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Abstract: Nowadays, numerous techniques are used to
quantify the resistance of cellular polymers against a
thermal load. These techniques differ in significance and
reproducibility and are all dependent on foam density,
structure (i.e., cell size and -distribution) and sample
geometry. Very different behaviors are expected for
extrusion- and bead foams, as well as for amorphous and
semi-crystalline polymers. Moreover, established tests use
temperature ramps which would lead to temperature gra-
dients within the sample and thus to faulty results. In this
study, we developed a new approach from an engineering
perspective to minimize these influences. In this approach,
the resistance against the thermal load is derived from a
steady creep test with defined temperature steps under a
mechanical load, which is specifically set for each foam
sample depending on its static compression behavior at
room temperature. The two-stage test therefore combines
(i) a standard quasi-static compression test at room tem-
perature and (ii) a creep test with stepwise increased
thermal loading. For each foam type, a rather low me-
chanical load (stress) is determined from the quasi-static
compression test at room temperature; low enough to
remain below the collapse strength and avoid irreversible

deformation (i.e., buckling and/or breaking of the cell
walls). This load is then applied in a creep test where the
temperature is increased in defined steps from room tem-
perature to a temperature close to Tg or Tm. The stepwise
increase and holding of the temperature for a defined time
enables a homogeneous temperature in the test specimen.
The approach was applied to (i) polystyrene extrusion and
bead foams (i.e., XPS and EPS), which have different foam
structure, (ii) amorphous and semi-crystalline bead foams
of polystyrene (EPS) and polypropylene (EPP), (iii) bead
foams with different densities (30, 60, 120, and 210 kg/m3)
and (iv) to a new type of bead foammade of the engineering
polymer polybutylene terephthalate (E-PBT). The termi-
nation criterion for the test is defined as the temperature at
which a relative compression of 10% is reached in the creep
test with temperature steps. We suggest calling it the heat
stability temperature THS. For the studied foams, the pro-
cedure delivers characteristic THS values that allow a good
comparison between different polymer matrices and den-
sities. The heat stability temperature THS of amorphous PS
foams (i.e., XPS and EPS)was determined to be 98 °C,which
is close to the glass transition temperature Tg. Using the
same approach, values of 99–107 °C were determined for
EPP and 186 °C for the semi-crystalline bead foam E-PBT.

Keywords: compression test; foams; heat stability tem-
perature; mechanical testing; steady creep test.

1 Introduction

The mechanical behavior of foams was well described in
fundamental studies by Ashby [1, 2], stating that the typical
compression curve consists of three areas. This includes
(i) a linear-elastic region at the beginning, where the
deformation of the foam is reversible as the cell struts and
walls elastically bend, followed by (ii) a plateau, where
they get plasticly deformed (i.e., irreversible) by buckling
and breakage, and (iii) finally a steep increase of stress,
which is called densification, where the compressed foams
start to behave like a compact material [3, 4]. The so called
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collapse stress is located at the transition of linear-elastic
region and the plateau. The compression behavior is pri-
marily driven by the foams density and structure (e.g.,
thickness/length ratio of the cell walls). Usually, with
increasing density, the struts become thicker and thereby
more resistant against deformation (i.e., buckling). Also
the cell gas influences the deformation behavior as it pro-
vides a certain counter pressure – a remarkable effect for
closed-celled foams [5]. Generally, the compression
behavior of foams differs with the density and a lower foam
density would result in lower energy absorption as stated
byWei et al. [6]. Moreover, the compression strength is also
influenced by the foam structure. In the works of Ram-
steiner et al. [7] and Lim et al. [8] it was clearly shown that
for cellular materials the compressive deformation is not
homogeneously distributed over the whole foam bulk but
stress bands appear in which the deformation accumulates
while other regions stay unaffected.

Generally, with extrusion foams and bead foams
similar densities and cell sizes are possible [9]. However,
bead foams show a lower mechanical performance than
extrusion foams at the same density [10]. This could be
explained, as the extrusion foams – even though they have
some inhomogeneities (i.e., mainly depending on the
extrusion direction [11]) – aremore uniform,while the bead
foams could contain broad cell size distributions and/or
voids in between the fused beads, that can be considered as
defects. Also, it is known that during processing
(i.e., extrusion) shear and die swell effects could lead to
strong cell anisotropy [12, 13]. Anyhow, the mechanical
behavior of bead foams is very complex [14] due to the
existence of structural differences that are described by
Coquard et al. [15] as macro- and micro-porosity. Interest-
ingly, it could be seen from theworks of Ossa et al. [16], that
the macroporosity (e.g., voids between the beads) and at
the microscopic level larger cells in the individual beads
initiate the failure during compression as they are the
weakest points.

