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Abstract

In this paper, a general numerical homogenisation scheme coupled with an efficient mod-
elling strategy for predicting the effective thermoelastic properties of cork-based agglom-
erates is presented. In order to generate a realistic representation of the geometry and
distribution of particles for the representative volume element (RVE) of the agglomerate
at the mesoscopic scale, a general parametric model based on the Voronoi’s tesselation
(VT) has been developed. However, the classical algorithm for VT has been enhanced by
adding a full parametrization of the RVE. The grains composing the RVE are generated
by considering the full set of design variables involved at this scale, i.e. the material prop-
erties of the constitutive phases (grains and matrix) and the main geometric parameters
related to the grain (volume fraction, average diameter, geometric and material orienta-
tions). Numerical results show that the macroscopic effective thermoelastic properties of
the cork-based agglomerate are strongly affected by the previous parameters in perfect
agreement with experimental results available in literature.

Keywords: Cork-based composites, Voronoi’s tessellation, Homogenisation, Elastic
properties, Thermal properties

This is a pre-print of an article published in Journal of Reinforced Plastics and
Composites.

The final authenticated version is available online at:
https://doi.org/10.1177/0731684419846991

*Corresponding author. Tel.: +33 55 68 45 422, Fax.: +33 54 00 06 964.
Email addresses: anita.catapano@bordeaux-inp.fr (Anita Catapano),
marco.montemurro@ensam.eu, marco.montemurro@u-bordeaux.fr (Marco Montemurro)

Preprint submitted to Journal of Reinforced Plastics and Composites May 28, 2019


https://doi.org/10.1177/0731684419846991

1. Introduction

The research on high performance materials plays a role of primary importance for

many industrial applications. Nowadays, society is aware of environmental issues and
themes as sustainability and recyclability are commonly discussed in industry and academia.
The general aim is to reduce the environmental impact due to human activities. One of
the main objectives is replacing synthetic and non-renewable materials used for specific
applications by natural and renewable materials with similar or even better properties.
In the last few decades, among natural, renewable and biodegradable materials, cork has
attracted the attention of many researchers and companies thanks to its remarkable prop-
erties.
Cork is one of the lightest wood with excellent thermal and acoustic insulation capability
suitable to be exploited in many existing applications from construction to aerospace field.
Cork is extracted from the outer bark of Quercus Suber L. and exhibits a honeycomb-like
microstructure, as shown in Figs. 1 and 2, composed of closed cells filled with an air-like
gas which represents up the 85-90% of the total volume [1].
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Figure 1: Schematic representation of the honeycomb microstructure and reference frame of cork.

Figure 2: Structure of the cork observed by scanning electron microscopy: radial (a), axial (b) and
tangential section (c), the pictures are taken from [2].

Thanks to its low density, which varies between 120 and 240 kg/m?, and chemical
composition (the suberin and the lignin are the two main components) [3-5], it is a po-
tential candidate for lightweight applications, impermeable to gases and liquids with out-
standing acoustic and thermal insulation properties. Furthermore, as a consequence of
its viscoelastic behaviour and compressibility, it shows a good damping capability [6, 7].
The mechanical behaviour of cork can be considerd roughly transverse isotropic [6]. The



high variability of density, porosity and chemical composition in the cork planks (which
are strongly affected by the geographical location of cork production) explains the natu-
ral variability of its macroscopic mechanical properties [3, 8]. In particular, density and
porosity are the main parameters influencing the mechanical behaviour of cork. General
properties of cork are summarized in Table 1. A review on cork and its application can
be found in [1].

Property Value
Density [kg/m?] 120—180 (amadia) [9]
160—240 (virgin) [9]
Thermal conductivity [W/mK] 0.045 (cork) [10]
0.025 (air) [10]
0.2 (cork cell walls) [10]
Electrical conductivity [S/m] 1.2 x 10719 (25°C) [11]
1.67 x 10713 (50°C) [11]
Acoustic resistivity [kg/m?s| 1.2 x 105 [12]
Specific heat [J/kgK] 350 [10]

Table 1: General properties of cork.

Cork products can be classified in two main categories: natural cork and cork-based
agglomerates or composites. The first category does not introduce additional process
besides elaboration, cutting and finishing. Instead, cork-based composites are usually ob-
tained by the compression molding process in which a mixture of cork granules and a
polymeric binder (polyurethanes resins, phenol-formaldehyde resins, etc.) is compressed
in a mould cavity by an hydraulic press (the pressure level depends on the final density
sought). After, the mould is placed in an oven at temperatures between 100 and 150°C
for a period from one to 20 hours to gurantee a convenient curing stage [1]. Next, the
agglomerate is unmoulded and subject to cooling/stabilisation. The result of this process
is the cork-based agglomerate in the form of parallelepipedic blocks that subsequently are
laminated to get the desired dimensions [1].

Cork-based composites are used in several applications such as, for example, cork stop-
pers, floor coverings and heat engine seals. They can also be utilised in multilayer plates
(e.g. the core of sandwich panels). Cork-based composites exhibit a visco-elasto-plastic
behaviour similar to that of the natural cork [1, 13, 14]. The typical compressive stress-
strain curve shows a behaviour common to hyper-elastic materials. Generally, for small
values of the strain, cells tend to bend elastically through a process fully reversible as
illustrated in Fig. 3.

On the other hand, the tensile behaviour of cork-based composites is quite different from
the compression one. In particular, a typical tensile stress-strain curve shows a behaviour
similar to that of cellular materials [15]. Furthermore, cork-based agglomerates exhibit a
thermal insulation capability which is very close to that of the natural cork. In fact, the
cellular microstructure of cork, composed of a large amount of air-like gas, allows having
an agglomerate with a low thermal conductivity that can be exploited for several applica-
tions. An exhaustive review on cork-based composites and their applications can be found
in [16].

