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Abstract 

This study explores how expanded thermoplastic polyurethane (ETPU) responds to temperature and compression 
at various temperatures. Dynamic mechanical thermal analysis (DMTA) was used to understand the temperature influ-
ence at small deformations. To investigate the deformation behavior at different compression stages we employed 
in-situ CT measurements and 3D strain mapping. Through quasi-static compression tests at temperatures from − 50 
to 120 °C, we determined the influence of temperature on compression modulus, elastic stress, stress at 50% defor-
mation, densification, and energy absorption. Remarkably, ETPU demonstrates robust recovery after compression, 
particularly within the − 50 to 60 °C temperature range. Subsequent compression tests show consistent or even 
slightly increased compression properties, such as a 10% increase in energy absorption for samples previously tested 
at − 40 °C, indicating that ETPU can withstand prior exposure to different temperatures.
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Introduction
Expanded thermoplastic polyurethane (ETPU) has 
gained widespread recognition, notably for its application 
as the midsole material in Adidas Boost shoes. The com-
mercial success of ETPU stems from its unique blend of 
ease of processing and exceptional elasticity under high 
deformation (BASF SE 2024).

Bead foam components are commonly produced 
through a three-step procedure, starting with the fab-
rication of the base polymer. Subsequently, the poly-
mer is transformed into expanded beads using either an 
autoclave or extrusion foaming method. Finally, these 

expanded beads are welded together to create the end 
product (Brütting et  al. 2023; Raps et  al. 2014). This 
results in a multi-scale morphology that is crucial in 
defining both the material’s structure and its mechanical 
response (Koch et al. 2023; Gebhart et al. 2019; Meuchel-
böck et al. 2023).

The mechanical properties of foams are influenced by 
the base material, its cellular structure, and foam den-
sity (Ashby 2006). However, the mechanical behavior of 
polymer foams varies with temperature, reflecting the 
temperature-dependent properties of the solid material 
(Gibson and Ashby 2014). Therefore, foams respond dif-
ferently under varying temperature conditions. Given 
the frequent use of bead foams in environments with 
varying temperature conditions, this topic has signifi-
cant relevance (Morton et al. 2020; Weingart et al. 2020; 
Himmelsbach et al. 2022).

Krundaeva et al. demonstrated that temperature has a 
significant impact on the dynamic compression charac-
teristics of EPS foam. Specifically, it was observed that 
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the compressive strength of the EPS foam decreased by 
approximately 13% when the temperature was increased 
to 50  °C. Conversely, a decrease in temperature to − 
20  °C resulted in an 8% increase in the strength of the 
EPS foam (Krundaeva et al. 2016).

Morton et  al. delves into the compression character-
istics of EPP for car applications across a temperature 
spectrum spanning from − 30 to 60  °C. Their findings 
revealed a 110% increase in collapse stress, represent-
ing the transition point from the linear-elastic to plateau 
regime, at − 30 °C. Conversely, at 60 °C, there was a nota-
ble 50% decrease in this collapse stress when compared to 
the reference temperature of 23 °C (Morton et al. 2020).

Weingart et  al. conducted a comparative analysis, 
assessing the mechanical performance of expanded 
polycarbonate (EPC) alongside expanded polypropylene 
(EPP) and expanded polyethylene terephthalate (EPET) 
at different ambient temperatures (25  °C, 80  °C, and 
200 °C). Notably, compression, tensile, and flexural prop-
erties exhibited substantial reductions when increasing 
the temperature. For instance, EPP experienced a 45% 
decrease in tensile strength at 80 °C and a 61% decrease 
at 110  °C. In summary, the resistance of all three bead 
foams is decreased at higher temperatures. However, 
EPC demonstrated the least deterioration in mechanical 
performance, likely attributable to the superior tempera-
ture resistance of the solid PC material compared to PP 
and PET (Weingart et al. 2020).

Currently, research on the temperature-dependent 
behavior of ETPU is limited. Existing studies focussing 
on the autoclave process of ETPU indicate that higher 
saturation temperatures lead to more expansion, while 
increased pressure results in smaller cells; higher tem-
perature at the same pressure creates larger cells (Zhao 
et al. 2018; Zhang et al. 2017). However, the TPU com-
position is crucial too. Zhang et  al. found that a higher 
molecular weight of TPU’s soft segment affects foaming 
(Zhang et al. 2017). Saturation temperature and pressure 
significantly affect foam morphology by influencing the 
ordering of TPU’s hard segments in a highly elastic state, 
which is crucial for autoclave foaming and inter-bead 
bonding in welding (Jiang et al. 2021).