In one of our previous studies [17] we have shown that
smaller and homogeneously distributed cells are beneficial
to distribute the applied load more evenly in the volume
resulting in higher compression strength for PLA extrusion
foams, even at a lower density. For polypropylene bead
foams, similar findings were described by Bouix et al. [4].
Here, a linear correlation between density and compres-
sion strength was found within the investigated density
range of 34–76 kg/m3. Smaller cells are beneficial to ach-
ieve a higher collapse stress, as the cells tend less to buckle
(irreversible, plastic deformation). The correlation between
density and compression behavior was also confirmed by
Castiglioni et al. [18] and Di Landro et al. [19].

One current trend is the development of bead foams
with increased resistance against heat exposure and
several attempts with mostly engineering polymers were
made, such as PA 12 [20], PET [21] and PBT [22]. Surpris-
ingly, no unified methods are used to quantify the resil-
ience against heat of these materials. It is worth noting,
that in this context several expressions can be found; e.g.,
“heat deflection/distortion temperature (HDT)” or “heat
resistance” are most commonly used for the description of
the thermo-mechanical behavior of materials. Standards,
such asDINEN ISO 75 [23] (to determine theHDT) or DINEN
ISO 306 [24] (so called Vicat Test) are designed for compact
materials and are actually not suitable for cellular mate-
rials because of the required small sample sizes and the
rather small area where the external load is applied. To our
best knowledge, the only standard which was designed for
foams – DIN 53424 – was meanwhile withdrawn. The
principle of DIN 53424 [25] is to apply a constant load (10 g)
either in a two-point bending or compression test while
heating the sample continuously (at 50 K/h) and to mea-
sure a certain sample deformation (i.e., 10mmdeflection or
10% relative compression, respectively).

Non-standardized alternatives exist and were applied
in scientific works and patents. It is possible to carry out
compression tests at elevated but constant temperatures.
This was done for EPS [26, 27], EPP [28, 29], and E-PBT [30].
Clearly, the strength decreases with increasing tempera-
ture. Also, in some works [20, 22] DMAmeasurements were
applied to foams tomake a statement about their resistance
against elevating temperatures – typically under a tem-
perature ramp and a very lowmechanical load. A very early
work of Takemori [31] explains typical DMA curves of
amorphous and semi-crystalline polymers and summa-
rizes the crystallinity, morphology, thermal history, mo-
lecular weight (distribution) as the key factors that govern
the behavior of polymers under thermal load. Other tests,
mainly applied by industry, are based on annealing the
sample for several hours at a certain elevated temperature
and judge the dimensional stability [32, 33].

It should be emphasized, that a non-neglectable tem-
perature deviation between foamcore and the test chamber
can be expectedwhen a temperature ramp like in the above
mentioned standards [23–25] is applied, as the foams act as
insulating materials. An effect that gets even more pro-
nounced at low densities.

All these methods have limitations as foams with
different densities and/or cell structures cannot be
compared very well due to two overlapping effects; (i) the
deformation driven by the applied mechanical load which
is – as described before – strongly dependent on the den-
sity and the structure of the foam and (ii) the actual
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deformation caused by the thermal load, which is assumed
to be influenced by different material parameters such as
Tg, Tm, crystallinity and thermal conductivity, respectively.

This work describes an approach from the engineering
view to be able to quantify the resistance against thermal
deformation aiming to allow the comparison of different
foamed samples. For this purpose, steady creep tests with
stepwise increased temperature and a lowmechanical load
that has a correlationwith the individual foamwere carried
out. The approach was applied on amorphous and semi-
crystalline polymeric foams, respectively. Furthermore,
extrusion- and bead foams with different densities were
investigated to evaluate whether the structural influences
(e.g., foam density and morphology) on the determination
of THS could be minimized.

