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9 ABSTRACT

10 It is generally agreed that an efficient model for predicting the mechanical behavior of solid
11 foams should present microstructural features similar to real ones. However, most theoretical
12 results in foam micro-mechanics are based on periodic space-filling unit-cell which do not
13 reflect the inherently random nature of real foams. The Kelvin cell or the Weaire-Phelan (WP)
14  structure are by far the most used and yet they are only found is specialised foam. The present
15  study therefore uses a versatile approach based on a thermodynamic description of interacting
16  bubbles growth to produce representative volume elements of closed-cell foams with a wide
17  variety of morphologies. Using a small set of parameters, one can build morphologies with local
18  features specific to non-equilibrium foams. The behavior of the internal gas phase during the
19  formation process is also modelled while assuming the absence of diffusion in the continuous
20  medium. A sequence of mechanical micro-models is developed to study the complete
21 compressive response ranging from the initial elastic response followed by the extensive plateau
22 stress all the way up to the densification zone. The results are discussed in view of randomness
23 of the cellular microstructure, anisotropic cell shapes effects and inner gas pressure effect. This
24 isamajor improvement over previous studies which lack variability in topological arrangement
25  for 3D representative volume elements or which use periodic boundary conditions known to

26 influence the way macroscopic instabilities develop.
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l. Introduction

Cellular solids can be categorized into three fundamental structures [1]: honeycombs,
open cell foams and closed cell foams. In an open cell foam type, the cells are interconnected
like in a natural sponge, while closed cell foams consist of a set of gas bubbles separated by
thin membranes of a solid phase. These microstructural features make closed cell foams widely
used in many fields, such as transport, construction, and health, as they offer a good
compromise between high modulus, strength and good energy absorbing capacity on one hand,
and weight reduction and material savings on the other hand. Open cell foams have similar
attributes but because of their high internal surface area, other functionalities include
storage/filtering for chemicals or fuels [2] and porous scaffolds for bone in-growth [3].

It follows from their hierarchical microstructure that the mechanical properties of foams
are governed by two major factors: the cell morphology (shape, size, positions, and their
corresponding distribution) and the properties of the material constituting the foam. This was
demonstrated by the pioneering works led by Ashby and Gibson [1] who described the
macroscopic mechanical behavior of foam by using an analogy with a single cubic lattice that
deforms either by bending or buckling. This analogy provides the right overall trends for the
mechanical properties of the foam and highlights that the porosity is the main influential factor.
However, this approach has put aside the complexity of the foam microstructure, thereby
leaving open questions about the subtle interplay between the constitutive material and the
hierarchical complex microstructure.

The widespread application of foams from home products to high-end technologies
highlights the need of understanding the structure-property relationship for industrial and
academic purposes. The main physical characteristics of the foam are dictated by its constituent
material. Finer mechanical properties, e.g. elastic modulus, yielding and post-yielding behavior
or acoustic or thermal insulation can be tuned through the cellular microstructure. Yet,
determining the optimal arrangement and cell shape for optimized material performances at a
given material density remains one of the most challenging questions in foam mechanics.

From a theoretical point of view, beyond the widely known survey by Gibson and Ashby
[1], there are extensive works on the mechanics of open cell foams, but less on closed-cell
foams. Relevant literature in the domain is given by Simone et al. [4, 5], Kraynik et al. [6-9]
and Kyriakides et al. [10, 11]. These studies examined how the repartition of the solid material
between the cells edges and faces affect the stiffness and the strength of metallic foams. In

particular, the drainage phenomenon of the initially liquid matrix is a source of inhomogeneities
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in the distribution of the continuous phase. If the excess liquid has no time to drain away
sufficiently from the cell face to the adjacent cell edges before solidification, a local density
gradient builds up leading to a high degree of material heterogeneity and anisotropy. This has
repercussions on the mechanical properties since the foams deform mainly by bending and are
therefore sensitive to the moment of inertia.

Most of these studies have considered foams of high porosity obtained through liquid
state processes driven by interfacial tension. As a consequence, the approach relied on the
minimization of the energy of a unit cell surface to describe the mechanics of foams with
complex architectures. The Surface Evolver program initially developed by K. Brakke [12] to
study surfaces shaped, among others, by surface tension and subjected to various constraints,
has been extensively used for this purpose. One of the frequently used cell models is that of the
periodic Kelvin cell model which is able to partition space into equal-volume units. It has very
low surface energy and, accepting slightly curved edges, it verifies the Plateau’s laws (1873)
[13]. As an example, Zhu et al. [14] and Warren and Kraynik [8] studied the elastic response
of a regular Kelvin cell at low and high compressive strains using beam theory. Interesting
studies concern the influence on the stiffness response of cell face curvatures and corrugations
[15], of cell shape variation [16] and of cell wall thickness variation [17]. All these studies
emphasize the influence of imperfections (wavy cell walls, cell shape variations) or of the cross-
sectional shape of the cell edges (Plateau border in comparison to circular or triangular shape)
and they all conclude that it is necessary to incorporate the micro-geometrical details of the
foam into the models to obtain valuable results. For instance, the stiffness is reported to decrease
up to 40% of its original value when “wavy” cell walls (as opposed to “flat” cell walls) are
considered in closed cell foams [15]. For open-cell foams having the same relative density, the
Young’s modulus was found to be 34% higher when the edge cross sections were modeled as
Plateau borders in comparison to equilateral triangles [14]. This brief and not exhaustive
literature review is concerned with mechanical properties for highly porous, mostly open cell
foam types and arose from the minimized surface area approach for the geometrical
characterization of the unit cell. However, a unit cell modeling approach cannot account for the
non-periodic nature of the cell structures and other microstructural variations inherently present
in real cellular materials. Also, the choice of unit cells respecting the basic rules for geometric
stability given by Plateau (1873) is not the most appropriate: Kelvin or WP structure represent
a minimal energy level that cellular materials cannot reach under standard manufacturing
conditions [18]. Thus, Matzke noticed the absence of Kelvin cell in a dry foam [19] and Kraynik

showed that foams exhibit topological disorder even when all the cells have the same volume
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[20]. Because of the periodic boundary conditions (PBC), the mechanical properties measured
in industrial foams differ from those predicted by idealized models for closed cell foams [21].
This overestimation even goes up to 50% for the compressive strength of metallic foams [1]. In
the related literature, VVoronoi tessellation is the principally used method to represent ordered
or disordered structures of very low density closed cell foam, since they present similarity with
real foams in appearance [22, 23]. However, one can regret the lack of studies based on large
numbers of cells, the fact that they essentially focus on elastic properties, and that they are
mostly 2D studies. In a general manner, a non-periodic arrangement of the cells leads to
variability in the cell struts thicknesses which inevitably reduces the mechanical resistance of
the structure through stress localizations. Grenestedt et al. [15] reported that disorder reduced
the bulk modulus by 10% in comparison to Kelvin cell foams. With models composed of barely
a few tens of cells, no prediction could be made regarding the mechanical behavior beyond the
small deformation regime. The complete mechanical behavior depends on a combination of
different microstructural fluctuations, e.g. varying cell sizes, curved cell walls, anisotropy,
imperfections, which cannot be captured by repeated unit cells of classical geometry or by
Voronoi tessellation. Also, as density increases, struts become thicker, joint regions become
larger and eventually the approximations used to formulate beam theory cannot be applied
anymore. In addition, two deformation mechanisms, namely edge bending and face stretching,
occur simultaneously and cannot be treated in an uncorrelated manner. Therefore, no exact
analytical prediction exists for the mechanical properties closed cell foams, requiring therefore
extensive use of numerical methods. In particular, for a comprehensive description of the
complex non-linear phenomena that occur at all length scales, a difficult issue is to accurately
model the foam microstructure at a non-equilibrium state. This microstructural state is however
abundantly (not to say exclusively) found within industrial products, and one of the ambitions
of the present paper is to study to what extent the mechanical properties can be optimized thanks
to microstructural variability offered by the current manufacturing processes. This question is
very concrete for manufacturers who may be faced to microstructural defects induced by their
manufacturing process or when they wish to optimize the properties.

