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Abstract

Poroelastic models are constructed based on a set of physical parameters
known as the Biot’s parameters (for isotropic materials these are comprised
of 5 non-acoustical parameters and 4 mechanical parameters). These macro-
scopic properties are inter-correlated and dependent on the microstructure
of the foam. Therefore, to optimize vibroacoustic behavior, the correlation
between foam microstructure and macroscopic properties is needed. In this
study, the effect of closed windows content (known as reticulation rate), cell
size, and relative density on the mechanical properties of polyurethane (PU)
foam are numerically studied using an isotropic, tetrakaidecahedral unit cell.
Then, an existing analytical model that correlates unit cell microstructure
properties (thickness and length of struts) of fully reticulated foams to their
mechanical properties is extended numerically. The membrane thickness is

considered to be thinner at the center and larger at the edge of the window.
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The ratio of membrane thickness to strut thickness is either considered to
be fixed or variable. Results show that the Young’s modulus and Poisson’s
ratio of unit cells with smaller cells size, when relative density is fixed, are
more affected by closed window content.

Keywords: Polyurethane foam, Mechanical properties, poroelastic, Biot’s

parameter, Micro-Macro model, Reticulation rate.

1. Introduction

The skeleton of porous materials can be modeled as elastic, rigid, or
limp (Allard and Atalla, 2009). Propagation of waves in elastic porous me-
dia, e.g. polymeric foams, is described by Biot-Allard’s theory (Allard and
Atalla, 2009; Biot], 1956a,b)). Porous media with rigid frames (e.g. metal
foams) and limp frames (e.g. soft fibrous) can be modeled using the same
theory under specific assumptions which lead to simplified equations (Allard
and Atallal [2009). Two classes of characteristic parameters are needed to
describe the porous media in Biot-Allard’s model. First, non-acoustic pa-
rameters: porosity ¢, thermal characteristic length A’, viscous characteristic
length A, flow resistivity o, and tortuosity « which are used in Johnson-
Champoux-Allard’s (JCA) semi-phenomenological model (Allard and Atalla,
2009; Champoux and Allard} 1991} [Johnson et al., |1987). Second, mechani-
cal parameters, in the case of isotropic material, are: bulk density p, Young’s
modulus F, loss factor n, and Poisson ratio v. It is well known that the
mechanical and non-acoustical properties are inherently dependent on the
microstructure properties of porous media. Hence, a clear understanding of

the correlation between the microstructure and acoustical behavior of the



foam is of utmost importance in the design and optimization of such foams.
So far, the correlation between microstructure and non-acoustical parameters

of foams with different internal structures has been studied by four different

approaches: analytical (Allard and Atalla, 2009), scaling laws (Allard and
'Atalla), 2009 Doutres et al, 2011}, [2013; |Gibson and Ashby, 1999} |Goransson,
2006} [Perrot et al., [2007b)), numerical (Hoang et al., 2014} [Perrot et al.,[2008|
2007a; Redenbach et al., 2012; Roberts and Garboczi, 2001), and empirical
methods (Cummings and Beadle, [1994; Kino and Ueno| [2008; Jang et al.,

2015).

The internal structure of most porous material, such as highly porous

polyurethane foam, is too complicated to be studied quantitatively. There-
fore, a representative volume element (RVE) which is the minimum volume

portion of a lattice containing the microstructure of the lattice and represent-

ing the behavior of the lattice, is considered (Li et al.,2003; Thiyagasundaram|
et al [2010). The RVE in idealized PU foam is a tetrakaidecahedral unit cell

which is periodic in a lattice. The microstructure properties of PU unit cell
are: geometrical properties of strut (strut cross section shape and material

distribution along the strut), thickness ¢ at the center of struts, length of

struts [, reticulation rate R, (defined by (Doutres et al., |2011)) as the ratio

of the area of the open windows to the area of all windows which are placed
on the same plane), cell size Cj, and relative density p, ( that is defined as
the ratio of unit cell density to cell constituent material density p/ps, and it
is related to porosity with ¢ =1 — p,.).

