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Abstract

The compressive behavior of nanocomposite foams is studied by both ex-
perimental and computational micro-mechanics approaches with the aim of
providing an efficient computational model for this kind of material.

The nanocomposites based on polypropylene (PP) and different con-
tents of multi-walled carbon nanotubes (CNTs) are prepared by melt mixing
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method. The nanocomposite samples are foamed using super—critical carbon
dioxide (ScCO,) as blowing agent at different soaking temperatures. The in-
fluence of this foaming parameter on the morphological characteristics of the
foam micro—structure is discussed. Differential Scanning Calorimetry (DSC)
measurements are used to quantify the crystallinity degree of both nanocom-
posites and foams showing that the crystallinity degree is reduced after the
foaming process. This modification leads to mechanical properties of the
foam cell walls that are different from the raw nanocomposite PP/CNTs ma-
terial. Three—point bending tests are performed on the latter to measure the
flexural modulus in terms of the crystallinity degree. Uniaxial compression
tests are then performed on the foamed samples under quasi—static conditions
in order to extract the macro—scale compressive response.

Next, a two-level multi—scale approach is developed to model the behav-
ior of the foamed nanocomposite material. On the one hand, the micro—
mechanical properties of nanocomposite PP/CNTs cell walls are evaluated
from a theoretical homogenization model accounting for the micro—structure
of the semi—crystalline PP, for the degree of crystallinity, and for the CNT
volume fraction. The applicability of this theoretical model is demonstrated
via the comparison with experimental data from the described experimen-
tal measurements and from literature. On the other hand, the macroscopic
behavior of the foamed material is evaluated using a computational micro—
mechanics model using tetrakaidecahedron unit cells and periodic boundary
conditions to estimate the homogenized properties. The unit cell is com-
bined with several geometrical imperfections in order to capture the elastic
collapse of the foamed material. The numerical results are compared to the
experimental measurements and it is shown that the proposed unit cell com-
putational micro—mechanics model can be used to estimate the homogenized
behavior, including the linear and plateau regimes, of nanocomposite foams.

Keywords: Polypropylene, multi—walled carbon nanotubes, Nanocomposite
foams, Computational micro-mechanics, Homogenization

1. Introduction

Recently, there has been a growing interest in artificially synthesized
micro—structured materials. For instance, polymer nanocomposite foams,
which are produced by foaming polymer nanocomposites, have received an
increasing attention from both the scientific and industrial communities (Lee



et al., 2005; [Ibeh and Bubacz, 2008, e.g.). A polymer nanocomposite results
from the dispersion of nano-fillers (with a size order of few nanometers in
at least one dimension) in a polymer matrix. The combination of nano—
fillers, low density polymers, and foaming technology generates a new class
of foamed materials which possess high specific and multi—functional charac-
teristics. Their applications span almost all areas of research and industrial
fields such as aerospace, automobile, packaging, electromagnetic interference
(EMI) shielding (Thomassin et al., 2010), etc.

Since carbon nanotubes (CNTs) can exhibit exceptional properties such
as extremely high strength, high stiffness, high aspect ratio, and high thermal
and electrical conductivity, they are commonly used as reinforcing agents in
polymer matrices (Spitalsky et al., 2010). Among the various existing poly-
mers, polypropylene (PP) is a good compromise between properties, cost,
and easiness of processability, making it a popular choice as the matrix phase
(Prashantha et al.| 2009; [McIntosh et al., 2006; Jose et al., 2007 Xia et al.,
2004; [Kang et al.l 2010; Manchado et al., 2005; Dondero and Gorga;, 2006,
among others). The properties of the resulting PP/CNTs nanocomposites
depend not only on the properties of the nanofillers (e.g. single-wall CNT's,
double-wall CNTs, multi-walled CNTs), of the PP (e.g. polymer structure,
crystallinity level), and on their percentages, but also on the processing meth-
ods as discussed by |Spitalsky et al. (2010). Moreover, Chen et al.| (2011)
have shown that the mechanical properties of foamed nanocomposites are
also strongly influenced by the morphological characteristics of their micro—
structure, such as cell density, cell size, and cell size distribution. As a result,
the combination of the polymer nanocomposites and foaming technologies in-
creases the material tailoring possibilities for lightweight applications.

PP/CNTs nanocomposite foams of high volume expansions (larger than
10) possess several advantages as compared to other polymer-based foams,
such as their relative low manufacturing cost and their light weight. Al-
though the electromagnetic properties of such foams have already been stud-
ied (Thomassin et al., 2010; |Ameli et al., [2014), their mechanical properties
have not been carefully studied. The knowledge of those mechanical prop-
erties remains essential in most applications, and this is even truer for the
studied PP/CNTs nanocomposite foams as the high volume expansion yields
a rather low stiffness and makes them prone to buckling. However, nowa-
days it is in most cases difficult to predict the equivalent properties of these
complex micro—structured materials without expensive and time—consuming
experiments, which in turn, constrains material tailoring to trial and error



tests. Therefore, numerical simulation techniques with high computational
efficiency are necessary so that the problem of sensitivity analysis to the
parameters of the micro—structure can be addressed, thus providing an op-
timization tool to carry out material tailoring. The aim of this work is
to provide an efficient methodology to predict the compressive responses of
PP/CNTs nanocomposite foams with high volume expansions. In particu-
lar a numerical model is developed to predict, at first, their linear elastic
response and, then, the plateau behavior under finite compressive strains
arising from the cell-wall elastic buckling. This numerical model is informed
and validated through experimental data.

To this end, PP/CNTs nanocomposite foams with 4 wt% and 8 wt%
multi-walled CNTs are studied. The PP matrix is a semi—crystalline polymer
whose crystallinity can be modified during the foaming process according to
the heat treatment, absorbed amount of blowing agent (Takada et al., 2001)),
or nano—fillers properties (Leelapornpisit et al., [2005). Super—critical carbon
dioxide (ScCOs,) is used as blowing agent during the one-step batch foaming
process. The crystallized state of the PP matrix is inevitably changed for
the different nanocomposite preparations and foaming conditions, leading to
the modification of its mechanical properties. This point is demonstrated
through the results of Differential Scanning Calorimetry (DSC) of both un—
foamed and foamed materials. In order to measure the material properties,
three—point bending tests were performed on PP/CNTs nanocomposite (un—
foamed) samples. Besides, measurements of the elastic flexural modulus and
uniaxial compression tests were performed on the nanocomposite foamed
samples. These tests clearly show the dependency of the material properties
on the crystallinity degree.

The considered nanocomposite foams have a multi-scale behavior in na-
ture, as shown in Fig. [l At least three distinct scales can be considered:
the macro—scale, the micro—scale, and the nano-scale. The macro—scale is
characterized by a length L..0 at the macro—structural level. The micro—
scale is characterized by a length Lo of the order of several cells size and
gives an insight to the foam micro—structure with its morphological char-
acteristics, such as the cell size, the cell distribution, the cell shape, the
thickness of the cell walls, etc. The nano-scale is characterized by a length
Lyano and describes the heterogeneity details of the nanocomposite material
constituting the cell walls: the nano—fillers, their orientation, the amorphous
or crystallized regions of the PP matrix. The multi-scale strategy adopted
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Figure 1: The multiple scales involved in PP/CNTs nanocomposite foams: a) homoge-
nized continuum at the macro-scale, b) foam micro—structure at the micro—scale, and c)
PP/CNTs nanocomposite made of cell walls at the nano—scale with the presence of CNT's
and PP matrix (the matrix has amorphous and crystallized regions).

herein relies on the principle of scale separation, which is stated by
Lmacro > Lmicro > Lnano . (1)

The left inequality of Eq. leads to consider the structure made of foams
as a homogeneous medium at the structural scale since the structural char-
acteristic length is much larger than the cell size which varies from 20 pm
to 60 um as it will be shown in the experimental investigation later. The
right inequality of Eq. shows that the cell walls can be assumed as ho-
mogeneous at the micro—scale point—of-view. In general, a semi—crystalline
polymer (PP as a particular case) is observed as one made—up of a crystalline
phase embedded into an amorphous phase under semi—crystalline spherical
forms called spherulites. As discussed by Bao and Tjong (2008); Bédoui
, each spherulite consists of many crystalline lamellae separately
alternated by amorphous inter—layers. In the case of PP/CNTs nanocompos-
ites, the optical micrographs show trans—crystalline inter—phases around the
carbon fibers and the polypropylene spherulites away from them (Bikiaris,
2010). The trans-crystalline inter—phase is characterized by oriented crys-
talline lamellae surrounding the CNTs. As the lamellae thickness —which was
measured to be of the order of several nm by |Spieckermann et al.| (2010)— and
the CNTs diameter —9.5 nm— are much smaller than the cell wall thickness
—of the order of the pum, this length—scale separation assumption across the
cell walls holds.

From the principle of scale separation stated in Eq. , the modeling of
structures made of nanocomposite foams follows two successive homogeniza-




tion steps:

e Nano—micro homogenization: the properties of the foam cell walls are
obtained through the homogenization of the PP/CNTs nanocompos-
ite material. In particular, the effects of the nano-fillers and of the
crystallinity of the polymer matrix on the properties of the obtained
nanocomposite material are considered.

e Micro—macro homogenization: the foamed material properties at the
structural level are predicted by homogenization of the micro—structure
(i.e. the cells), using the homogenized cell wall properties obtained
from the nano—micro homogenization step as input.

