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ABSTRACT

Closed cell rigid polymer foams are used as light core material in high loadable lightweight
sandwich structures. Their mechanical behaviour depends on both the mechanical properties of the
constituent solid polymer and the cellular structure on the mesoscopic scale which has therefore to be
taken into account for the mechanical characterization of foam materials. This paper deals with the
investigation of the deformation and failure behaviour of closed cell rigid polymer foams via
numerical representative volume element (RVE) modelling approach. For this purpose the cellular
structure of the foam was modelled by a 3d random Laguerre tessellation which was adapted to the
real cellular structure of a closed cell Polymethacrylimide (PMI) foam in terms of morphological
properties (e.g. cell size distribution) obtained from X-Ray computed tomography (X-Ray CT) data
and subsequent 3d image analysis. In addition to the effective linear elastic material properties the
strength of the foam model was calculated via finite element analysis (FEA) and consideration of
nonlinear failure modes of the cellular structure. Parametric studies revealed the correlation between
structural parameters (e.g. foam density, material content in the cell walls etc.) and the effective
mechanical properties of the foam. Evaluation of the numerical results was done by standard
mechanical testing of foam specimens on the one hand and X-Ray CT in situ deformation experiments
with stepwise loading and scanning of foam specimens in a deformed state on the other hand. Both
showed the potential of mesoscopic foam modelling with realistic consideration of the cellular
structure as well as load case dependent deformation and failure mechanisms for exact prediction of
material properties of closed cell foams.

1 INTRODUCTION

Closed cell rigid polymer foams are used as light core material in high loadable lightweight
composite sandwich structures, e.g. in wind turbine blades and aircraft structures [1]. Their complex
mechanical behaviour depends on both: the mechanical properties of the constituent solid polymer and
the cellular structure on the mesoscopic scale. Latter causes a different mechanical behaviour
depending on the load case e.g. compression or tension. Whereas the stress-strain diagram under
compression load shows a distinctive stress-plateau due to subsequent layer-wise collapsing of the
cell structure the foam fails comparatively brittle under tension load. First unit cell models for the
mechanism based analysis of the deformation and failure behaviour were developed in the 1950/60ies
[2, 3]. The famous cubic unite cell by Gibson and Ashby [4] idealizes the foam structure as a cubic
arrangement of struts and plates. A further geometry which is commonly used for unite cell models of
foam structures is the tetrakaidecahedral [5, 6]. Beside this unite cell models which were analysed
analytically in most cases with upcoming computational power also multi cell models which represent
a so called representative volume element (RVE) of the cellular foam structure were considered. Due
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to their complex geometry they can only be solved numerically. Irregular cell structures similar to real
foam structures can be modelled by the random Voronoi algorithm [7, 8, 9].

The objective of this paper is the modelling of the deformation and failure behaviour of a closed
cell rigid foam made of Polymethacrylimide (PMI) via finite element analysis of an RVE model. The
geometric model was built via a random Laguerre tessellation which allows to control the cell size
distribution and to adapt it to the real cell structure in contrast to the VVoronoi tessellation [10, 11, 15].
Thus the cell structure of the real foam is a necessary input for the modelling algorithm and was
therefor analysed via X-ray computed tomography and subsequent quantitative 3d image analysis. The
numerical results were evaluated via mechanical testing in standard compression, tension and shear
tests. Furthermore the mechanical behaviour on the mesoscopic scale was investigated via in situ X-
ray CT testing with stepwise loading and scanning of a foam specimen.

2 MATERIAL AND METHODS
2.1 PMI foam

Closed cell rigid polymer foams made of Polymethacrylimide (PMI) exhibit very good mechanical
properties and dimensional stability under heat [12] compared to other polymer foams. Thus they are
an appropriate core material in high loadable lightweight sandwich structures. Their nearly 100
percent closed cell structure consists of polyhedral cells with very thin planar cell walls and less
material concentration in the struts (see figure 1 right). The investigations were done on foam grade
ROHACELL® 71 RIST produced by the company Evonik Industries AG, Germany. The table in
figure 1 gives an overview of its properties.