The thermomechanical properties of cork-based composites depend on the main design and
process parameters as the quality, the density, the size and the fraction of cork particles
in the mixture, the type and the quantity of polymeric binder, the manufacturing process
(pressure and temperature) and the overall packing density [13, 17-22]. For this reason,



there are no general properties for cork-based composites. The main properties of some
cork-based agglomerates available in literature are reported in Table 2.
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Figure 3: Stress-strain curve in compression for the cork-based composite AC216 [13].

Property [13] (13] [23] [14]
Density [kg/m?] 157 216 272 530
Range of grain [mm] 2-4 2-4 small grains 1-3
Binder Polyurethane Polyurethane Epoxy Epoxy
Binder volume fraction N/A N/A N/A 35
Young’s modulus [MPa) 4 6 N/A 180
Thermal conductivity [W/mK] N/A N/A 0.047 N/A

Table 2: Properties of some cork-based composites available in literature.

Some studies have been conducted to experimentally investigate the influence of the
main design parameters on the properties of cork-based composites.
Jardin et al. [13] have shown, by testing different types of cork-based composites, that
the overall density, the grain size and the binder type have a clear influence on the me-
chanical behaviour of the composite. In particular, the higher the relative density of the
agglomerate the higher the Young’s modulus.
Castro et al. [23] studied the opportunity to exploit cork-based composites as a core ma-
terial for sandwich components. Bending tests on different core materials, like synthetic
foams, commercial cork-based agglomerates and cork-epoxy agglomerates, have shown that
by adjusting parameters such as the cork grains average size, type of resin and density, it is
possible to control performances of the sandwich components depending on the considered
application. In particular, cork-epoxy agglomerates, compared with other core materials,
are characterised by a higher shear stress limit. Thermal conductivity tests have revealed
that cork-epoxy agglomerates show good thermal insulation properties, similar to syn-
thetic foams. Moreover, the lower the relative density the lower the thermal conductivity
of the agglomerate.
Santos et al. [21, 22] have designed, produced, tested and compared different cork-based
composites in order to obtain a suitable combination of thermal and mechanical prop-
erties. In particular, they compared composites with same density, type and percentage



of binder but different grain size in order to assess the influence of this last parameter.
Results show that it is possible to tailor mechanical properties by changing design param-
eters, e.g. the type of binder, in order to delay the densification stage or to have a larger
plateau with higher deformations. Furthermore, experimental results concerning thermal
conductivity and specific heat show that the thermal behaviour of cork-based composites
is not considerably influenced by some parameters as the grain size, room temperature,
type and the percentage of resin. Conversely, density of cork-based composites strongly
affects their thermal properties.

As it clearly appears from this non-exhaustive literature survey (and also to the best of
the authors’ knowledge), the influence of the main design and process parameters of cork-
based composites on their macroscopic behaviour is often evaluated through experimental
tests. In this background, no systematic approach which aims at studying the influence
of the full set of the main design and process parameters involved at different scales on
the macroscopic thermal and elastic behaviours of cork-based agglomerates has been pro-
posed yet. The aim of the present work is to propose a general (and efficient) multi-scale
numerical homogenisation procedure capable of determining the effective (or apparent)
thermal and elastic properties of cork-based agglomerates. The goal is the determination
of the equivalent macroscopic behaviour of the cork-based composite starting from the
behaviour and arrangement of its constituents in order to replace the real heterogeneous
material with a fictitious homogeneous medium.

The strategy proposed in this work is focused on the transition from mesoscopic scale to
the macroscopic one. The macroscopic thermal and elastic behaviours depend upon dif-
ferent parameters defining the representative volume element (RVE) of the agglomerate:
grain orientation, grain shape, grain anisotropy, matrix material properties and volume
fraction as well as the properties of the interface between grains and matrix.

To this purpose, a general finite element (FE) model of the agglomerate RVE integrating
all the previous parameters is proposed in this work. The modelling strategy relies, on the
one hand, on a generalisation of the Voronoi’s tesselation (VT) algorithm [24] and, on the
other hand, on the strain energy homogenisation technique of periodic media presented in
[25-30]. In particular, as far as the VT algorithm is concerned, two affine transformations
(i.e. a homothety followed by a local rotation of each grain) have been added in order to
closely reproduce the cork-based composite RVE structure at the mesoscopic scale.

The RVE of the cork-based agglomerate is generated in order to take into account for the
randomness of both the grain geometric and material frame orientations. The sensitivity
analysis of the thermal and elastic properties to both the matrix volume fraction and the
cork particle size variability has been conducted. In addition, the effectiveness of the pro-
posed modelling strategy is proven through a meaningful comparison with experimental
data taken from the literature [14]. Furthermore, concerning elastic properties, the degree
of anisotropy of the equivalent homogeneous material has been evaluated through the nu-
merical approach presented in [26].

The paper is organized as follows: the description of the problem and of the FE-based
homogenisation method are presented in Section 2. The parametric model for the genera-
tion of the meso-structure and the related 2D FE model for numerical homogenisation are
illustrated in Section 3. The sensitivity analysis is detailed in Section 4. The comparison
between numerical and experimental results is presented in Section 5. Finally, Section 6
ends the paper with some conclusions and perspectives.



2. Homogenisation of mechanical and thermal properties

Several analytical, experimental and numerical methods can be found in literature for
the prediction of elastic and thermal properties of heterogeneous materials, each one show-
ing a different level of sophistication.