The structure of ETPU affects its deformation behav-
ior. Singaravelu et al. demonstrated through in-situ X-ray 
microtomography that the compression behavior of 
ETPU bead foams is closely linked to its structure, with 
strain mapping underscoring how cellular irregulari-
ties affect local stability and void collapse. Additionally, 
they found that differences in ligament thickness and 
material distribution critically impact the mechanical 
response, leading to varied Poisson ratios in both individ-
ual expanded beads and molded plates (Singaravelu et al. 
2019, 2021).

Ge et  al. conducted a study that not only revealed a 
significant enhancement in the tensile and compres-
sion properties of ETPU with increased density but also 
showcased the impressive recovery capability of ETPU 
bead foam. Even after subjecting the material to 200-fold 
loading at 60% strain and allowing a recovery period of 
6 days, only marginal decreases were observed in both 
compression modulus and stress at 60% strain (Ge et al. 
2017). Compared to EPP, ETPU shows a very high resist-
ance against cyclic-dynamic load (Meuchelböck et  al. 
2023). This robust fatigue behavior, in conjunction with 
its resilience in recovery, highlights ETPU’s suitability for 
applications requiring extended durability under cyclic 
loading (Ge et al. 2017; Meuchelböck et al. 2023).

Prior research on compact TPU reveals that tempera-
ture significantly influences the mechanical behavior of 
this elastic material. Slater et  al. examined the altera-
tion of compression set at various temperatures (23  °C, 
50 °C, 70 °C, 80 °C) and observed a substantial increase 
from up to approx. 40% at 80 °C compared to 23 °C 
(Slater et al. 2011). Boubakri et al. illustrated the signifi-
cant impact of temperature on TPU’s tensile properties. 
For instance, aging TPU at 70  °C for 60 days led to an 
increased modulus and increased tensile stress at 200% 
elongation (Boubakri et al. 2011). Kasgoz et al. demon-
strated that slight temperature variations significantly 
impact TPU’s mechanical response. The tensile modu-
lus decreased by approximately 50%, transitioning from 
0.063 MPa at 30 °C to 0.030 MPa at 40 °C and 0.020 MPa 
at 50  °C. These changes occurred after thermal condi-
tioning of the samples at their respective temperatures 
for 10 min (Kasgoz 2021).

In this study, we utilize 3D strain mapping to analyze 
deformation behavior and perform quasi-static tests on a 
commercially available ETPU grade at varying densities. 
This research covers a broad temperature range (− 50 to 
120 °C) to evaluate its influence on compression proper-
ties. Our goal is to deepen the understanding of ETPU’s 
mechanical behavior, inspiring product enhancements 
and facilitating innovative applications.

Methods
To minimize manufacturing effects, we utilized com-
mercial ETPU expanded beads (Infinergy® 32-100 U10, 
BASF SE). These beads were welded to plates measuring 
290 * 190 * 40 mm3 using a steam chest molding machine 
(Energy Foamer 5.0, Kurtz Ersa), with welding param-
eters based on the provided data sheet specifications. 
Three density ranges were produced by varying the crack 
distance during mold filling according to the datasheet 
(BASF SE 2024).

Subsequently, circular samples with 20 mm and 40 
mm diameters were precision-cut from the plates using 
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a water jet cutting device (Flow Mach 2). Afterwards, the 
samples were carefully separated from the plates using a 
cutter knife. For 20-mm diameter samples, the foam skin 
was removed on both sides, resulting in a 20-mm height 
without foam skin. After a minimum 144-h conditioning 
period at 23 °C and 50% relative humidity, the geometric 
density of each sample was determined (Fig. 1).

Morphology
To analyze the morphology of ETPU expanded beads, ten 
beads were longitudinally cut using textile scissors and 
examined with a scanning electron microscope (Zeiss 
Leo 1530, operating at 1.5 kV acceleration voltage). Due 
to the varied morphology of the beads, three distinct 
zones were visually identified for each bead, as illustrated 
in Fig.  2. The mean cell diameter was calculated with 
ImageJ by measuring the largest and smallest diameter of 
the cells. Within the inner circle K1, all complete cells are 
measured. Circle K2 is divided into four segments, while 
Circle K3 entails measuring all cells from one-eighth.

