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Owing to their favorable balance of mechanical performance, lightness, and cost-effectiveness, polymer foams
are the material of choice in numerous structural applications, where knowledge of the relationship between
their microstructure and mechanical behavior is needed for design purposes. This research investigates how
microstructural anisotropy affects the quasi-static mechanics of transversely isotropic polymer foams. Such

Polyst;
PZlicSii)s,;::ity foams were designed and produced by expanding polystyrene preforms with different polydispersity indices
Mechanics in cylindrical molds via a batch-foaming method. Microstructural anisotropy was defined to include both the

aspect ratio and orientation of the cell, allowing us to apply the well-known homogenized rectangular cell model
by Gibson and Ashby (1997) and isolating the effect of microstructural anisotropy. We observed that Young’s
modulus increased more than threefold and non-linear properties more than twofold within a microstructural
anisotropy range from 0.69 to 1.43. Additionally, it is shown that the rheology of the base polystyrene influenced
anisotropy development. In conclusion, design maps for transversely isotropic foams are proposed. These findings
improve our understanding of the process-structure-property relationship in anisotropic polymer foams, fostering
a more effective and efficient use of such ubiquitous materials.

in the cell walls developed during the expansion process can also influ-
ence the mechanical properties of the foam [23].
Once the base polymer has been selected [24], the mechanical prop-

1. Introduction

Polymer foams are lightweight materials with process-tunable me-

chanical properties, widely adopted in various structural applications,
such as sports goods [1], automobiles [2], and construction [3]. With
the continuous development of new technologies, novel polymer foams
are being proposed for these applications, including nanocellular [4,5],
composite [6], auxetic [7,8], shape-memory [9], functionally-graded
[10] and topologically optimized [11] foams.

The mechanical properties of polymer foams primarily depend on
the base polymer (elastomeric, thermoplastic, thermosetting, or even
reinforced) from which the foams are made [12-16]. When considering
semi-crystalline polymers, the degree of crystallinity has the known ef-
fect of improving the stiffness and strength of the base material [17,18],
thus enhancing the same properties of the resulting polymer foam
[19-22]. Regardless of the selected polymer, the molecular orientation

erties of the foam can, in principle, be related to independent parameters
- on various scales [25] - of the foam, which influence these properties
to varying degrees [26,27].

The most important independent parameter of polymer foams is
density [28]. In fact, a plethora of researchers demonstrates the pri-
mary effect of relative density on the mechanical properties of polymer
foams, such as Young’s modulus [29,14,30-33], peak stress (if applica-
ble) [34,35], collapse stress [36], plateau stress [31,37,38], and total
energy absorption [34,37,39]. As a general rule, it can be inferred that
the aforementioned properties vary according to a power law with re-
spect to the relative density, i.e., the ratio between the density of the
foam and the density of the base polymer [28,40].
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Then, all the parameters that determine the mechanical properties
of the foam are related to its microstructure [41,26], such as cell size
and shape [42-44,23,45-47], the amount of open or closed cells [29],
and the geometry of the struts and walls [48,49].

A particularly relevant characteristic of the microstructure is the
microstructural anisotropy, which is crucial to define the mechanical
properties of a polymer foam, as it is responsible for its macroscopic
anisotropic mechanical behavior. Microstructural anisotropy has the po-
tential to alter the quantitative and qualitative macroscopic behavior of
polymer foams [50]. Compared to density, microstructural anisotropy
has been investigated much less extensively [51,52]. For microstruc-
tural anisotropy, we do not restrict our focus to the anisotropy (e.g., an
aspect ratio different from 1) of the foam cells, but also include their
orientation and size distributions, which are crucial for determining the
macromechanical behavior of the polymer foam [53].

The effect of microstructural anisotropy is generally investigated by
testing the same type of anisotropic foam in different directions [54-57].
It is well known that linear and nonlinear mechanical properties (such as
Young’s modulus, peak stress, and collapse stress) are higher when the
foams are loaded in the direction in which the cells are mainly elongated
or oriented, typically the foam rise direction. Moving from the rise direc-
tion to the transverse direction, a transition often occurs from a peak in
the stress-strain curve to monotonic behavior [58-62,44,63]. In classical
homogenized micromechanical models [64], these different behaviors
have been attributed to the response of a single type anisotropic mi-
crostructural elements (for example, prismatic cells with an aspect ratio
different from 1) that are repeated periodically in space [65,28]. How-
ever, the parameters of such microstructural elements should include
statistical information about the homogenized foam microstructure in
their definition, which is a nontrivial step. To emphasize the importance
of incorporating distributions in microstructural anisotropy, Luan et al.
numerically demonstrated that the presence of cell size polydispersity
produces a stable monotonic stress-strain response, even when cells are
highly anisotropic and oriented parallel to the (uniaxial) load [66]. In
addition, Wang et al. demonstrated that polydispersity in the orienta-
tion distribution of cells with respect to the loading direction also leads
to a stable monotonic response, which is characteristic of a foam that is
loaded in the transverse direction [67].

In such a framework, designing and producing mechanically isotro-
pic and anisotropic foams with the same density for accurate character-
ization is not a simple task: In fact, microstructural anisotropy is often
the result of uncontrolled, mostly undesired oriented growth of cells
due to process constraints, and not a design variable [58,57]. A few ap-
proaches have been proposed to design anisotropic foams for a rigorous
study of the effect of microstructural anisotropy. Bao et al. produced me-
chanically anisotropic polystyrene (PS) foams by using batch foaming
to study the effect of such anisotropy on impact strength. In their case,
isotropic samples were produced by free expansion (that is, the foam
allowed to grow without any mechanical constraint), while anisotropic
samples were produced by mechanically constrained oriented growth.
They reported that cells oriented perpendicular to the impact direction
could significantly improve the impact strength of PS foams [23]. Later,
Bernardo et al. proposed a two-step foaming process to produce large
anisotropy ratios. They reported that, maintaining a constant density
(140 + 2 kg/m3), the Young’s modulus can increase up to 2.63 times
when their measure of microstructural anisotropy spans from 2.95 to
3.75 [68]. However, the absence of the corresponding isotropic foam
limits the ability to fully compare macroscopic mechanical properties.
In addition, the characterization did not appear to include non-linear
mechanical behavior. Sauter et al. investigated the effect of anisotropy
on Young’s modulus and on the recovery of a shape-memory poly-
mer foam with the same density produced by physical batch foaming.
The nonlinear mechanical properties were not investigated, and a non-
negligible difference in cell size was also reported (the average diameter
of the isotropic foam was ~ 390 um, while the average diameter of the
anisotropic foam was ~ 520 um) [69]. Oliveira-Salmazo et al. produced
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different anisotropic natural rubber foams with almost the same rela-
tive density (~ 350 kg/m3) and almost the same cell size (~ 430 um) via
chemical batch foaming and suitably designed preforms, but reported
data on Young’s modulus only [70].

Important questions remain regarding the relationship between mi-
crostructural anisotropy and both the linear and non-linear mechanical
properties of anisotropic foams. Consequently, the design of the mi-
crostructure - along with the achievement of desired microstructures in
polymer foams for specific applications - currently lacks optimization.

