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Abstract

Different types of crash components are extensively used by the automotive industry to absorb energy during car
accidents. Such components typically consist of sandwich structures with thin metal or composite plates as skins
and a cellular foam as core to dissipate the energy. In this study, the quasi-static behaviour of two types of
polymeric foams with different densities, namely extruded polystyrene (XPS) and expanded polypropylene (EPP),
utilized as core material in a crash component, has been investigated. First, an extensive material test program
involving compression tests on cubic specimens loaded in different material directions was carried out to reveal
the mechanical properties of the foams. Second, quasi-static impact tests were conducted on various target
configurations consisting of 0.8 mm thick skins of Docol 600DL steel and the various foam materials as core. In
these tests, the applied force and the displacement of the striker were registered by the test machine, while digital
cameras and 3D-DIC were used to measure the back-plate out-of-plane displacement of the various components.
It seems clear from the presented results that if low weight combined with maximum energy absorption are the
primary interests, an XPS foam as core seems to be beneficial, while if force reduction and minimum back-plate
displacement are most important, an EPP foam as core seems to be a better choice. Thus, the response of the crash

component is largely determined by the properties of the core material during quasi-static loading.

Keywords: Sandwich structures; XPS; EPP; Docol 600DL; Material tests; Component tests; Energy absorption

1. Introduction

Energy absorbing systems have become increasingly important in the automotive industry
to ensure protection of the car body and the passengers during a crash event [1]. At the same
time, research in this area is evolving by the quest for new innovative designs and new materials

[2], often driven by the prospect of weight reduction. Such energy-absorbing systems include
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crash pads inside the vehicle to improve the passengers’ survivability, special designs for
pedestrian safety and bumper-beam systems with crash boxes for increased crashworthiness.
They could also consist of a sandwich structure with a core material inserted between two skins.
The core is typically a light and soft cellular material such as a foam that absorbs energy during
crushing. Traditionally the sandwich structure has been used as a structural element with high
specific bending stiffness and strength, where the main intention of the core is to separate and
stabilize the outer sheets against buckling under edgewise compression, torsion or bending [3].
Today, foams can also be used inside other structural elements of the external body for
passengers’ passive safety in a car crash [4]. In some cases, foams are used to absorb energy
without any outer skin or casing [5]-[6]. There are, however, many factors to consider when
designing an energy absorber. The energy absorption should be as high as possible, which can
be achieved through large forces and/or displacements of the component. On the other hand,
the transferred loads should not be too high during a collision, both for the passenger safety and
the structural integrity. Furthermore, there might be limitations on the maximum displacement
of the crash component. If the load can be held constant at a sufficiently low level, while at the
same time absorb a considerable amount of energy, it would be favourable.

Cellular materials such as honeycombs, open and closed cell foams, and metal hollow
spheres, have excellent characteristics as potential blast and impact energy absorbers due to
their ability to deform uniformly over a long stroke at an almost constant load [7]. The
properties of these materials are governed by the topology of the cell structure and the intrinsic
properties of the cell-wall material (often denoted the constituent or base material), where the
topology defines how the constituent material is packed in space to form a porous structure.
While honeycombs typically have a periodic topology, the topology of foams is in general
stochastic. Polymeric foams have been particularly attractive because of their low weight
combined with excellent energy absorbing capability, insulation properties, easy production,
low price and design flexibility. Nowadays, they have a variety of applications, such as
protective materials including packaging and head protective systems, and in a multitude of
aerospace, marine and automotive components [8]-[10]. A large number of polymeric foams
are also 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.

In general, foams are classified according to whether they have an open or closed cell
structure. Despite the many variations, the typical mechanical response of most polymeric
foams in compression consists of three phases of deformation, namely (1) the linear elastic

response, (2) the plateau region, and (3) the densification [11]. The linear elastic response is
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governed by the reversible bending or distortion of the cell walls during small deformations
[12]. The plateau region with large deformations that occur at modestly increasing stress levels
is primarily related to buckling of the cell walls. This is what makes foams so attractive for
energy absorption: the ability to withstand large deformations at an approximately constant
stress level. Densification begins when the cell walls start to interact with each other, and this
causes the stress to rise rapidly. The theoretical densification strain is defined as when zero void
ratio is reached [12], indicating that all cells have collapsed, but the meaning of this term varies
in the literature and is often taken as the strain at the onset of the densification phase [13].

According to Gibson and Ashby [11], important properties of foams include low relative
density (< 0.3) and high specific energy absorption, where the absorbed energy per unit volume
is approximated by the area beneath the stress-strain curve. The mechanical properties have
also been found to depend strongly on the foam density; e.g. the material’s elastic modulus and
plateau stress increase, while the densification strain decreases, with increasing density [11].
Because of the apparent foam density dependence, several authors have played with the idea of
designing foam components with graded density according to where compressive strength is
needed [14]-[15]. The constitutive behaviour of most foams is also found to be both strain-rate
and temperature dependent [16]. Recently a comprehensive review on the dynamic compressive
behavior of cellular materials was published by Sun and Li [17]. The overall conclusion from
the reviewed studies is that polymeric foams are in general highly strain-rate sensitive.

