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A B S T R A C T

In this study, we systematically investigate the compression behavior of Expanded Polypropylene (EPP)
bead foams using precise experiments in a custom-designed vacuum chamber. The material’s response is
examined under controlled pressure conditions, including compression tests at both ambient pressure and
4 mbar, at various strain rates. Considering that most foams consist of more than 90% air, our focus is
on elucidating the influence of cell gas on mechanical properties, such as compression modulus, plateau
stress, plateau slope, and energy absorption. The impact of cell gas on recovery behavior was analyzed by
loading–unloading-steps in the vacuum chamber. Notably, the presence of cell gas shows a pronounced effect
on the foam’s deformation behavior, particularly in the plateau region, significantly affecting its resistance
to deformation and energy absorption. The findings offer valuable insights for the development of foam
materials and structures/components made of foams, especially in applications where resilience and durability
are paramount.
. Introduction

Polymer bead foams have captured significant interest due to their
nique combination of easy processing, the capability to produce com-
lex parts, and their potential for lightweight applications. This com-
ination of favorable processability and exceptional material proper-
ies has led to diverse applications in packaging, thermal insulation,
portswear, automotive components, and sandwich cores [1–7]. Ex-
anded Polypropylene (EPP) has attained a market share of $438
illion in 2023, with forecasts anticipating an increase to $620 million

y 2028 [8]. The strategic development and large-scale production of
hese widely used material has significant economic and environmental
mplications. A deep understanding of the complex interplay between
aterial, foam topology and the resulting product performance is re-

uired. Understanding the mechanical properties is crucial and can
ven have a decisive impact on the safety of people, as Castiglioni
t al. [2] show in the context of head protection.

Polymer foams often consist of more than 90% entrapped air, offer
xcellent thermal insulation and deformation properties, like a unique
train-dependent energy absorption [9]. Classified into open and closed
ell types, these foams differ in their response to compression and
how [10]. Comparative FEA modeling indicates that in closed cell
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foams, the influence of cell gas on compression is more pronounced
than in open cell foams [11]. In this context, Mills et al. theoretically
predicted that the influence of cell gas during compression reaches
its maximum at the onset of densification strain before decreasing at
further compression [11,12]. Their model of the contribution of the cell
gas is visualized in Fig. 1.

Ashby describes the mechanical response as an interaction of the
base material, the cell structure, and the relative density [13]. Based
on these considerations, the models developed by Ashby and Gibson
aim to predict compression properties as a function of relative density
(density of foam 𝜌∗ divided by density of solid 𝜌𝑠), material distribution
within cell walls and edges, denoted 𝜙, relative modulus (foam modulus
𝐸∗ divided by the solids modulus 𝐸𝑠) and the Poisson’s ratio (𝜈∗)
of the foam. These models are used to distinguish between brittle,
plastic–elastic, and elastic foams, and between open- and closed-cell
configurations. Consequently, the pressure difference between outside
(𝑝𝑎𝑡) and inside of the cells (𝑝0) influences the deformation behavior.
Using the equations established by Ashby and Gibson, one can calculate
the compression modulus (𝐸∗) and the elastic stress (𝜖𝑒𝑙) of foams. An
example using the equations for an elastic closed-cell foam illustrates
that cell gas has a minor impact on the compression modulus (see
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Fig. 1. Visualization of the theoretical contribution of entrapped cell gas during the
compression of closed cell foams [11].

Eq. (1)) and the plateau stress (see Eq. (2)) [13].
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It is crucial to acknowledge that the equations may not fully en-
compass the influence of cell gas on foam deformation. Modeling the
complex dynamics of diffusion processes and the increased damage to
cell faces during deformation, affecting gas flow, poses a significant
challenge [10–12]. The impact of cell gas becomes more pronounced af-
ter the plateau stress in the plateau region, as illustrated in Fig. 1. While
these equations specifically address key parameters (𝐸∗, 𝜖𝑒𝑙) before
this phase, they do not capture the deformation behavior during com-
pression in the plateau region. Furthermore, bead foams, characterized
by a unique cellular structure formed through a multi-step production
process, markedly differ from conventional polymer foams, resulting in
complex and hierarchical micro-, meso-, and macro-structures which
influences the short- and longterm deformation behavior [14–17].

