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Abstract

Research on nanocellular foams is motivated in part by the promise of physical properties, in particular mechanical
properties, that can go beyond the classical mechanical framework. However, due to the difficulty in obtaining foams of
a given density but different cell sizes, determining the effect of cell size on the mechanical properties of polymer foams
remains a challenge. To overcome this difficulty, studies on the mechanical behaviour of mesocellular, microcellular and
nanocellular polymer foams have been compiled in this review article. After describing the different cellular structures
between meso-, micro- and nanocellular foams, the mechanical properties are examined as a function of relative
density and cell size. It is shown that for small strains and at low strain rates, nanocellular foams exhibit mechanical
behaviour predicted by the Gibson and Ashby model. Relative density remains the first important factor to be taken
into account when studying the Young’s modulus and buckling stress of nanocellular foams. The focus then shifts to
fracture properties, as microcellular foams have already been shown to be far superior to more conventional foams. As
studies are still scarce and different methodologies have been used, no general conclusions can be drawn. However,
the fracture and impact properties could be greatly improved by this change in scale. The local confinement of molecular
chains in polymeric nanocellular foams or the relaxation of the triaxial stress state in front of the crack tip could explain
these observations.
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Eg Young’s modulus of the constitutive material CPET Crystallized poly(ethylene terephthalate)
E* Young’s modulus of the foam DMA Dynamic mechanical analysis
¢ Volume fraction of the solid contained in the EPFM Elastic plastic fracture mechanics
edges of the cell FPZ Fracture process zone
K Stress intensity factor LDPE Low-density polyethylene
Kie Fracture toughness LEFM Linear elastic fracture mechanics
Kre, Fracture toughness of the dense material MAM PMMA-co-PBA-co-PMMA block copolymer
Kj, Fracture toughness of the foam PBA Poly(butyl acrylate)
v* Poisson’s ratio of the foam PC Polycarbonate
n Average number of edges per face PEI Polyetherimide
N, Cell density PESF Poly(ether sulfone)
Po Inner pressure of the cells PLA Poly(lactic acid)
Pat Atmospheric pressure PMI Polymethacrylimide
P Density PMMA Poly(methyl methacrylate)
p* Foam density PMMA-sep PMMA with sepiolite inclusions
Ps Constitutive material density PPSF Poly(phenyl sulfone)
pPr Relative density PS Polystyrene
Ofy Failure strength of the constitutive material PS-PFS Poly[styrene-block-4-
Ty Yield strength of the constitutive material (perfluorooctylpropyloxy)styrene]
O'; f Buckling stress of elasto-plastic foams PU Polyurethane
te Edges thickness PVC Poly(vinyl chloride)
ty Faces thickness RPU Rigid polyurethane
X Foam expansion ratio scCO2 Supercritical CO2
Zy Number of faces meeting on an edge SEM Scanning electron microscopy
TPU Thermoplastic polyurethane
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Introduction

New materials are being developed since the copper age
(10 000 BC) to fill the material property space (1). Very
low density materials with a density between 10 and 30
kg m~3 could finally be obtained with the development of
synthetic foams during the 20*" century (2) (fig. 1). Cellular
polymers have since found great popularity and have been
used in a wide range of applications such as the automotive
industry (3) and more globally in the transport, sport (4)
or packaging (5). Cellular polymers, also called foamed
plastics are sought after for their light weight, low thermal
conductivity and energy absorption properties for vibration
damping and under impact.
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Figure 1. Progressive filling of the material space over time,
adapted from (1), courtesy of the Royal Society Publishing
(log-log scale).

Because of their porous nature, foams are usually
compared with their constitutive material. They are thus
characterised by their relative density p,, given by

pr="1 (1)
Ps

or their expansion ratio X, expressed as
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with p*, the density of the foam and p,, the density of
the dense constitutive material of the foam or the density
of the unfoamed material. It has been shown to be the
main parameter to consider when predicting the mechanical
behaviour of foams (6).

With the introduction of new manufacturing processes
allowing to obtain cellular materials with controlled and
micrometric porosities (1 - 100 pm), it was expected that
the physical properties of the microcellular foams would be
improved in an exceptional way (7). Several studies have
shown that the basic mechanical properties of microcellular
plastics, such as their Young’s modulus or their tensile
strength, are proportional to their relative density (8; 9; 10),
in agreement with the micromechanical model proposed
by Gibson and Ashby (6). Therefore, the reduction in
cell size had not the expected effect on the mechanical
properties of microcellular plastics: the relative density-
related mechanical properties of microcellular plastics do
not exhibit a significant superiority over their mesocellular
counterparts. The relative density p, remains the first
order parameter influencing the mechanical behaviour of
microcellular foams.

Since then, several research teams have been working on
reducing the size of the pores and nanoscopic porosities
were finally achieved at the beginning of the 21" century
(11; 12; 13; 14; 15; 16; 17; 18). Recently, Martin-de-Leon
et al. achieved a characteristic cell size of around 20 nm
(19). Their physical properties such as their mechanical
and thermal behaviour (20; 21) have been studied and
seem to indicate better properties than their microcellular
counterparts. However, due to the difficulty in obtaining
foams of a given density but different cell sizes, determining
the effect of cell size on the mechanical properties of polymer
foams remains a challenge. Therefore, to further investigate
the influence of cell size on the mechanical behaviour of
mesocellular to nanocellular plastics, it is necessary to take
into account both the cell size and the relative density when
analysing the results.