Density kg/m? 75,0
Young’s modulus MPa 105.0
Tensile strength MPa 2,2
Strain at break % 3.0
Compression strength ~ MPa B

RIST (right)

2.2 RVE model of the cell structure

Stochastic geometry is used to model complex material structures on the mesoscopic scale. The
random Laguerre tessellation which is a weighted generalization of the famous Voronoi tessellation is
well suited for modelling of cellular structures with planar cell walls. For modelling the cell structure
of a closed cell PMI foam, which is comparatively regular, the Laguerre tessellation is generated by a
random closed packing of spheres. The cell size distribution of the cell model can be controlled
effectively by the distribution of the sphere volumes. By choosing gamma or lognormal distributed
sphere volumes the generated cell structure will be determined by the two parameters: 1) density of the
sphere packing and 2) coefficient of variation of the sphere size distribution. However these
parameters can’t be determined directly from the morphological properties of the real foam structure
measured in 3d image data taken by X-ray-CT. Rather a distance measure from the mean value und
the coefficient of variation of the cell volume, the surface area, the mean width and the number of
neighbor cells is calculated. The cell model will then be adapted to the real cellular structure by
minimizing the distance measure between the model and the real structure within an iterative
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procedure. Once the model parameters were identified they can be used to generate an arbitrary
number of random model realizations with arbitrary size (number of cells). The thicknesses of cell
walls and struts were applied within the next modelling step: generation of the finite element (FE)
model. Further properties (e.g. angles between edges and faces) have less influence to the model
adaption [17].

2.3 FEA of the RVE model

The mechanical behaviour of representative volume element models (RVE) of cellular materials can
due to their complexity only be analyzed numerically, e.g. via finite element method FEM. It allows
both calculation of the linear properties for small deformations and the typical nonlinear behavior of
foams under static loads, e.g. for prediction of strengths. For that reason the components of the RVE
model, cell walls and struts, were meshed with finite shell and beam elements which represent their
mechanical behavior in an appropriate manner. The thickness of the beam (circular cross section) and
shell elements was set according to the relative density of the foam which represents the volume
fraction of the solid material within the volume of the whole RVE model (see equation 1). The
thicknesses of cell walls t,y and struts ts were assumed to be constant throughout the whole model:
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With Vy and Vs the volumes of cell walls and struts, further Vgye the volume of the RVE model. From
the density of the foam (75 kg/m3) and PMI bulk material (1200 kg/m3) the relative density of PMI
foam ROHACELL® 71 RIST results: R=0,0625. The content of solid material in the struts is
described by the parameter ¢:
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The solid polymeric material was modelled with a simple isotropic bilinear elastic-plastic material
model. The material data was partly taken from literature and partly determined via material testing:
Youngs modulus Es=6480 MPa and POISSON ratio 15=0,3 from [16]; tangent modulus Es=150 MPa
and yield stress os,=130 MPa determined via tension tests of the PMI bulk material.

The nonlinear calculations of the load cases uniaxial compression, tension and shear were run in
ANSYS 14.5. The loads were applied in terms of nodal displacements. To prevent edge effects all
nodes on the border of the geometrically periodic model were coupled via periodic boundary
conditions.

2.4 X-ray computed tomography in situ testing

For the in situ X-Ray CT experiments a special test rig was built and integrated in a GE Phoenix
nanome|x 180 NF X-Ray device (see figure 3). The test rig consists of a metal frame, the drive
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mechanism for loading the specimen and the drive mechanism for rotating the specimen for the CT
scan. It accounts for the low X-Ray absorption of foam specimens by prevention of any additional
material in the X-Ray beam. The apparatus enables both tension and compression loading and is
equipped with a 2.5 kN load cell. The cross head displacement is given by the number of steps driven
by the loading drive mechanism.