For this purpose, our previously developed “ad-hoc” modeling method used with
success to generate a wide range of realistic closed-cell foam is retrieved and generalized in
this work [24]. Based on a simplified physical description of a gas-releasing foaming process,
our numerical method allows to simulate structures with characteristic microstructural
imperfections inherent to most real cellular materials. It provides access to relevant ranges of

microstructural variability to be considered simultaneously which is not usual in the literature.
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The first section of this paper describes the numerical method briefly and shows how to obtain
representative numerical foam microstructures for wide range of order/disorder and densities.
In a second part, a quantitative description of the morphology is proposed for the numerical
foams. This description is supplemented with a structural description of the foams, based on
the spatial organization of the bubbles and the location of their physical contacts. This analysis
is led ab initio, using an external, home-made reconstruction algorithm developed to study the
structures of the foams and emulsions. In a third part, the mechanical properties are studied
with a particular emphasis on the non-linear behavior related to morphological characteristics
such as a non-uniform and disordered cell structure. Since most models in the literature consider
the role of the gas to be negligible, except the works done by N.J. Mills [25], we incorporate it
in our models to check the limit of the validity of this assumption. The results are interpreted
and analyzed in relation to the ones published for very low density closed cell foams when they
exist. It turns out that while the elastic behavior of closed cell foam is only marginally affected
by the morphology of the microstructure in the considered density range, the effect is much
more pronounced for large deformations. The main trends of the mechanical behavior are given
in relation to the microstructural features defined by statistical parameters. The presented results
can help for the design of the foams and especially for the choice of morphology in order to
reach a certain level of performance. At last, a comprehensive understanding of possible
mechanical instabilities and their non-linear effects during deformation of closed cell foam is
given. In this way, a scheme is specified to predict the mechanical instability of foams based

on their morphological features.

I1. Materials and methods

11.1. Modelling of 3D cell foam-like microstructures

The main challenge when considering micromechanical modelling of closed-cell foams is to
properly approximate the foam microstructures, which are fairly irregular and random, and
highly dependent on the density level. In most cases, the cellular solids result from the
nucleation and growth of multiple cells. If all cells are considered to nucleate simultaneously
in space and grow at the same rate, then a set of spheres may serve to describe low porous
cellular materials while a Voronoi diagram will be better suited for high porosities.
Accordingly, crystallographic arrangements, random close packing (RCP) methods [26] or
even random sequential adsorption (RSA) algorithms [27] have been used to investigate low

porous cellular materials for which gas bubbles tend to pack in the closest way. When the
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volume fraction of the discrete phase is approaching the “touching limit” or jamming fraction
@4, the need for different geometrical representative units arises, as gas bubbles may interact,
deform, and eventually coalesce. The spherical shape can no longer be conserved. The VVoronoi
tessellation of the space is fully determined by the initial locations of the generating seeds, also
named nucleation points. Perturbations in the locations of evenly spaced seed points allow to
generate irregular cell shapes, with variations in cell wall thickness [7-10, 14-17]. Although
Voronoi-based models can provide important results, they are limited in their ability to account
for the type of microstructural imperfections inherent in foaming processes. Here, the focus is
on industrial polymeric closed cell foams of medium to high porosity for which cell shapes are
neither fully spherical nor fully polyhedral. These foams are usually obtained from the gas
release of blowing agents (CBA) after chemical reactions or evaporation (usually such as CO>
or cyclopentane). These foaming processes are quite different from that of soap foams as the
rapidly changing viscoelastic nature of the molten polymer combines with the surface tension
to give the final foam microstructure. Some studies have even shown that the contribution of
the interfacial tension is negligible compared to the viscous stresses arising during the
expansion phase of a polymer foam [28-34]. In addition, available numerical studies of soap
foams have focused on the evolution of the structure towards an equilibrium state in the absence
of expansion, since the simulated foam evolution takes place at constant gas volume. In this
case, the transition to an equilibrium state is driven by local topological changes in the structure
driven by surface area minimization. Thus, in the present study, we chose a different modeling
approach which distinguishes from previously published work by focusing on the numerical
representation of foam microstructures in a non-equilibrium state with all their complexity, as
close as possible to real ones. Our modeling approach is described in detail in reference [24].
Here, we only provide some of its key features to allow the reader to follow the progress of the
study. The current ad-hoc modeling method is inspired by the physical basis governing the
formation and expansion of gas pores in a polymer melt. As such, one is capable to simulate
the evolution of interacting bubbles in a polymer melt encompassing all the steps from the
nucleation stage (where tiny closed-cells form) to their expansion and maturation until the
ultimate microstructure is reached.

During the expansion stage, the motion of an elementary particle (material element) is
described by the Navier-Stokes equation considering the radial fluid flow of the polymer
mixture. This one is defined as an evanescent spherical wave whose magnitude depends on the
principal viscoelastic characteristics of the mixture, in particular, its dynamic viscosity n, its

bulk elastic modulus K, and its density p, all depending on temperature T. Accordingly, one
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may infer the main influence of the rheology on the morphology and structure of the ultimate
polymer foam. At the gas-melt interface, for each individual cell, in addition to the reaction
forces in the polymer melt, the interacting forces generated by the internal pressure in the cell
and the force arising from the interfacial tension are considered. Thus, one of the main focuses
of the ad-hoc model relates to the interactions between the bubbles that grow and deform while
they approach and encounter neighboring ones to ultimately lead to the complex microstructure
of the foam. While currently available method based on Voronoi tessellation considers a
constant growth rate, here, the cell growth rate is limited not only by the rheology of the
polymer, but also by the temperature and the pressure of the system, the time allowed for the
cells to grow before solidification, and the presence of other bubbles. In this sense, the ad-hoc
modeling method appears advantageous as it is a more dynamic approach combining the radial
flow of the mixture while the cells nucleate and grow at the same time, together with the gaseous
release. Concerning the cell nucleation, a configurable temporal and spatial distribution is
available so that different scenarios inherent to a given foaming process can be produced. The
number of cells is given by a nucleation time distribution which defines a nucleation rate while
the locations of their centers are determined according to a random selection algorithm which
allows both homogeneous and heterogeneous nucleation to be modelled. These terms refer to
simultaneous nucleation of cells or not, leading ultimately to monodisperse or polydisperse
structures, respectively. The heterogeneous nucleation is usually more favorable when several
additives or organic charges are employed as they constitute nucleation sites during the polymer
foaming processes [33].