In this review article, we propose to quickly summarise
the fabrication processes of nanocellular plastics and their
resulting cellular structure. The review will then focus on the
mechanical properties of these materials, with the associated
mechanical models that have been developed over the years.
A comparison of the studies on the mechanical properties
in compression and at fracture will be carried out in order
to study the influence of the cell size on these mechanical
properties. Finally, a discussion is proposed to explain why
nanocellular plastics seem to display a better fracture and
impact behaviour than foams with larger porosities. Thin
film effect and the triaxial stress state of cellular plastics are
discussed.

Towards nanocellular foams

Since the 80’s, various processes have been used to
produce microcellular structures (7; 22; 23; 24; 25;
26; 27). The transition from micro to nano has been
gradual. Supercritical COy (scCO;), a blowing agent
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already used to produce microcellular foams (25; 28),
was proved to be the most suitable production route
for nanocellular foams (14; 29; 30). In comparison to
microcellular foams, the novelty for nanocellular foams
consists in the addition of block copolymers with COs-
philic blocks within the polymer (31; 32). Depending
on the polymer, this copolymer is modified. In the case
of polystyrene (PS), spherical nanodomains of fluorinated
CO;-philic blocks are added. A film of poly[styrene-
block-4-(perfluorooctylpropyloxy)styrene] (PS-PES) is thus
expanded to obtain a nanocellular structure (12).

In the case of poly(methyl methacrylate) (PMMA),
a triblock copolymer called MAM (PMMA-co-PBA-co-
PMMA block copolymer where PBA is poly(butyl acrylate))
organised in nanoscopic micelles is dispersed in varying
amounts in the polymer. MAM is known to homogenise
the cell size distribution and generally tends to decrease the
cell size of PMMA foams in batch processes (33; 34; 15).
PMMA/MAM is a good model system, that is why many
research works studied the batch foaming process of this
mixture varying the process parameters (31; 35; 29; 36;
37; 38). These works indicate that the accessible density
is between 1 and 0.25 103 kg m~3 (representing a relative
density between respectively 0.83 and 0.21). The average
cell size is generally between several tens of micrometers to
0.1 pm, but can reach 50 nm thanks to saturation conditions
at very low temperatures (0 to -32°C) (39; 40; 41) or very
high pressures (10 to 30 MPa) (15; 32; 42; 43; 21). Indeed, a
decrease in temperature or an increase in pressure increases
the CO2 mass uptake. This promotes nucleation within the
material and thus the apparition of high cellular density and
nanoscopic porosities. Furthermore at low temperature, no
coalescence happens which allows a small cell size (43).
Other methods are also used to increase the cell density and
to decrease the cell size like the addition of nanocomposites
(16; 44; 45; 46) or the cold crystallization phenomenon in
poly(lactic acid) (PLA) (47; 48).

It can be noted that all the processes presented for
the nanocellular materials are always batch processes. In
batch processes, CO-saturation is of the order of a few
hours. If one wish to industrialise these nanocellular foams
like the microcellular foams, the use of semi-continuous
or even continuous processes is therefore necessary
(14; 38). However, in continuous processes, rheology,
thermodynamics, sorption/desorption/diffusion kinetics and
the final foaming are intrinsically coupled. Controlling these
phenomena in a very short time stays today an underlying
scientific problem, as noted in previous studies (49; 50).

Description of the cellular structures

As for natural materials (51), a question arises about the
description of the several scales in cellular materials as
synthetic materials become more and more complex in order
to enhance their physical properties. The scales usually
defined are thus presented in this section as well as the
associated structural parameters.

Mesocellular foams

Scales description in foams When polymeric foams were
first synthetically produced, their cell size was between
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10=* m and 10~2 m. They are today the more spread one.
These foams with mesoscopic pores will now be referred to
as mesocellular foams. The scales in cellular materials have
been reflected from these mesocellular foams. In their review
on the dynamic mechanical behaviour of foams (52), Sun et
al. propose the following scales:

- Macroscopic scale (component) > 10~ 'm

- Macroscopic scale (samples) 107?m - 10~ 'm

- Mesoscopic scale (cellular structure) 10~#m - 10~2m

- Microscopic scale (base material) 10~%m - 10~*m

- Nanoscopic scale (base material highly porous)
107?m-10"%m

The above description is not suited for the microcellular
and new nanocellular foams. This classical distinction
between scales needs to be broadened to take into account
the several types of cellular materials, from the mesocellular
to the nanocellular.

Furthermore, new types of synthetic architected materials
are being developed with multi-scales structurations (53; 54;
55; 56). A more general description inspired by the one used
for natural materials with hierarchical structures (51) should
allow an easier discussion and comparison between all those
structured materials.

Cellular structure scale Foams are generally distinguished
in two main categories based on their cellular structure:
closed-cell foam and open-cell foams (6). In open-cell
foams, edges form the cell network (fig. 2a). All the cells
are interconnected and a fluid can flow through the cells.