An in situ compression test of a cylindrical foam specimen (diameter 11 mm, height 10 mm) was
performed by stepwise loading and CT scanning of the loaded specimen. The load steps were applied
in terms of fixed displacement steps according to 0.5 % nominal strain (given by the cross head
displacement). The CT scan was performed ca. 10 minutes after the displacement step was reached to
prevent uncertainties caused by relaxation of the specimen. The magnification was set to 16.7 which
leads to a voxel size of 24 um and enables the visualization of the complete specimen cross section. 23
load steps respective CT scans were applied to the specimen up to a nominal strain of 27 %. For each
CT scan 1000 projections were recorded, which takes ca. 48 minutes.

A quasi static test was performed with the test rig and the same specimen geometry but without
interruption and CT scanning for comparison of the load displacement curve.

\/

X-Ray source

.
.

Figure 3: Testing device for in situ X-Ray CT

3 RESULTS
3.1 RVE model

In a first step the above mentioned morphological parameters of the real cellular structure of PMI
foam ROHACELL® 71 RIST were determined from 3d images taken via X-ray computed
tomography (see table 1). For the adaption of the random Laguerre tessellation its constituent
parameters (density of sphere packing and variance of the sphere size distribution) were calculated in
the subsequent step. Figure 4 (left) shows a 3d image data set of one scanned PMI foam specimen and
one adapted model realization (Laguerre tessellation). The quality of the model adjustment can be
evaluated by comparing the morphological characteristics of the model and the real cellular structure,
e.g. the distribution of cell volumes (see figure 4 right).
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3d image data Laguerre tessellation

mean value CV mean value Cv
cell volume in mm3 0.013 0.64 0.010 0.71
cell width in mm 0.315 0.20 0.317 0.21
surface in mm? 0.302 0.41 0.205 0.44
no. of neighbours 14.090 0.26 13.700 0.31

Table 1: Morphological parameters of the PMI foam ROHACELL® 71 RIST from 3d image anlysis
in comparison with the parameters of the adapted Laguerre tessellation

3d-image data ©
- D _
-l
— — | ] O RIST 71
o || O Laguetre
= |
2 |
2 L
. N
= n L
4 - gu
=
= |
z 5 B
Z d- I |
. g -

Laguerre tessellation .

= L
' 2 -
=
=t
-
_
&
=
o
= F
=
+
f
=
= [ I I I I I 1
a 500000 1500000 2a0ooan 3500000

Yolume

Figure 4: Left: Visualization of the 3d image date and the adapted 3d Laguerre tessellation (left); right:
histogram of cell volumes from 3d image analysis (light blue) and the adapted Laguerre tessellation
(white)

3.2 Elastic properties of the foam

The elastic properties in terms of the complete stiffness matrix assuming a general anisotropic linear
elastic material behaviour was calculated from linear finite element calculations of the RVE model
which was adapted to PMI foam ROHACELL® 71 RIST. Therefor several load cases were applied to
the model. If the model contains a sufficient number of cells the mechanical response of the model is
nearly isotropic. In that cases the stiffness matrix was reduced to the set of effective linear elastic
material constants Youngs modulus, shear modulus and POISSONSs ratio. Within parametric studies a
number of 125 cells was identified to be sufficiently representative for the investigated foam structure.
Then the variance of the results calculated from various random realizations of the RVE model was
minimal.

Within parametric studies the influences of a) content of solid material in the struts ¢ and b) the
relative density R to the effective elastic material constants of the foam were investigated. Hence both
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calculated modulus decrease with increasing ¢ but under different rates. Thus the POISSONSs ratio
increases with ¢ (see figure 5 left). Due to the fact that the content of solid material in the struts could
not be determined from 3d image data (for resolution reasons) it was calculated inversely by adjusting
the model to the Youngs modulus of 105 MPa which is given in the material data sheet of
ROHACELL® 71 RIST [13]. This is the case for ¢=0.32. The elastic properties of the according RVE
model are shown in figure 5 (right) for density variance of £20%. The correlation between density and
the elastic constants is nearly linear.
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Figure 5: Calculated modulus and POISSON:s ratio for PMI foam ROHACELL® 71 RIST vs. solid
material content in the struts (left) and foam density (right)