Especially expanded polypropylene (EPP) has received a lot of attention over the years
[18]-[23]. Maheo et al. [23] tested EPP foams to study the multiaxial behaviour of the material.
They performed hydrostatic, shear and pressure-shear tests, and found a clear volumetric
change for the foams. The compressive behaviour of extruded polystyrene (XPS) was studied
by Sadek and Fouad [24]. The plates used in their work showed strong anisotropic behaviour
in compressive strength. They also tried to model the microstructure using finite element
simulations. Avalle et al. [4], [8] carried out a large experimental campaign on different foams,
including closed-cell and open-cell structures with various densities, subjected to both quasi-
static and impact loading, and used an efficiency diagram to compare the behaviour of the
different foams [8]. Miltz and Ramon [25] compared the energy absorption characteristics for
PUR, PE and PS foams, and found that that the stiffer PS and PE foams attain better efficiency
at higher strains than the more flexible PUR foams.

A traditional sandwich panel consists of two sheets bonded to a deformable core [26]. The
idea is that the core material will absorb energy during loading, and as a result, lower the forces

and displacements transferred to the surrounding structure. The choice of skin and core material
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is usually governed by the application. Yuen et al. [27] differs between sacrificial claddings
(i.e., a sandwich panel that is fixed to an existing structure) and sandwich structures where the
rear side is free to deform. As the core and sheets can consist of several different materials,
there have been numerous studies on different types of sandwich structures, depending on the
load case. Some examples are glass-fibre-reinforced polymer (GFRP) skins in combination with
PS foams [28], PP honeycombs [28]-[29], balsa wood [28], cork [28] and PU foam [29]. Zhang
et al. [30] studied the static and dynamic crushing of sandwich panels consisting of carbon-
fibre-reinforced polymer (CFRP) skins filled with very different materials (EPP, aluminium
honeycomb, rubber foam balls and hollow plastic spheres) to investigate the relative
performance of the filler material. Aluminium [31]-[33] and steel [34] sheets have been used as
skins in combination with various foams. These studies showed that the properties of the core
material obviously is significant, but also proved that the performance can be optimized with a
proper choice of material. The foam density is as already stated an important parameter, also
for sandwich structures, and some authors have tried to investigate the influence of the foam
density in a systematic manner. Rajaneesh et al. [35] studied the bending behaviour of sandwich
plates consisting of GFRP skins and PVC cores both theoretically, experimentally and
numerically. They stated that the behaviour of the panel is governed by three competing failure
modes, defined as core indentation, core shear, and face failure by microbuckling.

It is clear from the literature that a myriad of different polymer foams and skin materials
that can be combined to create a sandwich structure is available. In this study, we wanted to
experimentally investigate the energy absorbing capability of two different polymeric foams
(XPS and EPP) used as core material in a crash component during quasi-static loading. XPS is
mainly used as an insulation material, while EPP is typically applied in energy absorbing
components. 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. Then, quasi-static impact tests on sandwich structures were performed. The
sandwich panels consisted of 50 mm thick polymeric foam cores of the different materials, and
skins of 0.8 mm thick Docol 600DL steel plates. Components without the front plate were also
tested to investigate the effect of covering the foam core. Within the experimental limitations
of this study, it seems clear from the presented results that if low weight combined with
maximum energy absorption are the primary interests, an XPS foam as core seems to be
beneficial, while if force reduction and minimum back-plate displacement are most important,

an EPP foam as core seems to be a better choice. Thus, the response of the crash component is
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largely determined by the properties of the core material during quasi-static loading. It also

seems possible to optimize the protection level of such components by proper design.

2. Materials

2.1 Skin and core materials

The skins of the crash components used in this study are made of 0.8 mm thick plates of
the medium-strength, high-hardening, Docol 600DL steel. This steel has been heat treated to
obtain a dual-phase microstructure of ductile ferrite and strong martensite, where the martensite
content determines the strength of the material. Docol 600DL is much used by the automotive
industry for car safety components, and the plates were produced and delivered by Swedish
Steel AB (SSAB). Nominal mechanical properties for the direction transverse to the rolling
direction are provided by the supplier, and the yield stress is reported to lie between 280 and
360 MPa, while the tensile strength should be between 600 and 700 MPa. Note that steel with
a density of 7850 kg/m?® cannot be defined as a light alloy. Thus, the areal weight of the crash
components could have been significantly reduced by selecting skins of a more lightweight
material. However, since both the strength and ductility of the selected steel are high compared
to most light alloys, such as e.g. aluminium sheets, skins of Docol 600DL were used in this
study to avoid fracture in the front and/or back plate of the structure during loading.