To investigate how bead foam production affects properties, Beverte
conducted static compression tests on EPP in x, y, and z directions
across various densities. Findings revealed that compression modulus
increases with density. At the highest density (84 kg/m3), anisotropy
in the compression modulus was evident, but it was not significant
in lower densities (23–57 kg/m3). Across all densities, anisotropic
behavior was noted in the plateau region, linked to the foam’s structure
and processing characteristics [18].

Different morphologies result in distinct response which is shown
by Morton et al. They investigated the effect of cell structure on the
influence of strain rate and temperature on the stress–strain behavior
of two EPP foams with similar density but different microstructure.
Foam A with smaller cell size (19.1 voids/mm2) shows over 40% higher
collapse stress under quasi-static conditions compared to Foam B (8.1
voids/mm2). Collapse stress increases by 45% (Foam A) and 57% (Foam
B) at a strain rate of 100 s−1 compared to quasi-static loading 10−3 s−1.
Temperature has also a huge impact and the collapse stress rises 110%
at −30 ◦C and drops 50% at 60 ◦C. The influence of temperature must
be taken into account during use and therefore plays an important role
in product development [5].

In addition, the cellular structure of bead foams is also influenced by
density. Rumianek et al. demonstrated that an increase in foam density
of EPP results in altered cell structures, indicated by greater strut
2

thickness, consequently leading to improved resistance against com-
pression. This phenomenon was observed consistently across various
deformation rates, where higher strain rates corresponded to elevated
compression modulus at the same density, and higher density led to
higher compression modulus [4].

Viot et al. studied the change in morphology during dynamic com-
pression tests and compared microtomographic images after each im-
pact. They observed instead of the expected correlation between bead
density and deformation, a more complex deformation behavior. In
conclusion, the most porous beads of the welded sample create zones
of weakness that lead to local collapse, which is transmitted to neigh-
boring beads [19].

In a complementary study, Viot investigated the hydrostatic com-
pression of EPP using a flywheel and a hydrostatic chamber. By varying
strain rates and densities, he observed unexpected nonlinear elastic-
ity and transverse isotropy during hydrostatic loading, in contrast
to the expected isotropic behavior observed in uniaxial compression.
These changes are attributed to complicated interactions between the
structure of the foam, the trapped gas in the microstructure, and
manufacturing-induced microstructural variations [20].

Bouix et al. examined the effects of strain rates (in the range
of 10−2 to 103 s−1) and foam density (from 35–150 kg/m3) on the
compression properties of EPP foams. As expected, they found that
higher densities show increased collapse stress, while higher strain
rates consistently lead to increased collapse stress regardless of foam
density. The researchers suggested that accelerated strain rates could
trap cell gas in the foam due to rapid deformation. Underwater imaging
confirmed that less gas escapes at higher strain rates [21].

In summary, understanding how cell gas affects bead foam compres-
sion is crucial for advancing foam development and engineering. While
extensive theoretical discussion on the impact of cell gas exists, the lack
of a precise experimental results hinders insights. Theoretical models
suggest significant effects of the cell gas on the deformation behavior
of foams, yet experimental confirmation for bead foams is lacking. This
gap between theory and practice underscores the need for experimental
studies to refine modeling and optimize bead foam design.

Our study aims to close this gap, by developing an innovative
method to experimentally test bead foams under vacuum conditions.
This approach allows us to precisely quantify the influence of air within
bead foams. Moreover, it opens avenues for future studies to compare
results under various pressure conditions, providing valuable insights
into the complex interplay of cell gas and bead foam mechanics.

2. Experimental methodology

2.1. Material

For all performed tests, we used commercially available EPP beads
(Neopolen P9230k, BASF SE) to produce plates with dimensions of
200 × 190 × 40 mm with a steam chest moulding machine (Energy
foamer 5.0, Kurtz Ersa Gmbh). To avoid density inhomogeneities due
to the fabrication process we cut samples from the foam boards and
remove the skin [22]. Therefore we used a hollow drill with a diameter
of 20 mm. The samples were cut out of the middle to a height of 20 mm
with a 3D printed mold and a sharp knife. The process is visualized in
Fig. 3.