The microstructural properties of tetrakaidecahedral unit cells are charac-

terized using two-dimensional (2D) images obtained from a scanning electron



microscope (SEM) (Doutres et al., 2013, [2011) (see Figure|lh and b) or using

three-dimensional (3D) images obtained from micro-computed tomography

(uCT) (Jang et al. 2010; Perrot et al., 2007bj [Veyhl et al. 2011) (see Fig-

ure ) Based on the morphology of PU foams, the microstructure of these
foams with low relative density can be idealized by a lattice of repeating unit
cells as shown in Figure[Id. Two kinds of Kelvin (after Thomson! (1887)) unit
cells are commonly considered in mechanical behavior studies (Gong et al.|
2005; Hoang et al. 2014; [Li et al., |2003). In this study, the tetrakaideca-

hedral unit cell, shown in Figure [T, is called KC1 and the other unit cell,
Figure [If, is named KC2. The correlation between the microstructure prop-

erties of foams with a tetrakaidecahedral unit cell shape and their mechanical

properties has been studied by (Dawson and Shortall, 1982} Gong et al., 2005}
Li et al.| 2003} Millsl, 2007; [Shivakumar et al., [2011}; [Sullivan and Ghosn|, [2009;
Sullivan et al., 2008; |Zhu et al., 1997)). Previous studies can be mainly clas-

sified according to their assumptions on (1) deformation mechanisms (e.g.

bending, axial, shear, or torsional deformation)

Zhu et al.| (1997) presented analytically the correlation between the Young'’s

modulus and relative density by considering that the deformation is caused
by the bending and twisting in struts of tetrakaidecahedral unit cells. It was
shown that the contribution of transverse shear forces and axial forces has

the same order of magnitude as the effect of torsional deformation and ac-

cumulated mass at vertices (Li et al., 2003). Gong et al.| (2005 analytically

developed a micro-macro correlations for mechanical properties of fully retic-
ulated PU foams considering all deformation mechanisms, non-uniformity in

distributed mass along the strut with plateau border cross section, and the



Figure 1: Lattice of PU foams (a) SEM photo (R,, = 100%). (b) SEM photo (R, =
27%)(c) X-Ray micro-tomography. (d) Idealized repeated unit cell. (e¢) KC1 (tetrakaidec-
ahedral unit cell) (f) KC2.



accumulated mass at the vertices. Two analytical models for unit cells with
a uniform strut cross section and accumulated mass at the corners have been

presented by |Sullivan and Ghosn (2009) and [Sullivan et al| (2008). In the

former study, the deformation was because of axial and bending loads. While

in a later study, shear effect was considered to be the only deformation mech-

anism. Later, Jang et al.| (2008) modified the relations presented by Gong

for struts with circular or triangular cross sections. This modified model is

referred to by Gong and Jang’s model in this study. [Maheo et al.| (2013)

showed that the Young’s modulus is more influenced by bending rather than
shear, axial, and torsional deformation. An overestimation in predicted stiff-
ness occurs by neglecting one or more deformation energies in the analytical
model.

Analytical relations were found in good agreement with Finite Element

(FE) modeling of an idealized unit cell presented (Gong et al., 2005; [Jang

et all [2008; Li et al), 2003; Zhu et al., [1997). However, because of mi-

crostructure idealization, the analytical and the FE models were found to

underestimate the Young’s modulus when compared with experimental mea-

surements (Gong et al., 2005 |Jang et al) 2008). Therefore, empirical meth-

ods have been used to modify the relations based on idealization in geom-

etry (Gong et al.| 2005; |[Jang et al. 2008} [Zhu et all [1997). In some stud-

ies, the distribution of materials were considered to be uniform along the

struts (Hoang et al., 2014; Li et al., 2003; Thiyagasundaram et al. 2010}

Zhu et all [1997), and in others, the accumulated mass at vertices was ne-

glected (Li et all 2003} |Sullivan and Ghosn, 2009; Sullivan et al., 2008). Nu-

merical methods were mainly used to investigate the effect of non-uniformity



in cross sections, modified mass at vertices, or closed windows (Jang et al.|
2008; [Lu et al. 2011} [Zhou et al. 2002). The non-uniformity in the strut

cross sections thickness was found to have more impact on the elastic moduli
than the shape of the cross sections (circle, triangle, and plateau border)
and it was reported as the reason for increase in the Young’s modulus
et all, 2005; [Jang et all 2008} [Kanaun and Tkachenko|, 2007; [Thiyagasun-|
daram et al., 2010)).

