experimental databases and accurate material models for numerical simulation
are needed to improve the optimization process.

From the literature, it is clear that a myriad of different foam and skin materials that can

be combined to create a sandwich panel exist. In the present experimental investigation, we
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wanted to reveal the energy absorbing capability of two different polymeric foams (XPS and
EPP) used as core material in a crash component in a systematic manner. XPS is mainly used
as an insulation material, while EPP is typically applied for energy absorption. Both the base
material and the production method differ significantly between the two foams. Three
different densities have been tested for each foam type. To characterize the foams, a large
number of compression tests were conducted on specimens loaded in different material
directions at both quasi-static and elevated strain rates. Then, quasi-static and dynamic impact
tests on sandwich structures were performed. While the quasi-static tests have beenureported
in a recent publication by Reyes and Bgrvik [30], this paper focuses on the dynamic response
of the same materials and components. The sandwich panels applied in<the dynamic impact
tests consisted of 50 mm thick polymeric foam cores and skins of 0.8-mm.thick Docol 600DL
steel plates. Components without the front skin were also tested to investigate the effect of
covering the core. The tests were conducted in a drop towerwith'a constant mass of about 15
kg, while the impact velocity was varied between 5-and 10 m/s. The impact force was
registered by the instrumented striker of the drop tower,.while high-speed cameras and 3D-
DIC were used to measure the out-of-plane displacement of the back skin. Within the
experimental limitations of this study, it seems clear that in order to minimise the weight and
at the same time maximize the energy abserption-of the crash component, a low-density foam
should be used as core material. We.also found that the energy absorption and the back-skin
displacement during crushing depend on the impact velocity range, in addition to the core

material and density.

2. Materials

2.1 Skin-and core/materials

The skins of the crash components are made of 0.8 mm thick plates of the dual-phase
steel'Docol 600DL. This material is frequently used in car safety components, and the plates
were produced and delivered by Swedish Steel AB (SSAB). Nominal values for the yield
stress is between 280 and 360 MPa, while the tensile strength varies between 600 and 700
MPa. Due to the nominal density of steel, it cannot be defined as a lightweight material, and
the areal weight of the crash components could have been significantly reduced by selecting a
lighter material. However, we decided to use Docol 600DL to avoid fracture in the component

during impact as both its strength and ductility are high compared to most light alloys.
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Two types of polymeric foam with a nominal thickness of 50 mm and three different
densities are considered as core material. The first foam is extruded polystyrene (XPS) from
Sundolitt [31]. XPS is a closed-cell foam based on the monomer styrene having a typical
density range of about 28-45 kg/m®, high relative strength, low thermal conductivity, and is
mainly utilized as thermal insulation. Continuous foam plates are produced by an extrusion
process where molten beads of polystyrene is mixed with a blowing agent and other additives
before it is extruded through a flat nozzle, which gives the plates their desired profile and
thickness. Three different nominal densities of XPS have been investigated here; namely 30,
35 and 45 kg/m®, called XPS-250, XPS-400 and XPS-700, respectively. The digits in the
names indicate the plateau stress of the material in kPa. The XPS foams were delivered as
plates with nominal dimensions 1185 mm x 585 mm x 50 mm. The-second core material is
expanded polypropylene (EPP) from ARPRO [32]. EPP is an addition thermoplastic polymer
made from the monomer propylene with a density range from 20t6'200 kg/m®. EPP has many
of the same beneficial properties as XPS, but in contrastito XRS, which is rather friable and
may break upon impact, EPP foams are known to_be able to absorb kinetic energy without
fracturing. Thus, EPP is often used in safety components related to crashworthiness by the
automotive industry (e.g. interior crash padsdor head/knee protection and bumper cores). EPP
is made of pellets produced by a foamed, polypropylene. After various pre-treatments, the
foam products are created by steam.chest moulding of the pellets. Three types of EPP have
been applied in this study: EPP-5122, EPP-5130 and EPP-5170 with nominal densities of 30,
50 and 100 kg/m®, respectively. Here the two last digits in the name indicate the bulk density
(in kg/m®) of the beads.<The EPP foam with the lowest density (30 kg/m®) was delivered as
plates cut from a block of material with nominal dimensions 1200 mm x 800 mm x 180 mm,
while the two other EPP foams were delivered as plates with nominal dimensions 2000 mm x
1000 mm x 50 mm,

Nominal ‘mechanical properties of both XPS and EPP are provided in Table 1. SEM
images ofithe’foams revealed that the microstructure of XPS and EPP in this study is similar,
but the cell size seems to be somewhat smaller for the latter [30].

2.2 Material tests and results

Material tests on similar Docol 600DL plates have previously been carried out by e.g.
Rakvag et al. [33] and Holmen et al. [34]. In the quasi-static setup, triplicate tests were

performed in three different in-plane directions with respect to the rolling direction of the



plate. The crosshead velocity of the universal test machine was 2.0 mm/min in all tests, giving
an initial strain rate of 5x10™ s in the gauge area of the specimen. During testing, the force

was measured by a load cell, while the displacement of the specimen was measured by both
an extensometer and 2D-DIC. The dynamic material tests were carried out in a split-
Hopkinson tensile bar (SHTB). Force-elongation curves and true stress-plastic strain curves
until necking in different material directions from quasi-static tensile tests on the steel skins
used in this study can be found in [30]. These tests revealed that the skin material can be
considered isotropic with a small variation in elongation to failure, while the dynamie.tensile
tests showed that this steel alloy is only moderately strain-rate sensitive.