This constitutive behavior at the upper—scale (either at the micro—scale
during the first homogenization step or at the macro—scale during the second
homogenization step) can be evaluated either by using a phenomenological
law or by developing a micro-mechanics model:

e Phenomenological laws are characterized by certain (semi-) analytic
formulations whose parameters are identified from the numerical or ex-
perimental results by curve fitting and parameters identification (Avalle
et al., [2007). However this approach cannot predict the lower—scale
structure evolution during the macroscopic loading and the required
experiments are sometimes expensive and difficult to implement. More-
over, the sensitivity analyses required for material tailoring are not
always possible.

e Nano/micro—mechanics models relate the equivalent properties of an
heterogeneous material to their underlying lower—scale structure by us-
ing either analytical or numerical approaches. This approach allows
material tailoring as the micro—structure is explicitly accounted for.

Both nano—mechanical models (Nikolov et al.,|2002; van Dommelen et al.|
2003; [Seidel and Lagoudas|, 2006; Bédoui et al., 2006; |[Parenteau et al., 2012])
and phenomenological laws (Drozdov and Gupta, |2003; |de Villoria and Mi-
ravete, 2007, Gan/s et al. |2008; Zrida et al., 2009) are suitable for the nano—
micro homogenization step. Because the knowledge of the structural behavior
at the nano—scale is still limited, phenomenological laws, validated via ex-
perimental results, are often preferred at this scale. Nevertheless, in order to
keep the explicit dependency on the constituents properties in our numerical

6



model, the mechanical parameters of the PP/CNTs nanocomposite material
are estimated by a new aggregate model, in which the degree of crystallinity
and the volume percentage of nano-fillers are considered as the two input
parameters. The accuracy of this theoretical model is assessed via conducted
experimental measurements and from the literature. As the thickness of
the cell walls is of the order of the pum, it is difficult to directly measure
their mechanical parameters, thus the model is validated with regards to raw
PP/CNTs nanocomposite samples of different crystallinity degrees. The cell
walls properties can then be estimated via the degree of crystallinity obtained
from DSC measurements on the foamed samples.

The micro-macro homogenization considers a structure made of foam as
an homogeneous medium, whose constitutive model obeys to an equivalent
stress—strain relationship obtained from the information of the underlying
micro—structure. The most well-known micro—mechanics model is known as
the Gibson and Ashby| (1997) model, in which the constitutive behavior is di-
vided into three stages: (i) linear elastic, (ii) plateau, and (iii) densification.
As compared with other models, computational micro-mechanics is probably
the most accurate approach to directly account for the micro—structure prop-
erties on the structural behavior (Daxner] 2010)). In this approach, the finite
element method (FEM) is used to discretize a representative volume element
(RVE) extracted from the underlying micro—structure. Complex geometries
and complex material behaviors of the micro—structure constituents can «a
priort be considered with this approach. This approach is thus used to esti-
mate the equivalent properties of the foamed material during the linear and
plateau stages of the macro—scale response. To this end, a unit—cell is defined
as a tetrakaidecahedron with variable cell wall thickness, face curvature, and
cell wall waviness, to represent the foam cells and their imperfections.

The paper is organized as follows. Section [2| presents the experimental
procedures and the related results. Section |3| details the development of
a simple theoretical model to estimate the Young’s modulus of PP/CNTs
nanocomposites based on their CNTs contents and on the degree of crys-
tallinity. The computational micro-mechanics model based on the tetrakaidec-
ahedron unit cell is developed in Section [4] Finally, the obtained numerical
results at the macro—scale are compared with experimental results in Sec-
tion [5| showing that the proposed unit cell computational micro-mechanics
approach can be used to model PP/CNTs nanocomposite foams.



2. Experimental investigation

In this section, the experimental process followed to obtain the differ-
ent PP/CNTs nanocomposite raw and foamed samples is summarized. The
measurement of the PP/CNTs nanocomposite Young’s modulus could not be
performed directly on the cell walls of the foamed samples as their thickness
is of the order of the ym. Instead three—point bending tests of raw PP/CNTs
nanocomposite samples with different crystallinity degrees were conducted.
As a result, the cell walls properties can be estimated via their degree of
crystallinity obtained from DSC measurements on the foamed samples. Fi-
nally compressive tests on the foamed samples are detailed. These tests will
be used to validate the multi-scale models presented in this paper.

2.1. Material preparation

Polypropylene (PP) — Eltex® P KS407 is a random copolymer with a
high ethylene content. It has a density of 895 kg/m?, and its melting point
is 134 °C.

Carbon nanotubes (CNTs)- Nanocyl™ NC 7000 Thin Multiwall Car-
bon Nanotubes (MWCNTSs)— are produced by a Chemical Vapor Deposition
(CVD) process. The produced CNTs have a surface area of 250-300 m?/g
and a carbon purity of 90%. The average diameter and length] of these
CNTs are 9.5 nm and 1.5 microns, respectively.

The foamed materials were produced using super—critical COy (ScCO,)
— Carbon dioxide with 99.8% purity was purchased from Sigmaé), 501298
cylinder 48L. During the foaming process, CO, was introduced into the stain-
less steel vessel using a syringe pump, TELEDYNE ISCO Model 260D. The
cylinder volume of the pump is 266 ml, the pressure ranges from 0 to 7500
psi, and the flow ranges from 0.001 to 70 ml/minute.

The parameters of the preparation procedures are summarized in Fig. [2|

2.1.1. Preparation of PP/CNTs nanocomposite material

Melt mixing is used to prepare the PP/CNTs nanocomposite material
because this method leads to a good dispersion of the CNTs in the PP
matrix. First, the PP matrix and two different weight percentages of CNT's

IPractically their length could be lower due to cutting during the melt-mixing process,
but this does not affect the model.
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Figure 2: PP/CNTs nanocomposite material and foamed samples preparation.

Table 1: Environmental conditions of the NC4 samples in order to modify their crys-
tallinity.

Description
NC4C1 After nanocomposite preparation
NC4C2 In the stainless steel vessel: 125 °C, 150 bar, 4h
NC4C3 In the stainless steel vessel: 125 °C, 150 bar, 8h

(4 wt% and 8 wt%) were mixed in a Brabender Mixer —50E (Model 835205
002) Roller Slade twin—screws— at 165 °C with 60 rotations per minute during
5 minutes. The 4 wt% PP/CNTs and 8 wt% PP/CNTs nanocomposites are
denoted as NC4 and NC8 as shown in Fig. [2

The samples for the three—point bending tests were molded into 4.5 X
12 x 60 mm-rectangular prisms by hot pressing —Fortune SRA100—- of the
nanocomposite material at 180 °C for 5 minutes. Since the foaming process
can affect the crystallinity of the PP/CNTs nanocomposite materials, several
NC4 nanocomposite samples were left, after preparation, into the stainless
vessel under the same conditions as for the foaming process, i.e. saturated in
ScCOg, at the same temperature and pressure, but without performing the



foaming to observe the change of crystallinity. These conditions are detailed
in Tab. [1] After specific soaking times (0 h, 4 h, and 8 h), the vessels is
cooled down in an ice bath and the pressurized CO, is slowly released so
that the foams are not created. Finally, these samples are held under normal
ambient conditions during a few days to release the absorbed CO, and to
stabilize the composite structure. The DSC tests were performed on these
final samples. Note that since the crystallinity degree evolves with time, the
DSC measurements and the mechanics tests were performed the same week.

2.1.2. Preparation of PP/CNTs nanocomposite foams using ScCOy

The un—foamed material (cut from large NC4 and NC8 samples) were
used as starting materials for the foaming process. The foamed samples were
prepared using a batch process as previously performed by Tran et al.| (2013)).

First, different NC4 and NC8 samples were separately placed into the
stainless steel vessel. Subsequently, CO, was pressurized into the vessel by
using syringe with high pressure-liquid pump to get the super—critical state.
When the required pressure (150 bar) was achieved, the system was kept
at constant pressure and different soaking temperatures during 2 hours to
ensure a sufficient saturation amount of CO, and to reach its thermodynamic
solubility. After soaking, a rapid depressurization was applied. Finally, the
vessel was then immersed immediately into a water/ice bath in order to
stabilize the foams.

The sample names (NC4F1, NC4F2, NC4F3, NC8F1, NC8F2 and NC8F3)
and their respective foaming conditions are summarized in Fig. 2 The DSC
tests were performed on the final samples. As for the unfoamed samples,
since the crystallinity degree evolves with time, the DSC measurements and
the mechanics tests were performed the same week.