B w v ,;.:{ ‘7 -
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pe |

(a) Open-cell (b) Closed-cell

Figure 2. Differences between open (57) and closed-cell (58)
foams and main features of these foams. Adapted with
permission from Elsevier.

Foams with closed cells have well defined cells that
are delimited by the cell walls. Between two cells, there
are cell faces and at the junction of several faces are the
cell edges (fig. 2b). The edges and the faces do not have
the same thickness ¢, and t; respectivelly, especially in
synthetic foams (6). ¢ is used to quantify the solid phase
distribution (eq. 3). It represents the volume fraction of the
solid contained in the edges of the cell (6). The remaining
fraction (1 — ¢) is then in the faces.

te

=7z 3
12+ 2l

where 7 is the average number of edges per face on a
single cell and Z; is the number of faces that meet on an
edge. The thickness of the cell edges t. and of the cell
faces t; are therefore also interesting structural parameters
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to measure. To describe globally the cellular structure, three
main parameters are used:

- the cell size d,

- the relative density p, (eq. 1) or the expansion ratio X
(eq. 2),

- the cell density N, (eq. 4) defined as the number of
cells per cubic centimetre of the unfoamed sample.

()"

where n is the number of cells observed in an area A in
c¢m?2. In addition, to refine the cellular structure description,
other parameters and their distribution can be measured like
the open-cell content (59).

n

Ne
A

“)

Microcellular foams

Microcellular foams are characterised by cell sizes between 1
and 100 pm. More restrictive definitions place microcellular
foams as foams with pores smaller than 10 pum (60) or
smaller than 1 pum. The density of the cells varies from
105 to 10° cells/cm® in the Mucell process (22; 23; 61),
which was one of the first process developed to produce
microcellular polymeric foams. Many were developed after
it, from batch foaming (rapid temperature rise and/or rapid
pressure quench) to continuous extrusion foaming (25).
These processes strongly dictate the resulting structure. Pang
et al. reviewed in 2022 six resulting types of cell structures
(60) depending on the evolution of the cell size, the cell
density and the expansion ratio. It seems microcellular foams
are mostly closed-cell (60), however open-cell microcellular
foams have also been produced (62).

Unfoamed

skin layer

Foamed
core region

Unfoamed
skin layer

Figure 3. SEM image of the cross-section of microcellular
injection-molded parts. Adapted from (63), courtesy of SAGE
Publications.

Injection moulded foams have a solid skin on their surface
(fig. 3). This is generally attributed to the rapid solidification
of the polymer-gas solution attached to the cold wall of
the mould cavity. In addition, the cell structure is not
homogeneous and becomes increasingly deformed as one
moves away from the injection site (64). Dong et al. explain
these two phenomena by two mechanisms involved in the
cell formation process: foaming during filling and foaming
after filling (27; 63).

Nanocellular foams

As reported above, nanocellular foams that have been
produced present a high relative density (0.21 - 0.81). An
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important work was made by Demewoz and Yeh to compute
all research made on nanocellular foams and to obtain a
visualisation of the relative density versus the cell size (fig. 4)
(65).

r 2A ] PN N T ]
r A ]
B AA% AR &3 A A 8a a B
L . N AAA i . s :A |
L N A N i
[ MA N AR Al A AA i
A
s
&,

Cell size (nm)

10t
0.8

Relative density p*/ps (-)

Figure 4. Overview of relative density versus cell size of
nanocellular foams adapted from (65), courtesy of Elsevier
(log-linear scale).

From this analysis, it appears that for now a physical limit
exists. It seems complex to decrease the relative density and
the cell size at the same time. This limit is represented by
the red curve on the fig. 4. The nanocellular foam with the
smallest cell size (13 nm) was produced by Martin-de-Leon
et al. with a relative density of 0.41 (41). The nanocellular
foam with the lowest relative density (0.18) was produced by
Yeh et al. with a cell size of 65 nm (66). Both of these foams
were obtained with PMMA.
a0

PMMA

MAM

Figure 5. SEM pictures of the cellular structure of several
foams produced in batch after CO, saturation at 30 MPa, at
different temperatures from neat PMMA, 90/10 PMMA/MAM
and neat MAM (PMMA-co-PBA-co-PMMA block copolymer).
Adapted from (43), courtesy of Elsevier.

This highly impacts the typical nanocellular structure
that can be observed through scanning electron microscopy
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(SEM). Indeed, the majority of mesocellular foams and a few
microcellulars foams present a relative density smaller that
0.1. On the contrary as shown by fig. 4, nanocellular foams
demonstrate most of the time higher densities. The resulting
structure of nanocellular foams is thus very different from
meso and microcellular foams (see fig. 5). Nanocellular
foams presenting the smallest cell size are open-cell (30)
Furthermore, nanocellular foams display thick cell edges in
comparison to their own cell size. On the contrary, low-
density micro- and mesocellular foams can display very thin
cells walls.

Beyond a qualitative description, determining the actual
cell size of nanocellular polymeric foams presents significant
challenges due to the inherent complexities of nanoscale
structures and limitations of existing characterization
techniques. Among the difficulties encountered in accurately
determining the cell size of nanocellular foams lies
the instrumentation limitations as SEM has resolution
limitations that prevent accurate characterization of cell
sizes below a certain threshold, typically around 50 nm.
Sample preparation is also complex as porous structures
are easily damaged during sample preparation, leading to
inaccurate measurements. This could decrease the accuracy
when analysing the effect of the cell size on the different
physical properties of these foams. Nano-tomography could
be a useful tool to obtain an accurate quantitative description
with 3D informations (67; 68) as it was previously done on
micro and mesocellular foams thanks to microtomography
(69; 70; 71).