Density
The density ρA of 100 beads was determined using Archi-
medes’ principle and a density scale (Mettler Toledo 
AG245), with mair representing the mass of the bead in 
air, mH2O as the apparent mass of the bead under water, 
and ρH2O

 denoting the density of water at the measure-
ment temperature (25 °C) in Eq. 1.

The geometric density ρ of the test samples for DMTA 
and compression tests are calculated according to Eq. 2.

The mass m and volume V of the cylindrical samples 
are determined after a conditioning period of at least 144 
h at laboratory conditions. The volume of the cylindrical 
sample is calculated using the height and diameter as the 
mean values obtained from measurements at three differ-
ent positions.

(1)ρA =

mair

mair −mH2O
∗ρH2O

(2)ρ =

m

V

Strain mapping using edge illumination
In order to investigate the deformation behavior, 
3D-strain maps were generated at deformation levels 
between 2 and 5%, 30 and 35%, and 55 and 60%. Edge-
illumination (EI) phase contrast imaging (Olivo 2021) 
was used as the primary imaging technique and strain 
retrieval was conducted using the commercial digital 
volume correlation (DVC) software package in AVIZO. 
For each loading condition, 1000 phase enhanced pro-
jections were obtained by applying the single shot phase 
retrieval method (Diemoz et al. 2017) on the raw projec-
tion images. A CT reconstruction was then performed 
using the vector geometry and the Feldkamp-Davis-
Kress reconstruction algorithm from the ASTRA toolbox 
(van Aarle et al. 2016).

When using DVC, one has to make a trade-off between 
strain uncertainty and strain spatial resolution. The strain 
uncertainty depends on the characteristics of the primary 
imaging method and on the sample features, and gener-
ally increases for finer meshes. A zero-strain uncertainty 

Fig. 1  From ETPU expanded beads to sample, with an exemplary CT-image of the cross-section

Fig. 2  Three zones of expanded bead morphology, labeled K1, K2, 
and K3, progressing from center to bead wall
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measurement (Bay et  al. 1999) was conducted, where 
two repeat scans of the sample under no strain were cor-
related. This was done for different mesh sizes and the 
standard deviation of the retrieved strain acted as an 
estimate for the strain uncertainty. The result of this pro-
cedure is plotted in Fig. 3. As expected, the uncertainty 
increases the finer the mesh size is chosen. For this study 
an average cell size of 20 voxels was chosen because over-
all strains of 3–5% were applied and therefore a standard 
deviation of ≈0.06% is still acceptable. Smaller meshes 
were not considered because the DVC algorithm did not 
converge. A more detailed description of the X-ray imag-
ing system and the compression test procedure can be 
found in the supporting information section.

Segmentation of individual ETPU cells
In order to investigate the influence of the ETPU cell 
size on the deformation behavior, single cells were seg-
mented from the 2% deformation EI CT reconstruction. 
First, thresholding was used to serve as seed for a water-
shed segmentation algorithm. The resulting connected 
label field describing all the cells was separated into dis-
tinct objects by a random walk distance map. To avoid 
labels representing noise, labels with a volume below 10 
voxels were excluded. Furthermore only labels with a 
shape factor between 1 and 2 were considered. Since the 

cells are expected to be spherical, the 105 labels with the 
least anisotropy were chosen. Then using the result of 
the 3D strain map the average strain for each label was 
calculated.

Dynamic mechancial analysis
Dynamical mechanical thermal analysis (DMTA) was 
performed using a DMA (EPLEXOR Gabo, Netzsch, 
Germany) equipped with a 150 N force cell. Static com-
pression was set at 4% with a dynamic amplitude of ± 
1%. Measurements were conducted at a frequency of 1 
Hz and a heating rate of 1  K/min from − 80 to 140  °C. 
The temperature was controlled with a heated oven sup-
plemented by liquid nitrogen. We chose to use DMTA to 
determine Tg by the maximum loss factor. This helped us 
identify the temperature ranges for performing the quasi-
static tests, following Sircar et al. (1999).