Two types of polymeric foam with a nominal thickness of 50 mm and three different
densities were considered as core material. The first foam is extruded polystyrene (XPS) from
Sundolitt [36]. XPS is a closed-cell foam based on the monomer styrene (CsHsg) having a typical
density range of about 28-45 kg/m®. It has high relative strength, very low weight, 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. After cooling, the plates are cut into proper lengths. Three different
nominal densities of XPS have been investigated here, namely 30, 35 and 45 kg/m?, which are
called XPS-250, XPS-400 and XPS-700, respectively. The digits in the names indicate the
plateau stress (or compressive strength) in kPa of the material. The XPS foams were delivered
as plates with nominal dimensions 1185 mm x 585 mm x 50 mm. Nominal mechanical
properties of XPS are listed in Table 1, while Figure 1a) shows a SEM image of the cell structure
in XPS-400. The cell structure was found to be similar for XPS-250 and XPS-700. It should be
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mentioned that XPS in general is flammable. For this reason, not all XPS products are suitable
in structural applications, but it is possible to add flame-retardants to the foam so that fire
requirements are met. The fire safety of XPS is not addressed any further in the following, since
the main objective of this study is to reveal the mechanical response and energy absorbing
capability of the foams.

The second core material is expanded polypropylene (EPP) from ARPRO [37]. EPP is an
addition thermoplastic polymer made from the monomer propylene (CsHs) with a density range
from 20 to 200 kg/m®. EPP has many of the same beneficial properties as XPS, but in contrast
to XPS, which is rather friable and may fracture upon loading, EPP foams are known to absorb
energy without failure. Thus, EPP is often used in safety components related to crashworthiness
by the automotive industry (such as interior crash pads for head/knee protection and bumper
cores). EPP consists of pellets produced by a foamed polypropylene. After various pre-
treatments, the foam is produced by steam chest moulding of the pellets, using either a crack-
fill or a pressure-fill process. For the highest densities, no post-treatment after moulding is
required, but for the lowest densities post-treatment in an oven is recommended. Three different
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?3) of the beads. Nominal mechanical properties of EPP are listed and
compared with XPS in Table 1, while Figure 1b) shows a SEM image of the microstructure of
EPP-5130. As seen, the microstructures of XPS-400 and EPP-5130 are similar, but the cell size
seems somewhat smaller for the latter. 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.

2.2 Experimental setup for material tests

Holmen et al. [38] conducted uniaxial tensile tests on standard dog-bone specimens (see
Gruben et al. [39] for the geometry) taken from the same 0.8 mm thick plates of Docol 600DL
as used herein to determine the behaviour of the material. In the quasi-static setup, triplicate
tests were done in three different in-plane directions (0°, 45°,90°) with respect to the rolling

direction of the plate. The crosshead velocity of the uniaxial test machine was 2.0 mm/min in

all tests, giving an initial strain rate of approximately 5x10™* s? in the gauge area of the
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specimen. During testing, the force was measured by a calibrated load cell, while the
displacement of the specimen was measured by both an extensometer and 2D-DIC.

Uniaxial compression tests of the polymer foams were performed under displacement
control in an Instron universal testing machine. Cubic specimens with edge lengths of 50 mm
were cut from the centre of the as-received plates to avoid possible edge effects. Two different
sample geometries were initially investigated: 50 mm cubes and cylinders with diameter and
height equal to 50 mm. Since the difference in mechanical response between the two geometries
was found to be small, it was chosen to use cubes in the rest of the study to simplify both the
sample preparation and the DIC measurements.

A large number of material tests were then carried out in two test series to characterize the
quasi-static mechanical response of the different foams. In Series 1, the anisotropy of the foams
was revealed by conducting compression tests on cubes loaded in the thickness (or normal)
direction (ND), the longitudinal direction (LD), and the transverse direction (TD) of the plates.
In Series 2, the inherent surface layers due to the production process of the foams were removed
to check if this affected the overall mechanical response of the material. This was only
investigated for XPS-400 and EPP-5170, but in all three loading directions. All tests were
repeated 5 times, and the crosshead velocity of the test machine was 3.0 mm/min in these tests,
giving an initial strain rate of 1x10~° s. The complete test matrix for the foam compression
tests is given in Table 1.