3.3 Deformation and failure behaviour observed via X-Ray CT in situ testing
Load-displacement curve

The load-displacement curve recorded during the in situ compression test is shown on figure 6. On
every applied load step the load increases quite linearly and drops down after the cross head stops due
to the relaxation of the foam specimen. On load-time-plots it becomes obvious that the main part of
the relaxation happens within the first 10 minutes after the load was applied. In the first load step a
nominal strain of 1 % was applied, afterwards load was applied in steps of 0.5 % nominal strain. After
the 5th load step which thus corresponds to 3 % nominal strain load did not increase further but
remains on a nearly constant level. In the following load steps only the load drop caused by relaxation
is compensated during the loading step. The relaxation increases with increasing load level due to the
nonlinear viscoelastic behaviour of the PMI foam as described in [18]. Due to the scanning time of 48
minutes the complete experiment runs 3 days and was interrupted over night after load step 7 and 14,
where the load drop due to the relaxation is significantly larger. Within the last load steps where
nominal strains of 5 and 10 % were applied the crushing failure of the cell structure becomes obvious
even in the load displacement curve by formation of a load plateau. The collapse of single foam cells
starts on even earlier load steps, which was observed in the image data.

The second load displacement curve shown in figure 6 was recorded on a continuous quasi static
compression test in a standard testing machine and the same specimen geometry. It is in good
accordance to the one recorded during the in situ test. Whereas the slopes of the curves are nearly
identical the strength measured during in situ test is ca. 8 % lower but still fits quite well to the
compression strength given in the material data sheet (see Table 2). However the Young's modulus
calculated from the load displacement data is ca. 25 % lower than the one given in Table 2 which is
due to the overestimation of the strain calculated from the cross head displacement.



20" International Conference on Composite Materials
Copenhagen, 19-24™ July 2015

200
180
160
140

0 02 04 06 08 1 12 14 16 18 2 22 24 26
cross head displacementin mm

Figure 6: Recorded load displacement curve of in situ compression test (black lines) and continuous
static compression test (dashed grey line)

CT images

The CT images taken between the load steps were analyzed qualitatively in terms of a single slice
near the center of the specimen which was tracked over all load steps. A sequence of such slice images
is given in figure 7. By visual inspection of the image stacks the cell which initially collapses was
detected (sections on the right of figure 7). The two upper cell walls of this cell are oriented at an
angle of +/-45° to the vertical loading direction. On 2 % nominal strain S-shaped buckling of one of
them occurs while the adjacent cells remain unaffected (figure 7a). On the next load step the other one
starts buckling in the same manner (figure 7b). One load step further a band of collapsed cells can be
observed on the left side of the specimen (figure 7c). In the following load step it covers the whole
cross section but spans on different height levels (see figure 7d). With further progress of the test this
band propagates through the whole specimen height. The foam cells outside this crush band remain
nearly unaffected. Regarding the recorded load displacement curve it becomes obvious that the
maximum load is reached when the crush band forms. The elastic deformation of cell walls and struts
could hardly be detected because it is in the same order of magnitude with the voxel size and could
therefore not properly be resolved. Cell reconstruction analysis as described above reveals that the
volume of the initial collapsing cell is three times above the average cell volume and its cell walls are
therefore prone to buckling.
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Figure 7: Slices of CT images recorded during in situ compression test (loading direction vertical) on
different load levels, zoom image of initially collapsed cell

3.4 Nonlinear FEA

Nonlinear stress strain behaviour

The nonlinear stress-strain curves calculated from an adapted RVE model (continuous line in figure
8) are qualitatively in good accordance to the ones measured at the real PMI foam (dashed lines in
figure 8). The differences between testing and modelling in the initial stiffness under tension and
compression are due to the experimental test set up. The specific boundary conditions during the tests
which were run on cubic specimens lead to higher apparent stiffness’ which were not representative
for the material behaviour. The elastic constants calculated from the initial slopes of the calculated
curves were in good accordance to the material data sheet given by the manufacturer. The strengths
were determined in terms of characteristic points in the calculated stress-strain curves, comparable to
the analysis of experimental data from tensile, compression and shear tests. Hence a limit stress
corresponding to 0,2% plastic strain was determined in the tensile load case (dots in figure 8). For the
compression and shear load case the maximum stress in the calculated strain interval was defined to be
the limit stress. Table 2 gives an overview of the calculated properties and compares them to the data
given in the material data sheet.
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FEA Data sheet