Finally, the typical nanocellular structure is today made of
an unfoamed skin layer (72), like for the microcellular foams.
Recently, the incorporation of a flexible gas diffusion barrier
on the polymer surfaces during the saturation and foaming
processes has nevertheless made it possible to considerably
reduce this skin (73).

Compressive mechanical behaviour of
foams

Typology

The mechanical behaviour of a cellular material is strongly
dependent on its constitutive material and its relative density
pr (6). The classical mechanical behaviour of foams under
compression display three phases: pseudo-linear elasticity,
plateau and densification (fig. 6). Three distinct mechanical
behaviours (elastomeric, elastoplastic and brittle) can be
distinguished due to their plateau phase (fig. 6) (6). To
these three behaviours (fig. 6), three types of deformation
mechanisms have been associated (fig. 7), thus linking the
behaviour of the structure at the macroscopic scale to that of
the cell’s deformation modes at a more local scale.

- For an elastomeric behaviour (75), the stress plateau is
governed by the elastic buckling of cells starting at o,
(fig. 7a). It is a non-linear elastic behaviour.

- An elasto-plastic foam has a stress plateau induced by the
formation of plastic hinges during the buckling of its cell
walls (76; 77) (fig. 7b). The plateau that starts at U;l can thus
be referred to as a ”plastic plateau”.

- In elastic-brittle behaviour, the plateau stage is due to a
succession of micro-cracks in the cells struts (fig. 7c) (78).
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Figure 6. Stress-strain curves of different types of foam:
elastomeric, elasto-plastic and brittle. Adapted from (74),
courtesy of Elsevier.

The plateau phase of the macroscopic mechanical behaviour
is then not as smooth as in the two previous cases (fig. 6).

Plastic hinges

F  Brittle

fracture

Figure 7. Deformation modes of closed cells, adapted from
(74), courtesy of Elsevier. (a) Elastic buckling (b) Plastic
buckling. (c) Brittle fracture.

Of these broad categories of mechanical behaviours, some
behaviour can be hybrid. The deformation mechanisms
are generally complex and difficult to unify behind a
single definition in the case of nanocellular foams because
the cellular structure and the constitutive materials vary
from one study to another and have a great influence on
these local mechanisms. Their identification can be done
through various mechanical tests in parallel with post-
mortem cellular structure observation (58) or an evolution of
the cellular structure during a mechanical test (79; 80).

Associated models

Over the last 55 years, many mechanical models have
been proposed to describe the mechanical behaviour of
cellular materials. One of the most used model is the model
developed by Gibson and Ashby based on a cubic cell with
cell walls loaded in bending when macroscopically loaded
in compression or tension (6) (fig. 7). This model and more
globally its utilisation has been criticised since by Mills
as it is important to keep in mind it is a semi-quantitative
mechanics analogue for foam behaviour (81). Other models
have been developed to propose a more accurate prediction
of the mechanical behaviour based on the topology of the
cell. A large part of them focuses on the first linear part
of the curve (elastic moduli) and on open-cell foams. Few
of them aim at predicting the mechanical behaviour until
densification (82).

It has been shown in section 3 that a large variety of foam
cells morphology exists between mesocellular, microcellular
and nanocellular foams. The very accurate models relying on
a precise cellular structure are then not suitable to compare
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the mechanical behaviour of all these different foams. That
is why the Gibson and Ashby model will be more deeply
presented and used to discuss experimental results from
different studies in the following review article.

Linear elasticity Under a compressive loading, the mechani-
cal behaviour is first characterised by a pseudo-linear elastic-
ity regime happening at small strains (see fig.6). For open cell
foams, the only mechanism involved according to Gibson
and Ashby is cell wall bending,

E* p* 2
~|— 5
=~ (2) )
with E, the Young’s modulus of the constitutive material.
The calculation of the Young’s modulus E* of closed cell
foams takes into account more mechanisms. In addition to
bending, the faces are stretched and the fluid in the cells is

compressed. Therefore, Young’s modulus is a function of F,
p*, ps, @ (eq. 3) and the Poisson’s ratio of the foam v/*:

* * 2 * _ l/*
E mf(p) - g P2

s ps  Es(1—p*/ps)

Several extensions to Gibson and Ashby’s model have
been proposed over the years (83). Among them, we can
note the one developed by Jo et al. (84). It has been shown
that foams with a stretching dominated architecture have a
different dependency to the relative density (85; 86),

E* p*
~ —. 7
B~ (7N

It follows that this kind of cellular structures with p*/ps =
0.1 is about ten times stiffer than a bending-dominated
structure (86).