The wvalidity of the present physically based model to generate numerical
microstructures that mimic real foam microstructures was demonstrated in ref [24, 35]. In
particular, it was demonstrated how polydisperse polymeric solid foams can be generated, and
how close their ultimate morphology resembles the real ones as investigated by high-resolution
X-ray microtomography using synchrotron radiation. Since the Surface Evolver and other
Voronoi tessellations are difficult to adapt to foams of medium to high density where non
equilibrium microstructures are set, our physical modeling method appears advantageous for
generating such microstructures and for a subsequent investigation of their mechanical
properties. By these aspects, our work distinguishes itself from previously published
investigations, which are either based on minimizing the surface energy or where a spherical
shape is assumed for the whole expansion modeling. In the latter, it is usually proposed
homogeneously distributed nuclei, a known growth rate, no interfacial tension effects during

cell growth and no multi-cell wall interaction. Thus, the attainable porosity range is rather
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limited. And this limitation is quite frustrating considering that applications require foams with
a large range of porosities. Thus, foams of medium porosity are used in static sealing, vibration
reduction or structural reinforcements for car bodies and aerospace vehicles. For example,
elastomeric closed cell foams with porosity of the order of 60% are used for their good anti-
vibration properties in the transport industry. Or, epoxy-based closed cell foams with porosities
in between 40%-60% are used as crash absorbing elements in the automotive industry. The
practical interest in the study of their mechanical performances, e.g. for industrialists, translates
in specific structural considerations, such as the variance in elastic properties introduced by
variability in the arrangement of cell wall, or the differences in elastic properties between
isotropic and anisotropic microstructures. These two sources of variability are commonly used
by industrialists in the field: by adapting different thermal paths from the CBA process, deferred
nucleation occurs and a certain polydispersity is attainable, by adjusting the homogeneity of the
native chemical compounds mixture of the foam, a more or less random distribution of cells is
possible and finally the use of specific mold is well known to promote directional growth. Note
that a simultaneous nucleation of randomly distributed cells will inevitably lead to a multi-size
structure (polydisperse).

Our study adopts a 3D regular structure based on the face centered cubic lattice (FCC),
which is more representative of the foam structure than the simple cubic structure [36]. To adapt
this cell configuration, all the cells were nucleated at the same time from their FCC location.
For the cell growth generated by the ad-hoc modeling method, the viscoelastic parameters of
the polymer melt and the surface tension were the ones specified in the reference [24]. Then, a
method of finite perturbation [37, 38] of these regular sites was performed with the purpose of
modeling irregular cellular solids with non-uniform cell shapes. Figure 1 gives an illustration
of the perturbation method to generate random structures using, for the sake of illustration, a
VVoronoi diagram to represent the spatial partitions occupied by the points of the structure. From
the initial regular distribution of a given set of points M;, the parameter o gives a different
distribution by moving all the points according to al,U; where I, is the mesh parameter of the
initial regular distribution, U; is a unitary vector randomly oriented from the point M; and a is
a dimensionless value between 0 and 0.5. The o parameter characterizes the degree of

perturbation: the higher the value is, the more disordered the structure is.
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Fig. 1. Setting of the spatial distribution of cell seeds: I, seed inter-distance at initial regular state, | seed inter-

distance after perturbation applied through random vector U with magnitude a.

To analyze the sole effect of disorder on the mechanical properties of the foam, we took
care to keep the same porosity between the models. This porosity was chosen to be 62%, a value
representative of foams frequently used in car bodies reinforcement and vibration reduction.

Figure 2 shows the 3D microstructures numerically generated by varying the a
parameter only, the other parameters of distributions as well as the porosity being identical
between the models. Each specimen includes about 800 cells and will serve as templates for
calculating the foam mechanical behaviors via finite element modeling. The time to run a
foaming simulation on a standard desktop PC depends on the size of the grid: it takes typically

few hours to generate a few tens of cells, but more than two days for one thousand cells.

Fig. 2. 3D foam-like microstructures generated by perturbing the central positions of an FCC crystal using
a=0%(left); a=0.2(middle) and a=0.3 (right).

11.2. Finite element models and computation
The output of the ad-hoc modeling is a DXF or STL file containing all the mesh nodes
describing the numerically generated foam structure. The surface contours are then realized by

surface patch arrangements replacing the initial mesh. At last, the volume mesh is obtained by
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an intersection geometric operation between these cells and any solid contour. The finite
element program (FE) used for subsequent mechanical analysis is MSC Marc. This FE program
includes toolboxes from experimental data fitting to several material models and it is able to
interpret scripting language as Python allowing automated procedures to be generated. 4-node
tetrahedral elements are chosen for the meshing of the foam structure. Attempts to use higher
interpolation through mid-nodes to the tetra-elements lead not only to a prohibitive
computational cost but also to some convergence problems that arise from an increased
sensitivity to any mesh distortion. Prior to run the simulation, a mesh quality check was
performed. In particular, we verified to have sufficient mesh elements through the wall
thickness to avoid undesirable effects such as volumetric and shear locking. It was found that a
minimum of two elements per thickness is required to reach mesh convergence.

The constitutive material chosen for the base material is a bilinear isotropic hardening
material. The material parameters are inferred from tensile/compressive stress-strain profile
measured by us on a bulk thermoplastic polymer (not foamed) commonly used in foam industry.
A Young’s modulus of 10 MPa is obtained and a Poisson’s ratio of 0.4. A plastic flow criterion
based on von Mises is adopted, with a yield stress of 2 MPa. Finally, it turned out that a model
containing 600 cells is a representative volume element (RVE). The size of this RVE was
carefully established in our previous study [35] and respects the required ratio of the specimen
size to cell size equaling to ~6 [39, 40]. In comparison, 2D studies of the foam stiffness were
shown to be relatively insensitive to the RVE size and only a few tens of cells may be used.
The use of a few hundred cells is more appropriate to account for the dynamic response [41]
and for the large-strain compressive behavior [37, 38]. In 3D, less than twenty cells were used
by Grenestedt et al. [16] for investigating the effect of cell shape variations on the elastic
stiffness of closed-cell foams and one hundred cells constituted the RVE for elastic moduli
analysis of random models based on VVoronoi tessellations [22]. At last, for large strain analysis
of 3D random closed cell foam structure, 125 cells were used as RVE [42]. Comparatively, 216
cells were chosen as RVE [43] but up to 700 cells when morphological details were sought [44,
45]. By using a sufficiently fine mesh to ensure that the thinnest and most curved cell walls are
correctly described, a standard model typically contains between 1.5.10° and 2.10° elements,
thereby asking for about 120h of CPU time using a workstation @ 3.5 GHz with 128 GB RAM.

The link between the non-linear part of the response at large compressive strain and the
inner structure of the foam (with all its variabilities) being the focus of the present work, the
option for a self-contact detection was used for the finite element model. Displacement

boundary conditions were imposed using an infinite rigid top plate while a fixed bottom plate
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acts as a support. Frictional effects were accounted for between the plates and the foam material
to prevent any sliding during compression. However, no friction coefficient was set for internal
contact between the cell walls, i.e. when cell walls come into contact with each other during
compression. To consider the gas contribution, closed cavities were defined by selecting the
element faces forming the cells. This option is available in MSC Marc, however a python
procedure was written to automate the detection of element faces for the numerous cell cavities
and assign the gas properties to them. The gas was assumed to be ideal with a fixed mass and
at initial pressure Po of one atmosphere. In most polymer foams air diffusion over weeks of
storage means that Po is equal to the atmospheric pressure. For a better stability of the FEM
results, an iterative approach was invoked through the cavity parameter instead of the default
incremental approach. This means that the cavity volumes are updated at every iteration rather
than only at the end of the increment.

Ad-hoc microstructural models are non-periodic just like real foam microstructures. This
precludes the use of periodic boundary conditions (PBC), unless modifications or specialized
methods, as the ones presented in [46] or [47] were done. As a result, the outer surface of the
numerical foam sample is not constrained in lateral directions. Usually, this requires a large
enough sample to avoid any border effects, but it avoids artificially stiffer response known to
be produced by PBC [48]. Indeed, PBCs tend to interfere with the mechanisms of
microstructural instabilities by constraining lateral displacements.