Prior to testing, each sample was given an identification number before being carefully
measured and weighed. Based on these measurements, the density as given in Table 2 was
determined. During testing, the specimens were compressed between two hardened steel
platens. The load P was registered with a calibrated load cell, while the vertical displacement
w was measured both by the stroke of the test machine and edge tracing of the rigid platens
using a predefined vector in the finite element based DIC-code eCorr v4.0 [40]. Based on these

measurements, the engineering stress s and the engineering strain € were calculated as

w
S=—, e=— 1
. €y

where A, is the initial cross-section area and h, is the initial height of the specimen. Assuming

a negligible Poisson’s ratio for the foams, i.e., A, = A, the Cauchy (true) stress o and the

logarithmic (true) strain ¢ can be found through the relations
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All tests were automatically stopped when the load reached approximately 5 kN. Pictures
for both local and global 2D-DIC analyses were provided by a Prosilica GC2450 camera
equipped with a 50 mm Nikon lens and synchronized with the load measurements. The image
resolution during testing was 2448 x 2050 at 8-bit pixel depth, while the frame rate was 0.5 Hz
at this strain rate. Data were logged with a frequency of 10 Hz. A fine-graded speckle pattern

was also applied to the foam samples before testing to obtain an increased contrast for the

displacement- and strain-field measurements.

2.3 Experimental results

Results from the tensile tests on the 0.8 mm thick Docol 600DL steel skins are plotted in
Figure 2 in terms of a) force-elongation curves and b) true stress-plastic strain curves until
necking in the different material directions. Here, the strains until necking were obtained using
a virtual extensometer (vector) with an initial length of 40 mm in the DIC software eCorr [40].
As seen, the skin material can be considered as both isotropic and ductile with a small variation
in elongation to failure.

Figure 3 shows pictures of typical foam samples before and directly after testing. It is worth
noting that all samples showed viscoelastic behaviour and recovery when unloaded. The degree
of recovery was estimated based on height measurements of the sample immediately, one day,
and one week after the tests. The general trends were that the recovery increased with increasing
level of compaction and foam density. The recovery was also found to be stronger for EPP
foams than for XPS foams.

Figure 4 and Figure 5 show respectively the true stress-strain curves from all tests of the
XPS and EPP foams loaded in different directions, while Figure 6 compares the stress-strain
response in ND for the two foam types with different densities. All samples showed typical
closed-cell foam behaviour, i.e., a linear elastic region, a plateau region with large plastic
strains, and finally a densification region where the cells become compacted. Mean values of

density p, elastic modulus E, yield stress o, plateau stress o, and densification strain &,

for the tests in ND at a strain rate of 1x107° s are given in Table 2. Here, E is calculated from

the linear elastic region of the stress-strain curve, o is taken as the mean stress in the interval
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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 Reyes et al. [41] for details).

From the 90 quasi-static compression tests conducted, we can draw some main conclusions.
First, the scatter between parallel tests is in general small. The exceptions are the XPS foams
with the lowest densities compressed in ND, where a slightly more unstable behaviour is
observed. Second, the anisotropy of the foams seems moderate at true strains below 1-1.5,
especially for EPP. For XPS with the highest density, a more pronounced effect of material
direction is seen, and a drop in plateau stress is obtained when moving from ND to LD/TD.
This drop is opposite for EPP with the highest density. Nonetheless, the foams may all be
considered as isotropic for most engineering applications. Third, the elastic modulus, the yield
stress and the plateau stress display a distinct increase with foam density, as also confirmed in
Table 2. The densification strain for XPS is rather constant and independent of density, while
it decreases with increasing density for EPP (see Figure 6). However, the density variation
between the EPP foams is larger than for the XPS foams. For the same density, XPS foams are
found to be significantly stiffer and stronger than corresponding EPP foams. The material
strain-hardens somewhat for all the tested materials, leading to a plateau stress that increases
with compressive strain.

Figure 7 shows the effect on the mechanical behaviour by removing the surface layer of
the XPS-400 and EPP-5170 foam samples before testing in different directions. If these curves
are compared with the corresponding true stress-strain curves in Figure 4 and Figure 5, where
the surface layers are still present, negligible differences are seen. Thus, the surface layer does
not seem to have any major influence on the global mechanical response of the foams
investigated in this study.

Foams are known to have a Poisson’s ratio close to zero in the plastic domain [11], [26].
It is also established that 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 [26]. To investigate
these effects for the applied foams, some specimens were examined in more detail using the
DIC-code eCorr [40]. Displacement- and strain-fields were obtained by a global optimization
on a mesh of 16x16 Q4 elements superimposed onto the pictures of the deforming specimens.
Typical strain fields of XPS and EPP foams are shown in Figure 8 at a compression of
approximately 25 mm in ND. These fields reveal a distinct difference in the deformation mode
and strain localization for the two types of foam when crushed, even though the global stress-

strain response shown in Figure 4 and Figure 5 looks similar. Both foams display strain
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localization with negligible elongation in the transverse direction. However, while the strain
localization in XPS is seen to start in a sharp band in the middle of the specimen and expand
outwards, the strain localization in EPP seems to appear randomly distributed over the height
of the sample. This local response may explain why EPP foams strain harden more in the plateau
region than XPS foams, and is probably a consequence of the production process. Since XPS
foams are extruded, the density will vary over the thickness, and is often found to be lower in
the center of the material [42]. EPP foams, on the other hand, are expanded resulting in a more
evenly distributed density. It should also be mentioned that the strain localization in the highest
density XPS foam occurred in distinct bands closer to the surface layers than in the lower
density foams where it took place in the middle. These localized bands are illustrated by the
white arrows in Figure 9. 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 the foams applied.