2 Materials and methods

2.1 Materials

Different commercial extrusion- and bead foams made of polystyrene
and polypropylene as well as novel noncommercialized bead foam
made from PBT were used in this study. The materials and their den-
sities are summarized in Table 1. The commercial expanded beads
were fused to plates at Neue Materialien Bayreuth GmbH in the mould
of a steam chest moulding machine (Teubert TVZ 125/85, Blumberg,
Germany) according to the data sheets of the suppliers. Details for the
preparation, processing and properties of the E-PBT and further in-
formation about the necessity of using chain extender can be found in
our previous publications [22, 30, 34].

The extrusion foam (XPS) was purchased as a typical semi-
finished product in board form without any outer skin. Cuboid spec-
imenswere cut out by an electric band saw exhibiting a ground area of
A = 40 × 40 mm2 and an initial height H0 = 20 mm. The EPS specimen

was treated at 80 °C for 4 h in an oven to remove any residual blowing
agent. All samples were conditioned for 3 days at 23 ± 2 °C and 50 ± 5%
r.H. prior to testing. The sample names in this study are a combination
of the materials designation and the density value. For example, the
polystyrene extrusion foamwith a density of 30 kg/m3 is encodedwith
XPS_30.

2.2 Methods

2.2.1 Foam morphology and density: For examining the foam
morphology scanning electronmicroscopy (SEM)measurements were
carried out on gold-sputtered samples with a scanning electron mi-
croscope (JEOL JSM-6510, Akishima, Japan) at an acceleration voltage
of 10 kV. Cell sizes were then determined by use of an image analysis
software (ImageJ, v1.48) considering at least 50 cells per image.

The density was determined for each specimen by the ratio of its
dimension and weight.

2.2.2 Thermal analysis: To measure the thermal characteristics, a
differential scanning calorimeter (DSC 1, Mettler Toledo (Columbus/
OH, USA) was used. The measurements were carried out under ni-
trogen atmosphere in a temperature range of 25–150 °C (PS), −25 to
200 °C (PP) or 25–250 °C (PBT) at a heating rate of 10 K/min. The
crystallinity was calculated from the melting enthalpy for a 100%
crystalline PP, ΔHm,PP = 207 J/g [35] or 100% crystalline PBT
ΔHm,PBT = 140 J/g [36], respectively.

2.2.3 Oven pretrials to determine the thermal inertia of foams: To
analyze the temperature difference and -delay of the foams, some
specimens were equipped with thermo-couples attached to a digital
datalogger (PCE-T 390, PCE Instruments, Meschede, Germany) and
put in a vacuum oven (Memmert VO, Büchenbach, Germany) at
ambient pressure.

First, the temperature was increased up to 100 °C with a heating
ramp of 50 K/h. Second, after reaching 100 °C the temperature was
kept constant for 60 min. The temperatures of the oven and the foam
cores of samples with different densities were monitored every 30 s
and compared.

2.2.4 Mechanical testing: Static compression testing was performed
according to DIN EN ISO 844 with a universal testing machine (Z050,
Zwick & Roell GmbH & Co. KG, Ulm, Germany) equipped with a 50 kN
load cell. A pre-force of 5 N was applied to the specimens
(40 × 40 × 20 mm) which were then compressed to 50% H0 with a
constant test speed (10% H0/min). To obtain a comparable compres-
sive stress at 10% compression, the graphwas adjustedwith respect to
run-in effects (triggered by the application of the pre-force). For this
purpose, the graphswere shifted along the x-axis until the slope line of
the elasticmodulus intersects the zero point. For eachmaterial a series
of three specimens was measured at 23 ± 2 °C and 50 ± 5% r.H. The
deformation was determined by the traverse path.

Furthermore, the steady creep test with temperature steps was
performed with a servo-hydraulic test machine (Instron GmbH,
Darmstadt, Germany) equipped with an integrated heating chamber
aswell as a 10 kN load cell. The testswere donewith cuboid specimens
(40× 40× 20mm) and the deformationwas determined by the traverse
path.

Table : Summary of the used materials.