11.3. Morphostructural analysis
The structure is reconstructed from the vector images resulting from the ad hoc simulations
(stack of horizontal slices) using a home-made reconstruction algorithm [49] developed to study
the structure of foams and emulsions. Numerically generated bubbles are already separated by
medium voxels, and thus do not require a segmentation step. Individual bubbles are labelled
using the segmentation.random_walker function from the Skimage library. The voxels included
in every bubble are given a value corresponding to their label. The voxel positions of their
interfaces are detected using the measure.label function of the same library. The positions of
their centroids are computed as the average positions of their voxels. The labels, the positions
of the centroids and of the contour voxels are stored in separate csv files and are then used to
detect the contacts or the distance between the nearest neighboring bubbles.

The distance between two bubbles is defined as the separation between their surfaces
(Surface-to-Surface or S2S distance) as shown in Fig. 3. For this calculation, the computation

is limited to physically relevant voxels by selecting the ones that are on the contours and inside
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a cylinder of radius of 20 voxels length joining the two centroids (red zones on bubble surfaces
on the left of Fig. 3). Among this set, the smallest distance is taken as the surface-to-surface
distance and used to determine the “contact relations”. Two bubbles are considered to be “in

contact” when their S2S distance becomes smaller than a user-defined distance threshold dinresh.

0 _

+ ' + EEn

Fig. 3. (Left) preselection of the voxels between which the distances are computed. (Right) the distances between

each pair of voxels from different cells are computed iteratively.

The radial correlation function is computed following standard procedures, through an
average over every bubble. To limit the effects of sample borders, we restrict the set of bubbles
used for averaging by removing the bubbles that are outside the box of total volume shrunk by
15% in every direction, as shown in Fig. 4. The extension of the shell is stopped once the first
neighbor outside of this box is encountered. The bond orientational order parameters gs, gs are
computed using the pyboo library [50]. The Shannon entropy per bubble is computed following
the procedure described by Brujic et al. [51] : A random position is taken inside the contact
network, and a sphere is grown until a contact network of n bubbles is obtained inside this
sphere. The class f of the graph is computed by extracting its set of automorphisms using
pynauty. This operation is repeated 800 times to obtain a probability distribution of the classes
P(f). The Shannon entropy of a graph of size n is calculated as H(n) = =Y.i P(f;,)In(P(f;)),
and the entropy per bubble is taken as the slope of H(n) in the linear regime with n to limit the

border effects.
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Fig. 4. The number of contacts of a particle is taken in account in the average only if its centroid is inside a
subvolume, delimited by shrinking the bounding box by 15 % in every direction. The contacts with bubbles

outside the subvolume are preserved and counted to obtain < Z >.

I11. Results and discussion

I11.1. Structure and morphology

To obtain insight into the effect of a random cell organization on the compressive behavior of
foams, three degrees of perturbation were investigated. The parameter a was initially set to a =
0" to describe nearly perfectly periodic foams and was then increased to « = 0.2 and 0.3, while
keeping the relative density (p = 1 — porosity) at the constant value of about 0.38,
representative of commercial PVC foams. It has been noted that for real foams, the
identification parameters used in the generation of the foams may not be sufficient (e.g. impact
of the shape of the cells, correlations between the distributions) to uniquely characterize the
morphology of their microstructure: the local neighbourhood relations, the geometrical and
topological local organizations, the deformations of the bubbles and the correlations over length
scales larger than the bubble size are all important features of the foam structure impacting its
mechanical behavior [52-55]. Therefore, in a first section, the morphometry of the foams is
presented through cell sizes, shapes and wall thicknesses. In particular, the cell size distribution

is identified through a dimensionless ratio Cvo Of the standard deviation over the average

volume of the cells (C,,; = ;"T"l;). Similarly, the deviation from the spherical character is

described through its Csph coefficient for the dispersion. Then, one can apprehend the structure
of the foams through the geometrical and topological organizations of the cells. This analysis

is performed using a home-made segmentation and characterization algorithm taking as input
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the horizontal slices of the foams, as provided by standard tomographic imaging setups. The
code is made freely available online for the interested users?.

To insure the uniqueness of the results, a reproducibility analysis of our ad-hoc
numerical foam generator had been already proposed [24]. Two simulations run with the same
input parameters (thus leading to a same porosity and Cyvo) gave microstructural models with
the same compressive response. However, for the more polydisperse structure, some small
differences could be noted at large deformation. It will be seen later that the behavior at large
deformation is very sensitive to the two parameters which characterize the heterogeneity of the
microstructure: a slight difference either in the values of « or Cyo can generate small deviations
in their mechanical responses. Such conclusion was already noted in our investigation of the
2D case [35].

Figures 5 and 6 represent the metrics used to characterize the morphology of the final
microstructures. These analyses are based on 830 cells for varying degrees of randomness «.
The cell size is determined from the relative cell volume distribution and the equivalent cell
diameter Deg. The sphericity parameter Spn is used as a metric of the anisotropy of the cells,
counted as a deviation from a perfectly spherical shape. It is defined as:

1 2
m3(6V)3
ph = S

Eq. (1)

where V is the volume of the cell and S its surface area. The sphericity has a maximum value
of 1, which corresponds to a perfect sphere. The sphericity depends on both form and roundness
of the cells [56]; for instance, the sphericity of a cube is 0.80 whereas that of a hemisphere is
0.84. Since the cell shapes of the studied structures are not very angular and are of similar
roundness, the sphericity reflects an anisotropy through an elongation of the shape. The
thicknesses of the cell walls were measured using a maximal inscribed spheres method [57]
directly applied on the vector images resulting from the ad hoc simulations. Compared to the
previous S2S measurement, it is the distance distribution between neighboring cells which is

obtained. The distribution of the wall thickness is shown in Fig. 6.

thttps://github.com/SimianLibrarian/vritra
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Fig. 5. (Left) Normalized cell volume distribution for different randomness levels and (Right) the corresponding

equivalent cell diameters distribution

The polydispersity of the foam structure increases with disturbance of the cell seeds, witnesses
by a broadening of the cell volume distribution despite a fairly constant average cell volume. It
is worth noting that individual cell volumes can reach up to three times the average cell volume
for the highest a value. The same trends can be observed in the distribution of the equivalent

diameters (Fig. 5).

30 100
M [ Ja=0* [ Ja=0*
% ®=0.2 304 % ®=0.2
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F 20+ <
= < 60+
= (8]
g 5
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é
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0 2 4 6 8 10 12 0 0.2 0.4

"Strut" thickness (a.u) Sphericity
Fig. 6. Distribution of the cell wall thickness (Left) and of the sphericity (Right).

When « = 0" one main central position appears on the histogram of the equivalent diameter
distribution. However, for « > 0.1, two or three different equivalent diameter groups
characterize the overall microstructure. The rather reduced sphericity values are consistent with
the idea of irregular cell shapes of this anisotropic microstructure (Fig. 6). Increasing «
decreases the average cell sphericity by producing more distorted cells in the final structure.