Buckling stress Many of the microcellular and nanocellular
foams studied appear to be mainly foams with elasto-plastic
behaviour. This means that when the macroscopic stress
reaches the non-linear phase, plastic hinges appear when the
cell walls deform non-linearly. The equation proposed by
Gibson and Ashby to determine the buckling stress of elasto-
plastic foams U;z is, for open cell foams,

o N 3/2 W 172
el 0.23 <p> 1+ <p> . ®
Oys Ps Ps

with o, , the yield strength of the base material. This
equation can also be used for closed cell foams, although
a specific equation has been developed that takes the
atmospheric pressure p,; and the inner pressure of the cells
P in to account,

% P\ Pt Po—p
2L~ 0.3 (¢> +04(1— )=+ 22— (9)

Oy, Ps Ps Oys

For elastomeric and brittle foams, expressions for buckling
stress or collapse stress respectively, can also be obtained (6).
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Densification The densification phase begins at ¢4 when
there is a generalisation of the contact between cell walls
(87). Few models venture beyond the buckling stress. This
is the case of Jo et al. (84), which proposes an expression
from the Gibson and Ashby formalism to predict the strain at
densification,

s—0 £\ 2 t

with [ and ¢ corresponding to the characteristic size of the
cell size and cell wall thickness respectively, s is the initial
height of the cell without the cell walls and ¢ is the height of
the cell when the two opposite walls are in contact.

(10)

Influence of cell size on the Young’s modulus

The analytical models presented above where developed for
mesocellular foams. They do not take into account the cell
size. With the development of new manufacturing processes
enabling the production of micro- and nanocellular foams,
these models can be now compared with experimental data
on these new foams. Results on micro- and nanocellular
foams will be first presented, then an analysis of the
experimental data gathered in these studies using the Gibson
and Ashby models will be performed.

Tests performed and foams tested The mechanical
behaviour of microcellular and nanocellular foams was
mainly studied in compression, 3-point bending and
tension. Several thermoplastic polymers were used to obtain
microcellular foams (tab. 1). The majority of the polymeric
microcellular foams are from thermoplastic amorphous
polymers (polycarbonate (PC) (9), polyetherimide (PEI)
(96), PMMA (91), acrylonitrile butadiene styrene (ABS)
(64)). Only few semi-crystalline cellular polymers have
yet been studied (low-density polyethylene (LDPE) (89)).
The linear elastic mechanical behaviour of nanocellular
polymeric foams has mainly been studied through PMMA-
based systems (tab. 1). This is due to the fact the majority
of nanocellular foams are made from PMMA as explained in
section 2.

Young’s modulus of microcellular foams For foams with
a pore size around 15 pm, a significant density effect
is unsurprisingly observed on PMMA microcellular foams
tested in compression (98). A more interesting result shows
that for a relative density of 0.05 and 0.033, foams with
larger average cell size have worse mechanical properties (in
terms of buckling stress and Young’s modulus) than foams
with smaller cells (98). The cell sizes studied ranged from
446 to 5.4 um for the density of 0.05. For both densities
studied, the modulus evolves according to a power law and
the plateau stress increases linearly with decreasing cell size.
The foam with cells around 446 pum displays a very different
cellular structure with many defects in comparison to foams
with cells below 200 pm. The cellular structure and the
mechanical behaviour in compression are very similar for
foams with cell size between 200 pm and 5.4 yum. Therefore,
rather than a cell size effect, the decrease in Young’s modulus
with larger cells appears to be caused by the numerous
defects.
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Article Material Test Dimensions Speed Size p*lps
mm or mm?> mm/min (wm) -)
Microcellular foams
Kumar et al., 1994 (9) PC Tension ASTM D638 (type IV and V) 10 1.6 - 8.9 0.1-0.97
Kumar et al., 1998 (88) PVC Tension ASTM D638 (type IV) 10 X 0.28 - 1
Rodriguez-Perez et al., 2002 (89) LDPE Compression ?0.1 x 11 60 312-956 0.05-0.03
Sun et al., 2002 (90) PESF/PPSF Compression 10 x 10 x 4 1 2-13 0.35-0.90
Fu et al., 2005 (91) PMMA Tension 1.5 to 3 (thickness) 1 7.6-11.7 0.23-0.72
Bureau et al., 2006 (92) PC Tension ASTM D638 (type IV) 5 3-9 0.7-0.9
Nadella and Kumar, 2007 (93) ABS Tension ASTM D638 (type IV) 10 X 0.35-0.8
Rodriguez-Perez et al., 2008 (94) LDPE Compression 0228 x17.5 1 30-100 0.27-0.92
Weller and Kumar, 2010 (95) PC Tension ASTM D638 (type IV) 10 2.8-37.1 0.5
Miller et al., 2011 (96) PEI Tension ASTM D638 (type IV) 10 2-4 0.75-0.9
Notario et al., 2015 (97) PMMA Tension 1SO 527-2 0.5 25-11 0.49-0.52
Gomez-Montverde et al., 2016 (64) ABS 3 pt bending 100 x 10 x 5 10 5-47 0.77 - 0.93
Wang et al., 2017 (98) PMMA Compression ?15%x10 1 5-400 0.02-0.1
Wang et al., 2017 (21) PMMA/TPU Compression P8 x10 0.8 0.9-4.6 0.09-0.11
Wang et al., 2019 (99) TPU Compression 8x8x8 1 4-380 0.08-0.5
Zhang et al., 2020 (100) PMMA Compression SX5%5 0.5 2.4-52 0.14-0.74
Nanocellular foams
Miller and Kumar, 2011 (96) PEI Tension ASTM D638 (type IV) 10 0.03-0.12 0.75-0.9
Reglero Ruiz et al., 2011 (33) PMMA-MAM | DMA bending X 1 Hz 0.2-0.3 0.5-0.7
Pinto, 2014 (101) PMMA DMA bending 15x2x2 1 Hz 0.72-1.87 0.44-0.48
Pinto, 2014 (101) PMMA-MAM | DMA bending 15x2x2 1 Hz 0.15-1 0.36-0.58
Notario et al., 2015 (97) PMMA Tension 1SO 527-2 0.5 0.2-0.6 0.42
Wang et al., 2017 (21) PMMA/TPU Compression P8 x10 0.8 0.2 0.12
Martin-de-Leon et al., 2019 (19) PMMA-MAM Compression 10x10x4 5 0.02-0.08 0.37-0.53
Bernardo et al., 2019 (16) PMMA-sep Compression 10x10x4 5 0.3-0.5 0.27-0.53