2.2. Characterizations

2.2.1. Micro—structure of PP/CNTs nanocomposite foams

In order to obtain details on the micro—structure of the processed nanocom-
posite foams, six different -NC4F1, NC4F2, NC4F3, NC8F1, NC8F2 and
NC8F3- representative samples were immersed into nitrogen liquid for 30
minutes and then quickly fractured. The foam structure was observed by
scanning electron microscopy (SEM) using a JEOL JSM 840-A microscope
after metallization with Pt (30 nm). Typical micro-graphical images are
shown in Fig. The only changes in the preparation of these six samples
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Figure 3: Typical micro—graphical images of 4 %wt PP/CNTs and 8 %wt PP/CNTs
nanocomposite foams (refer to Fig. [2| for samples code).

are the soaking temperature and the CNTs content, therefore the differ-
ences in the micro-structure depend on these two factors. The cell disorder
is qualitatively seen to be increased with the soaking temperature, see Fig.
[Bl By using the statistical methods reported by [Tran et al| (2013), several
micro-structure characteristics can be estimated, including the relative den-
sity (which is defined by the ratio p/ps where p is the density of the foam
and where p; is the density of the material from which this foam is made).
The obtained results are depicted in Fig. 4| as functions of the soaking tem-
perature and of the CNT's contents.

Fig. shows that the increase of the soaking temperature leads to larger
pore sizes and that, under the same foaming condition, a smaller CNTs
content leads to higher pore sizes. Fig. [p plots the evolution of the cell
density with respect to the soaking temperature. Adversely to the pore size,
the cell density decreases with the soaking temperature, which agrees with
the theory of nucleation as pointed out by Tran et al.| (2013). Since the nano—
fillers are acting as nucleating agents, their increase results in a higher cell
density and leads to smaller pore sizes. The 8 %wt CNTs foamed samples
exhibit a larger trend compared to the 4 %wt CNTs ones. Fig. shows
the dependency of the volume expansion ratio on the soaking temperature.
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Figure 4: Dependence of foam characteristics on the soaking temperature: (a) average
pore size, (b) cell density, (c¢) expansion volume ratio, and (d) relative density.

The volume expansion ratio increases with the temperature with a similar
trend for the two CNTs contents. Adversely to the volume expansion ratio,
the relative density decreases with the soaking temperature for both CNT's
contents, as illustrated by Fig. [4d.

Many imperfections are found in the material micro-structure (see Fig.
3) such as variable cell sizes and shapes, cell wall fracture, cell wall curvature,
missing cell walls, cell wall corrugation, etc. These imperfections do not re-
sult from the film preparation. Higher CNTs contents (from 4% to 8%) and
higher soaking temperatures (from 125 °C to 135 °C) result in an increase of
those imperfections. Moreover, during the preparation of nanocomposites, a
higher content of CNTs can lead to a poorer dispersion of the CNTs in the
PP matrix with the presence of bigger agglomerates. When foaming these
nanocomposites with big agglomerates under high pressure conditions, the
fracture of the cell walls can more easily occur due to high stress concentra-
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tion. Finally, because the modulus of PP matrix reduces when increasing
the temperature, a higher soaking temperature increases the imperfections.
As those imperfections lead to the reduction of the stiffness of the foamed
structures, they will be taken into account during the modeling stage by con-
sidering (i) closed cells with thinner cell walls up to reaching open cells, (ii)
cell wall curvatures, and (iii) face waviness.

2.2.2. Differential Scanning Calorimetry

In semi—crystalline polymers such as PP, the volume percentage of the
crystalline phase (so—called degree of crystallinity) directly affects their phys-
ical properties, such as the mechanical properties, storage modulus, perme-
ability, melting point, etc. The nanocomposite base material and the foaming
preparation conditions —the temperature changes, foaming agents, and nano—
fillers properties— can affect the crystallinity of the PP matrix as shown by
Takada et al. (2001); Leelapornpisit et al.| (2005). The change of the crys-
tallinity degree leads to different mechanical behaviors of the PP phase in
neat PP, in nanocomposites, and in the cell walls of nanocomposite foams.
Thus a direct measurement of the degree of crystallinity is necessary and
provides fundamental results to predict other useful properties.

-0.4(
-0.6
°
2 08
=
9 1
g -1 L
L —NC4F1 o
_1.2,"'NC4C1 ‘l ’l
--NC4C2
L NC4C3
T 100 120 140 160

Temperature (°C)

Figure 5: DSC thermograms for the first heating cycle for the different NC4 samples and
for the NC4F1 sample.

Differential Scanning Calorimetry (DSC) techniques are generally used to

characterize the polymer degree or crystallinity and are herein performed on
the (un—foamed) NC4C1, NC4C2, NC4C3 samples, see Tab. |1} and on the
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Table 2: DSC crystallinity characteristics of 4 %wt PP/CNTs nanocomposites (refer to
Tab. [1] for details of the soaking conditions) and of foamed samples (refer to Fig. [2[ and
Tab. [Lf for samples code).

Sample code AH (J/g) X, (%)

NC4C1 35.4 17.6
NC4C2 29.9 14.9
NC4C3 26.9 13.4
NC4F1 16.1 8.0
NC4F2 18.5 9.2
NC4F3 14.4 7.2
NC8F1 16.4 8.5
NC8EF2 17.2 9.0
NC8F3 14.0 7.4

foamed samples. Figure [5] illustrates the DSC curves of the NC4 nanocom-
posite samples exposed under the different conditions reported in Tab. [1]
and of the NC4F1 foamed sample. The degree of crystallinity (X.) is tabu-
lated in Tab. [2] for the NC4 nanocomposite samples with different soaking
conditions and for the different NC4 and NC8 foamed samples. The volume
percentage of the crystalline phase in the PP matrix (so—called the degree of
crystallinity) is quantified by the expression proposed by [Soitong and Pum-
chusak| (2011))

AH
where w is the weight percentage of nanocomposite fillers, AH is the crys-
tallization enthalpy estimated from the DSC curves in Fig. and where
AHy = 209 J/g for 100 % crystalline polypropylene.

A notable change of the crystallinity is observed for the different samples,
see Tab. [2] The crystallization enthalpy (AH) decreases with the soaking
time of the un—foamed samples and is larger than for their corresponding
foamed samples. Indeed, the foamed materials exhibit a lower crystallinity
(X, = 8.0% for the NC4F1 sample, X. = 9.2% for the NC4F2 sample, and
X, = 7.2% for the NC4F3 sample) compared to the initial respective un—
foamed material (X, = 17.6%), which means that their mechanical properties
will differ. If for the un—foamed material the degree of crystallinity decreases
with the soaking time, it is however not sensitive to the CNTs content.
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Table 3: Elastic flexural modulus of PP/CNTs nanocomposites (refer to Tab. for samples
code).

neat PP (MPa) NC4 (MPa) NC8(MPa)
NC4C1 622.6£4.2 785.0£10.0 904.4£27.5
NC4C2 503.7 503.0£13.1
NC4C3 480.6

2.8. Three—point bending tests of PP/CNTs nanocomposite materials

The three—point bending tests were performed to measure the elastic
flexural modulus of the PP/CNTs nanocomposite materials using an In-
stron 5500 machine at room temperature. A small displacement rate (0.5
mm/minute) was used so that the test condition can be considered as quasi—
static. Different samples of neat PP, NC4, and NC8 were used to obtain
average results. The elastic flexural modulus are obtained by linearizing
the force/displacement reaction curves on the initial elastic region and are
reported in Tab. [3

On the one hand, the addition of CNTs in the PP matrix results in an
increase of the average flexural modulus of the nanocomposites (from 622.6
MPa for neat PP samples to 785 MPa for NC4 samples and to 904.4 for NC8
samples, see Tab. . On the other hand, the flexural modulus is reduced
when increasing the soaking time (from 622.4 MPa to 503.7 MPa for neat
PP samples and from 785 MPa to 480.6 MPa for NC4 samples), which is
consistent with the reduction of the degree of crystallinity reported in Tab.
2

2.4. Uniazial compression tests of PP/CNTs nanocomposite foams

The uniaxial compression tests are performed to characterize the com-
pressive behavior of the PP/CNTs nanocomposite foams. They are carried
out on 5 mm—cubic foamed samples, which are cut from different locations
of larger foam blocks of the NC4F1, NC4F2, NC4F3, NC8F1, NC8F2 and
NC8F3 samples. The uniaxial compression tests were performed using an
Instron 5500 machine at room temperature under quasi-static conditions
(displacement rate of 0.5 mm/minute). All foamed samples were compressed
until reaching a deformation of 80 %. The compression tests were performed
with force—free lateral surfaces and the friction between the samples and the
machine platens was not controlled. However, during the compression tests,
the PP foamed specimens collapse with negligible Poisson ratio’s effect as
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reported by [Zhang et al.| (1998)). As a result, although the local state can
be different (Youssef et all 2005; Ryu et al., [2005)), the effect of the friction
conditions on the overall stress—strain response can be neglected compared
to the response discrepency between the different specimen responses, see
the results here below.
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Figure 6: Uniaxial compressive stress—strain curves of the PP/CNTs nanocomposite foams:
(a) 4 %wt CNTs samples and (b) 8 %wt CNTs samples.