Quasi‑static testing
Samples underwent mechanical testing at temperatures 
ranging from − 50 to 120  °C. Given the varied behav-
ior observed at different temperatures, categorizing the 
foam as solely “soft” or “hard” based on its glass transi-
tion temperature ( TG ) was deemed inadequate. To ena-
ble a more accurate comparison across temperatures, 
all samples were tested at each temperature according 

Fig. 3  Standard deviation of the strain for different DVC mesh sizes. The finer the mesh the higher the measured strain uncertainty
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to DIN EN ISO 844 standards. According to this stand-
ard, the variance for the compression modulus is set at 
10%, with a 95% repeatability limit of 25%. We tested 
at least 3 samples for each density and temperature, for 
a total of 72 samples. Additionally, to assess the recov-
ery effect, unloading steps were conducted at the same 
testing speeds.

To ensure that ambient temperature was identical to 
sample temperature, a dummy sample with the same 
density was used. A temperature sensor was placed in 
this dummy sample. Both samples were cooled/heated 
in the same thermal chamber. When the dummy sam-
ple with the same density reached the desired test tem-
perature in the range of ± 2 °C, the test was started. 
Compression curves were analyzed using the open 
source Python script by Albuquerque et al. (2023). The 
methodology for determining the different compres-
sion properties is detailed in the cited publication. In 
essence, the elastic stress is determined at the intersec-
tion with a parallel shift by 0.02% from the linear elas-
tic region. The densification strain is identified by the 
maximum energy absorption efficiency, and the energy 
absorption is calculated as the area under the compres-
sion curve up to the densification strain (Albuquerque 
et al. 2023).

Results and discussion
Morphology
The morphology and density of the beads were analyzed. 
The mean density of the analyzed beads is 192 ± 19 kg/
m3. The beads exhibit an ellipsoidal shape with an average 
principal axis of 9.8 ± 0.4 mm and an average minor axis 
of 5.9 ± 0.2 mm. To assess the impact of bead density, the 
average cell diameter of three zones was examined. The 
results, depicted in Fig.  4, do not show a clear depend-
ency on density. The observation of decreasing cell sizes 
closer to the bead wall, as shown in Fig. 2, is validated by 
the measurements. For instance, a bead with a density of 
194  kg/m3  exhibits average cell diameters of 410 μm in 
zone K1, 231 μm in zone K2, and 71 μm in zone K3. This 
heterogeneous morphology, as discussed in the introduc-
tion, strongly influences single bead deformation (Singa-
ravelu et al. 2021).

Thermal analyis
Figure  5 shows the DMTA results. All densities exhibit 
a similar pattern, starting with high values that decrease 
to a plateau before gradually declining further. The stor-
age modulus is consistently higher with increasing den-
sity throughout the entire temperature range. The glass 
transition temperature, as charactarized by the maxi-
mum loss factor, occurs around − 25  °C. Below this 

Fig. 4  Equivalent diameter of foam cells from beads with different densities
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temperature the material is in a glassy state and starts to 
soften at around − 45 °C. Following the transition phase, 
the material enters a rubbery plateau, spanning from 
approximately 0  °C to 50  °C. Beyond this range, up to 
around 90  °C, the slope increases as the material enters 
the rubber flow phase (Sircar et al. 1999).

Deformation behavior
The deformation behavior of foams typically includes 
three distinct regions: the linear-elastic region, the pla-
teau region, and the densification region, as delineated 
by Ashby (2006). Gibson et al. classify foams into brittle, 
plastic-elastic, and elastic categories based on the char-
acteristics of the compressive stress-strain curve (Gibson 
and Ashby 2014). In Fig.  6, an exemplary compressive 
stress-strain curve for ETPU with a density of 260  kg/
m3  is presented, demonstrating elastic behavior. Using 
the analytical approach of Albuquerque et al., the regions 
are computable (Albuquerque et al. 2023): the linear-elas-
tic region extends up to 4.2%, the plateau spans from 4.2 
to 55%, and densification occurs beyond 55% up to the 
tested 75%. The transition from the linear to the plateau 
region is gradual and smooth, with the slope-indicative 
of material stiffness-remaining nearly constant up to the 
onset of densification. This consistency is crucial for uni-
form material response throughout a wide deformation 
range.

During unloading, the material’s elasticity is evident, as 
it only retains about 4% residual strain at the end of the 

test, utilizing the same testing speed. ETPU can undergo 
substantial deformation with relatively low stress, a nota-
ble characteristic compared to other bead foams like EPP 
of similar density (Brütting et al. 2023). The compressive 
stress-strain curves of ETPU create a hysteresis loop, 
where the area between the loading and unloading curves 
represents the energy dissipated during deformation. The 
energy retained in the material, as indicated by the area 
under the unloading curve, exceeds the energy dissipated 
during deformation (Lazan 1968). This pattern suggests 
that ETPU has a high rebound capacity under standard 
conditions.