Analytical models are often based on simplifying assumptions hypotheses and semi-empirical
equations. For instance, the Einstein’s equations [31, 32] predict the Young’s modulus of
particulate-polymers composites using a linear function of the particle volume fraction (V)
without considering the effect of the inclusions size and the interaction between the matrix
and the particles. In order to improve the estimation of the Young’s modulus, more elabo-
rated theories have been developed [33-36]. Among analytical theories for homogenisation
of elastic properties of composites, the Reuss-Voigt’s Lower (RV-LB) and Upper (RV-UB)
Bounds [37, 38] and the Hashin-Shtrikman Lower (HS-LB) and Upper (HS-UB) Bounds
[39] have been developed to determine a range of existence of the elastic moduli, rather
than a single value. Successively, these models have been adapted for determining also the
thermal conductivity of composites [40]. However, the previous models can predict only
the influence of the material properties of the constitutive phases and of the inclusions
volume fraction on the final macroscopic behaviour of the composite, without integrating
the effect of other relevant variables like the shape of the inclusions.

More sophisticated models and theories like the Eshelby’s model [41], the Mori-Tanaka
model [42], the Self-Consistent Scheme [43] and the Lielens’ model [44, 45] are able to take
into account for the influence of the shape of the particles on the macroscopic behaviour
of the composite. Many analytical models have been also developed for the prediction of
thermal expansion coefficients of composites, each of one with a different degree of com-
plexity as the model of Schapery (SC) [46], Chamberlain (CB) [47], Chamis (CH) [48],
Rosen and Hashin (RH) [49]. However, all these analytical models are characterised by a
common strong limitation: the effect of localised fields (stress, strain or temperature) on
the macroscopic behaviour is not taken into account.

In order to go beyond the limitations of the analytical models, numerical homogenisation
techniques have been developed. FE-based models are very general and, depending on the
degree of refinement of the model, they can lead to more realistic solutions. Furthermore,
they can be a valid support for experimental tests. Indeed, numerical results can orient
the types of experimental tests to be conducted and inversely, the experimental results
can validate the numerical model, thus reducing the number of tests, with a consequent
reduction of time and costs.

In this work, a general FE model of the cork-based composite RVE is developed. The aim
of the proposed modelling strategy is to closely reproduce the real meso-structure of the
agglomerate. Therefore, a suitable parametric FE model integrating the main features of
the cork-based composite has been conceived. In particular, the FE model of the RVE has
been parametrised in terms of the particles shape and size, particles (random) orientation,
particles arrangement within the matrix and particles anisotropy as well. It is noteworthy
that cork-based composites show a highly random meso-structure, especially in terms of
the geometrical arrangement of the particles as well as their shape and orientations (both
geometrical and material). Therefore, cork-based composites do not show a periodic meso-
structure. In this work the homogenisation method is applied on a RVE sufficiently large
in order to be representative of the macroscopic behaviour of the real composite. More-
over, no hypotheses are made on the type of elastic symmetry of the resulting homogenised
material. Indeed, the kind and degree of elastic symmetry (e.g. isotropic, cubic, etc.) will
be determined analysing, at a later stage, the components of the stiffness tensor of the
homogenised material.



The homogenisation procedure is applied to a 2D FE model of the agglomerate RVE
under plane strain assumption. In this framework, the effective elastic and thermal prop-
erties of the cork-based composite are determined under the following hypotheses:

e linear elastic and thermal behaviours for the material of the constitutive phases;

e perfect bonding for the wall-to-wall contact between matrix and particles.

2.1. Finite element-based homogenisation of elastic properties

The effective properties of the cork-based composite are determined using the strain
energy homogenisation technique of periodic media [25, 26]. This method is based on
the assumption that both the RVE of the periodic heterogeneous structure and the corre-
sponding volume of the equivalent homogeneous medium undergo the same deformation
having, hence, the same strain energy.

Using Voigt’s notation, for plane strain hypothesis (e,=¢,=¢,=0), the generalised Hooke’s
law of the homogeneous medium is:

Ez Bzz Byz st 6-50
€y ¢ = |Bye Byy Bys Ty ) (1)
gs Bsx Bsy Bss 5'5

where € and & are, respectively, the strain and stress vectors referred to the equivalent
continuum after homogenisation of the RVE. The components of the compliance matrix
B are expressed under the plane strain field assumption [50].

The converse relation of Eq.(1) is:

Oz wa me st €z
a'y = Qy:c ny st gy ) (2)
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where Q is the in-plane stiffness matrix under plane strain assumption, with B = Q1.
In order to determine the in-plane stiffness matrix of the homogeneous material at the
upper scale, a set of periodic boundary conditions (PBCs) must be applied to the RVE.
This can be achieved by imposing suitable constraint equations (CEs) on each couple of
homologous nodes belonging to the opposite faces of the RVE.
Consider a square RVE of side L, as illustrated in Fig. 4: the set of PBCs can be expressed
as

(3)

where u is the displacement field, while e, and e, are the unit vectors along x and y
axes, respectively. u, and u, are arbitrary displacements imposed on the RVE.

Therefore, the components of matrix Q can be determined column-wise by applying the
arbitrary displacements listed in Table 3. These boundary conditions (BCs) correspond
to three static analyses wherein the strain tensor is characterised by only one component
at time different from zero.



Figure 4: Reference frame of the RVE.

1st load case 2nd load case 3rd load case

u; = U, Uy = 0 Uy = Uy/2
Uy =0 uy = U, uy = Uy/2

Table 3: Boundary conditions for the FE model of the RVE.