Uniaxial compression tests of the polymer foams were performed on cubic specimens
with edge lengths of 50 mm under displacement control in an-Instron universal testing
machine. The mechanical response of the different foams were realized through three test
series, and all tests were repeated five times. In Series 1,4the anisotropy of the foams was
revealed by conducting compression tests on cubes loaded,in the thickness (normal) direction
(ND), the longitudinal direction (LD) and the transverse.direction (TD) of the plates. The

crosshead velocity of the test machine was 3.0 mm/min-in these tests, giving an initial strain

rate of 1x107° s™*. In Series 2, the inherent ‘surface layers due to the production process were
removed on some of the foams to check if-this'affected the overall mechanical response of the
material. Also these test were conducted at a strain rate of 1x10° s™. In Series 3, the strain-

rate sensitivity of the foams was partly‘explored by rerunning all tests in ND at higher loading

rates. The crosshead velocity of the test machine in these tests was increased to 30 mm/min
and 300 mm/min, giving strain rates of 1x107s™ and 1x10™s™, respectively. Although

these strain rates‘are’lower than those found in typical impact events, they give an idea about
the materials’ sensitivity to increased loading rates. The complete test matrix for the foam
compression tests s given in Table 1.

Priorto.testing, each sample was given an identification number before being carefully
measured and weighed. The densities were determined from these measurements and they are
given in Table 2. During testing, the specimens were compressed between two hardened steel
platens. The load was registered with a calibrated load cell, while the displacement was
measured both by the stroke of the test machine and edge tracing of the rigid platens using a
predefined vector in the DIC-code eCorr v4.0 [35]. Based on these measurements,
engineering and true stress-strain curves were established. Note that Poisson’s ratio was

considered negligible in the calculation of the true stresses. All tests were automatically



stopped when the force reached approximately 5 kN. Pictures for both local and global 2D-
DIC analyses were provided, and a fine-graded speckle pattern was applied to the foam
samples before testing to get an increased contrast for the displacement- and strain-field
measurements.

Experimental results in terms of true stress-strain curves from Series 1 and 2 are
presented in [30], but some of the main findings are included in the following for
completeness. All samples showed typical closed-cell foam behaviour [9], i.e., a linear elastic
region, a plateau region with large deformations, and finally a densification region where the

cells become more and more compacted. Table 2 displays the mean values:wof density p,

elastic modulus E, yield stress &, plateau stress o, and densification strain &, for the tests in

ND at a strain rate of 1x107°s™. Here, E is calculated from theinear elastic region of the

stress-strain curve, o, is taken as the mean stress in the(interval”between 0.2 and 0.4
compressive strain, while o, and ¢, are obtained by a best fit to a crushable foam model from

the literature (see [36] for details).

Some main conclusions were drawn fromthe quasi-static compression tests. First, the
scatter between parallel tests was in general small. Second, the anisotropy of the foams
seemed modest, especially for EPP, and.that they may be considered isotropic for most
engineering applications. Third, the elastic modulus, the yield stress and the plateau stress all
display a distinct increase with foam density, which is in accordance with the general
behaviour of cellular materials [9].)On the other hand, the densification strain for XPS was
rather constant and independent’of density, while it decreased with increasing density for
EPP. Bear in mind that the density range for the EPP foams is much larger than for the XPS
foams considered here. For the same density, XPS foams were found to be significantly stiffer
and stronger than corresponding EPP foams (see Table 2). All the tested materials exhibits
some strain hardening, leading to a plateau stress that increases with compressive strain.
Finally, remoeving the surface layers of the foam samples did not seem to have any major
influence’on the global mechanical response of the foams investigated in this study.

True stress-strain curves for XPS and EPP in ND at different strain rates are shown in
Figure 1. Since the scatter between parallel tests also in this series was found to be small, only
a typical curve is shown. A clear increase in the yield and plateau stress is seen with
increasing strain rate, while the effect on the elastic modulus is less distinct. As an example, at

a true strain of 0.25 the true stress is increased by roughly 50% when the strain rate is



increased by two decades (i.e., from 1x10°s™ to 1x10"s™) for XPS-400-ND. Another

observation from this figure is that while the densification strain for XPS seems to be in the
same range, rather independent of density and strain rate, a distinct difference is seen for EPP.
Again, one has to keep in mind that the density range of the EPP foams is much larger than
for the XPS foams considered. In any case, it seems safe to state that both XPS and EPP are
strain-rate sensitive.