Within this framework, the present work focuses on designing and
producing transversely isotropic polymer foams and their isotropic
counterparts, with the primary aim of understanding how microstruc-
tural anisotropy influences the quasi-static, linear, and non-linear me-
chanical behavior of these ubiquitous materials. To this end, we utilized
physical batch foaming combined with specially designed base mate-
rial preforms to produce three types of foam within the same extremely
narrow density range: two exhibiting microstructural anisotropy (both
transversely isotropic) and one with an isotropic microstructure. PS was
selected as the base polymer since (i) it is widely used in the foaming
industry and hence extensively studied in the literature for fundamental
research on polymer foam production, and (ii) it is amorphous, allow-
ing us to avoid any effects of crystallinity on the mechanical properties
of the resulting foams. To further extend the validity of such an in-
vestigation, the foams are produced using three different types of PS,
each characterized by a distinct Molecular Weight Distribution (MWD)
and a different polydispersity index (PDI). However, all the PSs share
the same Melt Flow Index (MFI). Maintaining the same MFI allows us
to keep the foaming process conditions as close as possible among the
various PSs. The microstructural characteristics of the foams are ana-
lyzed using Scanning Electron Microscopy (SEM), and their linear and
non-linear mechanical properties are evaluated in quasi-static uniax-
ial compression. We show that the mechanical behavior of anisotropic
foams can be described based on their microstructure by assuming that
the microstructural anisotropy - defined here as encompassing all statis-
tical parameters of the microstructure - corresponds to the aspect ratio
of an equivalent rectangular cell periodically repeated in space, allow-
ing us to recover the classical homogenized model originally proposed
by Gibson and Ashby [64]. In doing so, we are then able to isolate
the contribution of microstructural anisotropy to the linear and non-
linear macroscopic mechanical properties of the foams. Finally, we also
demonstrate that the rheology of the base material plays a crucial role
in the development of anisotropy during processing, and that the low-
molecular-weight tail of the MWD is a key factor in determining the
average cell size. These findings are further supported through an ad-
ditional experimental campaign using lower-density (LD) samples. In
conclusion, we propose useful design maps for the mechanical proper-
ties of transversely isotropic foams.

2. Materials

Three linear PSs obtained by radical polymerization with different
Molecular Weight Distribution (MWD) - characterized by the polydisper-
sity indices (PDI) - are considered, achieved by appropriately selecting
the amount of chain transfer during the polymerization process and tun-
ing the temperature profile of the reactors. The MWD was assessed via
Gel Permeation Chromatography (GPC), performed at room tempera-
ture using a GPC apparatus equipped with an Alliance 2695 injection
system, a W2489 UV detector, and a W2414 differential refractive in-
dex detector (Waters TA Instruments, Delaware, USA). Separation was
achieved on four columns 30 cm X 7.8 mm, with 5 um particles and nom-
inal pore sizes 10°,10%,10* and 10° A (Phenogel” GPC/SEC columns,
Phenomenex, California, USA). Tetrahydrofuran served as the mobile
phase at 1 ml/min and as the solvent for polymer samples, which were
prepared at 2.5 mg/mL. The GPC traces of the PSs are shown in Fig. 1(a).
The three PSs used in this study are designated as PS 2.3, PS 2.7, and PS
4.3, with the numbers indicating the PDI.
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Fig. 1. (a) GPC traces of the different PSs. (b) DSC measurement (exo down) of the different PSs.

The three PSs have the same Melt Flow Index (MFI) in the range of
experimental error. We measured the MFI at 200 °C according to ISO
1133 (with a mass of 5 kg) using a melt flow tester (model MF50, In-
stron, Norwood, MA, USA), obtaining 6.6 — 6.7 g/10 min for PS 2.3,
6.6 — 6.7 g/10 min for PS 2.7, and 6.6 — 6.8 g/10 min for PS 4.3.

The glass transition temperature (7},) is measured using a Differen-
tial Scanning Calorimeter (DSC 2500, TA Instruments, Delaware, USA),
with a scanning rate of 20 °C/min, and it is assumed that T, corresponds
to the midpoint temperature of the step change in the thermal curve,
following the procedure described in ASTM D746 - 08 [71]. The DSC
traces are presented in Fig. 1(b). As observed, PS 4.3 clearly exhibits
a pronounced low molecular weight tail that in turn lowers the glass
transition temperature of ~ 3 °C compared to PS 2.3 and PS 2.7.

For foaming experiments, we used CO, (purity 99.99%) as a blowing
agent, supplied by SOL S.p.A. (Monza, Italy).

3. Sample production

The production process of the foamed samples consists of two con-
secutive steps: (1) preform production and (2) gas foaming. In step (1),
we begin with PS granules to produce cylindrical PS preforms. In step
(2), we expand these preforms in a mold using CO,.

3.1. Preform production

The aim of the present step is to produce cylindrical PS preforms
with three different aspect ratios, h,/d, (where h is the height and
d, is the diameter), while maintaining a constant mass starting from
PS granules. In this way, following the gas foaming step in the same
mold, we can obtain foamed PS samples with the same density but with
differing anisotropy.

Preventing the molecular orientation of macromolecules and elimi-
nating any trace of preexisting granules in the preform is of paramount
importance, as these factors can result in microstructural defects after
the gas foaming step. This will strongly impact the mechanical proper-
ties of the foam and lead to a significant dispersion of the results (see
Figure SI 1 of Supporting Information for further details). For this reason,
two high-temperature stages are conducted to produce the plates from
which the cylindrical PS preforms are then cut: (i) the granules are first
heated to 200 °C and molded into plates of dimensions (60 x 60 x 4) mm?
using an injection molding machine (Engel ES-50, ENGEL AUSTRIA
GmbH, Schwertberg, Austria); (ii) these plates are then re-heated to
180 °C and subsequently reshaped into plates of dimensions (70X 70X 2)
mm?3, (50x50x3) mm? and (60x60x4) mm? using a compression mold-
ing press (Hydraulic Unit 3912, CARVER, Indiana, USA). After stage (i),
the memory of the preexisting granules is completely erased, whereas
after stage (ii) the molecular orientation is fully relaxed.

The cylindrical PS preforms are machined from the plates using an
automatic cutting machine (CNC Pantograph, GPprotoCNC, Bologna,
Italy). Three types of cylindrical PS preforms, each with the same mass

of 151 +£7 mg are obtained to ensure that the densities of the resulting
PS foam after expansion are as consistent as possible. Each of the three
types of preforms shows a different aspect ratio:

* hy/dy=0.21 (hg =2 mm, dy = 9.5 mm);

*+ hy/dy=0.36 (hy =3 mm, dy = 8.3 mm), equal to the mold aspect
ratio (see subsection 3.2);

* hy/dy=0.58 (hy =4 mm, dy = 6.9 mm).