Indeed, Fig. 6 shows that the sphericity distribution is widen as « increases.
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The walls of the cells along with the cell size have an impact on the mechanical
properties of the foams: the variations in the wall thickness or in their geometry affect the
apparition of mechanical instabilities, such as buckling, in accordance with the second moment
of area. Figure 6 presents the strut thickness according to the magnitude of the perturbation. For
a microstructure close to monodisperse (« = 0%), one logically remarks that the range of the cell
wall thickness values is narrowed around an average value of 2.2 £ 1.1 (a.u). When « increases,
the cell wall thickness distributions widens while its average values increase. This observation
agrees with the previous analysis of the cell size distributions that indicate an increased number
of large and small cells with the distortion. It is worth mentioning that the differences in wall
thicknesses can result in the occurrence of an earlier onset cell collapse, that is suggesting
different mechanical behavior.

The mean characteristics of the numerical samples are summarized in Table 1. The
values reported for the porosity are the ones directly calculated from the meshed volumes used
for the subsequent finite element calculations. The Cvo parameter used to quantify the
dispersion of the cell size shows the same trend. In the case of “regularly” spaced cells, with
Cvol = 0.07, the cell size distribution is rather narrow while it becomes wider for a = 0.3, for

which Cyol reaches a value of 0.59.

o 0* 0.2 0.3
Porosity  0.620 0.616 0.618
<Deg> 11.2+0.27 11.14+0.86 11.04+1.65
<Cvor> 0.07 0.28 0.59

<Sph> 0.97 0.94 0.91

<Cyn>  87.10%  6.4.102 1.2.107

Table 1. Mean geometrical parameters for the numerical foam samples

The structure of the foam is also revealed through the positions of the cells and the
neighborhood relations between the bubbles. The average contact number <Z> has been shown
to be an important parameter to rationalise foam mechanics: <Z> increases with porosity [58-
61] and the structure becomes more rigid with increasing <Z> [65-66]. Furthermore, the cell
positions and contact number are an experimentally accessible quantity, which can help to relate
the structure of the real foams to our simulated models. However, due to the deformability of

the bubbles, a clear definition of a contact between two neighboring cells cannot rely on the
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distance between their centroids, as this does not accurately predict the distance between their
interfaces. We thus propose a new distance metric based on the surface-to-surface (S2S) method
and a numerical implementation allowing for its computation on the minute timescale.

To determine the contacts, a test set of contact pairs is determined by applying a
Delaunay triangulation to their centroid position. The S2S distance is then computed for each
pair to determine the existence of a “contact”. For every test pair, the voxels used to compute
the pair distances are selected as being inside a cylinder joining the two centroids, as represented
in Fig. 3 (left). We compute all the distances between pairs of voxels from different cells, as
shown in Fig. 3 (right). This part is computationally expansive, and thus performed using a C
algorithm. All the pair distances are then stored in a file associated to the pair of cells. In the
last step, we summarize this file by associating each cells pair to the 5" centile of its pair
distance distribution represented in Fig. 3, taken as the S2S distance between the two cells. The
final list of pairs associates every test pair with a S2S distance. A selection by the user of a
threshold distance can further discriminate between “touching” and ‘“non-touching” cell,
depending on the physical properties of the considered foam.

The average contact number <Z> is shown in Fig. 7 as a function of the distance
threshold dinresh. For the foam with a minimal disorder in its initial structure (« = 0%), <Z>
quickly reaches a plateau at < Z > =13.38 £ 0.71. This value is close to the values expected for
ordered foams (it would be 14 for BCC and 13.5 for Weaire-Phelan [67]) and for disordered
foams (13.7) [68]. For Laguerre tessellations — which approximate fairly well foam
microstructures - the range is between 13 and 15.5 [69]. This value is, however, higher than
expected for an FCC structure. Therefore, the average contact number was computed for a
regular FCC lattice of perfect spheres for comparison. In that idealized case, the number of
neighbors first increases to 4, corresponding to the neighbors distant from one basis vector,
before reaching a plateau around 12. The variations in the number of neighbors come from the
discrete representation of the interface on a square grid. Hence, the number of neighbors for the
numerically generated foams is higher than that of an FCC foam: this difference may come
from the generation procedure, and in particular the elastic and viscous stresses in the
continuous phase during the cell growth giving polygonal curved shapes [24]. The beginning

of this plateau is defined as the distance threshold for the other foams.
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Fig. 7. Evolution of the average “contact” number < Z > with the threshold distance d for contact definition.
Dunresh is chosen as the position of the plateau in <Z> for the foam with minimal disorder in initial structure
(0=0).

The local geometrical organization is probed with the bond orientational order parameters [70,
71]. These are of course not mean chemical bonds, but rather distance-line resulting from some
convenient assignation of near neighbors. The distance threshold for neighbor determination is
taken from the contact number determination, shown in Fig. 7. The (g4, gs) coordinates of each
cell is represented in Fig. 8, as well as their averaged coordinates. The ge parameter decreases
with the disturbance parameter a, while the g4 increases, indicating a change in the structural
order from the initially FCC structure to an increasingly disordered state, different from the

values obtained for regular lattices.
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Fig. 8. Bond orientational order parameters (g4, g6) as well as their averages for the three different foams of

Fig. 2. The contacts are determined using S2S distances and the plateau distance of <Z> as a threshold. The

values for every cell are computed using the Pyboo library [50]. Values for FCC are taken from [71].

The large-scale structure of the foams is also investigated using the radial distribution function

g2(r) and the Shannon entropy H(n) [72, 73, 51]. The radial distribution function is computed

using the centroid positions as interparticle distance r, as the computational cost of calculating

S2S distances for all pairs of particles slows down the analysis to a major extent. The results

are shown in Fig. 9. The most organized foam structure shows strong peaks corresponding to

an FCC structure. For an increasing «, the peaks reduce in height and broaden in width,

indicating a less localized distribution of neighbors in the first shells. For instance, the second

peak splitting disappears for o > 0.2, and the correlation disappears beyond the first peak for

strongly randomized foam structure « = 3. In the same vein of the bond orientational order

parameters evolution of Fig. 8, this loss of correlation indicates the vanishing of long-range

order in the foam with increasing randomness in the positions of the nucleation sites.
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compute the distances.

The Shannon entropies of the three foams are computed following the procedure described in

[73]. The contacts between the cells used for the determination of the contact network are

defined in the same manner as for the average contact number and the bond orientational order

parameters. The resulting Shannon entropy H as a function of the cluster size n is shown in Fig.

10. The average entropy increases with the structure randomization factor, going from ~ 1.2 kg

for the most regular lattice (« = 0%) to ~ 1.4 kg for the most disorganized one (a = 0.3).

Shannon entropy H(n)
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Fig. 10. Shannon entropy for the three numerical foams. The slope of the linear fit between n=2 and n=5 gives

the average entropy per cell, expressed in units of the Boltzmann constant kg.

20



O 00 N o v B~ W N P

N N R N N N NN R R R R R R R Rp Rp RJ§
N o A WN BPR O O 0O N OO WU M W N L O

Our characterization of the numerical foams found structural features that evolve with the
degree of randomness in the nucleation structure. The initial structure is close to a face-centered
cubic structure, as intended. Interestingly, the average contact number <Z> is found to be closer
to the one expected for foams (<Z> = 13.7) than the one for FCC structures (<Z> = 12),
potentially indicating a strong physical relevance of our neighbor determination method. Also,
it reveals the good representativeness of the numerically generated foam structures. Similarly,
the bond orientational order parameters (gs, gs) evolve with the structure randomness, with
broader distributions and values differing from the FCC results. These observations correlate
with the disappearance of long-range correlation observed in the pair correlation function ga(r),
even for a computation based on the centroid position. Finally, the increase of Shannon entropy
per cell strongly correlates with the structure randomness and is thus a good candidate to

evaluate the randomness of a bulk structure based on the physical contacts between the cells.