The mechanical models which are based on an idealized characteristic
periodic unit cell (PUC) do not account for the cell irregularities that are
typical of most foam structures. The influence of cell irregularity on mechani-
cal properties of open-cell PU foam has been studied numerically by modeling
the lattice (known as the Voronoi model) using the FE method (Gan et al.|
2005} [Jang et al, [2010], 2008}, Kanaun and Tkachenko, [2007; [Li et al., [2006;
Zhu et al., 2000). To capture the behavior of the foam, at least 6 cells per

edge are needed to model the lattice. This number increases to 21 cells per
edge as irregularities increase. Modeling a Voronoi cell with a minimum of 6

cells per edge by using solid elements is difficult and computationally inten-

sive. Therefore, a lattice was modeled by beam elements (Zhu et al., 2000).

Reported results show that an increase in non-regularities results in an in-

crease in the Young’s modulus (Li et al., 2006} |Zhu et al. [2000)). It is worth

mentioning that the influence of strut thickness non-uniformity is found less
important than the effect of cell irregularity on the Young’s modulus of the
foam. Therefore, numerically periodic unit cell models are not as reliable as
Voronoi models but are computationally less expensive.

Mechanical properties of either polymeric or metallic cellular materials



with tetrakaidecahedral unit cell while all the windows are completely closed
have also been studied (Redenbach et al. [2012;|Jang et al.,[2015; |Chen et al.|
2015; |Andersons et al.| 2016). Reduction in Young’s modulus by increasing
variability in cell size (Redenbach et al., 2012) and non-uniformity in cell
wall thickness (Chen et al., 2015) are pointed out in the closed cell related
numerical studies. In the latter study, it is assumed that at least 10% of
windows remain open and unit cells stay interconnected through the open
parts of windows. The closed window is known as a defect in the manu-
facturing process of open-cell AL foams. The impact of closed windows on
mechanical properties of the Aluminum (AL) foams was analytically studied
by using cubic cell models (Zhou et all 2002) and numerically investigated
for tetrakaidecahedral unit cells when the struts have a circular cross sec-
tion (Jang et al., 2008, 2015} [Lu et al) 2011). In these studies, windows of
the unit cell are considered as either binary opened or closed (these windows
are referred to here as binary reticulated). In Jang’s and Lu’s studies, it is as-
sumed that the square windows have the same chance as hexagonal windows
of being closed and the thickness of the closed windows is the same as the
strut thickness. In addition, the relative density is kept the same as the open
cell model (Lu et al., 2011). Therefore, less solid material is distributed to
the struts of closed cells and, in consequence, the Young’s modulus decreases
as the percentage of closed windows increases. The Young’s modulus of com-
pletely closed pore cellular material as a function of the relative density of
the foam was studied by [Jang et al.| (2008]), |Lu et al.| (2011)), and [Zhou et al.
(2002]).

The membrane impact on relative density of highly porous PU foams,



the same PU foams used in this study, was shown negligible by Doutres
et al.| (2011). However, the relative density p, is affected by closed mem-
brane content, when p, > 0.15, in Robert’s model (Roberts and Garboczi,
2001). Elastic stiffness of four PU foams with different close pore content was
reported by Zhang et al. (2012)). Their results show that fully closed-pore,
with p, = 11.6%, is 92.6% stiffer than fully-open windows PU foam. The
effects of closed windows on the Young’s modulus and the non-acoustical
properties of two PU foams with different porosity were studied by Hoang
et al.| (2014). In their model, the foams’ lattices are idealized by periodic
unit cells. The struts have a circular cross section with uniform thickness
along the length and spherical accumulated mass at the corners. The thick-
ness of the membrane closing the windows is constant and the windows are
partially reticulated. Solid elements are used to model the different unit cells
including the membranes. The FE results were compared with experimental
results obtained from static compression tests. To capture the mechanical
properties of the foam, it was assumed that unit cells with cubic symmetry
have random orientations for isotropic foam. A 164% increase in Young’s
modulus, because of the presence of membrane, was reported for PU foams
with 93% porosity, 9% reticulation rate, and 2um membrane thickness. This
increase in the Young’s modulus reaches 296% when the thickness of the
membrane is increased to 10um. The effect of the reticulation rate and
membrane thickness on the Young’s modulus of the foam with 97% porosity
was reported as 768%, and 1244% where the membrane thicknesses are 2um
and 10um respectively. In spite of these results, to the best of our knowledge,

the impact of closed membrane content on Poisson’s ratio and expressions



describing the correlation between microstructure properties and mechanical
properties haven’t been presented.