3.2. Gas foaming

The gas foaming step is performed in a 0.3 L thermoregulated pres-
sure vessel (model BC-1, High Pressure Equipment Co., Erie, PA, USA)
introduced in the work of Marrazzo et al. [72] and properly modi-
fied (schematic in Fig. 2(a)). The electrical heater of the pressure ves-
sel is controlled by a PID thermoregulator (mod. 1850, Gefran S.p.A.,
Provaglio d’Iseo, Brescia, Italy), which controls the temperature of the
heating jacket using a J thermocouple. The sample temperature is mea-
sured using a Pt100. A pressure transducer (TK, Gefran S.p.A., Provaglio
d’Iseo, Brescia, Italy) is used to measure pressure during the saturation
step. The pressure discharge system consists of a discharge ball valve
(model 15-71 NFB, High Pressure Equipment Co., Erie, PA, USA) and
an electromechanical actuator (model 15-72 NFB TSR 8, High Pres-
sure Equipment Co., Erie, PA, USA). The Pressure Drop Rate (PDR) is
measured through a PLC (SIMATIC S7-1200 CPU, Siemens, Munich,
Germany) with a sampling rate z,, = 1 ms, following the procedure
proposed by Miele et al. [73]. The pressure vessel is connected to a
vacuum pump (LABOPORT N 840, KNF Neuberger SAS, Village-Neuf,
France) and to the gas cylinder through two ball valves (Multipurpose
Ball Valve SK Series 8, Swagelok Company, Ohio, USA).

To obtain properly shaped foam samples, each PS preform is placed
in a cylindrical mold with a height of H = 8.4 mm and a diameter of
D =23.1 mm (Fig. 2(b)). The PS foams are produced according to the
following procedure: the mold is inserted into the pressure vessel de-
scribed above and heated under vacuum conditions until a temperature
of T; = 100 °C is reached. The pressure of CO, increases to a saturation
pressure of P, (in 1 minute) and the system temperature is brought to
a saturation temperature of 7 (in 10 minutes). P is maintained con-
stant for a given saturation time of #,. The pressure is then released at a
maximum rate of PDR of 50 MPa/s (consistent across all tests) and the
foamed sample is produced and shaped by the available mold volume,
resulting in a final height of H and a diameter of D.

Given the PS-CO, mutual diffusivity coefficient of 3 x 10710 m?/s
[74,75], t is selected as 3600 s for Ay =2 mm, 5400 s for Ay =3 mm and
7200 s for hy =4 mm. The foaming process is represented schematically
in Fig. 2(c).
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Fig. 2. Schematic of the foaming apparatus: @ pressure vessel; @ heating jacket; ® Pt100; @ pressure transducer; ® pressure discharge system; ® to the vacuum
pump; @ to the gas cylinder. (b) Schematic of produced foams. The three types of preforms (L, I and R) are expanded the same cylindrical mold: depending on the
preform, the expansion can be isotropic (I) or anisotropic (L and R), leading to different morphologies and distribution orientations of the cells in the resulting foam.

(c) Schematic of the foaming process.

Table 1

Names, preform names, properties and process parameters of the produced PS foams.
foam name  preform name  PDI [-] Ry 1 p [kg/m3] SD, [kg/m®] T, [°C] P, [bar] ¢, [min]
L-2.3 pL-2.3 2.3 0.6 39.8 0.5 114.3 145 60
1-2.3 pl-2.3 2.3 1.0 38.8 1.3 114.3 145 90
R-2.3 pR-2.3 2.3 1.6 41.1 1.0 114.3 150 120
L-2.7 pL-2.7 2.7 0.6 41.2 0.8 114.3 145 60
1-2.7 pl-2.7 2.7 1.0 39.6 0.7 114.3 145 90
R-2.7 pR-2.7 2.7 1.6 39.6 0.7 114.3 150 120
L-4.3 pL-4.3 4.3 0.6 38.0 1.6 113.8 145 60
1-4.3 pl-4.3 4.3 1.0 37.3 0.9 113.8 145 90
R-4.3 pR-4.3 4.3 1.6 37.4 0.6 113.8 150 120

3.3. Adopted nomenclature

Let us now define the nominal theoretical anisotropy, RNU, as the ratio
between the aspect ratio of the preform and the aspect ratio of the mold,
H/D:

Ry, = <@> (E)_l

dy D
It is intuitive to expect that when Ry = 1, at the pressure release, the
flow front of the expanding preform will be free until it is constrained at
the same time in the longitudinal direction by the upper base wall of the
mold and in the radial direction by the lateral wall of the mold, result-
ing in an isotropic foam. In contrast, if Ry <1 (> 1), it is expected that
the flow front of the expanding preform will first encounter the lateral
wall of the mold (upper base wall) and only later the upper base wall
of the mold (lateral wall), resulting in a mechanically anisotropic foam,
with cells preferentially elongated and/or oriented in the longitudinal
(radial) direction. A visualization of the mentioned process is reported
in Media 1 of Supporting Information. In the present work, we refer to the
longitudinal direction as direction L and to the radial direction as direc-
tion R, and hence the nomenclature of the PS foam samples is assigned
accordingly.

The sample name, the PDI, Ry, the average density p and standard
deviation (SD) of five or more samples of the same type (measured as
described in the Methods), together with the set of process parameters
(T, P, t,) for each type of foam sample are reported in Table 1. The
data for each PS foam sample required to calculate the values in Table 1
are presented in Table SI 1 of the Supporting Information.

(€8]

4. Sagging experiments

For sagging experiments, we refer to experiments in which we aim to
measure the change in the aspect ratio of the preform during CO, sol-
ubilization. In fact, it is well known that many polymers - including PS

- are highly plasticized under high-pressure of CO,, often resulting in a
considerable decrease in glass transition temperature [76-79], and a de-
crease in zero-shear viscosity [80]. During the solubilization time (that
is, when the PS is plasticized with CO,) of the gas foaming process, if
the zero-shear viscosity is sufficiently low, the preform can flow under
its own weight, potentially leading to a significant deviation of its as-
pect ratio from Ry . This will directly influence the aspect ratio and
distribution of the cells, thus directly affecting the resulting mechan-
ical properties. Therefore, we can define the time-dependent theoretical
anisotropy, Ry(1), as follows:

-1
Ry(1) = [%] (%) with 1€ [0,1,] ,
where h(f) and d(r) are the actual diameter and height of the preform
during solubilization, respectively. It is evident that h(t = 0) = h; and
d(t=0)=d, and hence Ry(t=0)= RN0~

In this framework, the aim of the sagging experiments is to observe
the evolution of Ry(?) until the saturation time is reached. Obviously, as
the aime of the work is to analyze the effect of anisotropy on mechanical
properties, it is of paramount importance to precisely define the same.

Sagging experiments are performed in the mini-batch apparatus con-
figured in the view cell arrangement, first introduced by Tammaro et
al. [81]. The mini-batch is a miniaturized pressure vessel equipped with
two heating plates and four ports: through the first port, a Pt100 temper-
ature sensor (positioned as close as possible to the sample) is installed to
enable sample temperature measurement; the second port is connected
to the gas cylinder (or to the vacuum pump when necessary); the third
port is connected through a “T” fitting to both a pressure transducer
(mod. 1850, Gefran S.p.A., Provaglio d’Iseo, Brescia, Italy) and a ball
valve (10-80 NFH ball valve, High Pressure Equipment Company, Erie,
USA), which is activated by an electromechanical actuator and allows
for the release of CO,; the fourth port, the view port—which is also
used for the introduction of the sample—is closed with a 1/2” NPT sap-
phire window (Precision Sapphire Technologies Ltd., Vilnius, Lithuania)

@
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ho
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Y

Fig. 3. (a) Schematic of the mini-batch apparatus in the view cell configuration: @ pressure vessel; @ heating plate; @ Pt100; @ to the gas cylinder (or to the vacuum
pump); ® pressure transducer; ® pressure discharge system; @ sapphire window; ® digital microscope. (b) Schematic of the sagging measurement.

to permit visual observation and video recording of the experiments
through a digital microscope (Microscope USB PCE-MM 800, PCE In-
struments, Soultz-sous-Foréts, France). The mini-batch in the view cell
configuration is schematized in Fig. 3(a).