Youngs modulus MPa 104 105
shear modulus MPa 40 42
tensile strength MPa 2,3 2,2
compression strength MPa 1,8 1,7
shear strength MPa 1,3 1,3

Table 2: Comparison between calculated mechanical properties of PMI foam ROHACELL® 71
RIST and data given in the material data sheet by the manufacturer [13]
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Figure 8: Calculated stress strain curves for PMI foam ROHACELL® 71 RIST (continuous lines) with
0.2% plastic strain limit (marked dots) in comparison to experimental curves (dashed lines)

Deformation and failure mechanisms

From the nonlinear finite element anlysis of the RVE model the strains and stresses in struts and
cell walls could be analyzed component wise which enables a deep investigation of deformation and
failure modes of the cellular structure. By means of the calculated strain energies it was found that the
initial linear elastic regime is dominated by axial deformation of the cell walls. Via accompanying
eigenvalue calculation the occurrence of first instabilities was determined in the stress strain curves.
Thus first cell wall buckling occurs in both compression and shear loading already at load levels < 20
% of the failure load and consequently can not be the sole reason for failure of the foam structure.
Rather the collapse of cells is caused by the elastic-plastic material behaviour of the solid polymer
material in the cell walls. Figure 9 shows a central section of the RVE model a) unloaded, b) under
vertical compression load at 0,2% limit stress and c) at maximum stress. It becomes obvious that
plastic yielding (red marked cell walls) occurs predominantly in regions where also cell wall buckling
occurs. Both cell wall buckling and plastic yielding of the solid material are localized in one layer
perpendicular to the vertical loading direction (highlighted by the dotted lines in figure 9c), which is
the initial cell layer for the layer-wise collapse of the cell structure, as it was already observed during
the X-ray in situ compression experiments. Analogue to the compression load case, which was
described here, the other load cases (tension and shear) were analyzed in a similar manner to get a
detailed knowledge of the deformation and failure behaviour of polymeric cellular structures.
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(a) unloaded (b) e=0,015 ©) € = 0,035

Figure 9: Central section through the RVE model under vertical compression load, cell walls where
plastic yielding of the solid material occurs are marked in red colour

4 CONCLUSIONS

The deformation and failure behaviour of a closed cell PMI foam was investigated in terms of a
RVE modelling approach, numerical analysis and X-Ray CT in situ testing. The in situ compression
test of a foam specimen which was performed by application of a special test rig in the X-Ray CT
device enhances the knowledge about the characteristic mechanisms on mesoscopic scale involved in
deformation and failure behaviour of rigid polymer foams. It reveals that local buckling of cell walls
occurs already in the macroscopic linear elastic region of the load displacement curve and that the
maximum load is reached when a complete layer of cells collapses. The cell which initially collapses
was found to be three times larger than the average. Based on these findings the cellular structure was
modelled by a random Laguerre tessellation which was adapted to the real structure in terms of the cell
size distribution to get a deeper knowledge about the correlation between the cellular structure and the
mechanical behaviour and the influence of morphological parameters. The appropriate applicability of
the random Laguerre tessellation for modelling closed cell PMI foams was proved on both the
accordance of morphological/geometrical parameters between the model and the real structure and the
accordance between the numerical analysis and the experimental characterization of the mechanical
behaviour of the foam. Thus the RVE modelling approach enables not only the prediction of linear
elastic constants but also strengths of the foam and the assessment of influences of morphological and
physical parameters, like local variances of densities which can typically occur and the distribution of
solid material between cell walls and struts.
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