Material (designation) Trade name (supplier) Density
(kg/m)

Extruded polystyrene
(XPS)

Isopor-XPS (Isopor GmbH,
Neunkirchen, Germany)



Expandable polystyrene
(EPS)

A SE (Sunpor Kunststoff
GmbH, St. Pölten, Austria)

, 

Expanded polypropylene
(EPP)

Neopolen® P (BASF SE,
Ludwigshafen, Germany



Neopolen® P (BASF SE,
Ludwigshafen, Germany)



Neopolen® P (BASF SE,
Ludwigshafen, Germany)

, 

Expanded polybutylene
terephthalate (E-PBT)

PBT Pocan® B (Lanxess
AG, Köln, Germany) + wt%
Joncryl® (BASF SE,
Ludwigshafen, Germany)


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2.2.5 Approach to determine the heat stability temperature of foams:
The approach used in this work to determine the heat stability tem-
perature THS of foams are based on two steps, as schematically shown
in Figure 1. The first step is a quasi-static compression test at room
temperature according to DIN EN ISO 844 which is needed to define
the later required comparably low mechanical load (similar to DIN
53424) adapting individually to the tested foam. Therefore, a tenth of
the stress at 10% strain σ10% in the compression curve – is calculated.
This was denoted as σ(10/10)%. It was refused to directly use the
measured stress at 1% relative compression due to possibly occurring
fluctuation in the curves that are caused by running-in effects at the
beginning of the measurements. The low load defined in this manner
aims to stay underneath the collapse stress, to avoid irreversible
deformation of the foam.

In the second step, a steady creep test with temperature steps is
carried outwith the before determinedmechanical load σ(10/10)%. Prior
to testing, specimens were preloaded (i.e., compression of 5 N) and
compressed at a constant speed of 2mm/min at constant temperatures
until the previously determined force has been reached. It was
necessary to do certain pretrials to set the stepwidth and height for the
temperature steps. During the actual test the temperature was
increased in intervals of 10 K with a holding time of 5 min for each
temperature step, while the compression was recorded continuously
until the test criterion is reached. Here, the temperature regime was
selected to ensure an equilibrium in the sample. It can be anticipated
that with increasing test temperature the applied stress σ(10/10)% will
come closer to the collapse stress (which decreases with increasing
test temperature [30]) and may even exceed it.

Three measurements were carried out for each material. The
mean values of the relative compressionwere plotted against the foam
core temperature.

Based on the older standardDIN 53424 (compressionmode) [25], we
defined the temperature at which the sample reaches 10% relative
compression strain as the test criterion. However, a higher and lower
relative compression strain was also considered and evaluated as test
criteria.

The core temperature of the foamswasmeasured and verifiedwith
the above-mentioned digital thermocouple with integrated datalogger.

The temperature range for testing was set depending on the
thermal properties of the respective polymer. For XPS and EPS, this
range was between +60 up to +100 °C, for EPP between +60 up to
+120 °C and for E-PBT between +100 up to +200 °C.

3 Results and discussion

3.1 Preliminary tests and analysis

Several preliminary tests were carried out to quantify the
thermal inertia of the foamed samples and to determine the
thermal expansion of the compression tool set-up. Based
on the knowledge gained, the height of the heating steps
and the time periods required to reach the thermal equi-
librium of the test set-up were determined.

Foams are used as insulationmaterials due to their low
thermal conductivity. The thermal insulation properties
depend, among other parameters, on their relative density,
the cell size and the thermal conductivity of the polymer

Figure 1: Concept of the approach: a static compression test is used in the 1st step to determine the test load σ( 10/10)% which is applied in a
steady creep test with stepwise increased temperature in the 2nd step.
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itself [37, 38]. Reaching the ambient temperature in the
foam bulk is usually recorded with a time delay due to the
thermal inertia; and in some cases an equilibrium cannot
be reached at all in a reasonable time. In order to measure
the thermal inertia, the heating rate was set to 50 K/min
(0.8 K/min) in accordance to DIN 53424. However, the
actual heating rate measured was lower (approx. 25 K/h).
Anyhow, the time dependency of the oven temperature and
the core of the samples of EPS_30 and EPS_60 are drawn in
Figure 2a.

Depending on their density, the cores of the foams
have a significant temperature difference compared to the
ambient temperature in the oven. From Figure 2b it can be
seen that the foam core temperatures deviates, meaning
that EPS_30 reaches about 50% and EPS_60 about 70% of
the ambient temperature. The curve of the relative tem-
perature difference shows that the heat transfer decreases
significantly as a function of the foam density.

This is due to the fact that lower densities usually result
in lower thermal conductivity [39]. For example, at an oven
temperature of 80 °C, the foam core temperature of EPS_30
is 47 °C and of EPS_60 is 47 °C. This means, the actual foam
core temperature thus deviates by 15 K or 33 K from the
measured oven temperature.

