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Abstract 
In many applications polymeric foams (such as expanded polystyrene, EPS, or polypropylene, EPP) are used for 
protection from impacts. Standard design requires the foam to maximize the energy absorption, thus achieving large 
deformations (typically up to 25% and above in compression) while maintaining the stress level below a threshold 
value. In this work steam chest moulded EPS and EPP were characterized in relation to their density, microstructure and 
applied strain rate. Typical mechanical parameters (elastic moduli and plateau stress in compression) were compared 
with existing models and data in the literature. The strain rate dependence  was accurately described using Nagy’s 
phenomenological model. The mechanical behaviour of the foams was then correlated with their microstructure, as 
investigated using scanning electron microscopy and X-ray micro-tomography. Structural parameters were obtained 
using both (2D and 3D) techniques and relevant results were compared.  
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1. Introduction 
Closed cells materials such as expanded polystyrene (EPS) and polypropylene (EPP) are the favourite choice for the 
design of packaging or protective equipment. Due to their low production costs, lightness and energy absorbing 
capabilities, they are also exploited by sandwich structures used in the aircraft, naval and automotive industries. These 
materials are often processed from steam chest moulding of beads: this is a sintering-like technique to join pre-
expanded beads by exploiting steam heat and pressure. This process is practical in realising complex geometries; for 
example, it is the favourite one for packaging solutions. There are many variables involved which may affect the final 
performance of the manufactured equipment; as an example, the effect of the production parameters on the tensile 
behaviour of EPP bead foams was investigated by Zhai W. et al. [1]. So far the behaviour of foams has been found to be 
dependent on the manufacturing method, gas properties (for closed cell foams), cell geometry and obviously the 
constituent material [2]. 
Foams absorbing capability is the key reason for their use in many applications. Their ability to absorb kinetic energy 
whilst keeping the peak force and acceleration below a certain threshold, which would cause damage or injury, is of 
critical importance. These characteristics come from the peculiar stress-strain behaviour displayed by these materials 
(see Fig. 1). 
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Fig.1 Typical uniaxial compression stress-strain behaviour of a closed cell foam. The grey area represents the absorbed 

energy per unit volume. 
 
There are several ways of characterising the energy absorbed during single shock or multiple impacts [2]. For example, 
the Janssen factor J relates the impact peak deceleration of the real foam to that of an “ideal” foam, able to absorb all 
the impact energy at constant deceleration. This factor depends on thickness, impact energy and needs many empirical 
data in order to be assessed. An alternative way is to evaluate the Cushion factor, which can be obtained from curves 
representing the absorbed energy as a function of the peak stress; this can be easily derived from existing uniaxial 
stress-strain data. The analysis was further improved by Rusch [3-4], whose approach lead to the construction of 
normalized (with respect to the foam modulus) peak stress vs. specific energy absorption curves. Although this method 
provides a greater generality than the use of the J factor, it still relies empirically on the evaluation of the foam’s 
response under different levels of impact energy, although some attempts at modelling the cushioning behaviour have 
been made by Burgess et al. [5] and Castiglioni et al. [6]. A more refined approach is given by the construction of the 
so-called Maiti diagrams [7], in which the energy per unit volume is plotted against the stress level (both normalized to 
the foam’s modulus) for different foam densities. The set of points corresponding to the densification onset for each 
density is used to define an envelope curve that can be used to select the proper density and material for a given 
application. This method also needs extensive data at different strain rates in order to cover general application 
requirements. 
In view of predicting the behaviour of foams under given conditions, with the objective of optimizing the design of 
energy absorption devices, various models have been developed, trying to capture the actual mechanics of the material 
involved. Among existing micromechanical models, the one from Gibson and Ashby [2] is commonly used to gain a 
basic understanding of the foam behaviour. This model is based on the assumption of a regular cell structure; it can be 
used to describe the experimental behaviour of irregular structure foams, but the assumption somewhat limits its 
predicting capabilities. Other models include those by Kelvin [10], Shulmeister [11] and Roberts-Garboczi [12]; the 
latter two try to overcome the limitation of an assumed regular microstructure. Yet, all these models do not allow a 
realistic representation of the actual foam structure and thus they can only provide limited accuracy.  
An attractive way of describing the mechanical behaviour of foams is to rely on numerical modelling [8-9]. Some 
authors (e.g. [13-14]) used micro-computed tomography to reproduce the true foam structure with a finite element 
method (FEM) code, in some cases even coupled with Digital Image Correlation (DIC) [15]. However, the 
determination of mechanical parameters for the material composing the cell walls and struts is very difficult; its 
properties are likely to significantly differ from those of the bulk solid polymer. Moreover, it can be very difficult to 
correctly resolve the finer microstructural details. An alternative approach is to use a homogenized model able to 
reproduce the macroscopic behaviour of various foam types: many commercial FEM codes include potentially suitable 
material models. The first challenge is a thorough determination of relevant material parameters. A large amount of data 
is available regarding the quasi-static uniaxial compression behaviour of lightweight closed cell polymeric foams [2, 
16-20]. There is a great interest in the correlation between foam physical behaviour and finite element results, but up to 
now FEM models of polymeric foams are still far from being accurate [8]. 
In view of further efforts directed at improved FEM modelling of polymeric foams, the aim of the present work is to 
extensively characterise and compare the mechanical behaviour (in the quasi-static regime) of EPS and EPP foams 
having varying densities. Particular attention is given to the strain rate dependence of the properties, which is essential 
for applications dealing with impacts, albeit testing was performed under quasi-static conditions. A correlation was 
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sought with microstructural features of the foams identified by performing Scanning Electron Microscopy (SEM) and 