When foams are compressed, zones of highly compacted material surrounded. by regions
with lower strains will form due to the porous structure. As the compression-increases, the
localised areas extend and propagate outwards [17]. Typical strain fields<of both XPS and
EPP foams were established using the DIC-code eCorr [35], and can‘be found in [30] and
[37]. These fields revealed a distinct difference in the deformation/mode for the two types of
foam when crushed, even though the global stress-strain response ‘looks similar. Both foams
displayed strain localization with insignificant elongation in the transverse direction,
indicating a negligible Poisson’s ratio in the plastic' domain. However, while the strain
localization in XPS was found to start in a sharp~band.and expand outwards, the strain
localization in EPP seemed to appear randomly distributed over the height of the sample. The
behaviour was similar for both foam types ‘at,elevated strain rates. This local response may
explain why EPP foams strain harden moresin the plateau region than XPS foams. Since XPS
foams are extruded, the density will'vary over the thickness, and it is often found to be lower
in the centre of the material [38}{39].. To examine this for the tested foams, five cubes of each
XPS foam density were sliced into five layers of 50 mm x 50 mm x 10 mm, in both ND and
LD, before they were weighed and measured. Based on these measurements, the density
variation over the thickness and along the length of the plates could be estimated. Figure 2 a)
shows the five layers of a sliced cube, while Figure 2 b) displays the estimated density
variation over the thickness. The density is significantly lower in the centre of the plate than at
the boundaries, especially for XPS-250 and XPS-400. For XPS-700, the density variation over
the thickness was lower, but still has a local minimum in the centre. A density variation along
LD was also seen, but this was markedly lower than in ND. It is also noteworthy that the
strain localization in XPS-700 occurred in bands closer to the surface layers [37] than in the
lower density foams where it always took place in the middle [30]. From these results, we
conclude that local variations occur between different foam types, even though the global
stress-strain response is rather similar. It is also safe to assume a negligible Poisson ratio in

the plastic domain for all foams applied.



3. Component tests

3.1 Experimental setups

Both quasi-static and dynamic tests on the different target configurations were carried out
to reveal the response during impact loading. The skins were the same in all components,
while the core material and density varied. Further, the thickness of the skins and'the core was
kept constant at 0.8 mm and 50 mm, respectively, whereas the in-plane dimensions were
taken as 400 mm x 400 mm in all tests. The different target configurations tested were: 1)
sandwich structure, i.e., the target consisted of front and back steel skins with the various
polymeric foams described in Section 2 as core, 2) core and back skin, i.e., the target was
similar to those in configuration 1, but without the front skin, and 3) skins only, i.e., the target
consisted of one or two steel skins without the core. Pictures of the various target
configurations in the quasi-static setup are shown in_Figure 3, while Figure 4 shows a sketch
of the dynamic setup.

In the tests, the square components were bolted to a rigid frame having a circular hole
with diameter equal to 300 mm. Clamping was provided by 12 equidistant M12 bolts that
fixed the target to the test rig (Eigure 3)- Each bolt was tightened to 2 Nm using an
instrumented torque wrench to aveid damage to the rather soft cores. No clamping ring was
used on top of the front skin“in-any of the tests for the same reason. In all tests, the out-of-
plane deflection of the back skin was measured by 3D-DIC. The same frame and impactor
nose (Figure 4b) wasused in both the quasi-static and dynamic tests. The impactor nose was
originally designed.toimitate an idealised knee during a crash situation [40], and was
therefore found ideal to reveal the energy absorbing capabilities of the various configurations
during impact. Prior to testing, the foam cores were measured and weighed to determine the
density, and.the underside of the back skin facing the cameras was spray-painted with a black
and white speckle pattern for the 3D-DIC measurements.

Twenty quasi-static component tests were conducted under displacement control in the
same Instron universal testing machine equipped with the same load cell as used in the
material tests [30]. In these tests, the loading was stopped at a stroke of 50 mm for the
sandwich components, immediately after the first fracture in the foam for the tests without the
front skin, or at a force of 95 kN for the skins only. The crosshead velocity during testing was

also the same as in the quasi-static material tests, i.e., 3 mm/min. The tests were instrumented
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by three Prosilica GC2450 cameras synchronized with the load measurements at a frame rate
of 0.5 Hz. Two of the cameras were used to measure the out-of-plane deflection of the back
skin by 3D-DIC, while the last camera was applied for point-tracking of the impactor
displacement. Camera calibration is required for 3D-DIC in eCorr [35]. This was
accomplished by photographing a cylinder covered by a checkerboard pattern with known
geometry before and after testing. After calibration, the standard deviation of the error in the
calculated 3D model was less than a tenth of a millimetre when compared to_the exact
geometry (see e.g. [41] for details). Although the quasi-static component tests have been
discussed in a previous publication [30], the main results from this study arepresented in
Section 3.2 for completeness.

Dynamic impact tests were performed on the same target configurations as used in the

quasi-static tests at nominal striking velocities v, of 5, 7 and 10,m/s. In these tests, an Instron

CEAST 9350 drop tower, capable of imparting a maximum Kinetic energy of 1800 J, was
used. The experimental setup is illustrated in Figure, 4. In these tests, the standard
instrumented striker and striker-holder having masses of 1.435 kg and 4.300 kg, respectively,

were used. By including the impactor nose with a mass of 1.660 kg and 7.5 kg additional

weights, a total impacting mass m, of 14.895 kg was achieved. The drop tower permits

velocities ranging from 0 to 15.5 m/s for masses of approximately 15 kg [42]. The striker was
connected to a calibrated load cell located approximately 220 mm from the tip of the impactor
nose. This load cell measured the foree-at discrete points in time with a temporal resolution of
500 kHz. The measurement duration was 0.04 s for all tests, giving 20,000 data points from
each test. The exact striking velocity was measured by a photocell system just prior to impact.

Two synchronised Phantom v1610 high-speed cameras with a resolution of 1280 x 800
pixels and a frame rate.of 16,000 frames per second were placed below the target (Figure 4a),
and used for.3D-DIC measurements by eCorr [35] to obtain the out-of-plane displacement
field of the back skin. From these measurements, the displacement field at the back skin
surface,as a function of impact force during the experiment was obtained. The accuracy of the
dynamic 3D-DIC measurements has been proven in e.g. [41].