To further investigate the deformation strains result-
ing from compressive forces in the ETPU foam, we con-
ducted 3D strain mapping. The deformation ranges were 
selected at the transition from the linear to the plateau 
region, the plateau region and the start of the densifica-
tion. The results of these trials are visualized in Fig. 7. It is 
evident that the primary deformation at very small strains 
occurs primarily at areas around the fusion boundaries 
of the beads. This suggests that mainly the small cells 
of zone K3 are deformed (compare Fig.  2). Plotting the 
equivalent strain against the sphere radius, as shown in 
Fig. 8, confirms the assumption that the deformation of 
smaller cells seems greater than that of larger cells.

Between 30 and 35% compression, the deformation 
of the cells around the fusion boundaries of the beads 
becomes even more pronounced, making the multiscale 
structure visible. Finally, at deformations between 55 and 

Fig. 5  Results of the DMTA trials: comparison of the storage modulus and loss factor of ETPU with different densities
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60% compression, there is a noticeable uniform deforma-
tion observed throughout the entire sample.

These findings can guide the design of the cellular 
structure of ETPU foam. To enhance elasticity at smaller 
deformations, a heterogeneous structure may be benefi-
cial, featuring smaller cells near the bead walls and larger 
cells with thicker struts in the center. Conversely, a more 
uniform structure throughout the beads might help in 
achieving consistent deformation, reducing the likeli-
hood of weak spots. However, to validate this further, 
tests with different foam structures are necessary.

Mechanical properties
Results shown in Fig.  7 suggest varying deformation 
mechanisms depending on the load. ETPU typically 
experiences greater deformations in its practical applica-
tions compared to those observed in DMTA tests (Allen 
et al. 2020). Consequently, we will discuss the effects of 
temperature on ETPU deformations up to 75% in the fol-
lowing sections.

The compression test results, depicted in Fig. 9, detail 
how temperature influences the mechanical behavior of 
ETPU.

The stress-strain curves in Fig.  9a clearly show that 
temperature impacts all stages of ETPU deformation. 

The most significant alterations are observed in tests 
conducted at temperatures below − 25  °C and above. 
This is due to ETPU transitioning from a glassy state 
at temperatures below its glass transition temperature 
( Tg = − 25 °C, compare Fig. 5) to a rubbery state above 
it (Sircar et al. 1999).

The temperature-dependent compression properties 
for ETPU foams of three different densities are pre-
sented in Fig. 9b–f. The data indicates that higher den-
sity leads to increased compression modulus, elastic 
stress, stress at 50% deformation, and energy absorp-
tion, while densification strain decreases with increas-
ing density.

The compression modulus in Fig.  9b follows a simi-
lar pattern as the DMA curve in Fig.  5, with a marked 
decrease from − 50 to − 20  °C, and a more gradual 
decrease from − 20 to 40  °C. For instance, an ETPU 
foam with a density of 250  kg/m3 exhibits a compres-
sion modulus of 1.19 MPa at − 20 °C, 0.87 MPa at 23 °C, 
and 0.82  MPa at 40  °C. A significant reduction in stiff-
ness is observed at temperatures above 80  °C, demon-
strating that ETPU becomes less rigid with increasing 
temperature.

The elastic stress of ETPU, indicating the onset of the 
plateau region, rises at lower temperatures but remains 

Fig. 6  Compressive stress-strain curve of ETPU sample at 260 kg/m3, loaded at a testing speed of 4 mm/min up to 75% compression and unloaded 
down to a residual stress of 0.001 MPa
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relatively constant from − 20 to 40  °C, with a slight 
decrease observed at higher temperatures.

The densification strain, marking the start of densifi-
cation, is lowest at − 40 °C and increases progressively 
with temperature. For example, ETPU foam with a den-
sity of 253 kg/m3 has a densification strain of 55% at − 
50  °C, 51% at − 40  °C, increasing to 55% at 23  °C, and 
58% at 80 °C. Above 80 °C, the increase in densification 
strain becomes less marked.

The stress required for 50% deformation initially 
drops sharply below − 25  °C, then stabilizes between 
− 20 and 40  °C, and decreases more noticeably from 
80 to 120  °C, indicating the material softens with 
temperature.