Table 1. Assessment of the various experimental campaigns carried out on the mechanical behaviour of microcellular and
nanocellular foams. x: when no mention of the given parameter was made in the article. &: indication of the diameter of a cylindrical

test specimen.

This trend is also observed in the work of Zhang et al. for
PMMA microcellular foams with a relative density around
0.08 and an average cell size between 15 and 45.7 pm (100).
The plateau stress decreases slightly from 6.84 to 4.7 M Pa
with an increasing cell size (from 15 to 47 pm). For PC
foams tested in tension, Young’s modulus, elongation and
stress at break do not appear to be dependent on cell size
for foams with a relative density of 0.5 and cell sizes ranging
from 2.8 to 37.1 pwm (95). Relatively dense PEI microcellular
foams have also been obtained (tab. 1) (96). In tension, an
increase in stress and strain at break was observed for the PEI
microcellular foams while the Young’s modulus remained
unchanged.

On the contrary, a work on thermoplastic polyurethane
(TPU) microcellular foams (4-80 pm) reports an increase in
plateau stress and Young’s modulus with the increase of the
cell size (from 8.8 to 68.8 um) (99). Wang et al. commented
on these results by mentioning the excessive stretching
caused by foaming that can deteriorate the polymer matrix.
Therefor, apart from this study, all the other results on
microcellular polymeric foams seem to point to the fact that
the Young’s modulus is independent of the cell size below
100 pm.

Young’s modulus of nanocellular foams The work of
Martin-de-Leon et al. further demonstrates that this trend is
true, even for nanocellular foams. The authors observe that
for cell sizes between 4.3 pm and 20 nm at relative densities
ranging from 0.2 to 0.51, the size of the cells at iso-density,
whether micrometric or nanometric, does not influence the
Young’s modulus (19).

Three-point bending tests were realised by Reglero Ruiz
et al. on nanocellular PMMA-MAM foams with a relative
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density from 0.4 to 0.7 and an average cell size of 200 nm
(33). The storage modulus obtained varies between 0.5 and
1.2 GPa, and unsurprisingly increases with the density of
the foam. They also tested the solid material using the
same procedure and measured a storage of 3.4 GPa. For
similar densities, Reglero Ruiz et al. claimed that Fu et al.
found lower values for Young’s modulus in pure PMMA
microcellular foams (cell sizes between 8 and 15 ym) (91).
However it seems that for relative densities around 0.4,
the microcellular PMMA foams tested in tension by Fu et
al. presented a Young’s modulus between 0.5 and 0.3 GPa
which is close to the values found for nanocellular foams by
Reglero Ruiz et al.. The discrepancies could be explained by
the different loading types (3 point bending versus tension)
and the fact Dynamic Mechanical Analysis (DMA) allows to
obtain the storage modulus which is not exactly similar to the
Young’s modulus.

The same authors carried out a further study on PMMA
and PMMA10%MAM (101). 3-point bending tests with
DMA were carried out at room temperature to measure
the storage modulus. PMMA foams have a much lower
storage modulus than PMMA10%MAM foams and the
authors suggest that this difference may be due to the greater
homogeneity of PMMA10%MAM foams. However, to reach
this conclusion, they compare foams with similar cell sizes
but different densities. For pore sizes between 150 and
1000 nm, they show that the storage modulus related to
the square of the density seems almost stable. According
to them, the modulus does not depend on the cell size in
this range of cell sizes, contrary to what has been shown
previously.
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Figure 8. Relative Young’s modulus plotted as a function of relative density for different foams. In black, mesocellular foams. In
green, microcellular foams. In red, nanocellular foams (log-log scale).

Further analysis By placing these works and other ones in
the perspective of relative density and constitutive materials,
it is possible to plot the evolution of the relative Young’s
modulus as a function of relative density for a large number
of polymeric foams (see fig. 8). The evolution predicted by
the equations 5 and 6 obtained from Gibson and Ashby’s
analytical model based on PMMA values for closed cell
foams are also plotted in this figure.