Based on the load-cell measurements, the following numerical integration scheme was

performed to determine the velocities and displacements from the tests [34]

2m

p

Vo, =V, _(M_ gJAt, W, =W + (MJA': (1)
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Here Vv is the velocity, W is the out-of-plane displacement of the striker, F is the resisting

force from the target on the impactor nose, m, is the total impacting mass, g=9.81m/s* is

the gravitational acceleration, and At is the sampling time. Subscripts n+1 and n denote
current and previous values, respectively. Since the load cell is not located at the tip of the
impactor nose, the mass below the strain gauge must be accounted for in order to find the
resisting force from the structure on the impactor. By using dynamic equilibrium, the equation

for the resisting force F as a function of the measured force P can be found as{43]
F= [1+ ﬂ] P @)

where m, is the mass above the load cell, m, is the mass<below the load cell, and
m, =m, +m, is the total impacting mass. Note that the mass of the striker under the load cell
is estimated to 0.492 kg [42]. Thus, with the experimental setup used herein m, =12.743 kg,

m, =2.152 kg and m,/m, ~0.169. Consequently, the resisting force is 16.9% higher than

the measured force.

In total 36 dynamic component tests were carried out using this experimental setup and
the main results from the impact. tests are presented in Section 3.3. Note that some of the
configurations using EPP<as core-material were not tested with the highest impact velocity
due to severe springback of the impactor that potentially could damage the experimental
setup.

3.2 Experimental results — quasi-static tests

Experimental data in terms of energy absorption versus stroke displacement from the
quasi<static tests can be found in [30] in terms of work W at different levels of striker
displacement. Failure in the foam core was not observed in any of the tests for configuration
1, i.e., when the foam core was covered by the front skin. Parallel tests were carried out for
some of the configurations, and the scatter was modest. Measured force-displacement curves,
displacement profiles of the back skin from 3D-DIC measurements at a stroke of 50 mm,

together with pictures of some typical foam cores and skins after testing are also given in [30].
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The force level was found, as expected, to increase monotonically with foam density for
the same displacement and core material during the quasi-static indentation tests.
Furthermore, XPS-700 absorbed the most energy in configuration 1, even though EPP-5170 is
more than twice as dense. In general, XPS foams absorbed roughly twice as much energy as
EPP foams with similar density at the same displacement. This is related to the higher
stiffness and strength of the XPS foams compared to the EPP foams with similar density
(Table 2). In configuration 2, however, XPS foams fractured before EPP foams, and EPP-
5170 absorbed the most energy at large displacements. This behaviour was further indicated
by the measured out-of-plane displacement profiles. These profiles showed that' large forces
(associated with high energy absorption) resulted in large displacements ofithe back skin
during quasi-static loading. While a foam core of XPS-700-resulted in the largest
displacements in configuration 1, EPP-5170 resulted in the'largest displacements in
configuration 2. Another difference in response between thetwofoams in configuration 2 was
the fracture mode. For XPS the fracture grew almost vertically along the sides of the impactor
in a rather brittle manner, while for EPP the fracture developed more diagonally away from
the impactor, spreading the applied force over.a larger area of the back skin. It was also
confirmed that the sandwich structure in configuration 1 absorbed much more energy than the
foam cores without the front skin in cenfiguration 2 for the same displacement. This is
probably due to membrane stretching.of theyfront skin and a better load distribution over the
core at large deformations.

For the skins only, i.e.;“configuration 3, a complex buckling process took place in the
sheets [30], and the load ‘was mainly carried by membrane stretching. The out-of-plane
displacement profilesitook the form of the impactor, so it was clear that the nose-shape of the
impactor affected,the-results. At a displacement of around 40 mm, the single skin started to
fail at the support. Such failure was not observed for the double skins, but the boltholes were
clearly elongated:"From the 3D-DIC measurements, the calculated strain fields confirmed that
the strains.in-the centre of the back skin were small (typically less than 5%), but much higher
(moresthan 50%) at the boundary. The buckling of the steel sheets around the rim could have
been better controlled by a fully clamped boundary, but such boundary conditions are unlikely
for this type of energy absorbers. In that sense, the applied boundary conditions are more

realistic.
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3.3 Experimental results — dynamic tests

The dynamic test results are given in Table 3 in terms of impact velocity (v, ), maximum
displacement of the striker (w,,), maximum displacement of the back skin (w,), maximum

resisting force (F,), impact time (t,), total impulse (i) and total work (W,). The total

impulse and total work were obtained as
t; W,
i =[Fdt, W, =] Fdw 3)
0 0

where F is the resisting force, t is the impact time and w is the displacement of the striker.
Figure 5 to Figure 7 provide resistance force-displacement curves,from all the component
tests, including the quasi-static tests. The quasi-static curves follow as seen the dynamic
curves, but a clear dynamic effect in terms of an increased, force at the same displacement is
in general observed.

From the experimental data one can see thatsmost variables (the maximum displacement
of the striker, the maximum resisting force, the total impulse and the total work) increases
significantly with impact velocity for all configurations. The exception is the impact time that
stays rather constant or reduces withyimpact velocity. This might be due to an increased
elastic rebound with impact velocity, especially for the EPP foams. The maximum resisting
force is found in the skins-only, i.e., configuration 3, for all impact velocities. Furthermore,
the force level is as expectedthigher and the indentation of the striker lower in configuration 1
than in configuration 2.For low impact velocities, the resisting force is higher in XPS foams
than in EPP foams with similar density, but this seems to change as the impact velocity
becomes high. This is illustrated in Figure 8, where both the resisting force and the total work
is plotted versus impact velocity for configuration 1 and 2. The significant density and
strength differences between the materials should, however, be kept in mind. It is also
interesting to observe that the energy absorption is somewhat similar for all configurations at
constant velocity, and shows an almost linear increase with impact velocity within the
limitations of this study. It is thus understood that a low resisting force gives a large striker
displacement for the same impact velocity and vice versa, as confirmed by the data in Table 3.