I11.2. Mechanical Properties

The computed compressive stress—strain curves for the foam of different regularity are plotted
on Fig. 11. The profiles reproduce the typical behavior of a cellular material, notably: a linear
regime, a stress plateau, also called the plateau regime until the onset of the densification
marked by an increase in stress. However, for closed-cell polymer foams and because of a
relatively high density, the stress plateau regime shows a gradual stiffening of the response
resulting in a steep slope, as opposed to low-density open cell polymeric foam which exhibit a
neat plateau with a close to zero slope. The entrapped gas in the cells and the inner cell contacts
are the reasons for the weakly marked transition between the linear response and the plateau
stress. The onset of the densification step was identified by locating inflection points using the
second derivative. At this stage, the cell walls crush together and come into contact so that the

stress increases.
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111.2.1. Influence of perturbation degree on the elastic domain

A rich body of literature on foam mechanics has sought to establish an analytical expression
between stiffness, the properties of the constituent material, and foam morphology, with
Young’s modulus being by far the most extensively studied mechanical characteristic. Table 2
lists the different formulae with the corresponding Young’s modulus values. Note that the Voigt

equation [74] is the upper bound which represents the best achievable stiffness for a cellular

solid.
Ref. Er (MPa) Refs. Er (MPa)
Ef p E D\ 2 0 [4] 1.65
f f f f f
or_br [74] 382 |Z-¢ 2(—) 4G, - )(—)
E; p; g, - 0%\, 1=, [1] 1.84
Ef 1/p E pr/ps
- _ _(_f) 86 0.64 - s 81 2.36
E;, 6\p, [86] Es 14 Cys(1—ps/ps) i
E n 22 179 | E 2(7-5
L=¢ (&) [22] - ( vs) (&) [82] 1.92
E Ps [87] 1.30 | Es 31 —ve)(9 + 5v) \ps

Table 2. Analytical estimate of foam relative Young’s modulus according to different authors, where Er and Es
designate the Young’s modulus of foam and cell wall material respectively, p; the density of the foam and ps the
bulk density. In these expressions, C1, C1’, C2 and n are constants; ¢ is the solid fraction in the cell edges; Cws

depends on the bulk Poisson’s ratio vs (Cns=0.98 for vs=0.4).

The results in Fig.11 suggest that the elastic domain is relatively insensitive to the
microstructural arrangement of cells, as displayed by the superposition of all the curves. A
Young’s modulus of 2.3 MPa is obtained and can be compared with the values in Table 2.

Strictly speaking, the Young’s modulus for the regular structure (a = 0%) is a bit higher than for
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the randomized one (a = 0.3) closer to 2.25 MPa. The same trend was observed by Sotomayor
[75] and Duan [76] although with higher proportions. It should be mentioned that the opposite
trend is obtained when periodic boundary conditions are used [38, 77]. To explain this finding,
one can discuss the first equation of the second column in Table 2, which is the most used
equation. Although unrealistic cubic cells were used, the ingenuity of Gibson and Ashby theory
[1] was to combine in the same equation a first-degree term which reflects cell-wall stretching
and a quadratic term which reflects cell-wall bending, thus taking into account the major mode
of deformation observed in closed-cell foams. Low-density foams present microstructures that
closely follow the basic rules set by the geometric stability as given by J. Plateau (1873) [13].
As such, four materials members (struts) meet at tetrahedral angles which cause the structure
to be compliant or floppy in respect to a resulting negative Maxwell’s criterion. This reveals
why very low-density foams are almost always bending-dominated. For this reason, it is likely
that good agreement between experimental data and the Gibson-Ashby’s equation is usually
found when 0.6 < ¢ < 0.8. However, real cellular materials exhibit much more complex
microstructures than cannot be captured by a simple unit-cell model and hence a larger
dependence of E with ¢ does exist. Also, it has been proven that edge-bending and wall-
stretching do not contribute linearly, rather both mechanisms are active simultaneously [22].
Thus, some fitting parameters are usually necessary for comparison with experimental data. In
some cases, the properties predicted by “Gibson’s equation” can be drastically different,
especially when the cell faces are relatively thick or when members undergo torsional effects.
To explain how the regularity can influence the elastic properties, an analytical expression was
derived by X. Shi [78] using the spring-in-parallel model developed by H.X. Zhu [79].
Assuming that the cells in a VVoronoi foam experience the same strain as N springs in parallel

would do, the Young’s modulus of the foam is:

N
B =) ER(E)  Eq ()
i=1

where E; is the Young’s modulus of the ith cell and Pv(E;i) corresponds to the volume probability
of the cells with elastic modulus E;. Also, the relative density of the foam is given by:

N
Pr Vi

p =—=1—Z— Eq. (3)

Cps i=1V

where Vi is the volume of the ith cell and V is the total volume. If P;j is the void volume
proportion of the ith cell, and that Py(Pi) is the volume probability of cells having a porosity
contribution of P;j then it comes:
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E N 2 N
L=Cio (1 -> PL-> R(P) + (1~ ) (1 - Pi> R(P)  Eq (&)
i=1

==
s i=1

in the framework of Gibson. This expression can be written as:

N 2
E
& =019 (1 -> ﬂ-) R(P)+C(1=dp,  Eq. (5)

s i=1

Since this equation involves the volume probability of the porosities of the cells, and therefore
their volume distribution, one can notice that only the term referring to the bending of the cell
edges is sensitive to it. Thus, the regularity has an influence in foams with open cells, and for
the lowest densities. Conversely, for closed-cell foams and especially for those having thick
walls, cell-face stretching is predominant, and the structural regularity will not affect the elastic
domain. Note that for a same porosity level, the cell volume distribution widens as irregularity
increases, as shown in Fig. 5 and by the g»(r) function in Fig. 9. Also, for open-cell foams, the
trend would be that irregularity inducing a higher volume fraction of large volume cells leads
to a reduced modulus of elasticity [80].

The ¢ parameter refers to the amount of matter in the cells edges (struts) and therefore
the lower it is, the more the first order term of the equation will drive the response. Note that
considering most of the solid fraction in the cell face, the solution given by Gibson-Ashby
equals the Voigt bound and overestimates the modulus value. In this case, the foam relative
Young’s modulus is best approximated by the theory for composites using different
homogenization methods. This explains why the Hashin-Shtrikman’s (HS) solution [81] is quite
close to our present result. Christensen’s [82] solution is also acceptable. These two solutions
are derived from the theory of composites: for one (HS), it is based on the theory of elasticity
by Eshelby [83] and for the other, it is obtained by applying the mean field theory to a composite
made of randomly located spherical inclusions. In both cases, the voids are considered using
inclusions having vanishing properties. Interestingly, even if Hashin-Shtrikman’s solution
refers to Eshelby theory assuming dilute volume fraction which implies uniform stress and
strain fields, it has been proven that satisfactory results are obtained for moderate to high void
volume fractions. In particular, numerical investigations and experiments on closed-cell foam
revealed that bulk and shear moduli lie very close to the theoretical Hashin-Shtrikman upper
bounds up to porosities of 80% [84, 85]. First works proposed by Gent and Thomas [86]
consider foam microstructures as networks of elastic threads subject to affine displacements at
the joints. It is thus validated for a small volume fraction of solid material. From their side,

Roberts and Garboczi [22] and more recently Redenbach [87] used F.E analysis of VVoronoi or
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Laguerre tessellations to derive scaling relationships between Young’s modulus and density for
closed-cell foams. However, the pre-factor being neither equal nor close to one, their analytical
solutions are not suitable to high densities. To conclude on these aspects of regularity effect on
elastic properties, Christensen [82] established the following in the case of very low density
closed cell materials: the effective properties are independent of the exact geometry of the cell
but only depend upon the volume fraction of the material. The present results seem to be
generalizable to all porosities, in closed-cell case.