As mentioned in this section, the major number of previous micro-macro
correlation studies on PU foams have been based on either fully reticulated or
fully closed PU foam. The partially reticulated PU foam studies have not ad-
dressed a correlation to predict impact of closed pore content on mechanical
properties of PU foam. In this study, not only the effect of reticulation rate
but also cell size and relative density are numerically studied and used to ex-
tend an existing micro-macro model that correlates unit cell microstructure
properties of fully reticulated foams to their mechanical properties. Hence,
based on the range of relative density, cell size, and reticulation rate, obtained
from microstructure characterization using SEM photos, different configura-
tions of the KCI unit cell is modeled numerically in Section 2] The models
are categorized based on two sets of relative densities, three different cell
sizes, and six reticulation rates (an example of when relative density is fixed
and different configurations can be created by a combination of different cell
sizes and reticulation rates is shown in Figure . In section , the Young’s
modulus and Poisson’s ratio are identified by performing a compression and
a shear numerical test for each configuration. The modified micro-macro
correlation are presented to add the impact of reticulation rate, cell size, and
relative density into the Gong-Jang’s analytical model. In Section [3.2] quasi
static tests are used to corroborate the validity of the proposed expressions
and show the effect of closed membrane on the Young’s modulus of PU foams

with different microstructure properties.
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Figure 2: Unit cells with three cell sizes and six reticulation rates.

2. Mechanical properties of Unit Cell

2.1. Numerical model for unit Cell

Since KC1 provides a higher number of windows (8 quadrilateral and 8
hexagon), it is preferred to study the impact of reticulation rate on mechan-
ical properties of PU foam. This is of value for reticulated windows since a
wider range for reticulation rate is reachable. In most cases, non-isotropic
properties are expected since the cells are elongated in the rise direction due
to the foaming and rising process. The focus of this work lies on the im-
pact of the membrane closing the windows. Hence, the degree of anisotropy,

which is defined as the ratio of the maximum height of cells to the lateral

dimensions, is taken equal to one (Doutres et al., 2011} (Gibson and Ashby),
11999; Ridha and Shim| [2008). The geometry of the unit cells are created in
SOLIDWORKS-(Dassault Systemes) and FE models are solved in Abaqus
6.14-2-(Dassault Systemes). The quadratic tetrahedron (type C3D10) ele-

ment is selected for struts and vertices. To impose the periodic boundary

11
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Figure 3: Methods used to create different reticulation rate. (a) Removing a fraction of the

surface of all membranes (Hoang et al.l 2014)). (b) Pores are binary open or close (Doutres

let all [2013] [2011)). (c) Variable membrane thickness is modeled using shell elements.

condition (PBC), the mesh patterns on the left, bottom, and front sides are
copied to the right, top, and rear sides of the unit cell respectively.
Reticulation rate should be defined as the ratio of the area of the open
windows to the area of all windows when a 3-dimensional unit cell is used in
numerical modeling. The pore of unit cell can be either proportionally
reticulated by opening a ratio of the membrane or binary reticulated (the
windows are fully opened or fully closed) as shown in FigureB a & b respec-
tively. In this study, the windows are proportionally reticulated (Figure[3 a)
because the cubic symmetry condition is not valid when a unit cells carrying
binary reticulated windows. The membrane thickness is assumed to be vari-
able as shown in Figure [3| c. Shell elements (linear quadrilateral S4R) are
used to assess the membrane effect. In the literature, the measured values
for the constituent material (struts) mechanical properties are scattered over

a wide range ([2 — 69] M Pa)(Gibson and Ashby, [1999; Gong et al., 2005}

Jang et al) 2008)) due to measurement uncertainties. This study uses the

mechanical properties measured by Gong et al.| (2005) as listed in Table

12



Material properties of the constituent material(Gong et al., 2005)