The resulting uniaxial compressive curves of the nanocomposite foams
are presented in Fig. |§| Three different stages can be distinguished: (i)
the linear elastic region at low compressive strain, (ii) the stress plateau
region, and (iii) the densification region at high compressive strain. The
mechanical properties of the foamed samples depend on the properties of
the base material, but also on its relative density and on its micro—structure
(cell size, cell shape, cell distribution, etc). Therefore, the differences into
the micro—structural characteristics depicted in Fig. [ are reflected in the
compression curves reported in Fig. [6]

The homogenized (so—called macroscopic) elastic modulus, or Young’s
modulus, is estimated from the initial linear—elastic region of the compres-
sive curves. The collapse strength is defined by the intersection between
the linearized curve of the elastic region and the linearized curve of the
stress plateau region. The results of the Young’s modulus and of the col-
lapse strength of the different nanocomposite foams are reported in Fig. [7]in
terms of their relative density, with their error bars expressing their standard
deviation. Clearly, for each CNTs contents (4 %wt and 8 %wt), the Young’s
modulus and collapse strength increase when increasing the relative density.
Moreover, it can be seen that the nanocomposite foams with higher CNT's
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Figure 7: Elastic modulus (a) and collapse strength (b) of the PP/CNTs nanocomposite
foams in terms of their relative density.

content have lower Young’s modulus and lower collapse strength at the same
relative density. These differences can be attributed from different levels
of micro—structure imperfections as shown in Fig. [3| and from the degree
of crystallinity which is inevitably modified during the foaming process as
discussed in Section [2.2.2] Due to the presence of a higher CNTs content, a
poor dispersion of the CNTs in the PP matrix during the preparation process
results in the presence of bigger agglomerates. The fracture of the cell walls
can thus more easily occur due to high stress concentration during the foam-
ing process under high pressure conditions. Moreover, because the modulus
of the PP matrix reduces when increasing the temperature, a higher soak-
ing temperature increases the imperfections. These increasing imperfections
lead to the reduction of the stiffness of the foamed structures. In spite of
this, a higher CNTs content can improve the electrical and electromagnetic

properties for specific applications as discussed by [Thomassin et al.| (2010);
Tran et al.| (2013).

3. Nano—micro homogenization: theoretical evaluation of PP/CNTs
nanocomposite materials Young’s modulus

In order to estimate the homogenized properties of the nanocomposite
foams using a computational micro-mechanics model, the material behavior
of the cell walls has first to be identified. As demonstrated in the experimen-
tal part, the nanocomposite and foam preparations affect the properties of
the PP matrix so that the properties of the foam cell walls do not correspond
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exactly to the properties of the original nanocomposites. In addition, the cell
walls consist of thin structures with small dimensions (magnitude order of
the pm) so it is difficult to measure exactly their material parameters. An ef-
fective theoretical model to estimate the Young’s modulus of cell walls based
on their degree of crystallinity and on the CNTs content is thus developed.

Semi—crystalline polymers (PP as a particular case) are observed as one
made—up of a crystalline phase embedded into an amorphous phase under the
semi—crystalline spherical shapes called spherulites. Each spherulite consists
of many crystalline lamellae separately alternated by amorphous inter—layers
as shown by |Bao and Tjong (2008); Bédoui et al.| (2006). In case of PP/CNTs
nanocomposites, the optical micrographs show trans-crystalline inter—phases
around the carbon fibers and the polypropylene spherulites away from the
carbon fibers Bikiaris| (2010]). The trans—crystalline inter—phase is character-
ized by oriented crystalline lamellae surrounding the carbon fibers. Therefore
these nanocomposites exhibit complex mechanical behaviors since the crys-
talline phase, the amorphous phase, and the carbon nanotubes are combined
together in a complex micro—structure. Using the assumption that there is no
molecular modification of the polymer during the PP/CNTs nanocomposite
preparation, the crystallinity of the PP matrix is the key parameter that has
an effect on the mechanical properties of the composite material. Because of
the foaming condition process, the degree of crystallinity of the PP matrix is
reduced as demonstrated in Tab. [2] leading to the reduction of the cell walls
Young’s modulus.

Several micro—mechanics models have been proposed in the literature for
semi—crystalline polymers, (Nikolov et al., 2002; van Dommelen et al., [2003;
Seidel and Lagoudas, [2006; [Bédoui et al., [2006) as a non exhaustive list. In
particular Nikolov et al.| (2002)) have considered a crystalline visco—plasticity
model for the lamellae and a visco—elastic model for the the amorphous phase.
The homogenized behavior of a stack of parallel crystalline/amorphous lay-
ers is obtained by assuming a uniform stress in the stacked material. The
Sachs homogenization model (uniform stress) is then used to extract the
meso-scale homogenized behavior of the material having two—phase layered
materials of different orientations. van Dommelen et al.| (2003) have consid-
ered (crystalline) visco—plasticity for both the lamellae and the amorphous
phases assembled in a two—phase layered inclusion. They have also analyzed
different homogenization models, such as Taylor (uniform strain), Sachs (uni-
form stress), and hybrid models, to predict the meso-scale behavior of this
two—phase layered material. The hybrid model considering a uniform stress
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in the direction perpendicular to the amorphous-crystalline interface and a
uniform strain in the directions parallel to this interface has been shown to
predict the more physical results. The different orientations of the lamellae
are accounted for by considering an aggregate of two—phase layered inclu-
sions having different orientations, the hybrid scheme being applied in the
projected referential of each inclusion interface. Elastic properties of semi—
crystalline materials have been studied by Bédoui et al.| (2006). On the one
hand they have considered the crystalline phase as inclusions and performed
an homogenization step using a self-consistent scheme, possibly enhanced by
a dilute scheme in which the crystalline fraction is increased step—by—step.
On the other hand, the two-phase layered—-inclusions, whose properties are
obtained using the hybrid model, are homogenized to account for the dif-
ferent lamellae directions by using either the aggregate model proposed by
van Dommelen et al.| (2003)) or a self-consistent scheme. It was shown that
for PP materials, as the lamellae have a high aspect ratio, both the model
of crystalline inclusions combined to a dilute self-consistent homogenization
(referred to as the Matrix-Inclusion Dilute Scheme Method) and the model
of two—phase layered inclusions combined to an aggregate model (referred
to as the U-inclusion approach) lead to acceptable predictions of the elastic
behavior as compared to experiments. The advantage of the latter being the
absence of a shape parameter —difficult to evaluate in most cases— require-
ment (Bédoui et al., 2006). However, these models do not account for the
CNTs reinforcement.

During the compressive loading of the foamed materials, since the sam-
ples have a crystallinity degree lower than 10%, see Tab. 2, the elastic col-
lapse mode has to be captured with accuracy to model the plateau in the
stress—strain curve (Gibson and Ashby, 1997, e.g.). Moreover as it will be
shown in Section 5.2, the local strain rate in the foamed material walls is
of the same order of magnitude as the global strain rate, motivating the de-
velopment of an elastic-model without strain-rate effects. Thus the elastic
behavior of the PP/CNTs nanocomposite material has to be correctly pre-
dicted. As the shape parameter of the PP lamellae is not well known, a new
aggregate model of two—phase layered inclusions of PP/CNTs nanocompos-
ites is constructed in Section [3.I] Each layered inclusion contains a crys-
talline part and a CNTs/amorphous part, in which the CNTs is assumed
to be randomly dispersed in the amorphous matrix. The Young’s modulus
of the CNTs/amorphous part is estimated using the Halpin—Tsai model as
described by Affdl and Kardos (1976), which is based on the self-consistent
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method in conjunction with the [T'sai and Pagano (1968) model. The ho-
mogenous Young’s modulus of randomly dispersed inclusions following the
Tsai-Pagano model, which was first developed to predict the elastic mod-
ulus of composites containing short fibers randomly oriented in a plane, is
predicted by

3 5

Eranom:_E _Ea 3
d 3 L+8 T (3)

where Fp and Er are respectively the longitudinal and transverse moduli of
an inclusion.ﬂ Once the Young’s modulus of the CNTs/amorphous phase is
estimated using Eq. , the homogenized behavior of the crystalline PP /
reinforced amorphous PP layered inclusions can then be obtained using the
hybrid model, leading to an expression of the Young’s modulus which depends
on the degree of crystallinity and on the content of carbon nanotubes. Since
this meso—scale homogenized behavior is orthotropic, the isotropic behavior
is obtained by considering a random dispersion of layered inclusions using the
Tsai—Pagano model a second time. The analytical results are validated
from the experiments performed in Section [2 but also from the literature.
Therefore, using the degrees of crystallinity of the foamed samples reported
in Tab. the Young’s modulus of the cell walls can be estimated for the
different foamed materials.

3.1. The aggregate model

The schematic description of the aggregate model is reported in Fig. [§
The contributions of the separate composite components (CNTs, crystalline
phase, amorphous phase) are known from the volume percentage of CNTs
and from the degree of crystallinity (X.). The two-phase layered element
is characterized by the CNTs/amorphous part (denoted by a) and by the
crystalline part (denoted by ¢). The behavior of the CNTs/amorphous part
is isotropic since the CNTs are randomly distributed into an isotropic amor-
phous PP matrix. Its Young’s modulus is estimated following the work of

2The formulation is based on the averaging technique over the fiber orientation in a
plane under the constant strain assumption. Although this assumption is more suitable for
laminates and sheet materials, this simple model can be used to estimate the mechanical
behavior of nano-composites, see (Coleman et al., 2006} |de Villoria and Miravete] [2007;
Ganf et al., [2008; |Pedrazzoli and Pegoretti, 2014]) e.g. and of short fiber composites, see
(Lavengood and Goettler, [1971} [Lopez et al., [2012; |Serrano et al.| |2014; Mortazavian and
Fatemil 2015|) e.g without significant computational effort.
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Figure 8: Aggregate model for CNTs/semi—crystalline polymer nanocomposites: (a)
different constituents of the composites, (b) representative layered element with the
CNTs/amorphous part and the crystalline part, and (c¢) random distribution of aggre-
gate elements. The lamellae growth, width, and chains follow respectively x-, y-, and z-
directions.

de Villoria and Miravete, (2007); |Gang et al.| (2008) who have extended the
relation as

B, - [% (M) L3 (%)] E, (4)
8\ 1—nVinr 8\ 1 =nrVinr
z Bonr FT 1
WlthOé:C—Z, nL:W7andn’T: EEET +927

where F,,, Ecnt, and E, are the Young’s moduli of the amorphous PP, of
the carbon nanotubes, and of the CNTs/amorphous PP, respectively, [ and
d are the average length and diameter of the carbon nanotubes, and where
Vi is the volume percentage of CNTs in the amorphous PP matrix ~which
is different from the volume percentage of the CNTs in the nanocomposite

material.