To assure parallel and plain surfaces the height of each sample was
measured at three different positions. After conditioning at 25 ◦C and
50% rel. humidity for at least seven days the geometric density of
every sample was measured. The mass (m) and the volume (V) was
determined and the density 𝜌 was calculated. As a case study here EPP
with a density of 60 kg/m3 is uniformly used for all experiments.
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Fig. 2. Schematic representation of the vacuum chamber used (left) and installed in a servo-hydraulic testing machine (right).
2.2. Vacuum testing setup

The schematic representation of the vacuum chamber used in our
experiments is depicted in Fig. 2. This chamber is integrated in a servo-
hydraulic testing machine (Schenk AG, Germany) for precise testing.
Displacement measurements were carried out using a position sensor
attached to the piston. To eliminate any potential distortion caused by
frictional forces from the metal seal, a 10 kN load cell (HBM, Germany)
was positioned inside the vacuum chamber. Control over the cham-
ber’s internal pressure was achieved using a four-stage membrane vac-
uum pump (Vacuubrand, Germany) equipped with continuous pressure
monitoring.

2.3. Development of reproducible and repeatable vacuum tests

Prior to vacuum testing, it is essential to determine the necessary
evacuation time and ensure that the material remains undamaged
during the evacuation process.

The evacuation process entailed continuous evacuation, followed
by a designated vacuum holding time. In the pursuit of determining
the optimal conditioning time for the chosen material under 4 mbar
pressure, a series of compression tests were conducted after exposure
periods of 24, 48, 72, and 96 h at 4 mbar and a strain rate of 1.6 s−1.
The obtained results were compared and a fixed conditioning time for
subsequent tests was deduced.

To evaluate the impact of evacuation on foam mechanics, we first
subjected specimens to a 72-hour vacuum treatment, then exposed
them to 72 h of ambient conditions. We compared their mechanical
performance at ambient conditions with specimens that remained in
ambient conditions throughout.

2.4. Methods for analyzing the influence of cell gas

To investigate the influence of cell gas on the deformation behavior
of EPP, compression tests were carried out in accordance with DIN
EN ISO 844 standard. A consistent pre-force of 3 N was uniformly
applied to all tests. The key parameters were analyzed via the approach
and Python script of Albuquerque et al. This script calculates the
densification strain based on maximum energy absorption efficiency,
3

Fig. 3. Test sample production from beads, to welded plate and to the extracted test
sample.

while the plateau slope indicates the slope of the optimal linear fit
between plateau onset and densification strain [23,24]. To evaluate
the recovery effect during unloading, we conducted an unloading step
at the same testing speed. Furthermore, we systematically assessed the
performance of the vacuum chamber at higher test speeds, employing
three distinct strain rates: 0.016, 1.6, and 16 s−1. The testing speed was
determined using the formula 𝑣(𝑡) = 𝜀̇⋅ℎ0, where ℎ0 describes the initial
height of each sample prior to testing. For each strain rate and pressure
level, at least three samples were tested.

3. Results and discussion

In this chapter, the systematic procedure for vacuum foam testing,
using EPP with a density of 60 kg/m3 as a case study, is highlighted.
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Fig. 4. Mechanical behavior of EPP (60 kg/m3 density) at a strain rate of 1.6 s−1: (a)
shows the varied mechanical responses due to different evacuation times; (b) compares
compressive stress–strain curves at ambient conditions between a sample conditioned
for 72 h at 4 mbar, followed by 72 h at ambient pressure, and a sample without
evacuation.

3.1. Optimum evacuation time and its damaging influence on EPP

Starting with analyzing the required conditioning time at 4 mbar,
Fig. 4a illustrates the results obtained by varying the evacuation time.
Analysis of compressive stress–strain curves shows strong differences at
different conditioning times. Prolonging the evacuation period accen-
tuates these differences compared to compression tests under ambient
pressure. However, the difference become less pronounced, between
72 h and 96 h. Consequently, a 72-hour conditioning time has been
selected for subsequent tests.

To assess the impact of evacuation on mechanical properties, we
compared a sample evacuated for 72 h and subsequently conditioned
at lab condition for 72 h with a sample stored only for 72 h under lab
conditions without evacuation. The compressive stress–strain curves, il-
lustrated in Fig. 4b, reveal that evacuation has no discernible influence
on the mechanical properties.

It is crucial to note, when testing in vacuum, that the conditioning
time and the effects of evacuation vary depending on the foam material
and its density.