3. Component tests

3.1 Experimental setups

Quasi-static impact tests on different target configurations were carried out to reveal the
mechanical response. The steel 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 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 steel plate, i.e., the target was similar to that in configuration 1, but without the front
skin and 3) skins only, i.e., the target consisted of one or two steel plates in contact without the
core. In the tests, the square components were bolted to a rigid circular frame with an inner span
diameter of 300 mm. Clamping was provided by 12 equidistant M12 bolts that fixed the target
to the test rig. Each bolt was tightened to 2 Nm using an instrumented torque wrench to avoid
damage to the rather soft targets. No clamping ring was used on top of the target plate in any of
the tests for the same reason. 3D-DIC was used to measure the out-of-plane deflection of the
back skin in all tests. Pictures of the various target configurations in the quasi-static setup are

shown in Figure 10. The impactor nose was originally designed to imitate an idealised knee
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during a crash situation [43], and was thus found ideal to reveal the energy absorbing
capabilities of the various configurations during loading.

The 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. The loading was stopped
at a stroke of 50 mm for the sandwich components, after some 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 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 plate by 3D-DIC, while the last camera was used for point-tracking of the impactor
displacement. Camera calibration is required for 3D-DIC in eCorr, and this was done by
photographing a cylinder covered by a checkerboard pattern with known geometry before and
after testing. After calibration, the standard deviation of the errors in the calculated 3D model
was found to be less than a tenth of a millimetre when compared to the exact geometry (see e.g.
[44] for details). Prior to testing, the foam cores were measured and weighed to determine the
density, and the underside of the back sheets facing the cameras was painted with a black and
white speckle pattern for 3D-DIC measurements. In total 20 quasi-static component tests were
carried out in this study and the main results are presented below.

3.2 Experimental results

Experimental data in terms of energy absorption versus stroke displacement from the
quasi-static tests are given in Table 3 as work W at different levels of striker displacement w .
This table also contains the work until the first failure in the foam core for configuration 2, i.e.,
the component without the front skin. Failure in the foam core was not observed in any of the
tests for the sandwich structures in configuration 1, where the foam core was covered by the
skin. Note that failure occurred much earlier, i.e., at smaller striker displacements, for XPS than
for EPP foams. Parallel tests were carried out for some of the configurations, and the scatter
was in general found to be modest (see Table 3). Measured force-displacement curves are
plotted in Figure 11, while displacement profiles of the back plate from 3D-DIC measurements
at a stroke of 50 mm are given in Figure 12. Pictures of some typical foam cores and skins after
testing are shown in Figure 13.

Figure 11a) and b) show that the force level increases monotonically with foam density for

the same displacement and core material in both configuration 1 and 2. Furthermore, XPS-700
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absorbs the most energy in configuration 1, even though EPP-5170 is more than twice as dense.
In general, XPS foams absorb much more energy than EPP foams in this configuration at the
same density and displacement. This is related to the higher stiffness and strength of XPS
compared to EPP with similar density (see Table 1 and Table 2). In configuration 2, however,
XPS fracture long before EPP, and EPP absorbs most energy at large displacements. This is
further indicated by the measured out-of-plane displacement profiles shown in Figure 12. These
profiles show that large forces result in large displacements of the back skin, and subsequently
large energy absorption, during quasi-static loading. While a foam core of XPS-700 results in
the largest displacements in configuration 1, EPP-5170 results in the largest displacements in
configuration 2. This is also reflected in the force-displacement curves in Figure 11. Figure 13a)
shows that fracture in the core is prevented in configuration 1, while Figure 13b) shows that the
fracture mode is somewhat different for the two foams in configuration 2. For XPS the fracture
grows almost vertically along the sides of the impactor in a rather brittle manner, whereas for
EPP the fracture develops more diagonally away from the impactor, spreading the applied force
over a larger area of the back skin. Figure 11a) and b) confirm that the sandwich structure in
configuration 1 absorbs much more energy than the foam cores without the front skin in
configuration 2 for the same displacement. This is probably due to membrane stretching of the
front skin and a better load distribution over the core at large strains.