According to fig. 8, relative density appears to be the
dominant factor in the evolution of the Young’s modulus.
Results on meso-, micro- and nanocellular foams all conform
to the predictions of the Gibson and Ashby model, regardless
of the cell size. Indeed, the Young’s modulus values are
mainly found between eq. 5 for open cell foams and eq. 6
for closed cell foams with ¢ = 0.8. This is because most
synthetic foams (even closed cell ones) behave as if they had
open cells, as the surface tension draws much of the solid
material into the cell edges during manufacture (109). This
is the case for some of the PMMA foams studied by Wang et
al. (98). The foam has a mechanical behaviour comparable
to that of an open cell foam in terms of Young’s modulus.
However, SEM characterisation showed that it is a closed-
cell foam.

Thus, it appears that there is no perceptible effect of
the cell size on the Young’s modulus of polymeric foams.
However, the work of Wang et al. provides a contrast to this
statement (98). For a similar relative density of microcellular
PMMA foams, they were able to show that the modulus
could vary according to the cell size. However, these values
remain within the spectrum predicted by the Gibson and
Ashby model. In order to refine these results, it would be
necessary for each foam of the same relative density to
establish the degree of closure of the cell walls from a
mechanical point of view. Fig. 8 and tab. 1 also show that
few results are currently available on the Young’s modulus of
nanocellular foams. Moreover, those that are produced have
a high relative density, between 0.12 and 0.9.
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Influence of the cell size on the buckling stress

In contrast to the linear elastic part, the buckling stress can
be associated with different deformation mechanisms (elastic
buckling, elastic buckling and plastic hinges, cracking)
(6). In this section, we focus on polymeric foams with
elasto-plastic mechanical behaviour in compression. The
appearance of plastic hinges during cell wall buckling is
the main deformation mechanism in elasto-plastic foams,
particularly PMMA. It is mainly for this type of foams that
nanoscopic porosities have been obtained.

A PU (102) 0] PUR (110)
O PVC (105) * PS (111)
X RPU (112) PESF/PPSF (90)
LDPE (89) PMMA/TPU (21)
PMMA (98) PMMA (100)
PMMA/TPU (21) PMMA-MAM (19)
PMMA-sep (16) ——— Eq. 8 (6)
——=- Eq9:¢=08(6) -oeeen- Eq. 9: ¢ = 0.4 (6)

10-1

Relative buckling stress U;‘Zl Joys (=)

Ll
0.01 0.1 1

Relative density p*/ps (-)

Figure 9. Relative buckling stress from compression tests as a
function of relative density of different foams compared to the
prediction given by the Gibson and Ashby model. In black,
mesocellular foams. In green, microcellular foams. In red,
nanocellular foams (log-log scale).
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Buckling stress of micro and nanocellular foams Com-
pared to Young’s modulus, fewer results are available on the
buckling stress of elasto-plastic foams, both for microcellular
and nanocellular foams. Indeed, only compression tests can
allow to obtained this parameter unlike DMA or quasi-static
tensile tests. As with Young’s modulus, Wang et al. show
that at very low relative densities (0.05 and 0.033), as the
cell size increases in microcellular PMMA foams (from 5 to
550 pm), the buckling stress decreases (98). But here too, the
values remain within the spectrum of properties predicted by
the Gibson and Ashby model. Furthermore, Martin-de-Leon
et al. demonstrated that for PMMA micro- and nanocellular
foams, the size of the cells does not influence the buckling
stress (19).

Otherwise, all the other studies made on microcellular
and nanocellular foams have been made on foams with
different densities and different cell sizes. It is thus complex
to decorrelate both effects on the buckling stress with these
sole results by considering one study at the time.

Further analysis As with the Young’s modulus, the different
values of buckling stresses were listed and divided by the
value of the yield strength of the constitutive material o, .
The values obtained were then plotted in fig. 9 as a function
of the relative density of the different foams.

Concerning the buckling stress, the relative density is also
a preponderant factor to be taken into account (fig 9). The
buckling stress increases with density following a power
law predicted by the Gibson and Ashby model. Depending
on whether the material has open or closed cells, this law
varies (eq. 8 and 9). It appears that microcellular PESF
and PPSF foams studied by Sun et al (90) present a higher
buckling stress than what the Gibson and Ashby model
predicts (fig. 9). However no explanation of such behaviour
could be given. Nevertheless, these results on PESF/PPSF
microcellular foams must be considered carefully, as two
or three parts were glued together to obtain a specimen for
compression tests.

The majority of the foams tested seem to behave either
as open foams or as foams with ¢ within the range [0.4,1].
Thus, contrary to the evolution of the relative Young’s
modulus with density (fig. 8), the buckling stress of the
closed foams really seems to follow the law expected for
these foams. Furthermore, it appears that the compressive
behaviour has mainly been studied for low strains and at low
strain rates. It could be interesting to further investigate the
mechanical behaviour of nanocellular foams by looking at
their mechanical behaviour until densification.

Brief summary of the compressive properties

With regard to the influence of cell size on the compressive
properties, it would appear that current knowledge shows
that under quasi-static loadings and for small strains, a
reduction in cell size has no noticeable effect. Under quasi-
static conditions, compression and tension tests were mainly
performed on microcellular foams while DMA 3 point
bending tests were also performed in addition to tension and
compression on nanocellular foams. It explains why many
data exist on the Young’s modulus (fig. 8) while it is more
scarce for the buckling stress (fig. 9).
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Furthermore, direct comparison of the mechanical
behaviour of meso-, micro-, and nanocellular foams, has
been difficult since data at a given foam density is hardly
available. As displayed on fig. 8 and fig. 9, mesocellular
foams often present a relative density below 0.1, while
microcellular and nanocellular foams generally have a
relative density of 0.2 and above. That is why analytical
models were used to try to dissociate the influence of the
relative density and the influence of the cell size.