(a) x—direction z—direction

Figure 9: Uniaxial loading in different directions on a layered element.
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The behavior of the crystalline part is orthotropic following the z—, y—,
and z—directions, as presented in Fig. [§] The corresponding Young’s moduli
are Fey,, Ee,,, and E,.., in which the x—, y—, and 2—directions correspond
to the lamellae growth, width and chains directions respectively. As the
lamellae are much longer along the x—direction, about 100 to 1000 times,
in the representative two-phase layered element illustrated in Fig. b, the
deformation compatibility, under loading along the z—direction, see Fig. P,

is guaranteed by adding the constituent stress; leading to
OpeA = Ocyy feA + Uaxw(l - fC)A (5)

where A is the cross section area, 0., Ocpp, and o,,, are the equivalent
stresses of the aggregate element, in the crystalline part, and in the CNTs/-
amorphous part, respectively, and where f. is the volume percentage of the
crystalline phase in the nanocomposite material. This volume percentage is
given by

fc = (1 - VCNT)XC7 <6>

where X, is degree of crystallinity and where Vnr is the volume percentage
of CNTs in the nanocomposite material. Since

Oge = Ligg€ary  Ocyx = Eca:mgxw s and Oazz = Eagacx ) <7>

where €., is the strain along the x—direction, the equivalent Young’s modulus
along the z—direction of the representative aggregate element is given by

E.. = chcmc + (1 - fC)Ea . (8>
The same process is applied in the y-z plane leading to

Eyy = fCEny + (1 - fC)Ea7 <9>
where E, is the equivalent Young’s modulus of the representative aggregate
element along the y—direction.

When applying a uniaxial stress in the z—direction, as depicted in Fig.
b, the stress—compatibility is guaranteed by adding the constituent strains
as

22 = fcgczz + (1 - fc)5a2z7 (10)
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where €,,, €cpay and €,,, are the equivalent strain on the aggregate element,
the strain in the crystalline phase, and the strain in the CNTs/amorphous
phase, respectively. Since

Ozz Ozz 2z
Ezz = o Eczz = B and Cazy = FoR (11)
zz Cczz a

the equivalent Young’s modulus along the z—direction of the representative
aggregate element is given by

-1
E.. = <Efc +1;fc) . (12)

Finally, following the work of |[Lavengood and Goettler| (1971)); Lopez et al.
(2012); [Serrano et al.| (2014)); Mortazavian and Fatemi (2015), the isotropic
behavior, resulting from the random distribution of the orthotropic layered
material, can be approximated by Eq. . In our case, as E,, # E,,, the
following isotropic modulus is proposed:

3(Eua+ Eyp) 5
E, = 3 5 + 8E’”’ (13)
where F,,, F,,, and F,, are given by Egs. , @, and , respectively.

The theoretical model given by Eq. shows the dependency of the
PP/CNTs nanocomposite properties on both the CNTs percentage and on
the degree of crystallinity of the material.

3.2. Comparison of the theoretical model predictions with literature data

The input data considered to model the nanocomposite materials are the
following ones:

e The average diameter and length of the CNTs are 9.5 nm and 1.5 mi-
cronsﬂ, respectively. The theoretical value Font =~ 1 TPa is considered
for the CNTs;

e The Young’s modulus of the amorphous phase is estimated to be E,, =
0.9 MPa, following the work of Bédoui et al. (2006), and,;

3Practically their length could be lower due to cutting during the melt-mixing process,
but this does not affect the model.
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e From the data reported by Bédoui et al.| (2006)), the Young’s moduli of
the crystalline lamellae are determined in the main directions, as being
E... =63 GPa, E., =9.5 GPa, and E,,, = 40.2 GPa.
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Figure 10: Theoretical models predictions in comparison with experimental results from
the literature: (a) developed model and literature models for neat PP compared to the
experimental results from Dondero and Gorgal (2006)); [Manchado et al. (2005)); Xia et al.
2004); [Parenteau et al.| (2012)); Weon and Sue| (2006)); van der Wal et al.| (1998)); Bao and
Tjong| (2008]); Bédoui et al.| (2006) and (b) developed model for 1%wt CNTs PP compared
to the experimental results from Stan et al.| (2014); Bao and Tjong| (2008]); Manchado et al.|
(2005)); [Xia et al|(2004); Dondero and Gorgal (2006).

Figure shows the results of the current theoretical modeﬁ in compar-
ison with experiments from literature in the case of neat PP and for various
degrees of crystallinity. The developed model predictions are also compared
to the so—called Matrix—Inclusion dilute scheme method (using aspect ra-
tios of 10/1.2 and 100/1.2 for respectively the width and length over the
thickness) (van Dommelen et al., |2003; Bédoui et al., 2006), to the so—called
U-inclusion model (van Dommelen et al. 2003} [Bédoui et al. 2006), and to
the Reuss and Voigt bounds. Although the different PP samples used can
have different polymer structures, the current model provides a prediction
of the Young’s modulus in terms of the degree of crystallinity as good as
the other two models, while remaining simpler in its implementation. Figure
10b compares the current theoretical model results to experimental results

4For low crystallinity and low CNTs content, the Young modulus is close to E,, = 0.9
MPa, which explains why it almost vanishes on the ordinate axis.
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from the literature in the case of PP reinforced by 1 %wt CNTs. A good
agreement is also observed.

3.3. Comparison of the theoretical model predictions with experimental re-
sults for the processed nanocomposite material
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Figure 11: Current theoretical results for the 4 %wt and 8 %wt PP/CNTs nanocomposite
materials in comparison with the experimental results reported in Tab. The proposed
values refer to the extrapolated Young’s modulus for the cell walls of the foamed samples,
based on their crystallinity degree.

Figure [11p compares the model predictions with the experimental re-
sults obtained on the three-point bending tests for the 4 %wt PP/CNTs
nanocomposite material, see Tab. [3| It can be seen that comparable results
are obtained. The theoretical results for 8 %wt PP/CNTs nanocomposite
material is illustrated in Fig. [11p.

Since it is very difficult to measure the modulus of the cell walls of the
foamed samples, this value is reasonably estimated via theirs actual degree
of crystallinity from Figs. and [11pb, for the foamed samples with 4 %wt
CNTs and 8 %wt CNTs, respectively. The resulting values are reported in
Tab. 4|and they will be used in the next section to study the foamed material
behavior from a unit cell model.

4. Micro—macro homogenization: Unit cell computational micro—
mechanics model

The computational micro-mechanics approach is frequently used to model
structures made of heterogeneous materials. This approach is herein adopted
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Table 4: Extrapolated Young’s modulus for the cell walls material from Fig. for the
different foamed samples (refer to Fig. [2| for details of the foaming conditions).

Sample code X, (%) Es (MPa)

NC4F1 8.0 234
NC4F2 9.2 270
NC4F3 7.2 206
NC8F1 8.5 247
NC8F2 9.0 261
NC8F3 7.4 216

in order to estimate the homogenized properties of nanocomposite foams.
Its basic principle and its application to foamed materials through unit cell
models with imperfections are described in this section.

4.1. Computational micro-mechanics method

The basic idea of the computational micro-mechanics method is to es-
timate the homogenized properties of heterogeneous materials based on a
finite element model of the characteristic volume element of the underly-
ing micro-structure, see (Peric et al., 2010) for details. This characteristic
volume element should be statistically representative and leads to the use
of a representative volume element (RVE). For periodic structures, under
the assumption of the periodic local field, the RVE can be selected as the
repeated unit since this RVE contains all necessary information about the
micro—structure. For random structures, the RVEs are defined in a statis-
tical way (Kanit et al. |2003). In all generalities, the relation between the
homogenized field f and the local field f is expressed under the form of the
volume integral (so—called homogenization) over the RVE as

f:<f>:%/vf(x)dv, (14)

where V' is the volume of the considered RVE and where x stands for the
local position vector. Equation implies that the local inhomogeneous
field is considered as homogeneous under an average sense at the structural
scale.