Energy absorption in ETPU foam is highest at lower 
temperatures, attributed to its brittleness in a glassy 
state which could lead to a higher energy dissipation on 
impact. Above its glass transition temperature, ETPU’s 
elasticity allows to return energy, increasing its versatility. 
Consequently, ETPU could be an ideal protective layer 
for tanks containing gases or liquids below − 50 °C. Since 
the material provides excellent protection against vibra-
tions above − 20  °C without deforming permanently. 

In the event of gas leaks causing ETPU to freeze, the 
amount of energy that ETPU can absorb increases.

To assess how temperature impacts recovery, we exam-
ined the change in sample height immediately after 
testing and 24 h after testing at room temperature, as 
depicted in Fig. 10a. Directly after testing, notable defor-
mation is observed, with samples at − 50  °C reaching 
only 42% of their original height, while those at − 40 °C 
reach 65%. This suggests a reduction in elasticity at these 
temperatures, hindering the samples from promptly 
returning to their original shape with repeated deforma-
tions. In the temperature range from − 20 to 60 °C, sam-
ples rapidly recover close to 100% of their original height. 
At higher test temperatures, such as 80  °C and 120  °C, 
the recovery percentages are 94% and 90%, respectively. 
The material starts to melt at these temperatures, as 
evidenced by the increase of the loss factor tan δ from 
around 50 °C onwards, as shown in Fig. 5.

Allowing the samples to rest at laboratory conditions 
after testing, reveals that the original height is restored 
for temperatures ranging from − 50 to 60 °C. Permanent 
height changes become apparent at higher test tempera-
tures, with 3% at 80 °C and 7% at 120 °C.

Fig. 7  Visualization of ETPU deformation behavior: The left side shows X-ray CT slices along the compression direction, while the right side shows 
corresponding slices through the 3D strain maps. From top to bottom, the images sequentially illustrate the linear region (3–5% compression), 
the plateau region (30–35% compression), and the onset of densification (55–60% compression) in the foam
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The recovery behavior was further examined by ana-
lyzing the compression properties of all test series with 
a second load to 75% deformation at 23  °C, after a 72-h 
recovery period. The results of this were compared to a 
sample being compressed only once to 75% deformation 
at 23  °C. As shown in Fig. 10b, the compression modu-
lus matches or exceeds the initial stiffness. Compressing 
ETPU to 75% twice at 23  °C does not alter its stiffness, 
demonstrating its strong elastic behavior. Surprisingly, 
the material’s deformation does not appear to be affected 
by the test temperature of the initial load. Samples tested 
at − 50 °C achieve 97% of the stiffness compared to those 
subjected to the first load at 23  °C. Some samples even 
exhibit increased stiffness, possibly influenced by the ini-
tial load. However, there is no discernible trend correlat-
ing with the temperature of the initial load.

Similarly, the energy absorption in Fig.  10c remains 
consistent with the original values at 23 °C. This suggests 
that neither property is significantly influenced by initial 
testing, regardless of the initial temperature. Observing 
an increased energy absorption at 23 °C suggests a small 
loss in elasticity during the initial load. Further explora-
tion through dynamic cyclic loading at larger deforma-
tions and various temperatures is needed to understand 
this phenomenon better. However this investigation 
shows clearly the material’s potential to maintain similar 

shape and compression properties even after being com-
pressed to 75% at different temperatures.

Conclusions
In this study, we investigated the influence of tempera-
ture on the compression properties of expanded thermo-
plastic polyurethane (ETPU) across a wide temperature 
range (− 50  °C to 120  °C). Our findings provide a com-
prehensive understanding of ETPU’s mechanical perfor-
mance under various thermal conditions, demonstrating 
the material’s significant versatility and resilience.

DMTA measurements show temperature dependent 
behavior at different densities. The stiffness decreases 
drastically at the glass transition temperature (approxi-
mately − 25 °C), showing a plateau up to 80 °C before fur-
ther decreasing.

In-situ CT measurements and 3D strain mapping at 
different compression levels allow to analyze deforma-
tion mechanisms. Depending on the compression level 
the cellular structure is affected differently. Initially, the 
deformation is concentrated at the bead borders, with 
more uniform deformation across the bead walls as the 
compression increases. These findings unveil paths to 
tailor the mechanical properties of ETPU by adjusting its 
cellular structure.