For each type of preform, the related foaming procedure is repro-
duced, as illustrated in Fig. 2(c), and the video recording of the evo-
lution of the preform shape (through the view cell) starts when the
pressurization begins (r = 0) and ends at 7. An image is saved automat-
ically every 30 seconds, resulting in a video (see Media 2, for example).
Then d(f) and A(t) are obtained a posteriori by image analysis of the pre-
form (using Fiji software [82]) and Ry(#) can be properly calculated.
The schematic of the measurement is reported in Fig. 3(b). We provide
an estimate of the error in the measurement of Ry(#) for each preform
as follows. We assume that (i) the volume does not change during mea-
surement and (ii) the shape of the preform remains cylindrical (the most
significant assumption); hence, we can compute d(¢) from the experi-
mental measurement of A(¢) and vice versa. In this manner, two new
measurements of Ry(f) are obtained, which are considered reasonable
bounds for the true Ry().

5. Methods
5.1. Density measurement

To measure the density of the PS foams produced (p), we apply the

buoyancy method along with the following equation:
ma

p—m(pw—paﬂpa ; 3
where m, is the weight of the sample in air, m,, is the weight of the
foam in water, p, is the density of air and p,, is the density of wa-
ter. At room temperature (23 +2 °C), p, = 0.00120 + 0.00002 g/cm3 and
P =0.9975 + 0.0005 g/cm3 [83]. The values m, (+0.0005 g) and m,,
(+0.0005 g) are measured using an analytical balance (MS Semi-Micro
Model, Mettler Toledo, Milan, Italy). The measurement error in the den-
sity of the foams (computed as shown in Appendix A) is approximately
0.2 kg/m3, which we consider negligible for the scope of the present
work since it is one order of magnitude less than the standard deviation
obtained for a set of ideal iso-density samples (see Table 1).

5.2. Microscopy
A Scanning Electron Microscope (TESCAN MIRA II, Tescan Group,

Brno, Czech Republic) is used to analyze the cellular structure of the
foams. Foams are cut into sections and then coated with a thin layer

of gold/palladium alloy (~ 1 — 10 nm) prior to image acquisition using
the sputter coating technique (Q150T ES Plus, Quorum Technologies,
Lewes, UK). To obtain a mechanically meaningful indication of the
anisotropy of the foam, we first define the microstructural anisotropy,
R, as:

G

r

where C; is the mean chord in the longitudinal direction, and C, is the
mean chord in the radial direction. To compute C; and C,, we draw in-
spiration from the Intersecting Line Method (ILM) of ASTM D 3756-15
[84] and propose the following procedure. We superimpose a 4 X 4 grid
on the SEM images, where the grid lines are oriented in the longitudi-
nal and radial directions. Then, we identify all the intersections between
the grid and the cell edges, and we automatically compute the chords,
which are the distances between subsequent (i.e., on the same grid line)
intersections. From the distributions of the chords in both directions, we
can obtain their means C; and C,. The uncertainty in the measurement
of R is determined as reported in subsection A.2. It is easy to see that
if R =1, the cells are mainly spherical or, if not, they will be randomly
oriented in space, and the macroscopic mechanical behavior is expected
to be isotropic. If R > 1, cells will be elongated and oriented primarily
in the longitudinal direction, while if R < 1, cells will be elongated and
oriented primarily in the radial direction: in both cases, macroscopic
mechanical behavior is expected to be anisotropic. Hence, we can con-
sider R as a homogenized parameter of the microstructure under the
(experimentally verified) assumption that the material is statistically
uniform, allowing for the derivation of homogenized properties (such
as the Young’s modulus and stresses of the foam). Two foams per type
are imaged and therefore two independent measurements of R are ob-
tained. Then we compute the average between the two measurements
and its uncertainty, 6 (as reported in subsection A.2).
We can thus estimate the Mean Cell Size (MCS) value as follows:

MCS = (1)2 N,C,+N.,C,

5
b2 N;+N, ®

For additional details on the derivation of the factor (z/4)? in eq. (5)
and its uncertainty, the reader is referred to subsection A.3.

5.3. Uniaxial compression testing

A universal testing machine (Model 5966, Instron, Norwood, MA,
USA) equipped with a load cell of 10 kN is used to perform uniaxial
compression tests. The tests are carried out in a displacement control
mode with a strain rate of 0.1 min™! and at room temperature (25 +2 °C).
The load cell has been certified as class 0.5 (ISO 7500-1), while the
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PS polydispersity

foam type

Fig. 4. SEM images of the produced foams. The scale (white segment) corre-
sponds to 200 pm. Row-wise, the longitudinal anisotropic (L), isotropic (I), and
radial anisotropic (R) morphologies. Column-wise, the PS polydispersity.

displacement measurement system has been certified as class 0.5 (ISO
9513).

5.4. Rheological measurements

Rotational steady-state measurements were performed in shear us-
ing a rotational rheometer (ARES LSII, TA Instruments, Delaware, USA).
The samples were compression molded at 190 °C (Hydraulic Unit 3912,
CARVER, Indiana, USA) and recovered as disks to fit the rheometer
tools. The steady-state viscosity was measured with a cone and plate
geometry (cone angle of 0.1 rad) and shear rates ranging from 103 s’
to 5 5’1, All tests were conducted under a N, atmosphere. The tempera-
ture was stable within 0.2 °C over the range used in this study. Capillary
measurements were performed using a capillary rheometer (RG 20, G6t-
tfert, Buchen, Germany). The viscosity was measured in the shear rate
range from 1 s to 103 s’ and corrected for non-Newtonian effects (i.e.,
the Rabinowitsch correction). The entry effects (i.e., the Bagley correc-
tion) were negligible, considering the length-to-diameter ratio (30) of
the capillary and the entry angle (180°) adopted for this work.

6. Results and discussion
6.1. Foams microstructures

The SEM images of the foams produced are presented in Fig. 4(a)-(i).
From Fig. 4(c), (f) and (i), it can be observed that PS 4.3 has a larger
cell size compared to PS 2.3 and PS 2.7, which both exhibit smaller and
comparable cell sizes. This observation is further confirmed by Fig. 5,
which presents the MCS of the foams produced as a function of density.
When the pressure and the PDR are held constant during the foaming
process, the cell structure is primarily influenced by the foaming tem-
perature: as the foaming temperature increases, the cell size typically
increases [85]. However, in our case, the foams of PS 4.3 - produced at
lower temperature - exhibit larger cell size. We therefore believe that,
in this specific case, the temperature change has a minor effect and that
the base polymer plays a more significant role in the evolution of the
foam microstructure.