For a linear elastic problem, the Hooke matrix of the homogenized medium
can be explicitly estimated. The material constants as the Young’s modulus
E Poisson ratio v, shear modulus G, etc. can then be determined. For
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non-linear and path—dependent problems (e.g. large strain, plasticity, strain
localization), the homogenization process yields a macro—stress vs. macro—
strain relation, 6—€, which is obtained from the (iterative) resolution of the
micro-mechanics boundary value problem (BVP). In this case, the (macro—
)stress—strain constitutive law cannot be expressed by an explicit relation.
However, as the stress—strain energy relation always exists in an implicit
form via the resolution of the microscopic BVP, it is possible to solve the
problem of a macro—scale structure with a two-scale approach even when
studying micro—instabilities as shown by Nguyen and Noels (2014)). To this
end the periodic boundary condition (PBC) to be applied on the microscopic
BVP has been suitably formulated by [Nguyen and Noels (2014) to capture
the buckling behavior.

4.2. Unit cell models for closed cell foams

The definition of the RVE is an important ingredient of the computational
micro—mechanics model to correctly capture the homogenized behavior of
the foamed material. For periodic structures, the RVE can be chosen as
the repeated unit pattern. For random structures, the RVE is defined in
a statistical way with a larger number of realizations for each RVE size in
order to capture all the possible micro—structure arrangements. Although the
real foamed materials possess a large range of cell sizes and of cell shapes,
regular arrangement models are still considered because of their efficiency and
simple implementation. With this assumption, a whole cellular structure is
represented by the space—filling of a repeated pattern following the periodicity
vectors. The study of whole structure is then performed on the related
repeated pattern (including one or several unit cells), completed with the
periodic boundary condition (Nguyen et al. 2012)) to ensure the periodicity
the local fields.

Some unit cell models are available in the literature as a truncated cube
model (Santosa and Wierzbicki, |1998)), a cruciform—hemisphere model (Meguid
et al., 2002), a hollow model (Czekanski et al., |2005), a tetrakaidecahedron
model (Simone and Gibson, 1998a), etc. Simone and Gibson (1998a) have
shown that the tetrakaidecahedron unit cell, see Fig. [12h, has a relatively low
anisotropy and is thought to be a good choice for capturing the homogenized
behavior of macroscopically isotropic foamed materials, as it is the case with
the studied foams. Thus this unit cell model is adopted in this work. The
degenerate case of open cell, which is generated from a ideal closed unit cell
by removing all faces, see Fig. [12p, is also studied.
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(a) Ideal closed unit cell (b) Open unit cell

Figure 12: Tetrakaidecahedron unit cell with relative density p/ps = 0.05 for an ideal
closed unit cell (a) with constant thickness and for an open unit cell (b).

The most important parameter of the foamed materials is the relative
density, which is easily measured. However, the use of “perfect” unit cell
models usually leads to an overestimation of the stiffness. Indeed, the real
foams contain a large number of imperfections, which include random cell
sizes and cell shapes, cell wall thickness variations, cell wall curvatures, miss-
ing cell walls, cell wall corrugations, cell wall fractures, etc., see the real
micro-structure images in Fig. |3| Different kinds of imperfections in cellular
structures have been studied by |Grenestedt| (2005), who have shown their
large effect on the foam mechanical behavior.

The unit cell models can take into account several imperfections under
the assumption that they correspond to periodic distributions. In this work,
we consider the solid concentration at the junctions of cell faces (so—called
Plateau border) (Simone and Gibson, [1998a), the cell wall curvature, the
cell wall waviness (Simone and Gibson, 1998b), as well as their combina-
tion. Their effects on the homogenized compressive response are successively
studied after the description of the numerical models.

4.2.1. Unit cell model with solid concentration at the cell face junctions (so—
called Plateau border)

The solid concentration at the cell face junctions often appears in cases of
closed cell foams with thin cell walls. With this model, a percentage of solids
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(a) Cell wall thickness versus ® (b) ® = 0.6 and p/ps = 0.05

Figure 13: Reduction of cell face thickness when increasing the Plateau border parameter
® (a) and a closed tetrakaidecahedron unit cell characterized by ® = 0.6 and p/ps = 0.05
(b). For each value of p/ps, trer is the thickness of the cell face of the closed unit cell
without considering the Plateau border.

is concentrated at the junctions of the cell faces and this concentration is
represented by the factor ®. This factor is defined as the ratio of the density
of an open cell foam obtained by removing all the cell faces of the respective
closed cell foam and the density of this closed cell foam. By modifying
the solid distribution in that way, the mechanical stiffness is modified when
increasing the value of ® and degenerates to the case of open cell foams when
® = 1. The measurement of ® for rigid polyurethane foams performed by
Reitz et al| (1984)) typically leads to a value of 0.8. For PMMA foams,
et al.| (2011) have used a value equal to 0.9.

When considering the Plateau border imperfection, the homogenized prop-
erties depend on both ® and on the relative density p/ps. The cell face
thickness of the unit cell is estimated from the values of ® and of p/p;. The
dependency of the cell face thickness on ® is depicted in Fig. for several
values of p/ps. When @ increases, the cell face thickness deceases. When
® = 1, an open unit cell is obtained since the cell face thickness vanishes.
Figure[13pb illustrates the resulting tetrakaidecahedron unit cell characterized
by a relative density p/ps = 0.05 and & = 0.6.
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Figure 14: Axial coordinate system (r, w.) embedded in a face with the outward normal
n. In this figure, r is the distance from an arbitrary point of the face to its center.

4.2.2. Unit cell model with cell face curvature

The stress induced during the foaming process can result into curvature of
the obtained foam cell faces, see real micro—structure images in Fig. [3 Thus
the influence of the cell face curvature needs to be considered: the cell face
curvature is constructed by moving both hexagonal and square faces of an
ideal tetrakaidecahedron closed unit cell following their original outward unit
normal n so that each curved face becomes a spherical cap with a maximal
deflection w.q at its center, see Fig. [14l For an initially planar face with an
embedded axial coordinate system (r,w,.) linked to its center, the spherical
cap is expressed as

moniees) () G w

where 7., is the maximal perturbed radius, w.q is the maximal out-of-plane
deflection at the face center, and where A is the shape factor defined by

Weo

A\ =

— (16)

With the introduction of the cell face curvature, the homogenized prop-
erties depend on the relative density p/ps, but also on the face curvature,
which is characterized by A and r,.. If the maximal perturbed radius 7.y
remains constant for each face of the ideal closed unit cell, the curvature of
each face is only controlled by the shape factor A. In this case, the influence
of the shape ratio A on the shape of a spherical cap is shown in Fig. [15j.

30



(b) A =0.33 and p/ps = 0.05

Figure 15: Influence of the shape factor A on the cell face geometry (a), and a curved
closed unit cell with p/ps = 0.05 and with A = 0.33 for both the hexagonal and square
faces.

A plane face corresponds to A = 0 and an hemisphere correspond to A = 1.
Figure depicts a closed unit cell with p/ps = 0.05 and with a cell face
curvature characterized by A = 0.33 for both the hexagonal and square faces.

4.2.83. Unit cell model with cell face waviness

The cell faces of a cellular structure can be corrugated due to the stress
induced during the foaming process. This cell face corrugation is herein
modeled by a waviness imperfection of the hexagonal cell faces.

Using the coordinate system (7, h, Wyave) embedded in an initially planar
face, see Fig. [16] the cell face waviness is modeled by combining a sinus
function of the signed distance h (which can be positive or negative) to a
spherical cap governed by Eq. , leading to

Wyave (R, ) = sin <0 mh

rmax

) welr), (17)

where 7,y is the maximal perturbed radius, w.(r) is given by Eq. , and
where 6 is defined as the waviness period number.

With the introduction of the cell face waviness, the homogenized proper-
ties depend on the relative density p/ps and on the face waviness, which is
characterized by A, rnay, and #. The dependency of the wavy faces on the
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Figure 16: Coordinate system (r, h, Wyave) used to generate the cell face waviness. In this
figure, n is the outward normal to the planar face, v is the direction perpendicular to the
waviness propagation, r is the distance from an arbitrary point on the face to its center
and h is the signed distance from this point to the vector v.

waviness period number # at the cross section h = +r is depicted in Fig.
[I7h. A planar face corresponds to 6 = 0. Figure [17p illustrates a closed unit
cell with p/ps, = 0.05 and with a cell face waviness characterized by 6 = 3
and by A = 0.17 applied to all hexagonal faces.

4.2.4. Unit cell model with imperfections combination

The different imperfection types present in the real foamed structure can
be combined in the unit cell model under the assumption of their periodicity.
Therefore, the Plateau border, the cell face curvature, and cell face wavi-
ness imperfections described above can be simultaneously applied on a ideal
tetrakaidecahedron closed unit cell model.

Figure depicts a closed unit cell with p/p; = 0.065 (same relative
density as for the NC4F1 samples) with such a combination. The plateau
border is characterized by ® = 0.6, hexagonal faces waviness by § = 3 and a
propagation direction along the x-axis, and the faces curvature by A = 0.17.

4.3. Material models for cell walls

To estimate the homogenized Young’s modulus of the foamed samples by
using the computational micro-mechanics model, the cell walls are assumed
to obey an elastic law characterized by an elastic modulus E; and a Poisson
ratio v5. The value of E; is reported in Tab. [4] as discussed in the previous
section, and the value of v, is equal to 0.45, which is known as the typical
value for low crystallinity polypropylene.
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(a) (b) # =3, A=0.17 and p/ps = 0.05

Figure 17: Cross section h = £r for different values of the waviness period 0 (a) and a
closed unit cell with p/ps = 0.05, 6 = 3, and A = 0.17 with the waviness following the
z-axis (b).