The components of Q can be determined from the average strain and stress fields inside
the RVE due to the application of PBCs:

o ) .
Qap = %, with o, 8 =z,y,s and e, =0, with y=z,y,s , 7#8 . (4)
In the previous equation the average stress field is computed as

_ 1
ARVE

Oa

/ cale,y)dA |, a=wys | (5)
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whilst the average strain components can be expressed as

v, _ U, _ U+,
Er:T’ Ey:fy’ Es:Ty s (6)

where U, and U, are the displacements listed in Table 3.

The flow chart of the numerical homogenisation procedure adopted in this work is
illustrated in Fig. 5. The entire computational procedure is driven by a Python script
interfaced with the FE model built into the ANSYS environment. The user sets the input
data concerning the composition of the cork-based composite (i.e. particle average size,
particles volume fraction, etc.) as well as the mechanical and thermal properties of its
components (elastic constants, density, thermal conductivity and expansion coefficients).
Once the RVE geometry is generated in Python, all of the geometric and material data
are passed to the ANSYS code in order to build the FE-model of the RVE and run the



numerical homogenisation analyses. The results are then post-processed in Python.

Generation of the RVE geometry

Importing data from Python / Mesh generation
/ Application of PBCs

FE analyses

Post-processing of data (Sensitivity analysis, etc.)

Figure 5: Flow-chart of the numerical homogenisation procedure.

2.2. Finite element-based homogenisation of thermal properties

Analogously to the strain energy homogenisation technique, also effective thermal con-
ductivity and expansion coefficients can be evaluated throught numerical approaches based
on the FE method [51, 52].

Concerning thermal conductivity coefficients of the composite, once the FE model of the
RVE is generated, the following PBCs must be applied to the opposite faces of the FE
model:

T (x,0)—T(x,L)=VT-e,L , T(0,y)—T(L,)=VT -e,L , (7)

where VT represents the arbitrary temperature gradient to be imposed to the RVE.
Then, two steady state thermal analyses are performed on the FE model, by considering
the BCs listed in Table 4.

1st load case 2nd load case

‘7’! — [ ‘7’! — [

Table 4: Thermal BCs for the FE model of the RVE.

Once the steady state thermal analyses are solved, the components of the average heat
flux per unit line can be determined as:

B 1
* Apve

/ Ga(z,y) dA, a =,y . (8)
ARVE

The effective thermal conductivity tensor components K,g can be calculated column-
wise (tensor notation) as follows:

9a

Kog= —2%—
of VT-e,g

, with a, 3=,y . 9)



The effective coefficients of thermal expansion (CTEs) can be evaluated through two
different methods. In the first one (ME1) [53], only a static analysis is necessary. A
uniform temperature field AT is applied to the entire RVE together with the following
BCs (as illustrated in Fig. 6):

u(z,0)-e, =0 ,

u(07y)'ex:0 ,
U(O,y) - u(L7y)) : ey =0 s (10)
(u(z,0) —u(z, L)) e, =0

The previous BCs are imposed in order to obtain a pure extension deformation of the
RVE. Then, the effective CTEs «; (tensor notation) can be calculated as follows:

1

Egij ,  with i=a,y . (11)

Oéij =

Figure 6: RVE BCs and deformation due to thermal expansion, ME1.

In the second method (ME2) [52], a uniform temperature field AT=1°C is applied to
the entire FE model along with the following PBCs:

(12)

The PBCs of Eq.(12) generate a total strain field equal to zero. Therefore, using the
Duhamel-Neumann thermo-elastic law, the equivalent CTEs of the resulting homogeneous
medium can be expressed as follows (Voigt’s Notation):

1

EBU&]' , with 4, =z,y,s . (13)

o = —

10



3. Semi-realistic FE models for numerical homogenisation

The FE model has been built using an ad-hoc computational procedure that corre-
sponds to the “generation of the structure at the mesoscopic scale” step of the flowchart
presented in Fig. 5. In order to obtain a semi-realistic meso-structure of the cork-based
composite, some aspects of fundamental importance needs to be considered. The first
aspect is the variable polygonal shape of cork particles that show multiples facets and
sharp angles. Moreover, cork particles exhibit transversely isotropic mechanical behaviour,
whose material and geometrical frames are randomly oriented within the meso-structure.
All these points have been integrated in the algorithm coded in Python environment which
alms at generating a meso-structure of the cork-based agglomerate close enough to the real
one.

3.1. Generation of the meso-structure: parametric model

The parametric model of the agglomerate meso-structure essentially relies on the VT
algorithm. The choice of the VT for representing the geometry of the meso-structure is the
most natural one when looking at the true structure of the cork-based composite shown
in Fig. 7.

Figure 7: The parametric model (a) and an image of a cork-based composite (b) taken from [13].

By properly calibrating the parameters of the VT algorithm, it is possible to obtain
different configurations of the meso-structure. However, as it can be seen from Fig. 7b,
the cork particles are not always arranged according to the Voronoi’s configuration but
sometimes they are overlapped. Moreover, cork particles show a transverse isotropic elastic
behaviour which must be taken into account along with their random arrangement within
the agglomerate. All of these aspects are of paramount importance to obtain a semi-
realistic meso-structure of the agglomerate. Therefore, classical VT algorithm has been
extended by implementing the following features.

3.1.1. Random geometric orientation of cork particles

Polygons generated through the VT are rotated around their center of mass by a
random angle to obtain particles without parallel adjacent facets. As shown in Fig. 8, the
rotation of polygons is carried out through the algorithm described here below.
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Algorithm 1 Polygons random rotation.

1: Exclude the polygons whose edges belong to the RVE boundary.
2: Evaluate the number of remaining polygons N,,. Initialise the slack variable £ = 1 and
set its upper bound to N).