In fact, an alternative explanation for the different cell sizes could
be attributed to the difference in the very low molecular weight tail of
the MWD of the PSs. In particular, Stafford et al. highlighted this phe-
nomenon for commercial PS samples foamed with supercritical CO,,
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Fig. 5. MCS of the foams as a function of the density. Shaded areas are a visual
guide for the range of MCS of the different PSs.

Table 2
Low molecular weight tails and dimers (S2) and trimers (S3) content of the
different PSs.

sample weight < 18000 [%] weight% < 2000 [%] S2 [ppm] S3 [ppm]
PS 2.3 2.9 0.1 377 6928

PS 2.7 2.7 0.1 232 6404

PS 4.3 6.2 0.45 1410 10470

proposing a correlation between the low molecular weight tail and cell
size [86]: in more detail, the results of these authors show an increase
in cell size with increasing PDI, and that the presence of a molecular
component equal to 270 Da was ascribed to be responsible for the in-
crease in cell size. To further investigate this aspect and verify whether
the data in the present work agree with such experimental evidence, fur-
ther investigations are performed by measuring the MWD curve three
times, paying close attention to the stability of the baseline. The results
are then averaged and used to quantify in the cumulative MWD both
the percentage by weight of polymer chains having a molecular weight
lower than that between entanglements (M, = 18000 Da) and the per-
centage by weight of polymer chains having a molecular weight lower
than 2000 Da. To further complete the information, we decide to analyze
styrene dimers (S2) and trimers (S3) using the following procedure: we
dissolve the different PSs in ethanol and precipitate them in chloroform,
and then we used gas chromatography (Trace™1300, Thermo Fisher Sci-
entific, Waltham, MA, USA).

The results are shown in Table 2. It is clearly evident that PS 4.3 ex-
hibits a significant tail of low molecular weights that could justify the
fact that in this work we obtain similar results to those of Stafford et al.
[86]. Moreover, from Table 2 it is further pointed out that the contribu-
tion of dimers and trimers is definitively higher for the PS 4.3 sample.
On the one hand, it is interesting to note that the amount of dimers and
trimers, as well as the cell size, is not a monotonic function of polydis-
persity. However, the cell size monotonically increases with the number
of dimers and trimers measured, a result that is in excellent agreement
with that of Stafford et al. [86]. This aspect has not yet been sufficiently
studied in the literature and certainly deserves further investigation.

It is also important to note that the microstructural anisotropy is not
exactly the same for all foams produced from the same preforms (i.e.,
with the same Ry ), particularly for foams of type I and R, as indicated
by the values of R of Table 3.

6.2. Quasi-static mechanics

In Fig. 6(a)-(i) we present the results of the uniaxial compression
tests. As shown in the schematic of the foams produced in Fig. 2(b), it is
essential to emphasize that these tests are carried out in the L direction.

Fig. 6(a)—(c) show representative stress—strain curves for all investi-
gated foams. The shaded bands indicate the range between the minimum
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Table 3
Microstructural anisotropy and its uncertainty for each type of foam.
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Fig. 6. Results of the uniaxial mechanical tests. (a), (b), and (c) show representative stress-strain curves along with range bands indicating the full range (minimum to
maximum) of stress values at each strain level for samples with polydispersity index of 2.3 (green), 2.7 (red), and 4.3 (blue), respectively. From (d) to (i), comparative
figures which include all sample types are shown: specifically, figure (d) shows the average Young’s modulus versus the average density (standard deviations are
included), while figures (e), (f), (g), (h), and (i) show the average stress at 5%, 10%, 20%, 30%, and 50% strain, respectively, plotted against the average density

(standard deviations are included).

and maximum values obtained experimentally. It can be observed that
foams with cells oriented in the longitudinal direction, which is also the
loading direction, exhibit properties that can be up to 150% greater
than those of foams with cells oriented in the radial direction (i.e.,
with cells oriented perpendicular to the loading direction), such as in
the case of foams produced by PS 2.7. Upon reaching densification at
strain ~ 70%, the curves become closer and almost superimpose, since
the density is nearly the same, due to the fact that the densification
strain depends mainly on the density and weakly on the microstructural
anisotropy [67]. Fig. 6(d)-(i) show the linear (Young’s moduli) and non-
linear mechanical properties as a function of the density (all data are
also reported in Supporting Information). Given the very narrow density
interval (39.2 +2.1 kg/m3, where here 2.1 kg/m? is the half-spread), the
effect of microstructural anisotropy becomes particularly evident: all R
foams consistently exhibit lower performance than I foams, which in
turn fall below L foams, regardless of the base PS. Furthermore, this dif-
ference remains essentially unchanged even at increasing stress levels,

indicating that microstructural anisotropy has a strong and persistent in-
fluence on the mechanical behavior of foams, at least up to 50% strain.

6.3. Effect of the microstructural anisotropy

From Fig. 6(a)-(i), it is evident that microstructural anisotropy can
significantly affect the mechanical properties of PS foams. However,
from an engineering perspective, it is highly beneficial to visualize the
effect of the sole anisotropy at exactly the same density, allowing the me-
chanical properties to be expressed as a function of the microstructural
anisotropy of the foams. To achieve this, we must assume a rescaling
law for the mechanical data in relation to density and microstructural
anisotropy, allowing us to decouple their relative contributions.

Rescaling procedure. Rearranging the equations of the homogenized
rectangular closed cell model by Gibson and Ashby [64], Andersons et
al. [87] obtained the result that the modulus in the rise direction for a
closed-cell foam can be predicted as:
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_ 3¢7 2 3 3r
E=E [<r+—2> r +(1—7/)¢2r+1] , (6)

where ¢ = p/p, is the relative density of the foam, y is the fraction of
the material in the cell struts and r is the aspect ratio of the rectangu-
lar periodic cell, defined as the ratio between its height and its length.
Similarly, the foam yield strength, o, can be obtained as [87]:

3 3/2
o, =0 [0.3(1‘2’) +0.4(1 = p—r ] , %)

2r+1

where o is the yield stress of the base material.

We emphasize that this model is based on the homogenization ap-
proach. In the homogenization approach, a disordered complex mi-
crostructure can be approximated by an idealized geometry periodically
repeated in space (in this case, the rectangular closed cell [64]). This
approximation facilitates the derivation of effective (or homogenized)
material properties, under the assumption that the microstructure is
(i) statistically uniform and (ii) the macroscopic fields vary slowly. We
assume that (i) and (ii) are valid, which is in fact a common assump-
tion for polymer foams. However, since it is well known that a true
foamed microstructure possesses a complicated distribution of orienta-
tions and aspect ratios of cells (as illustrated in Fig. 4(a)-(i)), recovering
the homogenized parameters of a rectangular periodic closed cell is not
straightforward.

To achieve this, we replace r with R in eq. (6) and eq. (7), which
represents a homogenized parameter (homogenized based on cell as-
pect ratio, orientation, etc.) that effectively describes the anisotropy of
the foam microstructure. Consequently, we conceptualize microstruc-
tural anisotropy as the aspect ratio of the equivalent rectangular periodic
closed cell originally proposed by Gibson and Ashby [64].