However, at the highest impact velocities XPS foams seem to absorb more energy than EPP
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foams. The energy absorption is always higher in configuration 2 than in configuration 1 for
the XPS foams, but this is not necessarily true for the EPP foams.

Pictures of some typical foam cores after impact are presented in Figure 9 for XPS and in
Figure 10 for EPP. The overall conclusion based on visual inspection is that failure did not
occur in any of the foam cores when covered by the front skin, i.e., when used in
configuration 1. On the other hand, failure always occurred when the front skin was absent,
i.e., when used in configuration 2, and more so for the XPS foams. Consequently,failure in
the foam core cannot be responsible for the observed difference in force level and, energy
absorption for the various foams in configuration 1. Figure 10 also shows™ awpicture of the
skins only, i.e., configuration 3, after an impact of 10 m/s. Even though-much'deformed, they
are not as damaged as the skins after the quasi-static tests (see [30]). In addition, when the
skins are used in combination with a foam core (configuration,1‘and 2), they are much less
deformed.

Out-of-plane displacement profiles of the back skin at \maximum striker indentation

based on 3D-DIC measurements for configuration.1 and 2 are shown in Figure 11, while

Table 3 provides the maximum displacement W;., Notéejthat the maximum displacement does

not necessarily occur in the centre of the skinxProfiles for configuration 3, i.e., skins only, are
not shown for brevity. It is now possible“te.estimate the foam compression using the data

presented in Table 3 by simply subtracting the maximum back-skin displacement w, from the

maximum striker displacement W, ,%i.e., W, =W_—W,, and the results are plotted in Figure

12.

Figure 11 shows.that the structural response is not as intuitive as for the quasi-static tests.
For configuration”1,at ‘an impact velocity of 5 m/s, one can e.g. see that the maximum
displacement/is larger for EPP-5130 than for EPP-5170. Keep in mind that the density is
twice as highwhile the stiffness and strength are three times higher in the latter (see Table 2).
This results in'a higher energy absorption in EPP-5130, albeit the resisting force is higher in
EPP-5170; as shown in Table 3. A similar behaviour is observed for some of the XPS cores.
The stiffer XPS cores cause in general larger maximum displacements than the EPP cores, but
for configuration 2 at an impact velocity of 7 m/s, the situation is different. Here the lowest
density foam, i.e., EPP-5122, results in the largest displacements of the back skin. This may
be caused by complete compaction of the low-strength core, which is partly confirmed at an
impact velocity of 10 m/s. At this impact velocity also the lowest density XPS foam seems to

be more or less fully compacted in configuration 2 (see Figure 12). Further, for low impact
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velocities it seems that low-density foams result in minimum back-skin displacement, and
more so for the less stiff EPP foams. Note also that the maximum displacement is similar for
configuration 1 and 2 for low impact velocities. However, as the impact velocity is increased,
the response seems to change. Now the intermediate density foams seem to give the minimum
back-skin displacement, probably due to full compaction of the cores. It is also seen that the
maximum displacement is much lower in configuration 1 than in configuration 2 at the
highest impact velocity. This is probably caused by membrane stretching of the front skin at
large deformation. Finally, the maximum displacements based on 3D-DIC measurements for

configuration 3, i.e., skins only, were similar to w,, given in Table 3, and theseare larger than

if foam is used as core material. From this, it seems safe to state that the response of the
different crash components also depends on the impact velocity range.

Figure 12 clearly shows that low-density foams become-much_more compressed than
high-density foams, and the most compressed foam core consists of EPP-5122 independent of
configuration or impact velocity. At the highest impact.velocity/in configuration 2, both EPP-
5122, XPS-250 and XPS-400 are almost completely"compacted, while this is not possible in
configuration 1 due to the front skin. This plottindicates that the low-density core is much
more activated in the tests than a corresponding. high-density core, and may explain the
relatively high energy-absorption in the“lew=strength foams. However, it also implies that if a
low-density foam core is fully compacted, the back skin will deform significantly. It should,
however, be pointed out that these results are only confirmed within the rather limited

experimental range considered in this study.

4. Discussion

When designingan optimal component for energy absorption during a crash situation, at
least fourwdifferent premises are important. These are: 1) low total weight of the
compenent, 2) low force transfer from the component to the underlying structure, 3) high
total energy absorption in the component, and 4) low out-of-plane displacement of the
back skin. In addition, complete failure of the whole component could obviously be
catastrophic and must consequently be avoided, but since none of the configurations
investigated in this study failed at critical points, this is not considered in the following.
From the data of the impact tests in Table 3, one can see that when the density of the
foam increases, the striker displacement, the impact time and the energy absorption

decrease, while the resisting force and the impulse increase, for the same impact velocity.