X-ray micro-computed tomography (CT) analyses. 

2. Theoretical background 

2.1 Gibson and Ashby model 

In the following section we review the model by Gibson and Ashby [2], which is widely employed to describe the 
compression behaviour of low density cellular solids; in the present work it was used for data analysis. 
Closed cells foams (see Fig. 1) are expected to show an initial linear elastic behaviour, when cells edges shrink or bend 
and cells membranes stretch, contributing to the axial cell-wall stiffness. The fluid contained within the cells also 
partially contributes to the stiffness. This regime is followed by a stress plateau corresponding to progressive cells 
collapse: the plateau extends up to large values of strain. This region is responsible for the large energy absorbing 
capability of these materials. When the cells are crushed, opposing cell walls come in contact and further strain 
compresses the solid itself, giving the final region of rapidly increasing stress (densification). After this stage the 
material behaves closely to the original (i.e. non expanded) solid. The quasi-static compression properties are 
commonly measured at strain rates below 10-1 s-1. 

The plateau stress 𝜎௣௟
∗  can be expressed as a function of the foam relative density  
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ఘೞ
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density 𝜌∗ over the solid polymer density 𝜌௦, by the following equation: 
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where 𝜎௬ is the solid material yield stress; Ф  the volume fraction of solid in the edges; 𝑝଴ is the fluid pressure inside 

the cells and 𝑝௔௧ is the atmospheric pressure.  

The dependence of the elastic modulus 𝐸∗ on relative density 
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𝐸௦ stands for the bulk material elastic modulus, 𝜈∗ is the foam Poisson’s coefficient. 
For low-density fluids and moderately low strain rates, the third, pressure dependent term in both Eq. (1) and (2) can be 
neglected; this was the case in the present work. 

2.2 Strain-rate dependence 

A linear dependance of 𝜎௣௟
∗  on the logarithm of strain rate, Log(𝜀ሶ), is often observed. An increasing behaviour was 

reported at high strain rates for relative densities above 0.1 [2,16]; Ouellet et al. showed that these effects become more 
pronounced between 500 and 1000 s-1  for EPS and HDPE foams [21]. This behaviour was modeled by Gibson and 
Ashby as an additive stress contribution proportional to the applied strain rate and was correlated to micro-inertia 
effects expected in case of small cell edge length (µm), cell walls thickness and high cells fluid viscosity. According to 
this, microcellular foams may be significantly strain-rate dependent even at relatively low strain rates.  
Nagy [22] proposed an empirical power law to describe the strain rate dependence of foams, which had been 
successfully applied by many authors [16,23-24]:  

𝜎ሺ𝜀ሻ ൌ 𝜎଴ሺ𝜀ሻ ቀ ఌሶ

ఌሶ బ
ቁ

௡ሺఌሻ
      (3) 

In this model, 𝜎଴ሺ𝜀ሻ represents the material stress-strain behaviour at a reference strain rate, 𝜀ሶ଴. According to Nagy’s 
findings, the index 𝑛ሺ𝜀ሻ is expected to linearly depend on the actual strain level. 

3. Materials and methods 

3.1 Mechanical tests 

EPP and EPS closed-cell foams with varying nominal densities, listed in Tables 1 and 2, respectively, were tested; 
additional properties (elastic modulus and density) of the relevant solid material, as given by the producers, are listed, 
too. In the following each material will be indicated by a code including the base polymer and density: for example, 
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EPP-75 stands for EPP with 75 kg/m³ density. EPP steam chest moulded sheets (13 mm thick) were provided by JSP 
Corporation (Japan); they were cut using a band saw and a scalpel into cube-like specimens. EPS samples produced by 
the same technique were supplied in the form of cubic blocks by Versalis S.p.A., Italy. The cubes’ final dimensions 
were about 13x13x13 mm³ and 40x40x40 mm³ for EPP and EPS, respectively; the exact dimensions of each sample 
were carefully measured. 
 