Hence, for the elastic modulus, we obtain:

2

S 3¢J/ 3 3R
E=E —— ) R 1- . 8

s[<R+2> U= ®)
For the yield strength of the foam, we obtain:

3/2
. 3Ry¢ 3R
= 3l — A1 - .

Oy = s [O3<R+2> +04( y)¢2R+1] ©)

In both eq. (8) and eq. (9), we have the explicit dependence on (relative)
density and microstructural anisotropy; therefore, we can utilize these
equations to rescale the mechanical data.

To rescale all the moduli to the same density, we apply the follow-
ing procedure. First, a parametric fitting is performed using a nonlinear
surface regression approach, where eq. (8) was regressed against the
average experimental moduli of Fig. 6(d) (including uncertainty, SD,
which are also all reported in Supporting Information). In this regression,
the adjustable parameter is y, the two independent variables are the rel-
ative density (obtained by dividing the average density values of Table 1
by p, = 1050 kg/m3) and R (from Table 3), and we set E; = 3000 MPa.
Consequently, the regression problem can be formulated as follows:

9
N . 1 - 2
7p=argmin ) — [E(¢;, R) — E (¢, R;37)]” a0
v iZ1 SDy

We also emphasize that i € [1,9] identifies the type and PDI of the foam.
Once we have obtained 7, we define the density-rescaling coefficient
for the i — th modulus, cf(¢*, ¢;, R)), as:

. E(¢".Ri7k
(", ¢ R) = ¥ , an

E (¢ R 7r)

where ¢* is the target density for rescaling. We can obtain the density-
rescaled modulus, E*(¢*, R;), as:

E*(@*.R)=cF(®*.$;.R)E($,. R) . (12)
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This rescaling is also applied to the error of the modulus by using the
same coefficient.

To rescale all stress data at the same density ¢*, we apply a simi-
lar procedure. Again, parametric fitting is performed using a non-linear
surface regression approach, where eq. (9) was regressed against the av-
erage experimental stress data at 10% of Fig. 6 (f) (including uncertainty
SDy, ,,» which are also all reported in Supporting Information). In this re-
gression, the adjustable parameter is y, the two independent variables
are the relative density (obtained by dividing the average density val-
ues from Table 1 by p, = 1050 kg/m3) and R (from Table 3), and we set
Oy = 60 MPa [88] (a reasonable value of the flexural strength for PS).
Hence, the regression problem can be written as follows:

9
7, =argmin 2

ro=l

1 N 2
= [o1006(Pi- R) = 6, (¢ R3] (13)
010% i
Once we have obtained 7,, we define the density-rescaling coefficients
for the stress ¢/ (¢*, ¢;, R;), as:

&y (¢*, Ri375)
a'y (d’[, R,'UA’U)
Now, we assume that the density-rescaling coefficients do not change

with the stress level, and therefore we can obtain the density-rescaling
stress data at X%, a)’g%v(dﬁ, R)), as:
1

C;T(¢*7¢[5Ri)= (14)

0';%(45*, R)= C;)-(d)*v i R)oxo (@ R)) (15)

and such a rescaling is also applied to the error by using the same coef-
ficient.

Rescaled data: the effect of sole microstructural anisotropy. In
Fig. 7(a)-(f), we report the moduli and stresses rescaled at p = 39.2
kg/m? as a function of R (in subsection A.4 we also report the values of
7Es To» ciE and ¢7). It is important to note that since the density inter-
val is already narrow, we obtain cl.E ,¢7 €10.939,1.079], which means a
shift (up or down) of the mechanical data always lower than 8% (the
same for the corresponding error). Moreover, the choice of the param-
eters E; and o, in a reasonable physical interval influences ciE and ¢/
less than 2%.

In Fig. 7(a) we report the rescaled average Young’s moduli versus
R, and it is possible to note that, in the case of foams from PS 2.7, the
average Young’s modulus increases from 5360 kPa to 15400 kPa mov-
ing from R =0.69 to R = 1.45. Foams made from PS 2.3 and 4.3 also
show a considerable increase in the average Young’s modulus in a sim-
ilar range of R: from 6520 kPa to 10200 kPa for PS 2.3 and from 5100
kPa to 9900 for PS 4.3. It can be seen that eq. (8) well describes the
measured average Young’s moduli and hence can be used as a predic-
tive tool (when y is measured independently) at least in the investigated
range of microstructural anisotropy values. It also means that using R as
homogenized aspect ratio for the model proposed by Gibson and Ashby
[64] is a fair assumption. Furthermore, the linear mechanical behavior
of the foams within the investigated range of R appears to depend on
the type of foam: foams made from PS 2.7 exhibit a higher Young’s mod-
ulus than those made from PS 2.3, which in turn demonstrate a higher
Young’s modulus compared to foams made from PS 4.3. This effect can-
not be attributed to the Young’s modulus of the base PSs, as it has been
shown to be independent of M, and M, (in our investigation ranges)
[89].

In Fig. 7(b)-(f) we report the rescaled average stresses at 5%, 10%,
20%, 30% and 50% of strain versus microstructural anisotropy. In par-
ticular, in Fig. 7(c), we also report the fitting with eq. (9), which quite
well fits the data. As can be seen, stress (at all levels of strain) can also
double from the lower R to the higher R in the investigated microstruc-
tural anisotropy range. This supports the fact that the correct orientation
of the microstructural anisotropy with respect to the load direction is
a fundamental variable to optimize the energy absorption capacity of
anisotropic polymer foams [63].

y
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Fig. 7. Average moduli and average stresses versus R rescaled at density of 39.2 kg/m>. (a) Young’s moduli. (b), (c), (d), (e), (f) average stresses at 5%, 10%, 20%,

30%, 50% of strain, respectively.
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Fig. 8. Results of the sagging experiments. (a) Time-dependent theoretical anisotropy as a function of time with the estimated error bands (shadowed) for all the
types of preforms and PSs. (b) Frames at different instants for preforms of type R. (c) Viscosity versus shear rate for the different PSs, where the lines are the best-fit
with the Cross model (eq. (16)). (d) Microstructural anisotropy R of the PS foams versus the final theoretical anisotropy, Ry(t,), which corresponds to the anisotropy
of the preform the instant before the pressure release (i.e., before the expansion and foam production). The dashed line corresponds to R™! = Ry (t).

Still, across the investigated range of R, foams produced from PS

4.3 consistently exhibit the lowest mechanical properties, and foams
made from PS 2.3 generally perform worse than those from PS 2.7.
This suggests that, when density and microstructural anisotropy are held
constant, factors beyond M, and M,, of the base PS influence the me-
chanical behavior of the foams [89].

6.4. Preforms sagging

To explain the differences in the values of R in the foams produced
starting from the same preform but different polydispersity, we report
the results of the sagging experiments in Fig. 8(a)-(d).

