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Abstract
In order to accurately capture foam core deformations during manufacturing of sandwich structures in
Liquid Compression Molding (LCM), in this work, the thermoviscoelastic behavior of a closed-cell
Polyethylene terephthalate (PET) structural foam is investigated in compression mode. Three different
densities of a closed-cell PET foam by AIREX® are considered: T92.80 with a density of ρ ≈ 85kg/m3,
T92.100 with ρ ≈ 100kg/m3 and T92.130 with ρ ≈ 135kg/m3. The foam exhibits a transversely
isotropic material behavior due to its manufacturing in strangextrusion process. Compression tests are
carried out in the temperature range between 30 °C and 150 °C on a Dynamic Mechanical Analysis
(DMA) 242 E Artemis machine from NETZSCH. A strong decrease in storage modulus above the glass
transition temperature Tg is observed, as well as an unexpected increase in storage modulus with increas-
ing temperature below Tg. Various influences of the foam structure such as surface effects, orientation
effects due to extrusion or the expansion of blowing agent residues on the observed increase in stiffness
are investigated as potential causes for the stiffness increase below Tg.

1. Introduction
Structural polymer foams are gaining importance for sandwich components due to their potential to re-
duce weight and CO2 emissions while maintaining good flexural stiffness. For a targeted and accurate
design of the structural behavior and the manufacturing process of composite sandwich structures, for
example in liquid compression molding (LCM), it is necessary to understand and model the time- and
temperature-dependent structural behavior of the foams.

Investigations on the influence of temperature on shear and compression behavior of PET and Polyur-
ethane (PUR) structural foams have been performed by Garrido et al. [1] and Mazzuca et al. [2], ob-
serving a strong degradation of stiffness and toughness with increasing temperature. Rezaei et al. [3] and
Seuffert [4] also show in quasi-static compression tests, that the mechanical properties decrease when the
glass transition temperature is exceeded. In addition to the density of the structural foam, the temperature
has the greatest influence on the material behavior.

The thermoviscoelastic behavior of thermoplastic closed-cell structural foams has been investigated by
Garrido et al. [1] in bending mode, and by Santo et al. [5] and Denay et al. [6] in compression mode.
While Garrido et al. [1] report a continuous decrease in storage modulus in the measured temperature
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range in dual cantilever mode, similar to homogeneous materials, the DMA tests in compression mode by
Santo et al. [5] on PET foam and by Denay et al. [6] on PUR foam show an increase in storage modulus
with increasing temperature in the range below the glass transition temperature. Santo et al. [5] justify
the measured increase in storage modulus with the collapse of foam cells and Denay et al. [6] argue that
it is a structural effect of the foam due to a morphological change.

The cell morphology of the AIREX® T92 series under investigation has been analyzed by Fathi [7].
He shows in his work that the process-related cell morphology has a strong effect on the anisotropy and
mechanical behavior of strand foams. The foams of the AIREX® T92 series have hexagonal strands of
different sizes and differ in the wall thickness of the strand border zone. The T92.100 foam exhibits the
highest strand bulk cell diameter and lowest strand border cell diameter amongst the three considered
foam densities.

Static characterization test results are obtained by Seuffert [4] for the structural foam of the AIREX®

T92 series, which provide material parameters for the behavior at individual temperatures. However, the
stiffness of the foam core as a function of temperature is important for mapping the thermomechanical
behavior during manufacturing in an LCM process. For this purpose, the viscoelastic behavior of the
closed-cell AIREX® PET structural foam is investigated in this work, using DMA in compression mode.

2. Experimental setup
Three densities of a closed-cell PET structural foam by AIREX® are studied: T92.80 with ρ ≈ 85 kg/m3,
T92.100 with ρ ≈ 100 kg/m3 and T92.130 with ρ ≈ 135 kg/m3. The foams have been manufactured in
a strangextrusion process and thus, show a transversally isotropic behavior as they exhibit a hexagonal
honeycomb structure with elongated cells and aligned monomer chains in extrusion direction.