Since the foamed samples have a crystallinity degree lower than 10%,
see Tab. [2 the elastic collapse mode is preferred to the plastic collapse
mode to model the plateau occurring under compressive loading
and Ashbyl| 1997, e.g.). Moreover, the cell walls are assumed to obey to the
rate independent elastic large strain Neo—Hookean constitutive law detailed

in [Appendix A] The rate-independence assumption will be discussed later

in this section.

5. Numerical results and discussions

In this section, the compressive curves of the foamed material are obtained
using the tetrakaidecahedron unit cell-based micro—mechanics approach de-
scribed in Section [4, The obtained numerical results are compared to the
experimental results provided in Section First the linear responses are
compared to discuss the influence of the imperfections on the homogenized
Young’s modulus of the foamed material. Then the full compressive curves,
including the plateau stage, are considered in order to demonstrate the ability
of the method to capture the non-linear large deformation behavior.
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Figure 18: A closed unit cell with p/ps = 0.065 combining the different imperfections:
the plateau border is characterized by ® = 0.6, hexagonal faces waviness by § = 3 and a
propagation direction along the x-axis, and the faces curvature by A = 0.17.

5.1. Homogenized Young’s modulus using the computational micro-mechanics
approach

5.1.1. Ideal unit cell model

Results obtained with the ideal closed unit cell model developed by
mone and Gibson (1998a) and with the open cell model developed by
et al.| (1997) are reported in Fig. [19|to verify the implemented computational
approach. Moreover, the figure compares the experimental results of the
foamed samples, see Fig. [7] to the predictions obtained with the tetrakaidec-
ahedron unit cell model for both the open cell case (& = 1) and the closed cell
case with constant cell wall thickness. As mentioned in the previous section,
on the one hand, the ideal tetrakaidecahedron unit cell model leads to an
overestimation of the real modulus, and on the other hand, the experimental
results are larger than the results given with the open cell model for the same
foam density, motivating the introduction of imperfections in the ideal unit
cell model.

5.1.2. Unat cell model with Plateau border

Figure illustrates the influence of the mass concentration factor @,
see Section on the homogenized Young’s modulus. When the value of
® increases, the obtained Young’s modulus progressively changes from the
value of the closed cell model to the value of the open cell model, at constant
relative density. If a high value of ® is used, e.g. ® = 0.8, a large reduction
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Figure 19: Prediction of the relative initial Young’s modulus of the foamed samples (de-
noted by E/E,): Comparison of the closed cell (without considering ®) and open cell
(®=1) results of the developed model with the tetrakaidecahedron closed cell model devel-
oped by Simone and Gibson! (1998a)) and the tetrakaidecahedron open cell model developed
by |Zhu et al.[(1997)). The experimental Young’s modulus measurements are also reported.

of the homogenized Young’s modulus is observed. This is explained as, in
this case, the material moves from the cell faces to the cell face junctions.
The Young’s modulus of the closed cell foams combines the effects from the
cell face stretching and from the cell edge bending. However, the reduction
of the stiffness of the cell face stretching is dominant for closed cell foams,
leading to a reduction of the homogenized Young’s modulus.

The influence of the concentration factor ® on the predicted homogenized
Young’s modulus of the foamed materials is depicted in Fig. in terms of
the relative density. The average experimental results are also reported. For
all the 4 %wt CNTs foamed samples, the average value of the experimental
results is comparable with the results of the computational unit—cell model for
values of ® in between 0.85 and 0.95. All the 8 %wt CNTs foamed samples
require larger values of ® —in between 0.95 and 1- to predict the correct
behavior. We known that the unit cell model works under the assumption
of the periodic micro-structure arrangement. When the CNT content and
the soaking temperature are increased, the cell disorder and imperfections are
also increased so that the use of the unit cell model becomes less appropriate.
Although modeling these imperfections with a high mass concentration factor
remains possible, it is more relevant to combine the unit cell model with
other imperfections as cell face curvature and cell face waviness. As it will
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Figure 20: Influence of the mass concentration factor ®. (a) Effect of the mass concentra-
tion factor ® on the homogenized Young’s modulus —F and F,¢ are the Young’s modulus
of the unit cell model for different values of ® and of the closed unit cell model with
constant cell wall thickness, respectively. (b) Comparison of the predicted homogenized
elastic modulus for different mass concentration factors ® and experimental results of the
current foamed samples.

be shown, this allows a smaller value of ® to be considered in order to predict
the correct homogenized properties of the foamed material.

5.1.3. Unat cell model with cell face curvature

The curved unit cell model described in Section [4.2.2]is considered using
the same shape factor A for both the hexagonal and square faces. As the
value rya 18 kept constant, the homogenized Young’s modulus depends on
the shape factor A and on the relative density p/ps, only.

Figure shows the influence of the shape factor A on the homogenized
elastic modulus for different values of p/ps. It can be seen that an increase of
the shape factor leads to a reduction of the homogenized Young’s modulus.
This point is explained by the significant reduction of both the axial stiffness
and flexural rigidity of the cell faces resulting from the increase of the cell
face curvature. This effect is more pronounced at the low relative densities.

The influence of the shape factor A on the predicted homogenized Young’s
modulus of the foamed materials is illustrated in Fig. in terms of the
relative density. The experimental results are also reported on the same
figure. Although values of A\ between 0.3 and 0.5 can be used to capture
the average results for the 4 %wt CNTs foamed samples, the 8 %wt CNTs
foamed samples would require a larger value of A (A > 0.5) to be correctly
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Figure 21: Influence of the shape factor A. (a) Effect of the shape factor A on the ho-
mogenized Young’s modulus —F and F\f are the Young’s modulus of the unit cell model
for different values of A and of the closed unit cell model with A = 0, respectively. (b)
Comparison of the predicted homogenized elastic modulus for different shape factors A
and experimental results of the current foamed samples.

modeled. However, it is more appropriate to combine the imperfections.

5.1.4. Unit cell model with cell face waviness

The cell face waviness is added on the hexagonal faces of the tetrakaidec-
ahedron. By using a fixed spherical cap characterized by A = 0.17. The
homogenized Young’s modulus depends on the number 6 of the waviness
period and on the relative density p/ps.

Figure reports the influence of the face waviness period number ¢ on
the homogenized elastic modulus for different values of p/p,. It is clear that
the homogenized Young’s modulus is reduced when increasing the number of
the face waviness period. For small values of 6 (6 < 3), the cell face waviness
leads to a significant reduction of both the axial stiffness and flexural rigidity
and, as a result, of the homogenized Young’s modulus. When 6 becomes
larger, 8 > 3, the homogenized modulus is less sensitive to the waviness
period number, and even starts to increase slowly when € > 4. Once more,
the effects are more important for smaller relative densities.

The effect of the shape ratio A, at constant face waviness period number,
0 = 1, is depicted in Fig. for a relative foam density of 0.065 which
corresponds to the NC4F1 case. The experimental results of the NC4F1
samples are also reported. This figure shows that the homogenized Young’s
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Figure 22: Influence of the waviness period 6 number. (a) Effect of the waviness period 6
on the homogenized Young’s modulus —F and FE,¢f are the Young’s modulus of the unit cell
model for different values of 6 and of the closed unit cell model with 8 = 0, respectively.
(b) Effect of A at constant § = 1 for the NC4F1 case.

modulus can be correctly captured by using a suitable value of # and \.
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Figure 23: Comparison of the predicted homogenized elastic modulus for different values
of 0 at constant value of A = 0.17 to the experimental results.

The effect of the waviness period number 6 on the predicted homogenized
Young’s modulus of the foamed materials is show in Fig. [23|in terms of the
relative density and for a constant value of A\ = 0.17. The experimental
results are also reported. In this case, all values of 6 overestimate the ex-
perimental results. To predict correctly the homogenized modulus, a larger
value of A should be used as demonstrated in Fig. 22b. Although all values
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of # and A can possibly be used, in the next paragraph the combination of
the imperfections is investigated.

5.1.5. Unat cell model with imperfections combination

As demonstrated in the previous paragraphs, each imperfection type
(Plateau border, cell face curvature, or cell face waviness) cannot be sep-
arately used with suitable parameters in order to accurately capture the ho-
mogenized Young’s modulus, unless the imperfection parameters are taken
at the higher end. These imperfections should thus be treated in a combined
form.

The homogenized Young’s modulus of the unit cell model is studied for
the following combinations of imperfections:

e A unit cell model with a relative density p/ps = 0.065, corresponding
to the NC4F1 foam samples, different Plateau border ® values, square
face curvature characterized by A = 0.17, and hexagonal face waviness
characterized by A = 0.17 and 6 = 3;

e A unit cell model with a relative density p/ps = 0.065, corresponding
to the NC4F1 foam samples, different Plateau border ® values, square
face curvature characterized by A = 0.28, and hexagonal face waviness
characterized by A = 0.28 and 0 = 1; and

e A unit cell model with a relative density p/ps = 0.082, corresponding
to the NC8F1 foam samples, different Plateau border ® values, square
face curvature characterized by A = 0.5, and hexagonal face waviness
characterized by A = 0.5 and 6 = 3.