Fig. 8(a) reports the time-dependent theoretical anisotropy Ry ()
versus the time. As expected, type L preforms have (i) less time to sag
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Table 4
Best-fit of the Cross parameters of the viscosity versus shear
rate curves of PS2.3, PS2.7 and PS4.3.

parameter PS2.3 PS2.7 PS4.3

o [Pa-s] 35400 + 200 94700 £ 1500 32500 + 600
A [s] 1.5+0.03 29+0.1 0.075+£0.05
n[-] 0.682+0.002  0.737+0.004  0.723 +0.007

(since ¢, = 60 min) and (ii) a minor characteristic shear stress acting on
the preform itself, which scales with ~ A2 /d [90]. Moving to preforms of
type I and especially of type R, both quantities increase and the sagging
effect becomes more and more pronounced. In particular, for preforms
of type R, the sagging effect sensibly modifies the initial aspect ratio,
which in the case of pR-4.3 almost tends to the aspect ratio pI-4.3. In
such a case, the mechanical properties of the resulting foams from the
PR-4.3 and pI-4.3 preforms will be closer: more precisely, the difference
between the properties will be smaller compared to the difference ex-
pected from the mechanical properties of the foams obtained expanding
the preforms pR-2.7 and plI-2.7 (as confirmed by Fig. 6(d)-(i)). In fact,
from the three types of preform, it can also be seen that PS 2.7 is less
prone to sag, while PS 4.3 seems to be more sensitive to the sagging
effect.

In Fig. 8(b), we report the same frames of the sagging experiments
of type R preforms of the three types of PS for a proper comparison. It
can be clearly seen that at the end of the saturation time (i.e. 120 min),
the pR-2.7 preform has not drastically changed its initial aspect ratio,
while this is not true for pR-2.3 and especially for pR-4.3.

When considering the same type of preform, namely L, I, or R, the
reason for the different sagging between different PSs can be found in
their different values of zero-shear viscosity, #,, during the solubiliza-
tion step. During such a step and taking into account our processing
conditions, we can estimate a weight fraction of CO, in all the PSs of
~ 7% [80], with a consequent strong decrease in the glass transition tem-
perature up to (as a thumb rule) 8 °C per percentage point of solubilized
CO, [76]. Hence, to properly characterize the viscosity of the different
PSs in our processing conditions, we should perform the viscosity mea-
surement at ~ 170 °C. For experimental limitations, we performed the
measurement at 180 °C in the way described in subsection 5.4.

In Fig. 8(c), we report the viscosity versus the shear rate for the three
PS at 180°C. To find #,, we fit the curves of Fig. 8(c) using the Cross
equation, which reads:

ny)= (16)

Mo
L+ 7
where 4 is an average time required for the chains to relax and n is
a parameter related to the power law exponent in the shear thinning
region. The best-fit values of the parameters of eq. (16) for the three
PSs investigated are reported in Table 4.

As can be seen, the zero shear viscosity of PS 2.7 is roughly three
times higher than the viscosity of PS 2.3 and PS 4.3, which is in fact
in agreement with the sagging of the respective preforms reported in
Fig. 8(a).

For further confirmation of the sagging of the preforms and its ef-
fect on the resulting foam morphology, we can consider the comparison
between the values of the reciprocal of the microstructural anisotropy
measured by SEM, 1/R, and the values of the final theoretical anisotropy,
i.e., the value of Ry () at the time of expansion, Ry(#,). This comparison
is reported in Fig. 8(d). As can be seen, the data align well on a straight
line that is parallel to equation R~! = Ry (t,), but shifted in the direc-
tion of cells more elongated/oriented in the radial direction (i.e. lower
R). This effect may be due to microstructural relaxation before cooling
guided by gravity.

10
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6.5. Supporting the results: lower-density samples

In the present subsection, we produce and characterize isotropic
lower-density foams (LD) of the three PSs to verify the reproducibility
of the results and support the conclusions.

To produce such foams, we produce preforms with Ry = 1.15 but
with a mass of 113 + 1 mg, so that due to sagging it reaches Ry(z,) =1
and once expanded in the same mold as before, a lower density is
achieved with respect to the previous samples. To verify that the rea-
son for the different values of microstructural anisotropy is mainly the
sagging of the preform, based on the results of Fig. 8 we adapt the sol-
ubilization time of the different PS preforms as follows: ¢, = 90 min for
the preform PS 2.3, ¢, = 105 min for the preform PS 2.7, and ¢, =75
min for the preform 4.3. We underline that in all three cases, the sol-
ubilization time is enough to fully saturate the preform and hence to
obtain a uniform foam, since such preforms are smaller than the previ-
ous ones, with a geometry comparable to that of the previous preform I.
After production, we obtain p = 31.3 + 0.4 kg/m? for LD PS 2.3 foams,
p=31.8+0.4 kg/m? for LD PS 2.7 foams and p = 30.9 + 0.8 kg/m? for
LD PS 4.3 foams. The results are shown in Fig. 9(a)-(f).

In Fig. 9(a)-(c) we report the SEM images of the LD foams with dif-
ferent polydispersity, which, as expected, are indeed very similar to the
isotropic foams of Fig. 4(d)-(f). As can be clearly shown from Fig. 9(d),
the trend in MCS of such LD foams confirms the trend obtained for the
higher density foams (in transparency, from Fig. 5): this supports the
conclusion that the difference in MCS is due to differences in the MWD
of the base polymer, and more specifically, the presence of a low molec-
ular weight tail. In Fig. 9(e), we compared the mechanical behavior of
LD foams with the previous I foams: as expected [64], the stress-strain
curves for LD foams are lower. However, such curves are comparable
with those of higher density foams with a microstructural anisotropy of
the order of 1.4: this supports the fact that by only changing the mi-
crostructural anisotropy, one can obtain the effect of a weight variation
bigger than 20%, thus underlining the importance of a correct design
of microstructural anisotropy. In Fig. 9(f), we report the reciprocal of
microstructural anisotropy, 1/R, as a function of Ry (t,) for LD sam-
ples, compared to the data of Fig. 8(d). In this case, the final theoretical
anisotropy of the LD sample is only estimated based on the results of
Fig. 8(a): we assume a change in the nominal theoretical anisotropy ra-
tio equal to the one experienced by the preform pI-PS 2.3. This sagging is
overestimated, because the shear stress acting on the LD preform causes
a lower sagging [90]. We find that the values of 1/R for LD foams align
nicely with the previous ones and show a smaller variation of the val-
ues of 1/R with respect to the values of higher-density I and R foams,
correctly pointing in the direction of a reduction in sagging.

6.6. Design maps

In Fig. 10(a) and (b), we now propose examples of design maps for
the Young’s modulus and the stress @10% of the strain of transversely
isotropic foams (in the direction of anisotropy), which can provide use-
ful guidelines for engineers. The design maps are reported in the design
space ¢ € [0.01,0.1] and R € [0.1,3]. It is worth noting that far from
the investigated experimental range, the assumptions of the model may
no longer be valid (e.g., changes in micro-mechanical mechanisms).
The design curves (black lines) show correspond to the level curves of
the function E/E, for Fig. 10(a), and to the level curves of the func-
tion 6,qy,/0,, for Fig. 10(b). The experimental data are also reported
for proper comparison. Using design maps, one can quantify the re-
duction in mass achieved by increasing the microstructural anisotropy
(i.e., increasing R) of a transversely isotropic foam while maintaining
its mechanical properties constant. Such design maps must be used with
caution: it is important to note that they are obtained at a given y value
(herein, we used the obtained 7z = 0.963 and 7, = 0.778), which must
be the same y shown by all the foams. Hence, discrepancies of the ex-
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Fig. 9. Results of LD foams. (a), (b), (c) Are the SEM images of the foams I-LD-2.3, I-LD-2.7, I-LD-4.3, respectively, where the scale (white segment) is set to 200
um. (d) Reports the MCS as a function of the density, where in transparency the results from Fig. 5 are reported. (e) Shows the stress-strain curves of the LD samples
compared to the same types with higher density (which are in transparency). (f) Shows R versus Ry(#,) (estimated) for LD foams, compared in transparency to the

results of Fig. 8(d).
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Fig. 10. Example of design maps, with experimental data reported for comparison and design curves are in black. (a) Design map for the Young’s modulus. (b) Design

map for the stress @10% of strain.

perimental values from the values of the design curves can be ascribed
to a given distance from the y by which maps are obtained.