Taken these results into account, it can be assumed
that the temperature that is supposed to quantify the
resistance against thermal deformation measured accord-
ing to DIN 53424 (or any other method where such a heat
ramp is applied) does not correspond to the foam core
temperature and the obtained values are flawed and not
trustworthy.

In order to counteract the delayed rise in the foam
temperature, the ambient temperature should be not

increased continuously but gradually by 10 K steps with
holding time giving the foam bulk sufficient time to adapt
to the ambient temperature.

In further preliminary tests, the thermal expansion of
the compression tool was investigated as a function of the
oven temperature and the heating steps. A necessary
equilibration time (i.e., no further thermal expansion of
measuring system) of 20–40 min between 60 and 200 °C
could be determined. The measurement of the foam core
temperature during this conditioning shows that the ther-
mal expansion of the measuring system (plates and pis-
tons) is the time-limiting factor. The optimal measurement
duration for each step of the steady creep testswas found to
be 5 min. In this manner, the duration of the measurement
in relation to the deviation of the averaged values in the
equilibrium state is perceived as good.

Foam density was the main criteria for the sample se-
lection. However, the corresponding structures (cell size
and cell size distribution) are rather different. Represen-
tative SEM images of all samples are shown in Figure 3. It
becomes evident, that not only the densities but also the
cell sizes of the investigated foams cover a wide range.

3.2 Application of the approach

3.2.1 Step 1: static compression tests according to DIN
EN ISO 844

As described above, the first step of the chosen approach is
to perform a static compression test. The stress-strain
curves for all samples are shown in Figure 4a and 4b. It can
be clearly seen that the compression behavior of extrusion-

Figure 2: (a) Temperature of the oven and the cores of the samples EPS_30 and EPS 60. (b) Relative temperatures of the foam cores compared
with the oven.
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and bead foams differs. XPS_30 shows a significantly
higher stress plateau than the investigated bead foams
with similar and even higher densities of 30 and 60 kg/m3,
respectively (cf. Figure 4a). The curves also reveal that, the
modulus of elasticity of the bead foams and the collapse
stress increasewith foamdensity. As already shownbyWei
et al. [6] the level of the stress plateau remains constant
over a larger strain range, the lower the foam density is.
Bouix et al. [4] found that the load up to the buckling of the
cell walls increases with increasing density and finer cell
structure. Furthermore, in closed-cell foams, the gas in the
cells is compressed, which leads to an increase in stress as
it is clearly visible for all of the investigated bead foams.
The general behavior of the foamed samples agrees with
the literature [3, 4, 6] for cellular materials.

The measured stress at 10% compression of XPS_30 is
0.48 MPa and is thereby almost three times higher than the

stress of EPS_30 with 0.19 MPa. An increase in the foam
density by a factor of 2 leads to a two-fold increase in the
compression stress to 0.39 MPa for EPS_60. The results of
the compression tests show that the foaming process and
the resulting foam structure have a major influence on the
mechanical properties. The XPS foam has a relatively
uniform morphology, whereas the morphology of EPS is
characterized by a micro- and macro-porosity and
commonly with randomly distributed voids between the
beads. The origin of these pore-like defects is the partially
incomplete contact of the foamed beads in the mould.

In Figure 4b the curves from the static compression
tests at 23 °C for EPP with different densities and E-PBT are
shown. The collapse stress of the EPP foams increase
significantly with density. It can also be seen that the
densification at a higher foam density is already achieved
at a lower compression load. Both phenomena have

Figure 3: SEM images of the cellular morphology of the investigated foam samples.

Figure 4: Static compression tests according to DIN EN ISO844. (a) XPS_30, EPS_30, and EPS_60and (b) EPP_30, EPP_60, EPP_120, EPP_210,
and E-PBT_220. Please mind the different scales.
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already been described in various publications [4, 6, 40].
All of the examined EPP foams show viscous behavior at a
relative compression of 10%. The related compression
stress for 10% deformation does not increase linearly with
the relative foam density of the samples. For example, by
increasing the density of EPP from 30 to 60 kg/m3, the
compression stress for 10% deformation increases by a
factor of four. By further doubling of the foam density to
120 kg/m3, the resulting compression stress roughly quin-
tuples as well. All measured values are summarized in
Table 2. The comparison of the compression behavior of
EPP_210 and E-PBT_220 at 23 °C and 10% compression
deformation shows that E-PBT has a slightly stronger
resistance against deformation at the same density. This
can be attributed to several aspects, among others the
different cell morphology (e.g., possibly thicker cell struts
of E-PBT) and differences in stiffness and ductility (e.g., a
rather high ductility is known for PP [41])

Based on the compression stress necessary for 10%
deformation (σ10%) which is determined at 23 °C with the
static compression tests the corresponding test load
σ(10/10)% could be easily calculated. This stress is then
applied as constant test load in the steady creep test with
temperature steps (step 2). The most relevant data of the
static compression tests and thermal investigation (DSC) is
summarized in Table 2.