3: Set A € [0.5,0.99]. Select the polygon k and rotate it by a random angle 6 € [0°, 359°].
4: Build the set of the ID of polygons adjacent to polygon k, i.e. Sy = (i1,...,%n,). Let
ny be the total number of polygons belonging to Si. Set the slack variable j = 1.

5. Check intersection between polygons £ and ¢;. If intersection occurs go to point 6,

otherwise go to point 7.

0 < A0 and go to point 5.

j=j+ 1. If j < ng go to point 5, otherwise continue.
The initial polygon is replaced by the rotated one.
k=Fk+1. If k<N, go to point 3, otherwise continue.
10: Generate the RVE with rotated polygons.

(a)

Figure 8: RVE with parallel-faced particles (a) and with the geometric rotation of particles (b).

3.1.2. Random material frame orientation of cork

Cork has an anisotropic mechanical behaviour and it can be considered roughly as
a transversely isotropic material, as discussed in [6], where average values of the elastic
moduli were evaluated on different cork specimens, as reported in Table 6 (the elastic
properties were evaluated according to the frame illustrated in Fig. 1). Technical elastic
constants Eg;, Geij and vg; (with i,j = 1,2,3) are, respectively, the Young’s moduli, the
shear moduli and the Poisson’s ratios of cork in the reference frame {0; z1, x2, x3}.
In order to take into account the random orientation of the material frame of each particle
of cork, with respect to the global frame {0; x, y, z} of the 2D mesoscale FE model,
an arbitrary 3D rotation of the material frame is applied. For a transversely isotropic
material, the 3D stiffness matrix C can be written as follows:

r 1—veisvesn Ve21+Vc13Ve31 Vel +Vc21Ve31 0 0 0
E‘clE‘cfSA EClEC3A EclE‘cfSA

Ve21+Ve13Ve31 1—ve13v31 Ve31+Ve12Ve31 0 0 0
EclECBA ECIECSA ECIECBA

V3142131 Ve31+Vc12Ve31 1—vec19vc21 0 0 0

[O] — EclECBA ECIECSA E12A , (14)

0 0 0 Geas 0 0

0 0 0 0 Geas 0

Ecl

.0 0 0 0 0 spragl
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where

A — 1— (V012V021) - 2(V013V031) - 2(V021Vc317/cl3)
(Ec21Ec3)

(15)

The 3D rotation of the material frame is described using Euler’s angles 1, § and v
[54]. The stiffness tensor in the rotated frame is expressed as

T
('] =[R][C] [R]" (16)
where R is the rotation matrix described in [55]. The technical elastic constants, to be
assigned to a cork particle in the 2D FE model, are the constants get by the matrix [C"]
in the rotated frame considering only the components in the global reference plane z — y
due to the plane strain hypothesis.

3.1.3. Generation of the agglomerate RVE: the algorithm
The flowchart of the algorithm developed for the generation of the agglomerate RVE is
shown in Fig. 9. The main steps charactering such an algorithm are described here below.

1. N points are randomly generated within one eight of the overall RVE volume. A min-
imum distance D,,;, between two points is defined in order to delete and regenerate
points placed at a distance lower than D,,;,.

2. The volume generated at the first step is duplicated eight times and translated along
six different directions (top, bottom, right, left, and along two main diagonals) in
order to ensure the periodicity of points belonging to the RVE boundary.

3. The polygons are created using the VT algorithm.

4. A scaling factor is applied to all the polygons in order to reduce their dimensions and
create voids that will be filled by the matrix (resin). The scaling factor is directly
related to the matrix volume fraction.

5. Particles are rotated by means of the Algorithm 1. This new feature allows generating
a geometrical meso-structure of the RVE which is closer to the real one.

6. The material frame of each particle is randomly turned and the material properties
of each particle are defined in this frame.

3.2. The FE model

The FE model of the cork-based composite RVE has been built into the ANSYS®
environment. The geometry is parametrised and generated in PYTHON by means of the
algorithm presented in the previous section and then passed to the ANSYS environment
in order to carry out the required FE analyses.

For the structural static analyses the 6-nodes plane quadratic triangular element PLANE
183, with two degrees of freedom per node has been used. While for the steady-state
thermal analysis the 6-node plane quadratic triangular element PLANE 77, with a single
degree of freedom, i.e. the temperature, at each node, has been used. Furthermore, for
mechanical analyses the plain strain option has been activated.

The model along with its mesh is illustrated in Fig. 10.

In order to derive the equivalent stiffness tensor of the homogeneous material at the macro-
scopic scale, three static analyses are required with the BCs listed in Table 3. On the other
hand, in order to determine the equivalent conductivity tensor only two thermal analyses
are performed by using the BCs listed in Table 4. Finally, to evaluate the effective CTEs

13



INPUT:
* Size of the RVE
* Voronoi’s points N
* Minimal distance between points D,
* Scaling factor S
* Material properties of the phases

Random generation of a point
(%, v3)

The distance between each
couple of points is greater
than D,,;,?

YES
Coordinates of the point are
recorded

b

Duplication of the frame
(generation of a periodic RVE)

{

1 Voronoi’s tesselation of the RVE

4

i
Intersection of polygons at the RVE !
boundaries H

I-“ -

Application of a scaling factor to all
polygons

Geometrical random rotation of
! polygons (Algorithm 1) '

|

Material random rotation of the
material frame of each polygon

RVE
mesostructure

Figure 9: Flowchart of the algorithm to generate the meso-structure of the RVE.

only a single analysis is needed by using either the BCs of Eq. (10) or the PBCs of Eq.
(12), for ME1 or ME2, respectively.
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(b)

(a)

Figure 10: Finite element model of the RVE (a) and detail of the mesh (b).