3.2. Influence of cell gas on the compression behavior of EPP

Fig. 5 provides a visual comparison between compressive stress–
strain curves (Fig. 5a) and of their corresponding properties under
4

ambient and vacuum conditions at a constant strain rate of 1.6 s−1

(Fig. 5b-f). This comparison reveals marked differences in the impact of
cell gas across various regions, aligning with theoretical insights from
existing literature [10,11].

Comparing the compressive stress–strain curves in Fig. 5a reveals
that the influence of cell gas in the linear-elastic region is minor, but
becomes more pronounced in the plateau region. The disparity in com-
pressive behavior between vacuum and ambient pressure conditions is
evident until the end of the loading cycle at 80% compressive strain.
The absence of cell gas significantly reduces the stress required to reach
maximum deformation.

The unloading step underscores the substantial impact of cell gas
on the recovery behavior of the bead foam. Notably, the slope at the
initial phase of the unloading step is markedly influenced by cell gas,
indicating that entrapped cell gas functions akin to a spring, facilitating
the restoration of the sample. In the latter phase of the unloading step,
the residual height of the specimen is closer to the initial height in the
presence of cell gas. This observation suggests a potential for improved
resistance to long-term cyclic loads of the foam. It indicates that the
presence of cell gas plays a key role in recovery. Consequently, it is
assumed that cell gas might aid in shape restoration after loading,
potentially enabling specifically designed products to better withstand
subsequent loads.

Further, we explore the impact of cell gas on crucial parameters. The
evaluation of the compression modulus (Fig. 5b) reveals comparable
results both under vacuum and ambient conditions. At a strain rate of
1.6 s−1, the compression modulus remains consistent at 9 MPa in both
conditions, suggesting that the linear-elastic behavior is dominated by
the material composition, here polypropylene (PP). The plateau stress
(Fig. 5c) experiences minimal alteration due to the presence of cell gas.
Only a slight, non-significant decrease is noted at 4 mbar, as the plateau
stress is 0.18 MPa compared to 0.19 MPa under ambient conditions.

The densification strain at 60% compression remains constant, as
shown in Fig. 5d. Cell walls undergo substantial deformation and
interlocking, reinforcing resistance to deformation in the densification
region [23]. Although the impact of cell gas on densification strain
is minor, resistance increases with cell gas. Consequently, the stress
required to achieve densification is higher with cell gas.

In the specific context of the plateau region, spanning from the
plateau stress to the onset of densification, the influence of cell gas
becomes pronounced. This influence manifests as a significant reduc-
tion in plateau slope (Fig. 5e), declining from 0.56 MPa to 0.35 MPa.
This discrepancy can be elucidated by understanding that cell gas plays
a stabilizing role on the cells during compression, leading to a more
continuous stress decrease. Conversely, at 4 mbar, where cell gas is
lacking, deformation occurs at a lower increase in stress up to the
densification strain.

The results regarding energy absorption (Fig. 5f) shows changes
under vacuum conditions in comparison to ambient pressure. The
absorbed energy of the foam up to the densification strain experi-
ences a substantial decrease, transitioning from 0.24 MJ/m3 at ambi-
ent pressure to 0.21 MJ/m3 at 4 mbar. This observed change in en-
ergy absorption is significant for the widespread application as energy
absorbers.

3.3. Influence of cell gas on strain rate dependence and recovery behavior
of EPP

To delve deeper into the mechanisms influencing the deformation
behavior of EPP under normal conditions and at 4 mbar pressure,
a series of tests at different strain rates was conducted. The strain
rate-dependent behavior is shown in Fig. 6.

In Fig. 6a, the plateau stress remains unaffected in the presence of
cell gas, but a non-linear rise is observed with increasing strain rate.
This suggests that the increase in plateau stress of EPP is independent of
cell gas, attributing the strain rate-dependent behavior to the inherent
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Fig. 5. Visualization of the different mechanical response of EPP with a density of 60 kg/m3 tested at ambient pressure and 4 mbar at a strain rate of 1.6 s−1: (a) Compression
stress–strain curves, (b) compression modulus, (c) plateau stress, (d) densification strain, (e) plateau slope and (f) energy absorption until densification.
material characteristics of the foam. This behavior is in line with Ebert
et al. demonstrating a significant dependence of PP on load strain
rate [25].