The experiments are performed on a DMA 242 E Artemis machine by NETZSCH in compression mode
in a parallel plate measurement system. A temperature range from 30 °C to 150 °C is tested with a heat-
ing rate of 1 K/min between the isothermal steps every 5 K and sample dimensions of 7.5 mm diameter
and a height of 3 mm. The material behavior is determined in the frequency range between 0.1 Hz and
50 Hz. The setup of the compression DMA is represented in Figure 1 along with the acting forces. A
constant static force is used to ensure that the sample is in contact with the load-introducing stamp at all
times. The static force is superimposed by a dynamic force resulting from a fixed defined amplitude and
an additional static force due to a proportionality factor p > 1 applied to the dynamic force. The load
specifications are defined based on preliminary stress sweeps and cyclic tests.

Figure 1: Sample holder of the NETZSCH 242 E Artemis DMA in pressure mode with representation
of the force direction and superposition. An AIREX® T92.100 foam sample with a diameter of 7.5 mm
and a height of 3 mm is placed on the sample holder.

The loads are summarized in Table 1 for the different foam density types. The amplitude is chosen
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smaller for higher densities due to the maximum force of the used DMA machine. The dynamic load
Fdyn is determined by the prescribed amplitude A and limited by the maximum dynamic load Fdyn,max
due to machine specifications. The additional static load Fstat,auto = pFdyn is the dynamic load multiplied
by the proportionality factor.

Table 1: Load specifications for the three investigated foam density types.

T92.80 T92.100 T92.130

Fstat,const Static Force 1.5 N 2 N 3 N
A Amplitude 19 µm 13 µm 10 µm
p Proportionality Factor 1.3 1.3 1.3

Fdyn,max Maximum Dynamic Force 8 N 7.69 N 6.9 N

In order to investigate a possible expansion of blowing agent residues or water solved in the polymer
with increasing temperature, a second campaign is performed, where the samples are tested cyclic. After
the first test cycle, they are tempered for 10 hours at 150 °C, then cooled down with 2 K/min and tested a
second time with the same test specifications. The second cycle is stopped when reaching a temperature
of 110 °C because the range of interest is located between 30 °C and 80 °C. Another sample is tempered
at 150 °C for 116 hours to ensure diffusion of blowing agent remains out of the polymer foam. In a next
step, the open cells at the bottom and top of the samples are filled with fine filler to improve load intro-
duction and investigate the influence of the open boundary cells due to cutting. The samples are tested
in the extrusion direction by default. However, isolated tests are performed vertically to the extrusion
direction to analyze the influence of the material orientation on the viscoelastic behavior.

3. Results
The storage modulus and loss factor of the untreated samples, tested in extrusion direction, are repre-
sented in Figure 2 for the structural foams T92.130, T92.100 and T92.80, respectively. The loss factor
shows a peak between 75 °C and 97 °C, depending on frequency and density, corresponding to the soften-
ing range of PET. For the storage modulus, an increase with increasing temperature is observed between
30 °C and 65−75 °C and a strong decrease for temperatures above. The same increase of storage mod-
ulus with rising temperature below Tg was reported in literature [5, 6]. The increase in storage modulus
is highest for T92.100, which was reported by Fathi [7] to have the highest cell diameters, which, in
conjunction with a medium density, leads to higher thickness of the cell walls compared to cell size. The
same behavior is observed for samples tested vertically to the extrusion direction.

The results of the cyclic tests in the second campaign are shown in Figure 3. In the second cycle, after
tempering fo 10 h at 150 °C a slight shift of the maximum of the loss factor towards higher temperatures
can be observed, which is explainable by diffusion of water or blowing agent residues during tempering.
However, the increase in storage modulus remains within the same order of magnitude. The observed
increase in the second cycle is less pronounced for temperatures between 30 °C and 50 °C than in the
first cycle and Tg is shifted towards higher temperatures. The same behavior is observed for samples,
tempered for 116 hours at 150 °C and tested afterwards. The storage modulus is lower for the tempered
samples, which can be explained by starting degradation of the polymer due to the heat treatment or
different foam structures in the compared (tempered and untreated) samples (more or less strand bulk
cells), but the increase below Tg remains unchanged. Moreover, the cyclic tests show, that the stiffness
increase is a reversible phenomenon, because it occurs in a similar way in the second cycle. Thus, the
storage modulus increase below Tg cannot be traced back to a collapsing cell structure as stated by Santo
et al. [5].
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(a) Storage modulus E ′ of T92.130. (b) Loss factor tan(δ ) of T92.130.

(c) Storage modulus E ′ of T92.100. (d) Loss factor tan(δ ) of T92.100.

(e) Storage modulus E ′ of T92.80. (f) Loss factor tan(δ ) of T92.80.