Table 1 EPP foam densities 

 EPP (solid: Es=1300MPa; s=950kg/m³) 

Density ρ* 
[kg/m3] 

20 35 55 60 75 90 110 120 

Relative density 
ρ*/ ρs [-] 

0.022 0.039 0.061 0.067 0.083 0.100 0.122 0.133 

Table 2 EPS foam densities 
 
 
 
 
 
 
 
 
 

Uniaxial compression tests were run on an Instron 1185R5800 dynamometer equipped with a 10 kN load cell, under 
crosshead displacement control conditions. All the tests were run up to nominal strains of 70-90% at T= 23°C and 
RH=50%.  
Five samples per density were tested at three strain rates: 3.2ꞏ10-3, 3.2ꞏ10-2 and 3.2ꞏ10-1 s-1. Displacement data was 
corrected for machine compliance, which was measured running a set of tests without a foam sample between the 
compression plates. To verify any possible material anisotropy due to the sheets production process, EPP samples were 
tested both along the in-sheet plane and in the perpendicular (thickness) direction. 

3.2 Microstructural characterization 

The microstructure of EPP samples was investigated with 2D (SEM) and 3D (CT) imaging techniques, looking for a 
correlation with the results of mechanical testing; Scanning Electron Microscopy (SEM) and X-ray micro-computed 
tomography  were used to analyse the foam microstructure on both as-received and compressed foam samples.  
For SEM imaging, specimens were immersed in liquid nitrogen and subsequently broken by bending, to limit any 
possible damage to the material surrounding the relevant fracture surface. They were then metallised with palladium 
before conducting the analysis using a Zeiss EVO 50 EP-SEM. 

The CT scan of foams was performed by a GE Phoenix Nanotom CT system equipped with a 180 kV/15 W nanofocus 
X-ray tube and a 2300 x 2300 pixel Hamamatsu flat panel detector. A molybdenum target, suitable for weak absorbing 
specimens, was used. The sample size allowed a geometrical magnification of 15 times and a nominal spatial resolution 

(voxel size) of 3.3 m. The X-ray tube parameters were set as follows: accelerating voltage of 50 kV and beam current 

value equal to 180 A for the foams EPP-60, EPP-90 and EPP-120; for EPP-35 samples the previous values become 40 

kV and 220 A, respectively. The detector integration time was 1.250 s for the uncompressed samples and 1.500 s for 
the compressed ones. Each projection was obtained by averaging three 2D X-ray images, in order to improve the signal-
to-noise ratio. The number of projections was 2400, giving a total scan time of approximately three hours and half or 
four hours for untested and tested samples, respectively. The volume reconstruction was carried out with the proprietary 
application software Phoenix datos|x 2 reconstruction.  
The 3D visualization and analysis software Avizo 8 Fire Edition of Visualization Sciences Group (a FEI Company) was 
used for the image processing of the datasets. In order to characterize the cell foam features, the following processing 
steps were performed: de-noising of grey-scale images by median filter, segmentation by thresholding, pore separation 

EPS (solid: Es=3300MPa; s=1050kg/m³)

Density ρ* 
[kg/m3] 

10 13 19 25 

Relative 
density  ρ*/ 

ρs  [-] 
0.010 0.013 0.019 0.025 
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and labelling by watershed algorithm, removing all the pores touching the borders of the image and, finally, calculation 
of cell features [25-26].  
An attempt to analyse the EPP-75 foam was made by further stretching the acquisition time up to 5 hours and 
improving the voxel resolution; however, the quality of the reconstruction was not sufficient for the analysis. The large 
number of smaller cells (with respect to other densities), combined with the low contrast, prevented a successful 
segmentation. 

4. Results and discussion 

4.1 Mechanical tests 

Fig.2 shows representative uniaxial stress-strain curves for 90 kg/m3 EPP and 19 kg/m3 EPS samples, at an intermediate 
strain rate. Each figure shows results from five samples, indicating a good overall repeatability, which also occurred for 
the other densities and strain rates.  

  

 
Fig.2 Uniaxial compression stress-strain behaviour of EPP-75, EPP-90 and EPS-19 at a strain rate of 3.2ꞏ10-2 s-1. 
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Irrespective of the loading rate the behaviour of the foams was in most cases isotropic: this is evident in Fig.2 which 
shows an almost identical behaviour for EPP-90 samples having different orientation. However, we noticed a 
significantly anisotropic behaviour for EPP-75, as shown in Fig.2: samples tested along the sheet in-plane direction 
displayed a notably higher plateau stress. This anisotropy was most likely induced by the steam chest moulding process 
parameters and by the specific mould geometry. In the following, only data along the thickness direction will be 
considered. 
Average curves showing the compressive behaviour at varying density for EPS and EPP foams are shown in Fig.3. The 
expected trend of increasing modulus and plateau stress with increasing density is observed. The energy absorption 
increases as well, at the price of a higher stress for a given strain. Again, EPP-75 is noteworthy as the only exception: its 
data cross the EPP-60 average curve, showing lower modulus and plateau stress but an earlier onset of densification. 
Together with anisotropy, this fact suggests that EPP-75 differs somewhat (aside from density) from the other EPP-
based materials. For this reason, EPP-75 data have been highlighted in the following graphs. 
 