Fig. 8  Rolling average of length 100 of the equivalent strain between 3 and 5% compression of 100,000 cells in relation to their respective sphere 
radius



Page 10 of 13Meuchelböck et al. J Mater. Sci: Mater Eng.           (2024) 19:10 

Fig. 9  Visualization of the influence of temperature in a representative stress-strain curves, in b the compression modulus, in c the elastic stress, 
in d the analyzed onset of densification strain, in e the compression stress at 50% deformation, and in f the energy absorption of the material 
up to densification
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In addition we conducted quasi-static compression 
tests on ETPU with three different densities up to the 
high deformation of 75% at temperatures ranging from 
− 50 to 120  °C. The results show a plateau between − 
20 and 60  °C, where the compression modulus, elas-
tic stress and energy absorption decrease very slowly. 
Density affects performance across all temperatures, 
with higher density samples showing higher compres-
sion modulus, elastic stress, and energy absorption 
capabilities.

ETPU impressively recovers from compression at 
temperatures ranging from − 50 to 60  °C. Follow-
ing a 72-h period at room temperature, the material 
shows minimal residual deformation. Subsequent com-
pression tests at room temperature reveal that both 
strength and flexibility are unaffected. Notably, both 
the compression modulus and energy absorption either 
match or exceed their initial values, indicating ETPU’s 
resilience and ability to maintain its mechanical prop-
erties even after being compressed to 75%.

To better understand ETPU’s durability over time, 
future research should investigate its response to cyclic 
dynamic loading at high deformations across various 
temperature conditions.

Acknowledgements
Thank you to Andreas Mainz and Ute Kuhn for helping with the test set up. 
Thank you to Fabian Hübner for bringing the working groups together. Thank 
you to BASF SE for providing the material.

Supporting information
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Edge illumination X‑ray imaging
In EI, a set of absorbing masks shape the X-ray beam into beamlets and 
the signal is obtained by analyzing these beamlets individually. Hence, the 
resolution in EI is decoupled from the detector pixel size and depends on 
the aperture size of the used masks which in this experiment was 10 μm. 
However, when taking a single acquisition, the sampling frequency is limited 
by the sample mask’s pitch which is 79 μm, which means that the image is 
heavily undersampled. By scanning the sample in sub mask-pitch steps (this 
is called dithering) through the beamlets, a much higher sampling can be 
realized. A resolution of ≈ 10 μm can be achieved while fulfilling the Nyquist 
sampling condition if 16 dithering steps are combined into one projection 
image. Typically, increasing the resolution in X-ray imaging comes at the cost 
of a decreased field of view (FOV), but with EI a comparatively big FOV ( ≈ 30 
× 30 mm) can be achieved at the comparatively high resolution of 10 μm. 
Since for this study many CT scans under different loading conditions were 
taken, only two dithering steps were employed in order to save scanning time.

Fig. 10  Comparing ETPU’s (253 kg/m3) temperature-dependent 
recovery behavior: a Percentage of height recovery 
post-compression, measured immediately and 72 h after testing. 
b Compression modulus, and c energy absorption on the second 
compression at 23 °C, each relative to the properties of samples 
initially tested at 23 °C
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Compression test series for strain imaging
The ETPU sample was precompressed by 1mm by adjusting a screw of the 
manual compression stage. Then, using the sample height as reference, the 
earlier mentioned compression levels were set and a full CT data set was 
acquired. The sample was given 30 min to relax after each compression 
step before starting the CT scan to avoid any motion artifacts. Furthermore, 
the compression level in each regime was increased incrementally so that 
decorrelation (because of strong local deformations or yielding) between 
subsequent scans could be avoided. This means that scans were taken at 
deformation levels of 2%, 3.5%, 5%, 30%, 31.25%, 32.5%, 33.75%, 35%, 55%, 
56%, 57%, 58%, 59%, and 60%. In order to map the local strain from the 
minimum deformation to the maximum deformation of the respective 
deformation regime, AVIZO’s global DVC algorithm was used and a python 
script was written: For an initial mesh the displacement field of the first load-
ing step is calculated, then the initial mesh is transformed by the calculated 
displacement field and used as the initial mesh for the next loading step. The 
displacement fields of each loading step are added and lastly, the strain tensor 
is calculated from the resulting displacement field. This process was started 
on a coarse mesh. The resulting displacement fields are then used as initial 
guesses for the DVC on a refined mesh. This ensures faster and more reliable 
convergence of the DVC algorithm.
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