3.2.2 Step 2: steady creep test with stepwise increased
temperature

Figure 5 shows the curves of the steady creep test with
temperature steps for an extrusion foam and two bead
foams of polystyrene; namely XPS_30, EPS_30, and
EPS_60.

The relative compression of XPS_30, EPS_30, and
EPS_60 is plotted against the temperature. The heating
steps between 90 and 100 °Cwere reduced to 3 K in order to

determine the THS more precisely. As can be seen from
Figure 5, only a minor increase of the relative compression
is visible for all foams tested up to a core temperature of
90 °C. An exponential increase in relative compression can
be noted. Further, it can be seen that the measured values
varywidely at 100 °C. Both indicate that the heat stability of
the foams has been exceeded. Taking 10% relative
compression as criteria, all examined amorphous foams
(i.e., EPS and XPS) have a heat stability temperature of
98 °C even though from the supporting SEM images
(cf. Figure 3) it is clearly visible, that the foam appearance
including expansion, cell sizesmicro- andmacroporosity is
different for the samples. From the measured values, it
seems that neither the foam structure nor the density has a
major influence on the THS of the investigated amorphous
foams. However, the long measuring times due to the
thermal inertia of the foams could be seen as disadvanta-
geous. Though, this issue could be shortened by smaller
measuring chambers and tools.

Table : Important values of the DSC analysis and static compression test according to DIN EN ISO  (st step).

Sample DSC Compression test DIN EN ISO 

Tg (°C) Tm, (°C) Tm, (°C) χ (%) Ec (N/mm) σmax (MPa) σ% (MPa) σ(=)% (MPa)

XPS_  – – – . . . .
EPS_  – – – . . . .
EPS_  – – – . . . .
EPP_ n/a   ./.a

. . . .
EPP_ n/a   ./.a

. . . .
EPP_ n/a   ./.a

. . . .
EPP_ n/a   ./.a

. . . .
E-PBT_   – . . . . .

aEPP shows two melt peaks; values depict the crystallinity of first and second melting peak separately.

Figure 5: Steady creep test with temperature steps of XPS _30,
EPS _30, and EPS_60.
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The approach of the steady creep test with temperature
steps was furthermore applied to EPP samples with
different densities of 30, 60, 120, and 210 kg/m3, respec-
tively. The results are shown in Figure 6a.

It can be seen clearly fromFigure 6a that up to a limit of
80 °C, all curves have approximately a similar relative
compression course regardless of the foam density. The
curves diverge slightly depending on the foam density.

The change in mechanical properties under compres-
sion load can be attributed to the individual softening of
the polymer. EPP_30, EPP_60 and EPP_120 achieved the
test criterion, 10% relative compression based on the initial
thickness, at around 100 °C. In contrast, EPP_210 achieved
the test criterion at a slightly higher temperature of 107 °C.
The deviation could be caused by different facts, such as
(i) the usage of different PP grades with different thermal
properties, (ii) unavoidable variations between the sam-
ples structure (e.g., voids) and (iii) the different appearance
of the foam (density and cell morphology) – an aspect,
whose influence has been reduced but not erased fully.

According to the concept of the chosen approach, by
applying a rather low mechanical load related to the indi-
vidual foam (morphology and density), the determined THS
of the EPP foams should give approximately the same
temperature. A plot of the measured THS against foam
density should therefore ideally result in a horizontal line.
The test criterion of 10% relative compression, selected
according to DIN 53424, was plotted against the foam
density in Figure 6b showing a slight slope of the trend line.
In addition, the THS of the same foamswas determinedwith
a test criterion of 5 and 15% relative compression, in order
to make a statement about the quality of the test crite-
rion. Remarkable standard deviations for the 5% test

criterion are visible, which is why it can be classified as
insufficient. All THS values were furthermore summa-
rized in Table 3.