16



These trends seem valid independent of foam type and target configuration. For increased
impact velocity, all of these parameters increase. The only exception is the impact time
that is rather constant for all foams except for the lowest density EPP foam where it
decreases in configuration 2. Another important parameter is the out-of-plane

displacement w, of the back skin. This value is in the same order of magnitude

independent of foam type for the same impact velocity, but it increases as expected with
impact velocity even though not to the same extent as the striker indentation. From these
results, it seems clear that in order to minimise the weight, transmitted force and back-
skin deflection, and at the same time maximise the energy absorption, allow=density foam
should be used as core in a crash component. However, it is then important to avoid full
compaction of the foam material, and this may occur as the impact energy (i.e., the
impactor mass or velocity) increases.

Another interesting study is the comparison between the.response of the crash component
with and without the front skin. In these tests, the weight of onesteel skin is about 1 kg, while
the weight of the foam core varies between 0.24 kg-and»0.80 kg depending on the density.
Thus, the skins represent 70-90% of the total weight of the component. If the front skin is
removed or replaced by a lighter material, ‘the total weight of the crash component can be
much reduced. From the data in Table 3} ituis.Seen that if the front skin is removed the energy
absorption is in general increaseds~while the resisting force is reduced, which are both
beneficial for increased crashwerthiness. For low impact velocities, the displacement of the
back skin is hardly affected, but for the highest impact velocity, the difference in back-skin
deflection between covered and uncovered components becomes large for the weakest foams.
This is because the core becomes almost fully compacted at the highest impact velocities
when unprotected., However, the striker indentation increases significantly as expected when
the crash component is uncovered, and the foam core will fail. Failure in the foam was not
observed when the core was covered. In any case, these results indicate that the mechanical
response of-the front skin is not vital in order to make an efficient crash absorber. As long as
the back skin is strong enough to carry the loading, the front skin can be replaced by a weaker
and more lightweight material.

It is also of interest to compare the mechanical behaviour of different foams with similar
density. Under such conditions, the mass of the crash component will be the same, so the
possible difference in response is only due to the core material. Here, XPS-700 and EPP-5130

have practically identical densities, while the density of XPS-250 is approximately 10%
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higher than that of EPP-5122. Keep in mind that the stiffness and strength of the XPS foams
are significantly higher than for the corresponding EPP foams (see e.g. Table 2). From Table
3 it is seen that in terms of energy absorption, the difference between XPS-700 and EPP-5130
IS minor. However, the resisting force and the back-skin displacement is lower, while the
stroke indentation is higher for EPP-5130 than for XPS-700. If we compare XPS-250 and
EPP-5122, it is seen that the energy absorption in XPS-250 is in general higher than for EPP-
5122, but this can probably be explained by the 10% difference in density between the foams.
Even though it is hard to make strict conclusions based on a limited number of tests, these
results indicate that the core material itself is of second-order importance compared to the
density of the foam.

It is customary to characterise the efficiency of energy absorbers in terms of their specific

work W, [44]. This is in the following defined as the total work W, absorbed by the

component divided by its total weight m,, i.e.,

w, == (4)

In this study, m, varies from a minimum+of 1.24 kg using EPP-5122 in configuration 2 to a
maximum of 2.80 kg using EPP-5170 in configuration 1, while W, from the impact tests are

given in Table 3. A comparison.of W, for the investigated components versus impact velocity

is given in Figure 13. It'is seen that the overall response is somewhat different from the one
based on the absolutewalues given in Figure 8. The major distinction is that the beneficial
behaviour of the cemponents with a low-density core both in configuration 1 and especially in
configuration 2 becomes clearer. While the total work during impact is about the same for the
different foams in configuration 1 and 2, it is seen that the specific work for a component in
configuration 2 is roughly twice as high as in configuration 1 for the same foam core and
impact velocity. The figure also indicates that XPS foams are slightly more efficient than EPP
foams in both configurations, but due to the lack of data for EPP foams at the highest impact
velocities it is difficult to conclude based on this. Note also that according to Figure 13,
configuration 3 (i.e., skins only without a foam core) seems to be a very efficient energy
absorber, but for this component both the resisting force (Figure 8) and the back-skin

displacement (Table 3) becomes unacceptably high as the impact velocity increases.
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As an alternative, Mohotti et al. [45] introduced an energy efficiency parameter E; for
low velocity impacts. This parameter allows us to compare results in terms of energy

absorption per unit maximum back-skin displacement. Here, E; is given as the total Kinetic

energy K, =%mpvi2 of the impactor divided by the maximum deformation of the back skin w, ,

ie.,

E,=— ()

where m =14.895 kg in this study and the other variables are given.in Table 3. Note that
according to the work-energy theorem we have that W, = AK,, and not all of the kinetic energy

in these tests is converted into work due to the springback of the impaetor. Calculated E, for

the investigated components versus impact velocity are also provided in Figure 13. The
results are somewhat different from those obtained using the.specific energies. Now it seems
like the intermediate-density foams have the highest.energy efficiency, especially when the
velocity increases, while the low-density foams arerstill the most efficient at low impact
velocities. This was also confirmed by the displacement profiles in Figure 11. Further, EPP
foams seem to be more efficient than XPSfoams, but the differences are minor. It is also seen
that configuration 3, i.e., skins only, ‘is not so attractive anymore. From this, it may be
concluded that there is a competition between the various responses. Within the experimental
limitations in this study, the general trend is that a crash component with a low-density foam
behaves best as long-as the impact velocity is low. However, this seems to change as the
velocity is increased; especially if the out-of-plane displacement of the back skin is important.
For such situations;yan’ intermediate-density foam, that prevents complete compaction of the
core of thercrash component, seems to be a more efficient energy absorber.