Density, ps, kg/m? 1190
Elastic modulus, E, Pa 69¢6
Poisson’s ratio, v, 0.49

Table 1: Material properties of the struts

2.2. Periodic boundary condition

In the following, Young’s modulus and Poisson’s ratio of unit cells are
numerically identified by a compression and a shear deformation test. Based
on loading type, appropriate periodic boundary conditions are applied to
the nodes placed on boundary surfaces of the unit cell. Displacement of
coincidence nodes placed on parallel boundary surfaces in the compression

test is written as (Xia et al., 2006):

H—u = EikAfL’ia (1)

u;

where 7,7 = 1,2,3, and superscripts +j and —j stand for the jth pair of
two opposite parallel surfaces of the unit cell (in directions + & —). Axi =
(27 — x,7) are constants for each pair of the parallel boundary surfaces.
Therefore, the right side of the equation will be constant for specified €;;.

As an exapmle, the imposed PBC to the unit cells subjected to a normal

13



compression test (€2) are:

(2)

for nodes belonging to the right, left, front, and rear faces. And, each pair of
nodes placed on top ([0, 1,0]) and bottom ([0, —1, 0]) planes are constrained

as:

where Cj is the cell size (Az3). These constraints are imposed to the unit
cells. The PBCs for the shear test are defined based on deformation gradients
Yij = Wij; + uj;. Here, only u, ; is applied. Therefore, two sets of BCs are
applied simultaneously as shown in the following (Thiyagasundaram et al.)

2010)):

(w7 = u;?) =7;;Cs,
+i —i )
(uj* —u;")=0.
where 7;;is the shear strain. The periodic boundary conditions (Equa-

tions |1 and @) are applied on boundary surfaces of the unit cell by using
constraint equations in Abaqus. To do so, the boundary mesh pattern of a
master surface is copied on the opposite boundary surface of the RVE (see

Figure 4) and then, mesh is generated [Storm et al.| (2015).

14



Boundary mesh pattern
is copied

Figure 4: Boundary mesh pattern of a master surface is copied on the mirror surface.

2.3. Derwation of the elastic constants

In this section the procedure of deriving linear elastic properties of the

unit cell is detailed. The tetrakaidecahedral unit cell KC1 with partially

reticulated membrane shows cubic symmetry. Therefore, the elastic tensor

is defined by three independent elasticity components: Cyq, Ca, and Cyy.
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. where, A and p are Lamé constants. Therefore, C'yy = p is derived
using a shear test together with associated periodicity conditions presented
in Equation [4| and a compression test (PBCs defined in Equation (1)) results
in longitudinal modulus C';, and C5. Mechanical properties are calculated

as shown in the following:

3. Results

3.1. Impact of closed-windows on the mechanical properties

Before adding membrane into unit cells, mechanical properties of a fully
reticulated R,, = 100% unit cell obtained from numerical calculations are val-
idated by comparison with the Gong-Jang’s analytical models (Equations m
& . It should be mentioned that Equations |7| and |8 are simplified for the
case unit cell is isotropic.

E ($)C1 CA(})*

B, C1+2 CiCaC5(05 + B(1+ ) (1) (7)

1 [ C—CiC40y (1)
V:§ 2 (8>
Cy + C1CAC, (1)

where C; = 0.1338, Cy = \/Z3>—7T/2, and 3 = 1.24 are geometrical constants
for plateau border cross section shape of the struts. C; = 0.0168241 and
Cy = 0.654375 are dependent on the distributed material along the strut

16



thickness. They are explained in the Gong and Jang’s study (Gong et al.,
2005} |Jang et al., 2008). As shown in Figure|5|a & b, SEM photos are used to
measure the distribution of material along the strut, strut length (Figure[5|c),
and strut thickness (Figure [5{d).