For the test criteria 5 and 15% relative compression, the
THS was determined in a range of 60–85 °C and 106–113 °C,
respectively. The values at lower relative compression
(i.e., 5%) scatter stronger which can be attributed to the
different mechanical properties due to the formulations
and different fusion conditions. In contrast, the spread of
the measured temperatures decreases slightly with a
compression of 15% (i.e., ΔTHS = 7 K) compared to the
specified test criterion of 10% compression i.e., ΔTHS = 8 K).
Here, themeasured temperature increases slightly with the
relative density, too. This reveals that the deviation of the
obtained THS values is lower if a higher relative compres-
sion is selected as test criterion.

Figure 6: (a) Steady creep test with temperature steps of EPP with different densities. (b) Heat stability temperature versus foam density of
EPP.

Table : Values for the heat stability temperature THS obtained from
the steady creep tests with temperature steps (nd step) with
different test criteria (,  and % of relative compression).

Samples Heat stability
temperature (%

compr.) (°C)

Heat stability
temperature

(% compr.) (°C)

Heat stability
temperature

(% compr.) (°C)

XPS_   

EPS_   

EPS_   

EPP_   

EPP_   

EPP_   

EPP_   

E-PBT_   

The recommended test criterion of % relative compression is
marked in orange.
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The comparison of the test criteria shows that the
selected criterion of 10% relative compression can describe
the material behavior of the selected EPP with an accept-
able deviation of approx. 10%. Using the test criterion of
10% relative compression the deviation for THS was+/− 1 to
2 K for each of the investigated foams.

Furthermore, the comparison of Figures 5 and 6a
clearly reveals that the material behavior of the semi-
crystalline EPP foam significantly differs from that of
the amorphous PS foam. For PS foams, there is an almost
constant relative compression until the THS is reached
closely to its Tg (cf. Figure 5). In contrast, for EPP up
to a core temperature of 100 °C, a gradual increase
in deformation behavior can be observed. For EPP
which is examined above its Tg, a significantly higher
tendency to creep can be assumed, which also increases
with higher temperature, as the chain mobility corre-
spondingly increases. Takemori et al. [31] found com-
parable material behaviors for compact amorphous and
semi-crystalline thermoplastics with the help of DMA
measurements.

Finally, the approach was applied to a novel bead
foam made from the engineering polymer polybutylene
terephthalate (E-PBT) as shown in Figure 7. From static
compression tests at different temperatures up to 150 °C,
it is known that the compression strength decreases with
increasing temperature [30]. The resulting curve of the
steady creepwith temperature steps of E-PBT seems to be
very similar to that of EPP foams but is located at
elevated temperature. A THS of 186 °C was determined
which is significantly higher than EPP_210 (107 °C).

4 Conclusions

The principle of the chosen engineer-technical approach to
use a low test load (stress), that would not lead to plastic
deformation at room temperature enables the determina-
tion of a quantitative temperature value for the withstand
of foams against a thermal load. We suggest calling the
obtained value heat stability temperature THS. It can be
concluded that this attempt allows to judge (and compare)
foams with different densities and structures. The chosen
approach is advantageous compared to other techniques:
(i) Unlike using a heating ramp, the procedure with

stepwise increase of the temperature and holding pe-
riods for a certain time leads to an even temperature
distribution within the foam bulk.

(ii) The low load, which is proportional to the compression
strength of eachmaterial, minimizes its own impact on
the deformation and maximizes the impact of thermal
load.

For polystyrene foams (i.e., XPS and EPS), the THS deter-
mined was 98 °C. A range from 99-107 °C for polypropylene
foams (i.e., EPP) and 186 °C for E-PBT was determined. The
slight deviations in case of EPP are likely caused by the
differences in the foam appearance (i.e., density and/or
structure) and/or the fact that different grades with
different thermal properties were investigated. However,
the deviation is considered as acceptable. Though, the in-
fluence of the crystallinity on the THS is another fact that
should be investigated in prospective works. Amorphous
and semi-crystalline materials behave differently. Amor-
phous polystyrene shows a sudden change in compression
behavior approaching its Tg, while the semi-crystalline
polypropylene and polybutylene terephthalate followed a
slower, but continuous change. Here, semi-crystalline
polymers tend to creep as the measurements were carried
out above their respective Tg.

In summary, the chosen approach suits excellently to
analyze the behavior of polymeric foams under thermal load.
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