It is difficult to make strict conclusions based on the results presented above, but it seems
apparent that the maximum displacement of the back skin, the resisting force and the energy
absorption depends on both the core material and the velocity range. At low impact velocities,
a low-density foam core seems to give the most efficient crash component, but this may
change as the impact velocity is increased. Consequently, it is not obvious which combination
of the variables that gives the best energy absorption, but it should be possible to find an
optimized combination of the component mass, force level, energy absorption and

displacement of the back skin by proper design within a given impact velocity range.
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However, such an optimization requires numerical simulations, which is outside the scope of

this study. It is also important to state that the obtained data are sensitive to the shape of the

impactor nose, and that the results presented herein are only valid within the experimental

limitations given.

5. Conclusions

In this study, we have experimentally investigated the energy absorbing eapability of two

different polymeric foams (XPS and EPP) with varying density used as core material in a

crash component. In addition to a number of material tests, both guasi-static and dynamic

impact tests have been performed on three different target configurations; The following main

conclusions can be drawn based on the obtained results:

From the 180 compression tests on square foam samples, the Scatter between parallel tests
was found to be small. Some anisotropy between different loading directions has been
observed, but the foams may be considered isotrepic for most engineering applications.
As expected, the elastic modulus, the.yield” stress and the plateau stress increased
significantly with foam density, while the\inherent surface layers on the various foams did
not affect the overall mechanical response of the materials very much. However, XPS
foams were found to be mueh stiffer and stronger than EPP foams with corresponding
density. Both foam types«evealed viscoelastic behaviour and strong strain-rate sensitivity
at elevated strain rate.wFinally, based on DIC measurements the strain localization was
found to be very<different between the foam types even though the global mechanical
response was’ similar- This could be attributed to the density variation through the
thickness/in XPS foams.

From~the 20..quasi-static impact tests, it was observed that the force level and energy
absorption’ increased as expected monotonically with foam density both for the covered
and uncovered components. It was also established that the XPS foams absorbed
approximately twice as much energy as the EPP foams with the same density at the same
displacement. When the foams were unprotected, they failed in some shear fracture mode,
and the rather brittle XPS foams failed before the EPP foams. For the skins only, a rather
complex buckling mode took place. At large displacements, the force increased rapidly,

indicating that the loading was carried by membrane stretching in the metal skins.
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e From the 36 dynamic impact tests, the main finding was that in order to minimise the
weight, transmitted force and back-skin deflection, and at the same time maximise the
energy absorption, a low-density foam should be used as core material in the crash
component. It was also found that the response of the front skin is not essential in order to
make an efficient energy absorber. Thus, the weight of the crash component can be
significantly reduced by using a lightweight and less strong material as front skin. By
comparing the mechanical behaviour of XPS and EPP foams with similar density, it was
found that the core material itself is of second-order importance compared to the,density
of the foam. This is contradictory to the observations in the quasi-static tests, where the
energy absorption depended on the core material.

e Within the experimental limitations of this study, the general trend is that a crash
component with a low-density foam is superior as long as the ‘impact velocity is low, but
this seems to change as the velocity is increased due to<compaction of the core. For such
situations, an intermediate-density foam that preventsisuch compaction seems to be more
efficient. Consequently, it is not obvious which combination of the different variables that

gives the best energy absorption.

A natural continuation of the presented research is to use the experimental data presented
herein to calibrate and validate numerical models for finite element simulations of the crash
components during impact loading. To do so, efficient and accurate numerical algorithms and
models for the polymeric foams including both strain-rate sensitivity and fracture are
required. It would then be possible to maximise the energy absorption in the crash component,
and at the same time minimise the weight, the transmitted force and the back skin
displacement, by an optimization tool. That is left for future studies.
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Cor‘i:figufration | Configuration 2

a) b) c)

Figure 3. Pictures of the target configurations used in the different test setupsy[30]: a)
Sandwich structure with foam core (here EPP-5170) and front and back skins in Docol 600
DL, b) component with foam core (here XPS-250) without the front skin, but with back skin
in Docol 600DL and c) only skins in Docol 600DL without the foam core
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Figure 4. Experimental setup for the impact tests: a) drop tower and b) impactor nose.
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Figure 5. Measured data from quasi-static and impact tests on configuration 1 (left) and
configuration 2 (right) with XPS foam cores.
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Figure 6. Measured data from quasi-static and impact tests on configuration 1 (left) and
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Figure 8. Resisting force and total work versus impact velocity for a) configuration 1 and b)
configuration 2. The results from configuration 3 are included for comparison.
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Figure-11. Displacement profiles for the dynamic tests, at maximum displacement of the back
sheet from 3D-DIC measurements at various velocities for a) configuration 1 and b)

configuration 2.
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Figure 12. Estimated compression of foam for a) configuration 1 and b) configuration 2. The
results from configuration 3 are included for comparison.
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Figure 13. Specific work and energy efficiency for a) configuration 1 and b) configuration 2.
The results from configuration 3 are included for comparison.
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Table 1. Nominal material properties and test matrix for material tests.