Indeed, the micro-macro models presented in Equations [7] and [§] depend
on microstructure properties of Gong and Jang’s model (ratio of strut length
to thickness, strut cross section shape, and non-uniformity of strut thick-
ness). Morphology of the studied PU foams, using SEM photos, shows high
variability in the ratio of strut length to strut thickness. The variability is
associated with anisotropy which is a consequence of elongation in the rise
direction during the foaming process. Wide normal distribution for [/t re-
sults in divers prediction of Young’s modulus. Hence, the mean value of
[/t of each PU foam, before being used in either Equation [7| or Equation ,
is validated through comparison of the porosity estimated using Equation [J)

and experimental measurements. Therefore, the model presented by |[Doutres

et al.| (2011) is recalled here:

b=1-p =1 2B (1 o)

A fully reticulated unit cell when cell size is fixed to Cs = 600 x 107%(m)
and [/t = 3.0, that results in p, = 2.6%, is considered to compare the
numerical and analytical predictions. Properties of the constituent strut
material of unit cells are listed in Table [ Results show that numerical
model (E/E; = 0.14% and v = 0.43) captures accurately the predicted result
obtained from analytical Gong-Jang’s model (F/E; = 0.13% and v = 0.43).
The reasons for small differences between the analytical model and FE models

can be attributed to limitations in CAD models to create the exact profile
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Figure 5: The SEM photos of the struts to show the variation of cross section area of the
strut in studied PU foams. (a) PU1, (b) PU14, (c) length of strut used in FE model, and
(d) strut thickness at the center of strut.

for struts, removing the exact amount of material at the corners in numerical
models, and difficulties in determining deformation energies at the vertices in
the analytical model. In the following, the numerical model will be modified
in order to account for the presence of membranes closing the pores and its
results used to propose an augmented Gong-Jang’s model (Equations m and
B).

The tetrakaidecahedral unit cells KC1 with different reticulation rate,
cell size, and relative densities are considered to identify the effect of cell
properties on mechanical properties of a lattice of PU foam. It is worth men-
tioning that different reticulation rates are provided numerically by closing a
fraction of windows as shown in Figure Ba. In the first set of numerical cal-
culations, the membrane thickness is fixed in all models. Therefore, the ratio
of membrane thickness to the strut thickness is reduced by increasing the

cell size (relative density is fixed [/t = constant, therefore thickness of strut

18



t increases as cell size increases, Cy = 2/ \/5) Measurements show a slight in-
crease in membrane thickness at struts edge vicinity. Membrane thicknesses
at the center and near the strut edges of a studied PU foam (PU5) are mea-
sured using SEM photos as t,,0 = 2.1 £ 0.45(um) and ¢,,; = 3.0 £ 0.40(um)
respectively. Therefore, the nominal values of the membrane thicknesses are
considered in the first set of numerical models. The associated results are
shown in Figure [6]

The Young’s modulus and Poisson’s ratio are numerically calculated using
the approach of Section [2.3] Figure [6] shows the impact of variation in unit
cell properties on mechanical properties of the PU foams for the first set
of calculations. In Figure |§|, FEi00 (v100) stands for the Young’s modulus
(Poisson’s ratio) of fully reticulated PU foam, Eg, (vg,) is the Young’s
modulus (Poisson’s ratio) of partially reticulated PU foam, and vertical axis
presents the impact of adding membrane on mechanical properties. The unit
cells relative density are fixed to p, = 2.6% in Figures[6p & c (or I/t = 3.0),
while Figures [6b & d present the results when p, = 3.6% (I/t = 2.6). As
shown in Figures [6] the impact of reticulation rate on mechanical properties
of PU foam increases as cell size decreases. In other words, for a fixed relative
density, cell size reduction results in decrease in strut thickness. Therefore,
the ratio of membrane thickness to strut thickness increases. The same trend
can be observed for relative density. The maximum reticulation rate effect
on Young’s modulus and Poisson’s ratio, when unit cell size and reticulation
rate are minimum, reach 300% and 25.0% respectively. It is also shown
in Figure [6b that, for relative density p, = 3.6%, the cell size impact on

mechanical properties of the foam when reticulation rate is larger than 85% is
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very low. Comparing mechanical properties at fully reticulated points (R, =
100%) indicates that, as long as relative density remains constant, mechanical
properties of unit cell are independent from cell size. Computational results
point out that the impact of closing windows on the Young’s modulus is
additive while this effect on Poisson’s ratio is subtractive. This means that
adding membrane to the windows results in a higher Young’s modulus and
lower Poisson’s ratio in comparison with fully opened windows.