 
Fig.3 Effect of material density on the compression stress-strain behaviour of EPP (thickness direction) and EPS at a 

strain rate of 3.2ꞏ10-3 s-1. Labels indicate foam density. 
 
These materials exhibit a moderate strain rate dependency, more evident in the case of EPP; Fig.4 shows the stress-
strain behaviour of both materials at varying applied strain rate for two given densities. A very limited effect was 
observed on the elastic modulus, well within the measured experimental scatter; a more marked influence is visible on 
the plateau stress level, which increases with increasing strain rate. Consequently, in the following analysis the rate 
dependence of the elastic modulus has been neglected and relevant measurements taken at the three rates were treated 
as a single dataset. 
 

 
Fig.4 Effect of strain rate on the compression stress-strain behaviour of EPP-90 and EPS-19. 
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Figs. 5 and 6 show the elastic modulus and plateau stress (conventionally defined as the compressive stress at 25% 
strain) of both foams plotted against their density. A fit to the Gibson-Ashby model, Eq. (1) and (2), was attempted 
using the Levenberg-Marquardt algorithm provided by OriginPro (v9.0) software; for this purpose, the strain rate 
dependence of both elastic modulus and yield stress was neglected. At first, elastic modulus vs. density data was fitted 
with the values of 𝐸௦ and 𝜌௦ reported in Table 1 and 2, allowing for the determination of the volume fraction of solid in 
the edges; Ф ൌ 0.985 and Ф ൌ 0.921 were found for EPP and EPS, respectively. The value for EPP is unusually high 
for a closed cell foam; nevertheless, these Ф were subsequently used to fit plateau stress vs. density data. In this step 
relevant values for the solid polymer yield stress of 𝜎௬ ൌ 75𝑀𝑃𝑎 and 𝜎௬ ൌ 135𝑀𝑃𝑎 were found for EPP and EPS, 

respectively. 
Despite mild inconsistencies, the Gibson-Ashby model can well describe all data, with the only exception of EPS 
modulus for very low densities. The unrealistic values determined for Ф clearly indicate that the model, in its 
simplicity, cannot accurately represent the complex nature of the real sintered foams under investigation; yet, it still 
proves itself able to capture the dependence of mechanical properties on the foam density. It is interesting to observe 
that, while still in acceptable agreement with the overall tendency, data for EPP-75 slightly stand out from the rest and 
lie a bit lower than what could be expected based on the model predictions; this fact is in agreement with the 
aforementioned findings. 
 

 
Fig.5 EPP and EPS elastic modulus data represented as a function of nominal density. Continuous lines: fit to Eq.2. 

 

 
Fig.6 EPP and EPS plateau stress data (at 25% compressive strain) represented as a function of nominal density. 

Continuous lines: fit to Eq.1. 
 

The relatively large scatter of elastic modulus prevented the identification of a clear trend with varying strain rate. Its 
origin might lie in the sample irregularities generated by cutting, as material is removed and incomplete cells, walls and 
edges are exposed on the surface which will come in contact with the testing fixtures, The presence of a slightly 
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irregular free surface exerts greater influence on the behaviour at small strains, which is relevant for the determination 
of elastic modulus. 
Concerning the plateau stress, on the other hand, a power-law dependence of 𝜎௣௟

∗   versus the the applied strain rate was 

observed, as can be seen from the log-log plots of Fig. 7. Data are in good agreement with Nagy’s empirical model 
represented by Eq. (3); in particular, the slope given by the index, 𝑛ሺ𝜀ሻ, is almost independent of density for a given 
material. A slightly higher slope was found for EPP-75 but this material also displays a relatively larger data scatter. 
 

 
Fig.7 EPP and EPS plateau stress data (at 25% compressive strain) represented as a function of strain rate. Continuous 

lines: fit to Eq.3. Labels indicate foam density. 
When comparing slopes for different strain levels, no significant difference could be found between materials having 
different densities. As a consequence, relevant data was averaged and a single curve of 𝑛 versus the applied 
compressive strain was obtained for each material (EPP and EPS); results are shown in Fig. 8. 
 

 
Fig.8 Dependence of the strain rate index 𝑛 (see Eq. 3) on the compressive strain for EPP and EPS. 

Lines represent a linear fit of the data. 
 