In addition, such design maps are, in principle, generalizable to any
base polymer. However, in the case of semicrystalline polymers, the
induced anisotropy may also lead to anisotropic crystallization within
the cell walls, potentially influencing the mechanical properties of the
matrix and, consequently, those of the foam. Accounting for this ef-
fect would require the introduction of an additional parameter into the
model, which would alter the curves in the design maps.

7. Conclusions

Even if polymer foams are ubiquitous in everyday life, many ques-
tions remain about the relationship between their microstructure and
the related macroscopic mechanical behavior. In their mechanics, many
(in principle, independent) parameters play a role, such as base poly-
mer properties, density, and microstructural anisotropy. In the present
research, we have focused our attention on the effect of microstruc-
tural anisotropy on the quasi-static uniaxial mechanics of anisotropic
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polymer foams. We have produced transversely anisotropic PS foams
in the (average) density range 37.3 — 41.2 kg/m® by expanding well-
designed preforms through physical batch foaming, and we have char-
acterized their uniaxial compression mechanics and microstructure. We
have found that, while maintaining a constant density, the sole mi-
crostructural anisotropy in the experimentally investigated range can
increase/decrease their linear and nonlinear mechanical properties up
to more than three times. This increase/decrease can be reasonably de-
scribed by the rectangular homogenized closed-cell model proposed by
Gibson and Ashby [64], where the aspect ratio of the cell is substituted
with a homogenized aspect ratio of the microstructure - the microstruc-
tural anisotropy - which can be obtained according to ASTM D 3756-15
[84]. We find that all mechanical properties follow a consistent trend
with respect to R (described by eq. (8) or eq. (9)), which, however,
seems vertically shifted depending on the base PS. This shift may arise
from variations in frozen stresses within the cell walls, differences in the
bulk material properties, cell diameter, and variations in the thickness
of the struts and walls. However, this aspect requires further investi-
gation. We found that the MWD of the base PS affects how much the
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preform sags, which impacts the final foam microstructure. In fact, the
zero-shear viscosity, which controls sagging, depends on the MWD. We
supported our findings with an additional experimental campaign on
lower density foams, which is consistent with all previous results. In
conclusion, we also propose design maps for the Young’s modulus and
the stress at 10% of strain for transversely isotropic foams: from such
maps, the density and the microstructural anisotropy can be calibrated
to target specific mechanical properties. We believe that these results
can offer significant understanding of the relationship between process,
microstructure, and properties in anisotropic polymer foams, promoting
a more effective and efficient approach to designing these materials.
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Appendix A
A.1. Error on the density measurement

Given eq. (3), the absolute error on the measured density of the
foams, |5,|, can be computed according to the linear error propagation
theory (hence obtaining an overestimated value) as follows:

18, | 16, 1+18, |
|5p|=p< M 4 L ”“)+|5p|,
[m,| [Py = P4l @

where 6ma, 5mw’ 5pw and 5,,0 are the absolute errors of m,, m,,, p

pg» Tespectively.

16, [+ 16, |

(A1)
|ma _mwl

» and

A.2. Uncertainty determination of R

The uncertainty in determining R, ey can be obtained by propagat-
ing the standard error of the mean of the two chord distributions:

SD¢. SD,

(E) ()

where SD¢ and SD¢, are the standard deviations of the distributions
of the radial and longitudinal chords, respectively, while N, and N, are
the number of chords obtained by the ILM in the radial and longitudinal
directions, respectively.

(A.2)
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The uncertainty on the average between the values R of the two

samples per type is assumed as 6 = max (6half_spread r'Pe R), that is, the
maximum value between the half-spread Spa¢.spread, = IR — Rp|/2 and

the propagation error peg = (1/2)4 /ei1 + eiz.

A.3. Derivation of the expression of MCS and its uncertainty

In this subsection we generalize for the anisotropic cases the deriva-
tion of cell size and shape using the ILM reported in [84] for the isotropic
case. We assume that the cell shape is spheroidal (prolate or oblate
spheroids) and that all cells are oriented along the longitudinal direc-
tion. With these assumptions, the cells have circular symmetry in the
radial plane (for both prolate and oblate spheroid cases). We name the
average spheroid semiaxes as A; in the longitudinal direction and A,
in the radial direction. In subsection 5.2 the procedure for determining
the average measured chord length in the longitudinal direction C; and
in the radial direction C, of the randomly truncated cells is described,
and the relationship between Cr (C,) and Ar (A|) can be obtained as
described below.

With our assumptions, when cells are randomly truncated by a lon-
gitudinal plane as described in subsection 5.2, ellipses appear on the cut
surface. We name a; and a, the average ellipse semiaxes in the longitu-
dinal and radial directions on the cut surface, respectively. Therefore,
the ellipse equation is

S}

X

2
+2=1, (A3)
g

a7
and the relationship between Cr (C)) and a, (a;) can be calculated as

follows:

C . der. Jy"y(0dx der. Jy' x(y)dy 7
=X= ——=2a—, .
4

279" T Ty

2
The relationship between a; (a,) and A (A,) can be obtained with anal-
ogous calculus:

C
= al% > (A4)

7 b
a = Al Z, a. = Ar Z . (A.S)
Combining eq. (A.4) and eq. (A.5) yields the following:
Cl (42 C 4\
A= (2 A= (2) A6
! 2 \x r 2 \zm (4.6)
The uncertainty of MCS, ycs, can be obtained as follows:
5 42 1/N,o%[ +N,0'(2:r a
mes = (2) N, + N, : :

A.4. Density-rescaling coefficients and fitting parameters

In Table A.1, we report the density-rescaling coefficients for Young’s
moduli and the stresses (c£ and ¢°, respectively) for each type of foam.
The adopted rescaling density is 39.2 kg/m? (¢* = 0.0373). The density-
rescaling coefficients refer to the following fitting values: 75 = 0.963 +
0.004; 7, =0.778 + 0.007.

Appendix B. Supplementary material

Supplementary material related to this article can be found online at
https://doi.org/10.1016/j.matdes.2025.114568.
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Data will be made available on request.
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Table A.1

Density-rescaling coefficients for each type of foam. The target density is 39.2 kg/m®.
coefficient L-2.3 1-2.3 R-2.3 L-2.7 1-2.7 R-2.7 L-4.3 1-4.3 R-4.3
cf -] 0.975 1.02 0.939 0.920 0.986 0.987 1.053 1.079 1.066
¢ [-] 0.982 1.012 0.948 0.943 0.988 0.989 1.037 1.063 1.055
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