Using results presented in Figure [6] the following two relations are pro-

posed to predict the impact of cell microstructure properties on its mechanical

properties.
AE 1\%% /1
= 6.6263¢ — 4 (—) (—) Ruw? — 1.8104e
100 Cs Pr (10)

11065 71\ 15 1\07 /1 \ 17
—4| = — R 2.4982¢ — 5 | —
(@) () meees(a) (5)

0.25 0.2
£:—<o.0122 (i) <i> R
V100 Cs Or
1 0.35 1 0.3 1 0.45 1 0.4
—0.0123 ( = - 0027 [ = =) ).
0.0 3(@) <p) Ruw + 0.00 7(@) <p)

where, AE = (Egr, — F100), Av = (vg, — V100), reticulation rate R, can
be 10 < R, (%) < 100, and Cj is cell size (m). The predicted difference
(dashed lines in Figure @ show that Equations & capture the FEM

(11)

results. Relative density is related to strut length and thickness as mentioned
in Equation @ The cell size is equal to Cs = Alv/2, where A = 2 for isotropic
unit cell. For PU foams considered in this paper, Doutres et al.| (2013) found
constant A = 2.33 £+ 0.36 very close to the isotropic unit cell. The relative
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modulus while (c¢) and (d) show the impact of reticulation rate on Poisson’s ratio. The
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dashed line shows predicted results using Equations [0 & [T}
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Figure 7: The ratio of membrane thickness to the strut length remains constant for two

cells with different cell sizes and fixed ratio of 1/t.

Young’s modulus and Poisson’s ratio of partially reticulated PU foam are
calculated using Equation and Equation |11 FEi99 and vq99 calculated
using Equations [7] and [§] respectively.

In the second set of numerical calculations, the ratio of membrane thick-
ness to strut thickness is fixed and it is assumed to be the same as PU5 that
is 4.2% at edges and 3.1% at center. Figure [7| shows the results when the
ratio of membrane thickness to strut thickness remains unchanged but cell
size varies. As depicted here, for cells with the same relative density, the cell
size impact vanishes when ratio of membrane thickness to strut thickness is

kept constant. It should be mentioned that the ratio (I/t) is fixed.
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3.2. Validation
3.2.1. Ezxperimental setup:

Impact of the reticulation rate on the mechanical properties of PU foams
is investigated experimentally by performing compression tests at low-frequency
using a quasi-static method (QMA) (Langlois et al., 2001). In this method,
at least two cylindrical samples with different shape factors (the ratio of half
radius to thickness of the sample) are used. The samples are placed between
two rigid plates with non-slippery surface conditions. A small amplitude,
sinusoidal compression is imposed and the reaction force is measured. Based
on the method proposed by [Langlois et al.| (2001), the Young’s modulus and
the Poisson’s ratio are measured. To avoid non-linearity effects, a maximum
static strain of 2% is applied to the samples while dynamic strain is 0.02%.
The Young’s modulus of 20 PU foams is measured using the QMA method
and results are listed in Table 2] Furthermore, reticulation rate R, cell size
(s, and ratio of [/t are characterized using SEM micrograph. Porosity ¢ is

measured using the method presented by [Salissou and Panneton, (2007)).

3.2.2. Comparison of experimental and numerical results

Results obtained from numerical investigations are compared with exper-
imental measurements. To do so, twenty PU foams, listed in Table [2, are
classified into four groups based on the cell size. Group A represents PU
foams with cell size within Cs = 655 £ 58(um). Group B includes foams
with Cs = 761 £ 78(um), Group C foams with C5 = 1247 4+ 103(um), and
Group D foams with Cs = 1562 4+ 124(um). The first column in Table
indicates the group that each foam belongs to. Experimental measurements