For the skins only, i.e., configuration 3, a rather complex buckling process takes place in
the sheets already at moderate deformations as seen in Figure 11c) and Figure 13c), and the
load is mainly carried by membrane stretching as the displacement increases. The out-of-plane
displacement profiles (not shown for brevity) takes the form of the impactor, so it is clear that
the nose-shape of the striker strongly influences these results. At a displacement of around 40
mm, the single skin started to fail at the support and the force drops. Such failure was not
observed for the double skins, but the boltholes were clearly elongated (see Figure 13c)). From
the 3D-DIC measurements, the calculated strain fields confirmed that the strains in the centre
of the back plate are small (typically less than 5%), but significantly higher (more than 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 an energy absorber
in a car-crash situation. In that sense, the applied boundary conditions are more realistic.

Figure 11d) compares the energy absorption in some of the configurations. The work
increases rapidly at large deformations, meaning that the loading is mainly carried by membrane
stretching in the skins when the foam core becomes sufficiently compressed. Without the foam

core, this increase in force takes place at a much lower displacement.
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4. Discussion

In order to design an optimal component for energy absorption, at least four different
premises are important. These are: 1) low total weight, 2) reduced force transmission to the
underlying structure, 3) high total energy absorption and 4) low out-of-plane displacement of
the back skin. In addition, complete failure of the whole component could obviously be
catastrophic, but since none of the configurations investigated in this study failed at critical
points, this is left for further studies. From the data of the component tests given in Figure 11
and Table 3, one can see that when the density of the foam increases, both the force level and
the energy absorption increases for the same striker displacement. This seems valid independent
of foam type and target configuration, and is further illustrated in Figure 14 where the force and
energy absorption are plotted as a function of foam density at a striker displacement of 50 mm.
From these plots, it is also seen that XPS foams experience higher forces and energy absorption
than EPP foams for the same density in both configuration 1 and 2. Thus, if energy absorption
is the primary interest, XPS foams seem to be beneficial, but if force reduction is most
important, EPP foams seem to be a better choice. This is related to the fact that XPS is
significantly stronger and stiffer than EPP with corresponding density (see e.g. Table 2).

Another important response parameter is the out-of-plane displacement w, of the back

skin, and Figure 12 shows that this value decreases for decreasing density under quasi-static
loading conditions. The obvious reason is that a foam core with a low density is more easily
compressed. This trend is similar in configuration 1 and 2, but the back-plate displacements are
noticeably lower in configuration 2 than in configuration 1 due to an increased compaction of
the unprotected core. Furthermore, EPP cores cause lower back-plate displacements than XPS
cores in configuration 1, probably because EPP is weaker and less stiff than XPS, while in
configuration 2 they are rather similar. From these results, it may be argued that a low-density
EPP foam should be chosen as core material if back-plate deflection is the main design criterion.

It is also interesting to compare the quasi-static response of the component with and
without the front skin. In this study, the weight of one steel 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 plate is removed or replaced
by a lighter material, the total weight of the component can be much reduced. Figure 12 and 14
show that the back-plate displacement, the force and the energy absorption are in general much
lower for components without the front skin. Thus, components in configuration 2 are superior

to those in configuration 1 in terms of weight, force reduction and back-plate displacement, but
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the energy absorption is significantly reduced. Based on this, one may speculate if a weaker
and lighter front skin material could increase the energy absorption, while at the same time
maintaining the beneficial effects seen in configuration 2. As long as the back skin is strong
enough to carry the loading without failure, it is anticipated that the front skin can be replaced
by another material. However, in order to confirm this, additional studies are required.

The mechanical response of foams with similar densities is considered next. Under such
conditions, the mass of the component will be the same, so the possible difference in response
is only due to the core material. In this study, XPS-700 and EPP-5130 have practically identical
densities, while the density of XPS-250 is approximately 10% higher than that of EPP-5122. It
is seen that in terms of energy absorption, XPS outperform EPP for the components both with
and without the front skin (Figure 14 b)). However, the force level in XPS is higher than in EPP
for similar densities (Figure 14 a)), and EPP gives in general lower back-plate displacements
than XPS (Figure 12). These results are again linked to the fact that the stiffness and strength
of XPS foams are significantly higher than for corresponding EPP foams (Table 2). However,
for components in configuration 2, the low-density foams give comparable energy absorption,
force level and back-plate displacement.