4. Numerical study

In this section, a sensitivity analysis of the effective thermomechanical properties of
the cork-based agglomerate to the main material and geometrical parameters of the meso-
structure has been carried out. In particular, the influence of (a) the material properties
of the constitutive phases, (b) the matrix volume fraction, (c) the average size and (d)
the geometric and material orientation of the cork particles on the macroscopic thermo-
mechanical behaviour is investigated.

4.1. FE-model calibration

Before performing the sensitivity analysis in terms of both geometrical and material
parameters of the agglomerate RVE, the effect of the mesh size on the cork-based composite
macroscopic behaviour must be analysed. The FE-model calibration has been carried out
on a realistic configuration of the agglomerate characterised by the properties listed in
Table 5.

Property Value

Mass percentage of cork  84%

Mass percentage of resin  16%

Diameter of the particles 0.5 mm and 1 mm
Particles of 0.5 mm 50%

Particles of 1 mm 50%

Table 5: Properties of the cork-based composites used for the mesh sensitivity analysis.

The material properties of the constitutive phases of the agglomerate, i.e. natural
cork and resin, are listed in Table 6. This composition corresponds to a composite with a
matrix volume fraction equal to 0.02 calculated using data in Tables 5 and 6.

The sensitivity of the equivalent macroscopic behaviour of the cork-based composite
to the mesh size has carried out on three different RVE sizes (10, 90 and 180 mm?) where
only the mesh density (i.e. number of elements per unit area) varies while the rest of the
RVE parameters is kept constant. The convergence has been checked by analysing the
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Material Density Mechanical properties Thermal properties
Cork 120 [kg/m3] [14] E. = E» = 13 [MPa] [6] K. =0.045 [W/mK] [5]
E.3 =20 [MPa] [6] a. = 180 [1076(C°)~1] [56]
G012 =43 [MP&] [6]
GclB = E'ng =2.5 [MPa] [6}

Ver2 = 0.5 [6]
Veis = Veoz = 0 [6]
Epoxy resin - 1100 [kg/m?] [14] E,, = 2810 [MPa] [14] K. =0.35 [W/mK] [14]
Um = 0.39 [14] ae = 55 [1075(C)~1 [57]

Table 6: Material properties of the cork and the epoxy resin.

numerical values of components Q.z, Qyy and Qs of the stiffness matrix. For the sake
of brevity, only the values of Qg, versus the mesh density for a RVE size of 10 mm? are
illustrated in Fig. 11. The curves relative to the other two components @y, and @, of
the stiffness matrix lead to the same conclusions given by Fig. 11. The convergence of
elastic properties is achieved for a value of the mesh density equal to 2779 mm~2.

The second aim of the FE-model calibration phase is the identification of the smaller size
of the RVE capable to properly represent the macroscopic behaviour of the composite
material. Seventeen values of the RVE size have been analysed and for each one of them,
ten different meso-structures have been generated, using a mesh density equal to 2779
mm™2. For this second type of analyses, the matrix volume fraction has been kept equal
to 0.02. The values Quz, @yy and Qgs of the stiffness matrix have been analysed by
focusing on the standard deviation. Adopting a tolerance interval not greater than 1%
for the standard deviation of each elastic property, the convergence has been achieved for
an RVE size equal to 130 mm?. For the sake of brevity, only the values of Q,, and its
standard deviation vs. the RVE size are shown in Fig. 12. The same consideration can be
repeated for the other components of the agglomerate stiffness tensor at the macroscopic
scale.

Qux [MPa]
w w w
o ~ @

w
(8]
1

- - T T . ®
0 1000 2000 3000 4000 5000 6000
Mesh Density [mm™]

Figure 11: Q. vs the mesh density for a RVE of 10 mm?.

4.2. Parametric analysis
Once the FE-model has been calibrated in terms of mesh density and RVE size, a
parametric analysis can be performed in order to investigate the influence of the most
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Figure 12: @, and its standard deviation vs the RVE size.

relevant geometrical and material parameters of the RVE on the macroscopic thermal and
mechanical properties of the cork-based composite. All the analyses have been carried out
on RVE configurations characterised by a random geometric orientation and the random
material frame orientation of cork particles.

A reference value has been chosen for each design variable and, for each parametric anal-
ysis, only one parameter at time is changed as listed in Table 7.

Parameters Reference value Interval Discretisation step
Matrix volume fraction (V;,) 0.02 0.02 =+ 0.10 0.01
Particle size variability [mm] (Cyqr) 0.25 0.25 = 0.45 0.05

Table 7: Reference value, variation interval and discretisation step for each parametric analysis.

The parameter C,,, is the standard deviation of the average value of all the particles
of the RVE represented by circles of equivalent area.
In the first parametric analysis the effect of matrix volume fraction on the macroscopic
material properties of the composite has been evaluated. Numerical results have been
compared to the analytical models of Reuss-Voigt and of Hashin-Shtrikman.

Furthermore, the degree of elastic symmetry of the resulting composite has been eval-
uated according to the criterion presented in [26]. In the present work, the components of
the stiffness matrix Q have been compared to determine the degree of elastic symmetry
of the cork-based composite. In fact, for an isotropic material, the stiffness matrix Q in
terms of homogenised Young’s modulus and Poisson’s ratio is:

1—v 1% 0

E
Q:(1+y)(1—2y) v 1-v 0 . (17)

0 0 2(1-2v)

Therefore, for an isotropic material the ratios Qyy/Qre and Qss/((Qze — Quy)/2) are
equal to one, while the ratios Qus/Qz» and Qys/Qu. are equal to zero. Assuming a
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tolerance interval of £0.05, the cork-based composite exhibits a cubic behaviour in all
numerical results related to the first parametric analysis, as shown in Fig. 13. Accordingly,
the composite material is characterised, at the macroscopic scale, by three independent
elastic constants. Indeed, in the case of cubic symmetry the shear modulus does not
depend upon the Young’s modulus and the Poisson’s ratio.