111.2.2. Influence of perturbation degree on the plastic domain
Fig. 11 shows an increase of the yield strength (agl) as regularity increases: 0.28 MPa for 0=3;

0.34 MPa for a=2 and 0.37 MPa for a=0". The same trend was observed by several authors who
used Voronoi models to simulate closed-cell foams [77, 79, 88]. Intuitively, the regular
arrangement creates cell walls of nearly equal cross-section which directly opposes the
compression loading. As the irregularity increases, the cell walls become randomly oriented
and have a wider thickness distribution which constitutes lower resistance intensities especially
for the inclined struts of low cross-sectional area. These thin areas tend to collapse first under
the effect of the load. A transition from a diffuse deformation throughout the foam to first strain
localizations occurs. This results in the appearance of highly bent faces among the cells of the
foam. As bending events occur in “cascade”, the compression curve exhibits an inflection or
curvature which intensifies as the strain increases, as shown in Fig. 11 for a=0.3 and 0.2. For
the regular structure, the mechanism of deformation is quite different. A transverse shear band
to the loading appears progressively and propagates throughout the foam as strain increases.
Then the post-yield stress increases with different slopes depending on the degree of
perturbation. The compression of the gas within the cells, together with the membrane stresses
which appear in the cell faces, are the reason for this rising part of the curves. It is however not

straightforward to distinguish the contribution of each one.
Gibson and Ashby [1] predicted the plastic collapse of foams (";{z) through equation (6). This

equation combines the effect of plastic bending of cell edges and plastic stretching of their
faces. The gas effect being driven by the difference Po-Pa:, Wwhen the initial gas pressure in the

cells equals the atmosphere pressure, no influence on the value of the elastic limit can show up:

f
o 3/2

pl Pr Pr
—=0.3(¢—) +0.4(1 —¢)— Eq. (6
Uys pS ( )pS ( )

where o, is the yield strength of the bulk constitutive material.
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In a similar way, Simone and Gibson [4] found an approximation for the ratio given by:

f

0. 2

Pl — 0.44 (p—f) +0.32 (p—f) Eq. (7)

Gys Ps Ps

While the surrogate model developed by Marvi-Mashhadi et al. [89] predicts:
f 3 3

o / /
Pl _ 0156435 (p—f) 1 0.76(1 - ¢) (p—f) ' Eq (8
Gys ps pS

The predictions of the plastic collapse of foams by equations (6), (7) and (8) are compared with
the result of our developed numerical simulation in table 3. The fraction of solid in the strut
was calculated from the analysis of the digital foam microstructures using a dedicated
tomography software: VG Studio. A ¢ value of 0.2 was found. This is consistent with the type
of the present studied foams. Note that at the limiting case and because of relatively high density
(pr=0.38), several authors have considered only cells face, i.e. $=0 [1], an assumption that
cancels the first terms in Egs. (6) and (8). A good agreement is found between the models and
the present simulation results. It is worth noting that equations (6)-(7) were determined using a
tetrakaidecahedron cell, however, for equation (7), uniformly thick cell faces were assumed
(i.e., with no plateau border). As the transfer of material from the struts to the cell walls
increases the plastic-collapse stress with respect to higher in-plane axial deformation, it is not
surprising that the highest value is obtained with such a model.

Eq. (6) Eq. (7) Eqg. (8) Present work
0.25 MPa 0.42 MPa 0.28 MPa 0.28-0.37 MPa

Table 3. ‘71{1 for closed-cell foam according to eq. 6-8 and values obtained by the present study. For the

calculation: relative density, p,=0.38 and ¢=0.2.

The similarity of the results given in Table 3 suggests that the analytical models involve the
relevant deformation mechanisms, the same ones that are involved in the FE simulation. Plastic
collapse causes the cell walls to crumple in the compression direction, while the faces stretch
increasing the contribution to the strength. This is assessed by calculating the fraction of the
material that is contained in the cell faces, as discussed previously. These observations go
concomitantly with the previous calculation of the Young's modulus, which reflects an
important contribution from the cell walls.

The effect of the gas pressure actually depends on the reduction of the foam’s volume during

compression, which in turns depends on the Poisson’s ratio of the foam vt. If the foam is
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compressed axially by a strain &, then the volume reduction is given by the volumetric strain:

&, = €(1 — 2vy) and part of gas pressure creating an overpressure:

Pye(1—2v
py = Poc(1=29)
1- 3(1 - 2vf) — pr/Ps
Taking the limit at small strain of the derivative, the gas contribution to the foam stiffness is:
99 1= ps/ps
The Poisson's ratio of the numerical foams was determined using the nodal lateral strain in the

Eq. (9)

Eq. (10)

two directions perpendicular to the loading direction divided by the applied strain. A value in
the range [0.31 (a=0.3), 0.34 (0=0.2), 0.37 (a=0")] was obtained which is consistent with the
model of Christensen which gives 0.35 [82]. Gibson and Asbhy [1] assume a Poisson’s ratio of
1/3 regardless of the foam density. The decrease of Poisson’s ratio with the disturbances is in
agreement with the observations given by Barbier et al. [77] for 3D Voronoi structures.
Considering Po is atmospheric pressure, gas contribution to the stiffness is only 0.04 MPa which
represents less than 2% of the Young’s modulus. On the other hand, the relatively high value
of the Poisson's ratio induces a low reduction of the foam volume during compression, thus a
small increase of the gas pressure within the cells.

One way to identify the contribution of the gas in the post-collapse plastic regime is to model
the stress evolution writing:

f f Pye

Opost = Opy +Tpf/ps Eq. (11)

where 0-;]:[ refers to the elastic limit of the foam.

Then, if the gas effect is the main contribution to the stress rising, the post-collapse stress should
&

vary linearly with
y y 1-e—pg/ps

with a slope corresponding to Po. Figure 12 shows such a plot for

the different numerical foam microstructures. One can notice that the stress approximation by
ed. (11) assumes a Poisson’s ratio of the foam being zero. By taking values close to 0.3, the
effect of the gas is much more reduced as volumetric strain decreases when vt increases. The
results (Fig. 12) demonstrate that the complete behavior cannot be described by eq. (11),
however it allows some phenomenological interpretation. In the very beginning of the post-
collapse domain, the curves are non-linear, then the linear fitting parts show slopes that differ
from Po by about a factor of two. Also, the intercepts do not correspond to the elastic limits of
the foams. We conclude that compression of the cell gas does not contribute much on the rising
of the post-collapse stress. Here, because of the relatively high density, thick cell walls carry
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most of the load above the level needed just to compress the gas. The plastic collapse is mainly
affected by the bending and the stretching of the cell walls. As the edges and the cell walls
bend, in the perpendicular direction to the loading, thick cell walls are stretched and because of
their relatively high stiffness, a steady step rising of the plastic stress is observed. It follows that
the non-linear behavior observed for the post-collapse stress comes from maximum stress
localization and encompasses the non-linear strain hardening behavior of the constitutive
material. It is worth noting that under the same level of stress, the disordered cellular structure
is more severely deformed than the regular one. Therefore, the gas pressure inside the cells acts
differently depending on the cell arrangement (topology). This can be observed from Fig. 12
that shows an increasing gas contribution through a steeper slope, as a increases. Also, the
intercept is lower compared to the case a=0" which indicates a reduced contribution from the
constitutive material. To better interpret the gas behavior, one can compare the carrying
capacity provided by the gas overpressure between an FE foam model including the gas
behavior and one not including it. All the other simulation parameters being the same, the
results are shown in Fig. 13. The irregularity may create weak cross-sections with small areas
and greater misalignments with respect to the loading direction which inevitably lead to strain
localization. The deformation mechanisms of the different foams are depicted in Fig. 14 as a
function of the applied compressive strain. For random structures, a cell layer collapses in a
row forming a localized shear band while the deformations are preferentially confined to cell

walls parallel to the loading for regular structures (Fig. 14).
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Fig.12. Post-collapse stress o{l against gas volumetric strain for the studied foam structures. The solid lines

represent the linear fitting curves given by eq (11).