A linear fit of the data was attempted, in accordance with Nagy’s findings. Indeed, EPP data for 𝑛 exhibits a linear 
dependence on the compressive strain, although the strain rate index is decreasing with increasing strain – at variance 
with results on the materials investigated by Nagy [22]. On EPS, 𝑛 increases with increasing strain but there is only a 
fair agreement between experimental data and the linear fit, with a consistent deviation for higher strains. The 
experimental values are in the same range as those reported in [22] for a polystyrene foam having a density of 20 kg/m³; 
however, it must be noted that those data displayed a significantly larger degree of scatter (compare for example Fig. 7 
with Fig 16. in [22]). The purely empirical nature of Nagy’s model is not of help in understanding what the physical 
meaning of 𝑛 might be and what could be expected in terms of its dependency on the applied strain level; this is even 
more true when considering materials, such as EPS (amorphous glass) and EPP (semicrystalline with rubbery 
amorphous phase), which possess a markedly different structure at room temperature – most likely related to different 
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deformation mechanisms active in the two polymer. As an example, polystyrene is expected to yield by crazing while in 
the case of polypropylene shear yielding will be the dominant mechanism under similar conditions. The latter is 
certainly due to a combination of inherent non-linearity in the foam constituent material as well as geometrical non-
linearity arising from the foam microstructure. For this reason, it is quite unlikely that the proposed linear trend of 𝑛 
with 𝜀 would hold for very large deformations, at which densification occurs yielding a dramatic change in the foam 
behavior. 
To evaluate the energy absorption properties of the foams, relevant diagrams were constructed following Maiti’s 
approach [7]; they are presented in Fig. 9. From the uniaxial stress strain curves, the absorbed energy, 𝑊, vs. stress 
curves were constructed, for all foam densities and strain rates; the energy was normalized by the foam volume, 𝑉. For 
each strain rate, the envelope of the “shoulder” points corresponding to densification defines a curve, which gives the 
locus of optimal energy absorption for a given material; in this way, the correct density can be chosen depending on the 
maximum tolerated stress level [7]. The densification points are depicted as symbols in Fig. 9, while the corresponding 
envelopes are shown as continuous lines. Energy and stress values were normalised by the solid material modulus to 
allow a comparison of the two foam types (EPP and EPS) on the same graph. 
In the range of densities studied, the envelopes for both materials are reasonably approximated, on a log-log scale, by 
straight lines. Within the experimental scatter, there is no significant difference in the absorbed energy per unit volume 
at varying strain rate, the envelopes for the different strain rates being almost coincident. The corresponding slopes for 
the EPP foam are about 1.1, slightly lower than those for the EPS foam which lie in the range 1.3-1.4. Such values are 
higher than those predicted by the Ashby-Gibson model for open-cell foams whose dissipative behaviour is dominated 
by plasticity, which should display a slope of 1 [2]. Possible reasons for this discrepancy could be a significant 
contribution to dissipation of air trapped in the closed cells or a deviation from the model caused by the significant 
strain hardening shown by the presently studied foams. 
 

 
Fig. 9 Energy absorption diagram for EPS and EPP foams. Different colors correspond to different densities; see the 
online version of this figure. Labels below the data points refer to the EPP foams, while labels above refer to the EPS 

ones. 

4.2 Microstructure analysis 

In Fig. 10 (a)-(c) 40X SEM micrographs of EPP foams for selected densities are shown. The 75 kg/m3 foam has a 
microstructure which is characterised by a large number of smaller cells if compared with that of the other foams; this is 
true also for the densities not shown, which are similar to the ones in Fig. 10 (a) and (c). To quantitatively evaluate this 
difference, the mean Feret diameter [27] and cell area distribution were measured using standard image processing tools 
(provided by the ImageJ software package). The results are shown in the plots in Fig. 10 (d) and (e). While both 



10 
 

quantities slightly increase with increasing density, for the 75 kg/m3 foam (shown in red) the distribution is shifted 
towards significantly smaller values.  
Very similar results stand also for wall thickness, Fig. 10 (f), for which a more pronounced positive trend with 
increasing density can be observed; again, the EPP-75 foam clearly differs from the rest, with the lowest wall thickness 
among all densities. These differences in the microstructure of the 75 kg/m3 EPP foam influence its mechanical 
behaviour, as outlined in the previous subsection. 
The cell area distributions span about one order of magnitude. Such wide amplitude can be explained in part by the fact 
that the material is made from beads: the cells close to beads edges tend to become smaller and oblate, as it can be 
observed by looking at the image for the 35 kg/m3 foam (Fig. 10(a)), where a boundary between two beads is clearly 
visible.  

 
Fig. 10 EPP foam microstructure: SEM images for selected densities ((a)-(c)). Diagrams of mean Feret diameter (d), 

cell area (e) and wall thickness (f) distribution; dashed lines represent a linear fit of all data except for EPP-75 (in red). 

Error bars indicate the standard deviation of the measurements. For Feret diameter and wall thickness, available CT 
data are also included. 
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A consequence of the high dispersion in the cell size population is that any quantitative evaluation of cell properties 
must be carefully conducted being aware that results may display very large local fluctuations. A statistical analysis is 
required to draw any conclusive observation and the process of examining a large number of samples with a 2D 
technique such as microscopy can be very time-consuming. For this reason, it is fairly obvious to turn to 3D techniques 

such as CT analysis, which can gather data over a large cell population with a single analysis. 