1.0 l—._._.___.__—-.\.__._l

0.8 +
—N . — V.

1 e — T . ..
0.6 _.—p——¥ - o
04 T —.- ny/Qxx

_" : st/( ( Qxx' Qxy )/2 )
0.2 1 Qxs/Qxx
=@ Qys/Qux
0'0 _________ S S — o o ) o e
-0.2 T T T T T T T
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Vim

Figure 13: Ratios Qyy/Quz, Qss/((Qzz — Qzy)/2), Qus/Quz and Qys/Qur vs the matrix volume
fraction V,,.

The Young’s modulus and the shear modulus of the cork-based composites as function
of the matrix volume fraction are shown in Figs. 14 and 15 respectively. Of course, since
the matrix is stiffer than the cork, the greater the matrix volume fraction the higher the
stiffness of the agglomerate.

Equivalent elastic properties fall within lower and upper bounds of Reuss-Voigt (i.e. RV-LB
and RV-UB, respectively) and of Hashin-Shtrikman (i.e. HS-LB and HS-UB, respectively).
More precisely, the numerical results are closer to the lower bounds.

300 1
—€— E (2D model)
= RV-UB
2504 == RV-LB
HS-UB

HS-LB
200 1

150 1

100 4

Young's modulus [MPa]

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Vm

Figure 14: Young’s modulus vs the matrix volume fraction V,,.

The equivalent Poisson’s ratio falls within RV and HS bounds and it is closer to the
upper bounds for high values of the matrix volume fraction, as shown in Fig. 16.
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Figure 15: Shear modulus vs the matrix volume fraction V,,.
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Figure 16: Poisson’s ratio vs the matrix volume fraction V,,.

The variation of the effective thermal conductivity coefficients vs. the matrix volume
fraction V,,, is presented in Fig. 17. Numerical results show that effective thermal conduc-
tivity increases when the matrix volume fraction increases. Also in this case, numerical
results have been compared to analytical ones.

Finally, the variation of the composite CTEs vs. the V,, has been analysed. The
results reported in Table 8 summarise the variation of the effective CTEs, evaluated by
means of both the analytical models SC [46] and CH [48] and the numerical models ME1
and ME2, vs. the matrix volume fraction. Both SC and CH models allows determining
the longitudinal and transverse CTEs (i.e. o, and «, respectively) of fibres-reinforced
composites. The SC model considers an isotropic behaviour for both matrix and fibres,
while the CH model takes into account for the transversely isotropic behaviour of the fibre.
Therefore, for the case of particle-reinforced composites as cork-based agglomerates, the
analytical results calculated with SC and CH models can be considered as bounds. The
percentage difference (PD) between the CTEs obtained using ME1 and ME2 techniques
is also reported in Table 8. It can be noticed that the maximum percentage difference
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Figure 17: Thermal conductivity coefficient k vs the matrix volume fraction V,,.

between the results given by the two methods is equal to 2.55%. Moreover, concerning the
trend of the CTEs, it can be observed that the grater V;,, the lower a, and o,.

a, and ay [1076(C) 71

Vi SC, CH (a;) SC (ay) CH (ay) MEL (ag, o) ME2 (ag, o) PD* (0, o)
0.02 87.32 177.25 178.80 123.08, 125.41 121.31, 123.61 1.45, 1.45
0.03 78.38 175.98 178.17 115.02, 113,50 112.70, 111.46  2.04, 1.89
0.04 73.24 174.71 177.53 106.53, 106.42  104.02, 104.05 2.38, 2.25
0.05 69.89 173.46 176.90 101.30, 102.82  98.78, 100.64 2.52,2.14
0.06 67.54 172.20 176.26 99.08, 98.60 96.76, 96.31 2.37, 2.35
0.07 65.80 170.96 175.61 94.34, 97.21 92.01, 95.13 2.50, 2.16
0.08 64.46 169.70 174.96 92.78, 94.13 90.44, 92.23 2.55, 2.04
0.09 63.39 168.45 174.31 92.38, 91.97 90.34, 90.05 2.23, 2.11
0.10 62.53 167.21 173.65 91.87, 89.46 89.75, 87.55 2.33, 2.16

Percentage Difference between the numerical results of ME1 and ME2.

Table 8: CTEs vs the matrix volume fraction V,,.

In the second parametric analysis, five configurations of the RVE with a different
particle size variability C,,, have been analysed. The elastic constants of the composite
are presented in Table 9: in agreement with experimental tests presented in [14], the
greater the variability in the size of cork grains the higher the stiffness of the agglomerate.
Furthermore, as shown in Table 10, also when varying the particle size variability, the
cork-based composite exhibits a cubic behaviour. In particular, the cubic behaviour seems
to be more pronounced when increasing the particle size variability.