28



A W N

0.08

0.07

0.06

0.05
0.04
0.03

0.02

Gas overpressure (MPa)

0.01

Compressive Strain

Fig. 13. Contribution of the gas pressure inside the cells for a=0", a=0.2 and a=0.3 obtained by comparison of

FE calculations between ad-hoc foam models including the gas effect or not.

e=0.2

Oyy

-0.8 -0.6 -04 -0.2 0.0 01 0.2 04 06 08 1.0

O mises

00 03 06 09 1.2 15 18 21 24 2.7 3.0

29



O 00 N o . B W N

a=0.3

a)’y (MPa) O nises (MPa)

-0.8 -0.6 -04 -0.2 00 0.1 02 04 06 08 10 00 07 14 21 28 35 42 49 56 63 7.0

e=0.4

a=0"

a=0.3

]
1
e
N

Fig. 14. Contour plots of the normal compressive and the Von mises stresses for regular (¢=0") and irregular
foam microstructures (¢=0.2, a=0.3) when compression is applied from the top and at a strain level of £=0.2

and ¢=0.4.

To summarize the post-collapse behavior, the regular organization efficiently opposes
compressive stress and appears more resistant because most cell walls are nearly perpendicular

to the loading direction. In the mechanical response, a weaker role of the gas is thus observed
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when a=0" as indicated by the lower slope value compared to the others, while the intercept is
superior to any others (Fig. 12). The irregularity causes an earlier contribution of the gas, from
the first stages of compression as shown in Fig. 13. We can identify the first rises in pressure
from the beginning of the plateau domain for a=0.2 and a=0.3. In this case, the buckling of the
cell walls lead to high local strain which triggers the gas compression. Thus, the behavior of
the gas and that of the constitutive material interact in different proportions during compression.
Depending on whether the structure is ordered or random, the proportion of one relative to the
other varies. As a result, the plateau stresses increase more or less rapidly until the final stage
of densification. The same applies to the onset of densification. Disordered structures tend to
collapse more rapidly, causing cell walls to crush together more easily and leading to earlier
densification. At this stage, some cell walls come into contact, and the resulting contact forces
amplify the gas compression effect. Thus, as densification progresses, even as gas pressures in
the cells converge across different models, the contribution of contact forces becomes more
significant in heterogeneous models. This aligns with the observed strain hardening at large
deformations. For further description, due to the restricted strain range of the present study, less
than 50%, the pressure effect in the cell remains limited. The limiting strain & for the onset of
densification can be assessed using the empirical expression [1]: e, = 1 — 1.4p, = 0.46. This
confirms a strain limit near the beginning of densification, in agreement with the shapes of the
stress-strain curves (Fig. 11). However, gas pressure effects may become more pronounced at
larger strains, particularly when the constituent material is soft and considering the absence of
gas diffusion.

Within the porosity range selected for this study, the local stress field induced by compression
results from a combination of compressive/tensile loading, as well as bending and even
localized shear, which gradually lead to structural collapse. At the structural scale, wall
thickness data alone are insufficient to predict enhanced mechanical resistance. Indeed, Figure
14 shows that the ordered structure is subjected to a tensile/compressive stress field aligned
with the principal directions of the cell walls. The change in behavior induced by structural
disorder is strongly influenced by the degree of strut inclination.

From a mechanical standpoint, the polar representation of a beam’s second moment of area is
sufficient to demonstrate that it can drop rapidly along certain orientations (typically near 45°),
thereby diminishing the effect of beam thickness. It is thus essential to characterize the
microstructure in terms of its 'tortuosity' as well. Referring to the work of Lanfrey et al., the
tortuosity of a random particle assembly is inversely proportional to the square of its sphericity.

An increase in the parameter o not only shifts cell orientation, as evidenced by the change in
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sphericity (Fig. 6), but also broadens the thickness distribution. For the thinnest stuts,
misalignment (relative to the loading direction) exacerbates the loss of mechanical strength.
Figure 14 highlights these mechanisms by revealing a growing heterogeneity in stress fields as

compression intensifies.

V. Conclusions and outlook

To understand the mechanical behavior of solid foams, the influence of cell distribution is often
sought. As such, many studies on the topic can be found in the literature. However, most of
them relate to open-cell foams of very low density and for which the cellular structures are
schematized by geometries meeting surface minimization criteria. In the present study, we have
focused on the mechanics of closed cell foams of medium porosity by endeavoring to represent
the cellular structure as realistically as possible. To achieve this goal, an ad-hoc modeling
method following our on-going work presented in a previous publication was used as it
demonstrated being capable of simulating industrial foam structures with great realism. Three
types of foam structures were generated, differing by the degree of order in the arrangement of
their cells. It is worth noting that the numerical microstructures being representative of
commercial foams, the regular system does not mean perfectly aligned spheres as could be
obtained with CAD software. The numerical foams showed an average number of neighbouring
cells close to that expected for real foam which is about 13.7. Also, pair correlation function
indicates a clear vanishing of long-range order with increasing randomness of the cell
arrangement in foams. As a consequence, the distribution of the cell walls thicknesses is
broadened as randomness increases. The same applies to cell volumes and their anisotropy with
an increase in polydispersity and sphericity when the cell organization is increasingly random.
The mechanical behavior in compression of the closed-cell foams was simulated up to 50%
(revealed as being the onset of densification) by means of finite element analysis. The
simulations include the influence of the gas pressure in the cells and that of the contact when
opposing cell walls crush against each other. The Young’s modulus was revealed as insensitive
to the cellular microstructure and its variations. For large compressive strain, the plastic
collapse strength decreases when the cellular structure becomes disordered. However, the stress
increases continuously with strain for all the structures, but the causes are not exactly the same.
In the first stage of deformation, the regular foam is compressed uniformly and is prone to
develop cell walls stretching which prevent gas compression. Thus, the mechanical response is

first driven by the cell walls stresses reflecting part of the constituent material behavior. After
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this first step of wall stretching, the stress-strain curve then rises as the cells are squeezed
creating gas overpressure. In irregular foams, the distribution of cell volumes is broader, leading
to greater variations in wall thickness. As a result, those of smallest areas or inclined with
respect to the loading direction first collapse. Next, plastic buckling appears successively and
forms a transverse band that propagates throughout the foam. Thus, the irregular foam deforms
more than the regular one for a same level of the applied stress and the effect brought by inner
cells gas compression is revealed earlier. There follows a gradual stiffening proportional to the
combined effects of the strain hardening of the constituent material, of the gas overpressure and
of the inner contacts. For both types of foam, whether organized or not, the response after the
initial elastic domain is one of monotonic increase with no distinct plateau stress or
densification region. It is however verified that regularity results in stiffer response with a

higher plateau stress.
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