corroborate the numerical results in such a way that reticulation rate impact

23



Group | Foam | R, (%) | Cell size (um) I/t ¢ (%) | Eqma(kPa)
A PU1 100 680190 3.24£1.2 | 95.1+1.8 250+10
A PU2 100 650£40 2.8+£0.9 | 97.2£1.8 274+20
A PU10 100 671+80 3.24+0.9 | 96.8+1.8 301+14
A PU11 100 66540 2.5£0.9 | 95.94+1.8 221410
A PU16 100 540£40 3.2+1.3 | 95.5£1.8 248+11
A PU14 100 689135 3.3£1.0 | 96.4+1.7 229412
A PU12 86 681150 2.8+1.0 | 94.8£1.7 282422
A PU7 27 671£68 3.1+£1.2 | 96.7£1.8 465425
B PU6 100 750480 2.841.0 | 96.1+1.8 240+15
B PU15 100 727484 3.2£1.0 | 95.1£1.8 223+14
B PUb5 38 730451 2.940.9 | 95.6+1.8 295+18
B PU18 28 878+93 3.0+£1.0 | 97.4+£1.7 313+13
B PU13 20 722+80 2.6+0.9 | 94.4£1.6 368+40
C PU19 100 1190+£122 3.4+1 | 96.4+1.8 23518
C PU20 100 1352163 3.0+£1 | 96.1+1.8 227£12
C PU17 11 1200+£115 2.7£1.1 | 96.3+1.8 323132
D PUS 100 14504150 2.8+0.8 | 97.0£1.8 284+19
D PU9 100 13504150 3.2+1.0 | 96.4£1.2 260£05
D PU3 30 17004100 3.8£1.2 | 94.5+1.9 272418
D PU4 31 17504100 3.3+1.1 | 94.9+£1.7 274£17

Table 2: Reticulation rate, PUC properties, and Young’s modulus of PU foams.
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on the Young’s modulus has increased by reducing the reticulation rate. In
addition, the impact of closed pore content decreases when cell size increases.
To compare with Equation 10} cell size, relative density, and reticulation rate
are needed. An average relative density and cell size is thus used for every set
of foams in Equation[I0} It should be added that the maximum ratio of mem-
brane to strut thickness is 4% when membrane thickness is tm1 = 3um and
strut thickness is t = 70pum. Results show that, apart from foam in group D,
Equation [10|is able to capture the effect of added membrane on the Young’s
modulus. However, the difference is related to the uncertainty and variability
in microstructure properties of studied PU foams and experimental measure-
ments of Young’s modulus. Measurement of membrane thickness and its con-
stituent material properties are added to the possible origins of discrepancies
when PU foams are partially reticulated. The predicted Young’s modulus
of foams in Groups A, B, and C are commonly overestimated. This can
be explained as unit cell idealization results in more flexible representative
unit cell structures. Therefore, membrane closing the windows plays a more
important role in the stiffness of the unit cell. In addition, uncertainties on
constituent material and experimental measurement such as imposing static
compression using the QMA method affects the Young’s modulus (Geslain
et al., [2011)) are other reasons for difference in prediction and experimental
measurements. It should be mentioned that, because of a lack of accuracy in
the used experimental measurements, results of experimental measurements

of Poisson’s ratio have not been reported here.
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4. Conclusion

The Biot’s parameters are inter-correlated and are microstructure-dependent.
There is, in consequence, a need for the development of links between the
cellular structure of the foams and the Biot’s parameters before realisti-
cally using these models for material-level optimization. In this sense, a
microstructure-based model has been developed by Doutres et al. (2013,
2011) to link the microstructure (thickness and length of struts and the closed
windows content) of polyurethane foams to their non-acoustical parameters.
An analytical relation which correlates the macroscopic mechanical proper-
ties of fully reticulated PU foams into their microstructure parameters has
been presented by |Gong et al.| (2005) and |Jang et al.| (2008). In this study,
the latter model is augmented numerically to account for the effect of retic-
ulation rate, cell size, and relative density on the mechanical properties of
PU foams. The membrane thickness is considered to be variable. Results
show that the impact of closed pore content on mechanical properties of the
PU foam reduces by either increasing the cell size or relative density of the
foam. In addition, the Young’s modulus of the foam increases by closing a
greater portion of the windows while the Poisson’s ratio decreases for the
same amount of variation in closed pore content. Anisotropy in PU foams
results in an increase in variability in ratio of the strut thickness to the struts
length. Therefore, the ratio of struts thickness to the length should be av-
eraged over all struts using SEM photos. Micro-structure properties and
Young’s modulus of 20 PU foams are characterized using SEM photos and
QMA measurement respectively. Results show that the predicted effect of

reticulation rate on the Young’s modulus is qualitatively in accordance with
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the measured Young’s modulus.
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