The influence of cell gas on the plateau slope across all three
strain rates is particularly interesting. Despite variations in strain rates,
the difference between samples tested under ambient pressure and at
4 mbar remains constant. This consistently results in an identical slope
of the linear fit for the increase in plateau slope of EPP tested under
normal conditions and in vacuum. Consequently, the theory proposed
by Bouix et al. [21] does not seem to be applicable in this context; the
cell gas is not the primary cause for the strain-dependent rise in resis-
tance against deformation of EPP. This nuanced understanding sheds
light on the complex interplay of factors influencing the mechanical
behavior of EPP under varying conditions.

To further investigate the recovery behavior of the foams, we closely
examined each sample height after compression. In Fig. 6c, one can see
how the sample heights changed, 1 min and 72 h after testing, relative
to their initial height.

This analysis sheds light on how cell gas continues to affect the
recovery of the bead foam. At a strain rate of 0.0016 s−1, just 1 min
after testing, samples at ambient pressure showed a 𝛥ℎ of around
15.2%, while those at 4 mbar exhibited a more significant change at
47.5%. This difference is partly due to the non-equilibrium state of the
latter samples. After 72 h in ambient conditions, 𝛥ℎ for samples tested
at ambient conditions was around 8.2%, whereas for samples tested at
4 mbar, it was 16.2%.

At higher strain rates of 1.6 and 16 s−1, the height reduction stayed
the same between 1 min and 72 h in ambient conditions, with a
permanent height change of about 5%. In vacuum conditions, while
initial height reduction at these higher rates was less than at 0.0016 s−1,
the permanent strain consistently stayed around 16% after 72 h.

Regardless of the strain rate, a notable difference of more than 10%
in permanent deformation is observed between samples tested under
vacuum and ambient conditions. This indicates that cell gas functions as
a protective factor during compression, leading to reduced permanent
deformation after unloading. This finding suggests that the presence of
cell gas in the foam structure plays a key role in minimizing permanent
deformation after loading and unloading cycles. This protective mech-
anism is essential for applications where the resilience and durability
5

of the material are critical, especially in scenarios involving repeated
loading and unloading.

4. Conclusions

In this study, a detailed analysis of the mechanical behavior of
EPP within a custom-designed vacuum chamber was performed. The
innovative approach of comparing the foam behavior at both ambient
atmospheric pressure and 4 mbar served as the foundation for our in-
vestigations. Prior to studying the influence of cell gas, we determined
the necessary evacuation time and assessed evacuation-induced dam-
age. For EPP with a density at 60 kg/m3, the evacuation conditioning
time was 72 h, and no residual damage was detected due to evacuation.

Subsequently the deformation behavior at ambient pressure and
4 mbar was investigated. Minimal influence of cell gas on the linear
region was observed, suggesting that the linear-elastic behavior is dom-
inated by the intrinsic material properties of the cell wall material. The
base materials behavior also dominates the plateau stress, exhibiting a
strain rate-dependent increase independent of cell gas presence.

The plateau slope and energy absorption during the deformation of
EPP. Key indicators of the material resistance are highly sensitive to the
presence of cell gas. Notably, the observed reduction in plateau slope
and energy absorption under vacuum conditions remained consistent
across the range of investigated strain rates, from 0.0016 to 16 s−1.

Furthermore, the performed unloading step highlighted the role of
cell gas in the recovery behavior of EPP. In the presence of cell gas,
recovery was faster and more pronounced. The cell gas acts as a pro-
tective factor during compression and resulting in a notable reduction
in permanent deformation after unloading. This protective mechanism
persisted across different strain rates, emphasizing its significance in
preserving the structural integrity of the foam.

In practical terms, these findings have significant implications for
applications prioritizing the resilience, durability, and energy absorp-
tion of foam materials. The complex influence of cell gas on compres-
sion behavior, observed within the controlled setting of the vacuum
chamber, enriches our understanding and contributes to a novel and
enhanced foam material design for various applications. As a next step,
exploring different bead foams will shed light on the influence of the
material on cell gas dependence. Additionally, gaining a comprehensive
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Fig. 6. Strain rate dependence of the plateau stress (a), the plateau slope (b) and the
change in height (c) of EPP tested under ambient pressure and at 4 mbar.

perspective requires delving into the long-term cyclic behavior and
assessing the impact of cell gas on the fatigue characteristics of these
foams. Performing in-situ 𝜇CT measurements under both ambient and
vacuum pressure conditions will allow to correlate the influence of cell
gas on the damage mechanism.
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