The dependency of the homogenized Young’s modulus on & is reported
in Fig. [24h for two combinations of imperfections. It can be seen that
the two curves are almost similar. The obtained results are compared to
the experimental results in Fig. [24p. The results with the ideal closed
unit cell and open unit cell are also reported, and it can be seen that the
homogenized Young’s moduli are upper-bounded by the ideal closed unit cell
and lower-bounded by the open unit cell. When the Plateau border is used
in combination with the square face curvature and with the hexagonal face
waviness, comparable results are obtained in a large range of ® values (for
d < 0.8).

Figure [25] compares the predicted homogenized Young’s modulus for dif-
ferent Plateau border parameters ® with the experimental results of the
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Figure 24: Homogenized Young’s modulus of the NC4F1 foam. (a) Predictions with
different combinations of imperfections in terms of the Plateau border parameter ®. (b)
Comparison with experimental results.

NC8F'1 foamed samples. The results of the ideal closed unit cell and open
unit cell with the same relative density are also reported. As for the NC4F1
foamed samples, the homogenized Young’s moduli are upper-bounded by the
ideal closed unit cell and lower-bounded by the open unit cell, while good
predictions are obtained with the combination of imperfection for a large
range of values of ® (& < 0.8).

5.2. Large—strain uniazial compression behavior using a computational micro—
mechanics approach

Since the considered foamed samples possess a relatively low degree of
crystallinity (lower than 10%, see Tab. the collapse mode of the foamed
material results from the elastic buckling of the cell walls, (Gibson and Ashby;,
1997, e.g.), and the unit-cell compressive curves do not exhibit a strain soft-
ening part. Moreover, the buckling mode is defined by the imperfections
combination and the unit-cell response does not exhibit instabilities, snap-
back, nor bifurcation. Hence, a unit cell model can be used with appropriate
periodic boundary conditions Nguyen and Noels| (2014), to predict the com-
pressive response of the foamed material.

The compressive stress—strain curves obtained with the elastic large strain
Neo-Hookean constitutive model are reported in Fig. for a relative den-
sity of 0.66 corresponding to the NC4F1 samples and for the different mass
concentration factors ® of 0.4, 0.6, 0.7, and 0.8. The numerical tests are

40



0.03r

0.025
—&— NC8F1-experimental

0.021 -0-6=3,1=05
--=--= Open unit cell
” - ldeal closed unit cell
% 0.0151

| e SRR

0 0.2 0.4 0.6 0.8 1
[

Figure 25: Homogenized Young’s modulus of the NC8F1 foam: predictions with a combi-
nation of imperfections in terms of the Plateau border parameter ® and comparison with
experimental results.

performed up to the point for which self contact of cell walls occurs as the
contact phenomenon is not accounted for in this work. It can be seen that
the experimental results are close to the numerical prediction obtained for
the different values of ®. Figure 27|illustrates at different compression stages
of the unit cells with ® = 0.6 the distribution of the local relative equivalent
strain rate, ., defined by

b = S (18)

Txr

where Eeq is the local equivalent Green—Lagrange strain rat and where

Fop = agf’” is the macroscopic deformation gradient rate along the z-direction.

The value of F,, is controlled during the compression tests, while the other
components of the macroscopic deformation gradient tensor F follow in order
to obtain a uniaxial homogenized state. It can be seen in Fig. [27 that the lo-
cal equivalent strain rate has the same magnitude as the applied macroscopic
one (with a maximal factor about 1.7) at the different levels of compressive

5The local equivalent Green-Lagrange strain rate is computed from

) OF, 2
Eoy = 9 with E., = {/ =devESL : devEGL and ECT =
a ot 1 3

(FT-F-1),

N =

where F is the local deformation gradient.
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Figure 26: Compressive curves of the NC4F1 foam obtained experimentally and predicted
by the the unit cell model with imperfections combination (Plateau border, square face
curvature characterized by A = 0.17, and hexagonal face waviness characterized by 6 = 3
and A = 0.17).

strain —from -5% to -35%. As the experimental tests are performed at low
macroscopic strain-rates (~ 0.0017 /s) and as the local equivalent strain
rate remains close to the macroscopic one, the visco—elasticity effects could
be neglected in the simulations.

6. Conclusions

The compressive properties of PP /CNTs nanocomposite foams were stud-
ied by both an experimental and a numerical multi-scale approaches.

The PP/CNTs nanocomposites were prepared by melt mixing and ScCO,
was used as foaming agent to prepare nanocomposite foams at different soak-
ing temperatures. An increase of the soaking temperature led to an increase
of the pore size and of the volume expansion ratio, and to a decrease of the
cell density and of the relative density. DSC measurements were performed
on both the un—foamed and foamed samples, and it was shown that the
degree of crystallinity is reduced after the foaming process, yielding lower
mechanical properties of the foam cell walls.

On the one hand, three—point bending tests were performed on nanocom-
posite (un—foamed) samples to measure the flexural modulus for different
crystallinity levels. The values were found to depends on the degree of crys-
tallinity. On the other hand, uniaxial compression tests were performed on
foamed samples and different stress—strain behaviors were obtained due to

42



Relative Eq. Strain Rate Relative Eq. Strain Rate
o %

-0.05 0.825 17 -0.05 0.825 1.7
T — T —

(a) -5%-strain (b) -15%-strain

Relative Eq. Strain Rate Relative Eq. Strain Rate
o %

-0.05 0.825 17 -0.05 0.825 1.7
T — T —

(c) -25%-strain (d) -35%-strain

Figure 27: Distribution of the relative equivalent strain rate &, at different compressive
macroscopic strains —(a) -5%, (b) -15%, (c) -25%, and (d) -35%— for the NC4F1 foam
modeled by the the unit cell with imperfections combination (Plateau border ® = 0.6,
square face curvature characterized by A = 0.17, and hexagonal face waviness characterized
by 6 =3 and A = 0.17).

the different micro—structure characteristics, micro—structure imperfections,
and to the different degrees of crystallinity.

Since the cell wall thickness of the nanocomposite foams is of the um
order, direct measurements of their mechanical properties was not possible.
Instead, a simple theoretical model, in which the Young’s modulus of the
cell walls is estimated from their degree of crystallinity and CNTs content,
was proposed. The applicability of this model was demonstrated through
experimental data, either provided in this paper or from the literature. The
Young’s modulus of the cell walls was then estimated from the measured
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degrees of crystallinity of the foamed samples.

A tetrakaidecahedron unit cell-based computational micro-mechanics mo-
del was then developed to estimate the homogenized properties of the nano-
composite foamed material. Several sources of imperfections were considered
in the model: a mass concentration factor & characterizing the presence of
more material in the cell junctions than in the center of the cell walls, a
curvature of the cell face controlled by the shape factor A\, and a cell face
waviness of period number #. The numerical results showed that the differ-
ent parameters have an effect on the homogenized properties, mainly at low
relative densities. The homogenized Young’s modulus of the linear response
was then estimated using this computational micro-mechanics model. It was
shown that by considering the imperfections combined altogether, a value of
® in between 0.4 and 0.8 gives a good prediction compared to the experi-
ments for the 4 %wt and for the 8 %wt CNTs foamed samples. Finally the
overall non—linear compressive stress—strain curves of the foamed material
were obtained by using a large strain elastic setting. The numerical predic-
tion was shown to be in good agreement with the experimental data during
the elastic response and the plateau stage.

In a future work, a more reliable geometry of the foam micro—structure
will be obtained from tomographical images. A visco—elasto—plastic constitu-
tive law can also be used to model the cell walls and self contact phenomena
of the cell walls can be accounted for so that the overall stress—strain curve
can be extended to the densification regime.

Appendix A. Neo—Hookean hyperelastic constitutive model

Under large deformations, the material constitutive model is based on
the strain measure and on an elastic potential function of its work—conjugate
stress. In case of a Neo-Hookean model, the deformation gradient F is chosen
as the strain measure with its Jacobian J = detF satisfying J > 0. Its
energetically conjugate stress is the first Piola-Kirchhoff stress P, and the
elastic potential is defined as

U <J, C) — glogQ J+g (tr (c) - 3) , (A.1)

where K = :s(TEm/) and p = T]iu) are the bulk and shear moduli of the

material, with the Young’s modulus £ and the Poisson ratio v, and where
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C = C/J%, with the right Cauchy tensor C = FTF. Note that the de-
fined elastic potential can only explicitly depends on the elastic deformation
through the right Cauchy tensor C. The first Piola-Kirchhoff stress is thus
given by

ou H 1 -7 -T
P = 2F—~=—=|F—=-tr(C)F Klog JF A2
S6 =t [P g ©F 7| ¢ KlogsP T, (A2
and the Cauchy stress can be computed by

1 1
o = ~PFT =L {FTF — ~tr (C) I} + Klog JI. (A.3)
J Js 3
This material model can be compared in small deformation to a Hooke’s law.
Indeed, the small strain assumption leads to

C=F'F~FF" ~2 +1, (A4
logJ ~ tr(e), and (A.5)
J=1.

where € is the small deformation tensor. Thus Eq. (A.3]) reduces to

2
o= (K - §M) tr(e) I+ 2ue, (A7)
that exactly expresses the Hooke’s law in the case of elastic small strains.
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