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

w, [45]. In the following, this is defined as the total work w, at a given striker displacement

(see Table 3) divided by the total mass m, of the component, i.e.,

W, =— ®3)

Here, 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. The specific work for a striker displacement of
50 mm is plotted versus foam density in Figure 15 a). It is seen that the overall response is
similar to the absolute values given in Figure 14 b), and that XPS in configuration 1 outperforms
the other configurations also with respect to the specific energy absorption. However, the
specific energy of the components without front skin are closer to those with front skin (which
is natural as the weight is lower). Note also that the specific energy absorption for the
unprotected XPS-700 core in configuration 2 becomes higher than the protected EPP-5130 core

in configuration 1. This could not be seen from Figure 14 b).
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As an alternative, Mohotti et al. [46] introduced an energy efficiency parameter g, for

plates subjected to low velocity impacts. This parameter allows comparing results in terms of
total energy absorption per unit maximum back-plate displacement. As we are investigating the

quasi-static behaviour in this study, we have used the following definition
E, =2 @
Wb

where w, is as before the absorbed energy at a given striker displacement and w, is the

maximum back-plate displacement measured by 3D-DIC. The energy efficiency parameter for
a striker displacement of 50 mm versus the foam density is shown in Figure 15 b). No major
difference in the trends is seen between Figure 15 a) and b), and the results indicate that XPS
in configuration 1 outperforms the other configurations also with respect to energy efficiency.

However, since the influence of the back-plate displacement is included in E, , EPP approaches

XPS in configuration 1 for the lowest-density foams.

It is difficult to make strict conclusions based on the results presented above, but it seems
apparent that the total weight, the transmitted force, the energy absorption and the out-of-plane
displacement of the back skin of the component all depend on the core material. Within the
experimental limitations of this study, it seems clear that if low weight combined with
maximum energy absorption are the primary interests, an XPS foam is beneficial as core
material, while if force reduction and minimum back-plate displacement are most important, an
EPP core may be a better choice. Thus, the response of the component is largely determined by
the properties of the core material during quasi-static loading. It also seems possible to optimize
the protection level of such components by proper design. Since both XPS and EPP seem to
have advantages and disadvantages with respect to the studied response parameters, a
functionally graded foam with layers of XPS and EPP having different densities may be
favourable. Such functionally graded foams have been found to be superior compared to
uniform foams, and have received some attention in the literature [14]-[15]. However, such an

optimization requires numerical simulations, which is outside the scope of this study.
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5. Conclusions

In this study, we have experimentally investigated the quasi-static energy absorbing

capability 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, quasi-static impact

tests were performed on three different target configurations. The following main conclusions

can be drawn based on the obtained results:

From the 120 compression tests carried out on square foam samples, the scatter between
parallel tests was found to be small. Some anisotropy between different loading directions
was observed, especially for the XPS foams, but the foams may be considered as rather
isotropic. 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 much. However, XPS foams
were found to be much stiffer and stronger than EPP foams with corresponding density.
Both foam types revealed viscoelastic behaviour. Finally, 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.

From the 20 quasi-static impact tests, it was observed that the force level and the energy
absorption increased monotonically with foam density both for the covered and uncovered
components. It was also established that XPS foams absorbed considerably more energy
than 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.

The components without the front skin were superior to the sandwich components in terms
of most response parameters, but the energy absorption was significantly reduced. However,
this may be improved by using a weaker and lighter front skin material as long as the back

skin is strong enough to carry the loading without failure.

Within the experimental limitations of this study, it seems clear that if low weight combined
with maximum energy absorption are the primary interests, XPS are beneficial as core
material, while if force reduction and minimum back-plate displacement are most critical,
EPP as core may be a better choice. Consequently, it is not obvious which combination of

16



524

526

528

530

532

534

536

538

540

542

544

546

548

550

552

554

556

the different variables that will gives the best crash component during quasi-static loading.
It should however be possible to find an optimized energy absorber by proper design.

A natural continuation of the presented research is to extend the experimental database with
dynamic tests and to use the experimental results to calibrate and validate numerical models for
finite element simulations of the crash components. To do so, efficient and accurate material
models for the polymeric foams are required. It should then be possible to maximise the energy
absorption in the component, and at the same time minimise the weight, the transmitted force

and the back-plate displacement, by an optimization tool. That is left for future studies.
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Figure 1. SEM images showing the microstructure in a) XPS-400 (p = 35 kg/mm?) and b)
EPP-5130 (p = 50 kg/mm?3).
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Figure 2. a) Force-elongation curves based on DIC-measurements and b) true stress - plastic
strain curves until necking using a virtual extensometer of 40 mm from uniaxial
tensile tests in three different material directions for Docol 600DL.

a) XPS-250 b) EPP-5130
Figure 3. Typical foam samples before and after testing.
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Figure 4. True stress-strain curves for the material compression tests of XPS foams in
different directions. The hatched areas illustrate the range of the five parallel tests
in each direction.
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Figure 5. True stress-strain curves for the material compression tests of EPP foams in
different directions. The hatched areas illustrate the range of the five parallel tests
in each direction.
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694  Figure 9. Strain localization in XPS-700 foam during compression at various crosshead
displacements (w ). The two distinct bands are illustrated by the white arrows.
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700  Figure 10. Pictures of the different target configurations used in the quasi-static tests: a)
Sandwich structure with foam core (here EPP-5170) and front and back skins in
702 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
704 foam core.
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Figure 11. Measured force-displacement curves from quasi-static tests on a) configuration 1,