The volume of interest (VOI) in the CT analysis of the untested (NT) EPP foams was a cube having an edge length of 
1200 pixels, corresponding to an absolute length of 4 mm. As later shown, this region, despite its small size, contains 
several thousand cells, a number of objects sufficient for a reasonable statistical analysis. Fig. 11 shows two virtual 
sections (slices) which cross the centre of the EPP-90 NT foam sample.  
 

 

Fig. 11 Orthogonal slices of the central part of the EPP-90 NT sample. (a) virtual section along the thickness direction; 
(b) virtual section along the perpendicular plane (in-plane). 

The same slices after the image segmentation process are shown in Fig. 12. The cells area is filled by using eight 
different colours to facilitate the distinction between a particle and its surrounding ones. 

 

Fig. 12 The same orthogonal slices of the central part of the EPP-90 NT sample as in Fig. 11(a-b), after the 
segmentation process. The border cells were removed. 

Note that the cells along the beads walls appear to be deformed, as seen also in the SEM images. These flattened cells 
were removed from the following analysis, to avoid introducing biases in the quantitative description of the overall cell 
shape and size distribution. A filtering based on the measure of the “sphericity” of the cells was thus applied. Sphericity 
is defined as the ratio of the surface areas of an equal volume sphere and that of the selected particle [28]. An ideal 
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spherical particle has a sphericity of 1 while real ones will have decreasing values as their shape deviates from that of a 
sphere [26-28], as in the case of the flattened cells along the beads walls. A threshold value equal to 0.63 was taken for 
the EPP-90 NT foam, rejecting all the cells having a lower sphericity; this value was chosen as it corresponds to a sharp 
increase in the slope of the sphericity distribution diagram, as shown in Fig. 13 (a), thus identifying the region where the 
relatively few deformed cells are. The number of rejected cells was 708; the total number of analysed cells was 5449. 
Figure 13 (b) shows the volume rendering of the 100 largest rejected cells; note that besides the deformed cells, the 
figure shows also few clusters of small cells which were not well separated by the watershed algorithm and were then 
excluded from the analysis.  The datasets corresponding to untested foams having different density were filtered in a 
similar manner, with threshold value ranging from 0.58 to 0.63 and the number of rejected cells varying from a 
minimum of 708 up to a maximum of 1227. The percentage volume of the rejected cells with respect to the total cells 
volume amounts to only a few pct., ranging from 2.4% (EPP 120 NT) to 6.8 % (EPP 35 NT). These values give a slight 
overestimation of the total volume of voids between beads inside the foams. 

 

 
Fig. 13 (a) Sphericity distribution diagram for the EPP-90 NT sample; (b) volume rendering of the 100 largest rejected 

cells, after the filtering process. Note the flattened shape of the cells. 
 

Finally, local structural features of individual cells such as volume, size, shape and anisotropy were statistically 
evaluated. The size was measured by computing both the Feret and the equivalent diameter, i.e. the diameter of an equal 
volume spherical particle. Feret diameter was evaluated to have a direct comparison with SEM data, as seen in Fig. 

10(d);   CT analysis gives values which are close but consistently lower than those obtained from the 2D cut surfaces. 
This seemingly strange result clearly highlights the difference that exists between the analysis of many plane sections 
versus the entire volume. Let us consider the EPP-120 foam, where the difference is more pronounced, as an example. 
Had the 993 cells with a diameter less than 50 μm (those corresponding to the peak near the origin in Figure 14) been 
eliminated, the average 3D Feret diameter would have been equal to 399 μm: this value is virtually identical to that 
obtained by processing the 2D SEM images. The mean value of the diameter of the excluded cells was approximately 
25 μm. The thickness of the relevant micro-tomography slices is equal to 3.3 um. Therefore, on average, one of these 
excluded cells "occupies" 7.5 slices. The total number of slices is 1200. Dividing 1200 by 7.5 160 slices are obtained, 
each 25 μm thick. Now dividing 993 by 160, a result of 6.2 is obtained. This means that for a randomly cut a sample, 
only 6 cells with an equivalent diameter of less than 50 um can be found on average on any given two-dimensional 
section. An accurate survey shows that these cells are mainly located in the most chaotic area near the edges of the 
beads. By looking at a two-dimensional image, it is not difficult to overlook six tiny cells on more than one hundred. 
Yet even these 6 or 7 cells neglected in the plane view can lead to a peak near the origin in the 3D analysis, shifting the 
centre of the total distribution. 
The sphericity was used to characterize the cell shape, as already stated. Anisotropy was determined for each cell by 
evaluating the momental ellipsoid of a hypothetical rigid body having the same shape; the ratio, 𝑟, between the 
minimum and maximum axes length was then calculated. A local anisotropy parameter was conveniently defined as 
𝐴 ൌ ሺ1 െ 𝑟ሻ: in this way, an isotropic particle has 𝐴 ൌ 0; by contrast, for a one-dimensional fibre 𝐴 ൌ 1 [26, 28-29]. 
As an example, Fig. 14 shows the equivalent diameter and the anisotropy distributions for the EPP-90 NT foam sample. 
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Fig. 14 Histograms of equivalent diameter (a) and anisotropy (b) distributions related to foam EPP-90 NT. 