Material Name Nominal properties Direction  Test matrix (# of samples)

Strain rate [s”]

103 10° 107

Density Elastic Compressive Surface |
p modulus E  strength o urtace fayer
[kg/mm?] [MPa] [MPa] with w/o with  with
Extruded XPS-250 30 9.0 0.25 N 5 -5 5
polystyrene
LD 5 - -
TD 5. % - -
XPS-400 35 15.3 0.40 ND 5 5 5 5
LD 5 2
TD 5 5 - -
XPS-700 45 31.0 0.70 ND 5 - 5 5
LD 5 -
TD 5 - - -
Expanded EPP-5122 30 2.5 0.15 ND 5 - 5 5
polypropylene
LD 5 - - -
TD 5 - -
EPP-5130 50 51 0.28 ND 5 - 5 5
LD 5 - -
TD 5 - - -
EPP-5170 100 14.3 0.70 ND 5 5 5 5
LD 5 5 - -
TD 5 5 - -

“ At 10% strain for XPS and 25% strain forEPP.

Table'2. Properties (mean values) of foam samples in ND [30].

Density p  Elastic modulus Yield stress  Plateau stress  Densification strain

Material [kg/mm®] E [MPq] o,[MPa] o, [MPa] & [
Mean SD
XPS-250, _34.1 0.38 13.7 0.26 0.34 3.36
XPS-400  37.9 0.65 18.5 0.41 0.49 3.68
XPS=700  50.8 0.38 235 0.73 0.77 3.46
EPP-5122 29.9 0.52 3.3 0.10 0.16 3.69
EPP-5130 50.7 0.73 5.9 0.19 0.29 2.97
EPP-5170 102.5 1.47 145 0.56 0.72 2.65
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Table 3. Impact data from component tests.

Measured

Max

Max

Measured  Impact Max striker . - Impact Total Total
core density velocity  displacement displacement - resisting time impulse work
height of back skin force

Material Fro_nt hy Ps v, W, W, F. t; i, W,
skin [mm] [kg/m®] [m/s] [mm] [mm] [kN] [ms] [Ns] [Nm]
Yes 50.8 33.1 4.75 19.74 9.13 16.33 12.60 108.8 143.8
No 50.8 33.1 4.76 34.34 10.87 8.77 21.07 102.6 161.1
XPS-250 Yes 50.9 33.1 6.84 30.03 12.78 20.08 13.11 146.5 320.9
No 50.8 33.2 6.83 51.91 13.37 12.21 21.13 142.9 333.6
Yes 50.7 33.1 9.84 46.01 18.53 25.63 13.55 201.9 687.1
No 50.8 33.1 9.86 72.78 28.57 23.06 19.06 199.6 703.8
Yes 52.9 37.2 4.77 18.36 11.84 18.75 11.46 112.8 136.0
No 52.7 37.5 4.76 29.36 11.39 10.17 18.11 107.3 150.6
XPS-400 Yes 52.8 37.3 6.85 26.76 14.12 22.62 11.49 147.6 318.2
No 52.8 37.2 6.82 44.77 12.73 11.94 19.05 142.0 332.1
Yes 52.8 37.3 9.81 40.27 18.22 28.12 12.50 199.4 686.5
No 52.8 37.2 9.81 68.41 24" 18.34 19.33 193.8 708.7
Yes 50.2 50.4 4.74 16.84 11.67 20.79 10.53 117.1 121.5
No 50.2 50.4 4.75 23.72 12.82 14.40 15.18 110.8 140.9
XPS-700 Yes 50.1 50.4 6.81 23.75 16.11 27.93 10.12 158.4 279.5
No 50.5 50.2 6.82 34.04 1473 18.45 14.58 145.9 320.9
Yes 50.4 50.3 9.86 35.82 21.40 34.17 10.70 205.2 678.0
No 50.4 50.4 9.83 51.54 20,55 22.39 14.75 198.9 696.0
Yes 49.9 29.9 4.73 25.77 8.49 11.95 17.27 114.7 129.2
No 50.0 27.9 4.74 45.32 10.06 7.16 32.88 116.6 132.1
EPP-5122 Yes 49.7 29.5 6.79 36.37 12.40 17.88 16.76 153.5 295.8
No 49.8 29.8 6.79 60.08 18.27 13.39 28.09 162.6 273.3
Yes 49.7 30.3 9.83 51:20 17.13 33.18 15.41 221.9 611.4
No 49.7 30.2 9.85 75,78 30.04 31.57 22.47 225.7 605.2
Yes 48.7 49.6 4.75 22:70 10.20 14.76 14.79 114.7 131.8
No 49.4 49.0 4.74 32:94 10.04 9.97 23.59 115.0 133.0
EPP-5130 Yes 48.1 49.0 6.81 30.43 12.37 20.13 14.09 154.4 295.0
No 49.6 49.1 6.79 44.73 12.34 13.48 23.60 157.3 287.5
Yes 48.5 48.9 9:80 42.62 16.65 35.26 12.81 220.2 610.5
Yes 49.5 99.2 4.74 16.27 9.61 21.28 10.31 118.3 118.3
EPP-5170 No 47.7 101.7 474 21.35 11.27 15.74 15.32 115.1 129.3
Yes 49.5 101.0 6.81 22.61 12.89 28.15 10.07 160.1 274.2
No 49.5 101.9 6.80 29.24 14.05 21.37 15.46 156.2 287.6
Double Yes 2x0.8 7850 4.76 19.12 18.45 21.50 12.59 110.8 152.3
skin Yes 2x0.8 7850 6.81 28.42 27.72 33.33 11.20 154.8 304.6
Yes 2x0.8 7850 9.80 34.07 33.87 48.68 9.61 218.8 625.6

“ This result was estimated after the test due to the lack of reliable 3D-DIC data.
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