708 b) configuration 2, ¢) configuration 3 and d) comparison of energy absorption in
typical targets from configuration 1, 2 and 3.
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712 50 mm from quasi-static tests of a) configuration 1 and b) configuration 2.
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Figure 13. Pictures after quasi-static loading of a) the foam cores from configuration 1, b) the
714 foam cores from configuration 2 and c) the skins from configuration 3.
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Figure 14. a) Force and b) energy absorption at a stroke of 50 mm versus foam density for

configuration 1 and 2. The results from configuration 3 are omitted for clarity.
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Figure 15. a) Specific work and b) energy efficiency versus density for configuration 1 and 2.
The results from configuration 3 are omitted for clarity.
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734 Table 1. Nominal material properties and test matrix for material tests.

Material Name Nominal properties Direction # of samples
Density Elastic Compressive With Without
P modulus E strength o surface  surface
[kg/mm?] [MPa] [MPa] layer layer
ND 5 -
XPS-
250 30 9.0 0.25 LD 5 -
TD 5 -
ND 5 5
Extruded XPS- g5 15.3 0.40 LD 5 5
polystyrene 400
TD 5 5
ND 5 -
XPS-
700 45 31.0 0.70 LD 5 -
TD 5 -
ND 5 -
EPP-
5122 30 2.5 0.15 LD 5 -
TD 5 -
ND 5 -
Expanded EPP-
polypropylene 5130 50 51 0.28 LD S i
TD 5 -
ND 5 5
EPP-
5170 100 14.3 0.70 LD 5 5
TD 5 5
* At 10% strain for XPS and 25% strain for EPP.
736
738 Table 2. Properties (mean values) of foam samples in ND.
Density ,  Elastic modulus Yield stress  Plateau stress  Densification strain
Material [kg/mm?] E [MPa] o, [MPa] o, [MPa] & [
Mean SD
XPS-250 34.1 0.38 13.7 0.26 0.34 3.36
XPS-400 379 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 299 0.2 3.3 0.10 0.16 3.69
EPP-5130 50.7 0.73 5.9 0.19 0.29 2.97
EPP-5170 1025 1.47 14.5 0.56 0.72 2.65
740
742
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Table 3. Data from quasi-static component tests.

Measu_red Measgred Work at different levels of striker displacement Work yntll
core height density first failure
Material Fro.nt hC‘ Pi Wiomm W20mm Waomm Womm Wsomm Wf
skin [mm] kg/m*]  [Nm] [Nm] [Nm] [Nm] [Nm] [Nm]
Yes 51.4 31.4 35.2 1414 2946 5123 809.2 -
XPS-250 Yes 51.3 315 40.2 150.1 3079 528.0 830.8 -
Yes 51.4 31.6 44.8 157.2 317.3 540.6 853.7 -
No 51.3 31.6 16.5 55.7 112.5 184.4 272.5 339.3 (55.5)
XPS-400 Yes 50.4 38.1 49.6 198.3 3976  683.1 1104.5 -
No 50.2 38.4 23.7 82.9 168.6  271.2 388.8 431.1 (53.8)
XPS-700 Yes 50.4 50.2 53.6 240.6 5022 859.1 1386.8 -
No 50.4 50.2 31.7 116.4 2436  393.2 554.7 641.1 (55.8)
EPP-5122 Yes 49.7 28.1 17.2 72.3 158.4  288.1 500.4 -
No 49.9 271.7 5.2 21.7 50.3 93.8 159.9 716.8 (72.5)
Yes 47.4 50.2 27.1 1119 2391 4304 715.8 -
EPP-5130 Yes 47.7 52.0 29.5 1273 2621  455.3 756.7 -
Yes 48.3 51.2 28.4 1177 2516  451.2 755.5 -
No 48.2 49.5 115 44.0 99.2 179.7 290.3 1010.8 (77.5)
EPP-5170 Yes 47.1 103.3 43.0 200.6 4237 7329 1212.6 -
No 47.8 103.8 29.4 1105 2394  408.3 613.3 1123.3 (68.4)
Single skin  Yes 1x0.8 7850 21.6 109.8 3452 794.6 1390.7 -
Double Yes 2x0.8 7850 36.5 1969 618.0 14134 - -
skin Yes 2x0.8 7850 36.3 2028 627.1 1423.7 - -
Yes 2x0.8 7850 34.6 195.0 6155 1406.4 - -

744 * Work until first failure in the foam where the numbers in parenthesis give the displacement (in mm) at failure.
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