 

The tested samples were analysed in a similar manner. The VOI in the CT analysis of the tested (T) EPP foams was a 
rectangular cuboid having a base length of 1200 voxels and a height of 2000 voxels, corresponding to an absolute size 
of 4.0 mm x 4.0 mm x 6.7 mm. The VOI was chosen so as to exclude the top and bottom regions of foam samples, 
adjacent to the compression plates. Fig. 15 shows two virtual sections (parallel to the testing direction) which cross the 
centre of the EPP-90 T foam sample. 
 

 
Fig. 15 Two vertical orthogonal slices of the central part of the EPP-90 T sample, compressed along the vertical 

direction. 
 
A comparison with Fig. 11 clearly shows the effects of the sample compression, with visible permanent cell 
deformation and wall buckling. A closer comparison between the shape of the cells of the tested and untested samples, 
can be made by observing Fig. 16 that shows the volume rendering of the largest two hundred voids: compressed cells 
display a more irregular shape and are clearly crushed. 
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Fig. 16 Volume rendering of the largest  200 cells of EPP-90 foam: untested sample (a); tested sample (b). 

 
Finally, the obtained analysis results are summarised in the graphs shown in Fig. 17, both for tested and untested EPP 
foam samples. It is quite clear that compression of the samples does not bring important changes on the evaluated 
parameters, except for sphericity which significantly decreases for three out of four densities considered. 
 

 

 
Fig. 17 Foam cells parameters obtained by -CT analysis of untested (NT) and tested (T) EPP foam samples. Average 

values are reported with error bars indicating 95% confidence limits. 
 

Fortunately, the results of the statistical analysis are not very sensitive to the choice of the threshold value for the 
filtering operation. If this value is varied in an acceptable range – e.g. from 0.60 to 0.66 for EPP-90 NT sample –, the 
observed changes affect at most the third significant digit. The resolution of SEM images at high magnification is of 
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course better than that achievable in CT reconstructed images and, for this reason, reliable information on cell wall 
thickness can be obtained only via SEM. To confirm this, an estimate of the apparent foam density was evaluated by 
calculating the volume fraction of the solid phase from the 3D reconstruction, obtaining values higher than the nominal 
ones: apparent density ranges from 1.3 times to 3.9 times the nominal density, for EPP-120 and EPP-35 samples, 
respectively. Where the number of cells per unit volume is greater and the wall thickness is smaller, the estimated value 
of the density differs more from the expected one. Based on these considerations, an attempt was made to calculate the 
average thickness of material in EPP-120 foam using tomographic data [25, 30]. The result of the computation was 9.8 

m, as reported in Fig. 10(f). This average includes also contributions from beads' walls. The result is in fair agreement 
with that obtained with SEM, equal to 6.6 micron, especially if one takes into account that the spatial resolution of 

present tomographic images is 3.3 m. On the other hand, CT enables to perform analysis by penetrating deep into the 
sample and directly measuring 3D features, which could otherwise only be inferred from 2D images. 

Thanks to CT, statistical evaluation of a very large number of cells included in the VOI of a typical analysis becomes 
possible. Yet, the large dispersion of the cell size population can limit significance of the analyses performed on 
selected regions of single samples.  Future studies on these materials will have to consider at least a few samples per 
material/condition and/or in-situ testing. The latter would allow to establish a consistent correlation between a specific 
sample’s microstructure and measured mechanical properties. 

The very fine microstructure of the investigated EPP materials already pushes the resolution capabilities of the CT 
scanner presently used to their limits. Preliminary attempts on EPS samples demonstrated that with currently available 
means it is only possible to identify bead boundaries in a reliable way. Indeed, the estimated relative attenuation of the 
X-ray beam through 1 cm path in an EPS foam having a density of 25 kg/m3 is less than 1%. As a consequence, the 
image contrast is too weak to resolve cell walls; on the other hand, the thickness of the bead boundaries is larger than 
that of cell walls and can be observed. This information can still be quite useful since the bead meso-structure, which 
can be modified by processing parameters, is known to influence the performance of very low density foams used in the 
packaging sector. To the authors’ knowledge, only a coherent X-ray source characterized by very high brightness (such 
as synchrotron radiation) can at present give the possibility of studying in detail these very low density polymeric 
foams. 
The existing setup proved itself good enough to work on the relatively higher density foams, although the finer-
structure regions close to the bead walls had to be excluded from the analysis. A potential limitation of this choice lies 
in its arbitrariness, should these regions (whose extension is actually quite limited) significantly affect the overall 
mechanical response. Modelling could help in investigating this issue, as numerical simulations could provide some 
guidance in evaluating the influence of bead boundaries on relevant foam behaviour. 