Figure 2: Storage modulus (a, c, e) and loss factor (b, d, f) of the foams T92.130 (a, b), T92.100 (c, d)
and T92.80 (e, f), at different frequencies tested in step-wise isothermal mode every 5 K, showing an
increase of storage modulus between 30 °C and 65 °C before the softening range while the loss factor
shows one peak between 75 °C and 97 °C, depending on frequency and density, corresponding to the
softening range.
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(a) Storage modulus E ′ of T92.130. (b) Loss factor tan(δ ) of T92.130.

Figure 3: Storage modulus (a) and loss factor (b) of one sample of T92.130 tested twice in step-wise
isothermal mode in one clamping. After the first DMA cycle (cycle 1), the sample is held at 150 °C
for 10 h without loading and then cooled down with 2 K/min. Afterwards, the test is run a second time
with the same loads (cycle 2).

Another possible explanation for the observed effect is, that the force is not introduced homogeneously
into the samples. As the specimen are cut from a closed-cell foam, in the boundary area lower stiffness
is expected, because the cells are cut open there. A possible effect could be, that in the beginning, the
tips of the open cell walls are tested, which soften with rising temperature and are compacted more and
more, introducing part of the load into the closed-cell structure in the progress. Therefore, tests have been
performed on specimens with filled cells on top and bottom as shown in Figure 4 in order to introduce
the load more direct into the closed-cell part of the foam.

Figure 4: Foam sample filled at the top and bottom surface with fine filler for better load distribution
and introduction into the closed-cell inner section of the foam.

However, Figure 5 shows, exemplary for foam T92.100, that the increase in storage modulus persists
with filled boundary cells. The overall stiffness increases, but the relative change in storage modulus be-
low Tg stays the same. Thus, the open boundary layer can be excluded as cause for the observed increase
in storage modulus with increasing temperature.

In compression mode, thermal expansion of the polymer could be another possible explanation for mea-
suring an increase in storage modulus with increasing temperature, as the thermal expansion imposes an
additional pressure against the compression direction. However, an upwards estimation of thermal strain
leads to results that are smaller than the measured phenomena and cannot be correlated to the results for
the different foam densities. The T92.100 foam shows the highest increase in storage modulus, although
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(a) Storage modulus E ′ of T92.100. (b) Loss factor tan(δ ) of T92.100.

Figure 5: Comparison of storage modulus (a) and loss factor (b) of T92.100 at different frequencies
tested in step-wise isothermal mode every 5 K for an untreated and a surface-filled sample. The solid
lines show the results for an untreated sample as in Figure 2 (c), (d) and the dashed lines for a sample
with filled surface.

T92.130 has the highest density and thus, should have the highest thermal strain. Moreover, as the loss
factor does not show unexpected behavior, the observed effect is likely to be due to the foam structure
and not due to material effects of the PET.

Since in literature, the increase of storage modulus below Tg was only observed in compression and
not in bending mode, a possible reason for the measured stiffness increase, is the static force, which is
necessary in compression mode to ensure that the sample is in permanent contact with the stamp. As the
static force is independent of the material stiffness, the softening of the polymer material due to higher
temperatures might lead to a shift towards higher total strains, where the foam structure shows a non-
linear stress-strain-relation due to the cell morphology and thus, a higher storage modulus is measured.
However, this hypothesis has to be verified still.

4. Conclusion
In this work, different DMA campaigns in compression mode have been performed on a closed-cell PET
foam by AIREX® in three different densities to analyze the thermoviscoelastic behavior. Specifically the
observed increase in storage modulus below glass transition temperature has been investigated, which
was also reported in literature for comparable foams tested in compression mode. Post-expansion of
blowing agent residues as well as additional gas pressure in the cells due to temperature increase and
evaporating water could be excluded as cause by cyclic tests and tempered samples. Moreover, surface
effects were studied and did not show an effect on the observed increase in storage modulus, either. The
effect was observed to be independent of material orientation.

However, the reason for the stiffness increase could not yet be clearly determined. Collapsing foam
structure could also be excluded as cause for the observed effect, as the increase in storage modulus with
rising temperature below Tg was shown to be reversible in cyclic tests. Morphological changes of the
foam structure seem to be a more reasonable explanation. The static force was identified as possible
cause for morphological changes leading to a nonlinear stress-strain-relation. As a next step, DMA tests
are planned with varying static forces to further investigate this hypothesis.
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