Cvar [mm]
Effective elastic moduli 0.25 0.30 0.35 0.40 0.45
E [MPa] (2D model) 21.4658 21.7246 22.1801 22.6906 22.8395
G [MPa] (2D model) 4.5053  4.7293 4.9041 5.1929  5.2382
v (2D model) 0.3436  0.3392 0.3351 0.3325  0.3276

Table 9: Elastic moduli vs the cork particle size variability Clq-
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Copar [mm]

Ratio 0.25 0.30 0.35 0.40 0.45

Quy/Que 0.987 09865 09864  0.9865 0.9362
Qss/((Que — Quy)/2) 05542 05748  0.5893  0.6003  0.6149
Qus/Qua -0.0004 -0.0028  -0.0051  -0.0061 -0.0063
Qys/Qux -0.0016 0.0002  0.0018  0.0031  0.0034

Table 10: Ratios Qyy/Quzz, Qss/(Quz — Quy)/2), Qus/Que and Qys/Qus vs the cork particle size
variability Cq

5. Case study

To further prove the effectiveness of the proposed modelling strategy, numerical results
ar compared to the experimental ones presented in [14]. The cork-based composite tested
in [14] is characterised by the composition given in Table 11.

Property Value

Cork volume fraction 0.65

Matrix volume fraction 0.35

Diameter of the particles 1 mm and 3 mm
Particles of 1 mm 50%

Particles of 3 mm 50%

Table 11: Properties of the cork-based composites used for the mesh sensitivity analysis.

In [14], the author used square specimens and conducted a compressive test to deter-
mine the Young’s modulus. An isotropic epoxy resin with £ = 2810 MPa and v = 0.39
has been used as matrix. The elastic properties of the natural cork used for these tests was
not specified. Accordingly, data taken from [6] and detailed in Table 6, regarding average
values of the mechanical behaviour of cork, have been used.

Firstly, the FE model has been calibrated: the convergence of elastic properties has been
found for a mesh density of 2779 mm~2 and for a RVE size of 500 mm?.

In order to verify the effect of the random geometric and material rotation of the particles
on the model response, the effective elastic moduli have been evaluated for four different
configurations of the FE model.

. No geometric and material frame rotation of particles.
. Random geometric rotation of particles activated but not the material frame one.
. Random material frame rotation of particles activated but not the geometrical one.

N R

. Both random geometric and material frame rotation of particles activated.

The Young’s modulus obtained with the present numerical model for each one of the
previous configurations is shown in Table 12. Numerical results of the configuration char-
acterised by a rotation of both geometrical and material frames of the particles are in very
good agreement with the experimental ones. This result is a “numerical proof” of the
importance of the new features implemented within the classic VT algorithm to model
cork-based composites. Moreover, as it can be observed from Table 12, also the Young’s
modulus evaluated in the second test case (i.e. when only the random geometric rotation
of particles is activated) is close enough to the experimental value found in [14]. This
phenomenon can be explained by looking at Fig. 18 where a comparison between the Von
Mises stress obtained for a uniaxial traction test along the x-direction of the RVE, is given.
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In particular Fig. 18a shows the Von Mises stresses obtained on the model corresponding
to the third test case (i.e. where only random material frame orientation is active) while
Fig. 18b shows the Von Mises stresses generated in the model corresponding to the fourth
test case. From Fig. 18a and 18b it can be observed that the stress field is mainly lo-
calised into the matrix and it is influenced by the arrangement of cork particles. Unlike
the classical VT where particles have parallel sides and the “matrix path” is smooth, when
a random geometric rotation of particles is activated, the matrix path between particles
is “warped” due to the particle rotation and the stress flow is redistributed between ma-
trix and particles. Since cork particles are less stiff than the matrix, the configuration
with the random geometric rotation of particles shows a Young’s modulus lower than that
characterising a classical Voronoi’s arrangement of particles.

Young’s modulus [14] First case Second case Third case Fourth case
E [MPa] 180 210 170 217 177

Table 12: Young’s modulus for the four different configurations of the RVE of the cork-based
agglomerate.

Figure 18: Von Mises stress in the FE-model of the RVE corresponding to the third test case (a)
and to the fourth test case (b), uniaxial traction along x-direction.

6. Conclusions and perspectives

In this work a general numerical model for determining the equivalent thermomechani-
cal properties of cork-based agglomerates has been presented. This model is based, on the
one hand, on a general numerical homogenisation scheme, and, on the other hand, on an
enhanced version of the VT algorithm. Special attention has been put on the development
of a numerical model of the RVE reproducing all the main features of the meso-structure
of the composite: random orientation of particles and random orientation of the material
frame of each particle as well.

The effectiveness of the proposed modelling strategy has been proven through a large
campaign of numerical tests and by means of a comparison with some experimental re-
sults taken from literature. In a first time, the calibration of the FE-model of the RVE is
performed and then, a parametric homogenisation analysis is carried out. The numerical
results highlight that the thermomechanical properties of the cork-based composite are
affected, not only by the constitutive phases volume fraction, but also by the variability
of the particle size. Moreover, by analysing the components of the stiffness matrix of the
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homogenised material, it has been proven that the cork-based composite exhibits a cubic
elastic symmetry at the macroscopic scale. Therefore, the shear stiffness modulus is inde-
pendent from the Young’s modulus and the Poisson’s ratio. This result is in agreement
with those presented in [26] which focuses on the analysis of the degree of symmetry of
particle-reinforced composites.

Finally, the results provided by the proposed modelling strategy have been compared to
experimental data taken from literature. Results show that, when a random rotation of
both the particle and its material frame are taken into account, the numerical results are
in excellent agreement with the experimental ones, thus proving the effectiveness of the
enhanced version of the VT algorithm.

As far as perspectives of this work are concerned, research is ongoing, on the one hand, on
the generalisation of the algorithm for generating a realistic meso-structure of the cork-
based agglomerate to the 3D case and, on the other hand, on the integration into the
modelling strategy of the following features: the variability of both geometric and mate-
rial parameters of the RVE, the non-linear thermomechanical behaviour of the material,
the influence on the overall macroscopic behaviour of the compression stress field into the
particles due to the process (e.g. compression moulding) and the influence of imperfect
interfaces between matrix and cork particles.
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