Conclusions 
In the present work, an experimental investigation of the compression behaviour of two families of polymeric foams 
was conducted. In particular, expanded polypropylene (EPP) and polystyrene (EPS) having densities ranging between 
35-120 kg/m³ and 10-25 kg/m³, respectively, were considered. The research goal was to generate relevant experimental 
data, compare them with existing models in the literature and examine the material microstructure, seeking for a 
correlation with the measured mechanical properties. 
It was found that the well-known Gibson-Ashby model can provide a reasonably good description of the dependence of 
both elastic modulus and plateau stress for most of the foams under study. A notable exception lies in the 75 kg/m³ EPP 
foam, which deviates from the common trend with density exhibited by the other EPP foams; moreover, this material 
shows a certain degree of mechanical anisotropy. These differences arise from a distinct microstructure which was 

reported by SEM and CT analyses. This result highlights the influence that foam microstructure can have on the final 
properties. Modifications to the production process can generate effects that cannot be predicted based on density alone 
and microstructure can be optimized to improve foam properties for a given application. In this respect, modelling of 

the actual microstructural features of an existing foam (as made possible by CT data) seems a very promising 
approach to further investigate these aspects. On the other hand, the examined foams had a highly polydisperse cell 
population and a comparison between the microstructure of untested and tested samples should be performed on the 
same sample in order to be fruitful; for this reason, it would be very useful to carry out in-situ micro-CT analysis of 
tested samples [31]. 
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In view of using experimental data for modelling purposes, the strain rate dependence of the compressive properties 
was also investigated. Results show that, at least in the range of strain rates considered, the very simple Nagy’s 
phenomenological model can well describe the data. 
Finally, Maiti’s energy absorption diagrams were obtained for both families of foam, allowing a selection of the optimal 
density based on the specific need of a given application. 
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Figure Captions 

Fig.1 Typical uniaxial compression stress-strain behaviour of a closed cell foam. The grey area represents the absorbed 
energy per unit volume. 
Fig.2 Uniaxial compression stress-strain behaviour of EPP-75, EPP-90 and EPS-19 at a strain rate of 3.2ꞏ10-2 s-1. 
Fig.3 Effect of material density on the compression stress-strain behaviour of EPP (thickness direction) and EPS at a 
strain rate of 3.2ꞏ10-3 s-1. Labels indicate foam density. 
Fig.4 Effect of strain rate on the compression stress-strain behaviour of EPP-90 and EPS-19. 
Fig.5 EPP and EPS elastic modulus data represented as a function of nominal density. Continuous lines: fit to Eq.2. 
Fig.6 EPP and EPS plateau stress data (at 25% compressive strain) represented as a function of nominal density. 
Continuous lines: fit to Eq.1. 
Fig.7 EPP and EPS plateau stress data (at 25% compressive strain) represented as a function of strain rate. Continuous 
lines: fit to Eq.3. Labels indicate foam density. 
Fig.8 Dependence of the strain rate index 𝑛 (see Eq. 3) on the compressive strain for EPP and EPS. 
Lines represent a linear fit of the data. 
Fig. 9 Energy absorption diagram for EPS and EPP foams. Different colors correspond to different densities; see the 
online version of this figure. Labels below the data points refer to the EPP foams, while labels above refer to the EPS 
ones. 
Fig. 10 EPP foam microstructure: SEM images for selected densities ((a)-(c)). Diagrams of mean Feret diameter (d), 
cell area (e) and wall thickness (f) distribution; dashed lines represent a linear fit of all data except for EPP-75 (in red). 

Error bars indicate the standard deviation of the measurements. For Feret diameter and wall thickness, available CT 
data are also included. 

Fig. 11 Orthogonal slices of the central part of the EPP-90 NT sample. (a) virtual section along the thickness direction; 
(b) virtual section along the perpendicular plane (in-plane). 

Fig. 12 The same orthogonal slices of the central part of the EPP-90 NT sample as in Fig. 11(a-b), after the 
segmentation process. The border cells were removed. 
Fig. 13 Volume rendering of the 100 largest rejected cells, after the filtering process. Note the flattened shape of the 
cells. 
Fig. 14 Histograms of equivalent diameter (a) and anisotropy (b) distributions related to foam EPP-90 NT. 
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Fig. 15 Two vertical orthogonal slices of the central part of the EPP-90 T sample, compressed along the vertical 
direction. 
Fig. 16 Volume rendering of the largest  200 cells of EPP-90 foam: untested sample (a); tested sample (b). 

Fig. 17 Foam cells parameters obtained by -CT analysis of untested (NT) and tested (T) EPP foam samples. Average 
values are reported with error bars indicating 95% confidence limits. 
 