To complete this analysis on the influence of the cell
size on the compressive behaviour of polymeric foams, the
following research directions are the main ones to follow:

- Influence of the cell size on the mechanical behaviour at
large strains by performing compressive tests until at least
a nominal strain of 0.7 and by measuring the parameters
associated with the plateau and the densification;

- Influence of cell size coupled with crystallinity by
mechanically testing, along with amorphous foams, semi-
crystalline foams with different cell sizes and relative
densities;

- Influence of the cell size coupled with the influence of the
strain-rate by considering a larger range of strain-rates as
done by Zhang et al. (113).

Fracture properties of foams

In tension, the deformation mechanisms are very different
from those in compression presented above (6). Failure
mechanisms occur in all cellular materials above a certain
tensile strain. However, the fracture behaviour of cellular
polymeric materials remains complex to understand for
two main reasons: the effect of the architecture and the
nature of the material (i.e. polymer). The effect of the cell
3D architecture is not well documented in the literature
and this makes it difficult to apply fracture mechanics
formalisms suitable for homogeneous materials (114; 115).
It is difficult to define which fracture mechanics formalism,
LEFM (Linear Elastic Fracture Mechanics) or EPFM
(Elastic Plastic Fracture Mechanics), to apply depending
on the size of the Fracture Process Zone (FPZ). The focus
is more on the emergent behaviour of the material, brittle
or ductile. Depending on the microstructure, the fracture
surface is also complex to estimate. The projected area
(the thickness of the specimen multiplied by the length of
the crack) is generally considered. The organic nature of
the material makes it necessary to describe the evolution
of the fracture properties as a function of the visco-elastic
plastic behaviour. Indeed, the fracture properties of polymers
are strongly dependent on certain conditions (environment,
strain rate, stresses, manufacturing process, etc.) which may
affect the rheological behaviour of the polymer. A polymer
that is ductile at intermediate temperatures and velocities can
become brittle at low temperatures or high velocities (116).
To describe the evolution of the fracture properties of
polymers, and their dependence on rheological properties,
kinetic laws of fracture are usually established (117; 118;
119; 120). The latter must show the evolution of a fracture
parameter, such as fracture toughness or fracture energy, as
a function of the cracking regime, i.e. the cracking velocity.
The results described in the literature for cellular materials
have little relation to cracking kinetics. This is also partly
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true for dense polymers. It is therefore sometimes difficult
to conclude on a potential effect of the microstructure.
Nevertheless, the objective here is to review the knowledge
of fracture in cellular polymer materials and to define the
potential limitations to be overcome in order to conclude
on an effect of microstructure on fracture properties. Small-
scale architecture of structured materials could lead to
substantial mass savings (121) or the achievement of much
higher fracture properties at iso-density. Since the 1980s, the
fracture properties of foams have been studied for various
constitutive materials: Rigid polyurethane (RPU) (122; 123;
107), poly(vinyl chloride) (PVC) (124; 125), polystyrene
(126), ABS (64), PMMA (19) and PC (92). There now seems
to be a greater interest in unifying all the results and models
generated so far (127).

Typology and associated models

As with dense materials, the two main fracture behaviours
are categorised as brittle and ductile. In most cases, the
fracture response of the specimen is primarily driven by
the fracture behaviour of the dense material. Although
changing the microstructure of brittle polymers (from dense
to cellular) can change the fracture response to quasi-
brittle or ductile (108; 96). In 2016, Gomez-Monterde et
al. found that the mechanical fracture behaviour of ductile
polymer foams had been little studied (64). At the time, most
work focused on rigid and brittle polymeric foams such as
RPU or PVC foams (127). These materials have a linear
elastic fracture behaviour that can be analysed by the LEFM
formalism.

Brittle foams When a brittle foam is loaded in tension, the
edges of the cells deform elastically. The load is transmitted
through the foam as a set of discrete forces and moments
acting on the cell edges. Crack advancement can occur in
two ways: by flexural failure of the non-vertical cell walls or
edges (fig. 10a), or by failure of the vertical elements under a
combined tensile and bending moment (fig. 10b) (128). In
situ observations under SEM showed that in PVC foams,
it was the tensile mechanism of the vertical walls that was
mainly responsible for the cracking (125).

(b)

Figure 10. Failure mechanisms in brittle foams, adapted from
(109), courtesy of Elsevier.

At the scale of the cell size, the crack in a brittle foam
therefore extends discretely (109). Each step advances the
crack by one cell width. When considering brittle materials,
the formalism of LEFM can be applied. The crack advance
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can be described according to the local (Irwin) and global
(Griffith) approaches. The first one requires the stress
intensity factor K to be higher than the fracture toughness
(K1 > Kj.). The second requires the energy release rate
G to be greater than the fracture energy of the material
(G > Gy.). Since the foam is linear-elastic until the cell
edges crack, the average force and moment on a given cell
edge can be calculated from the stress field in the equivalent
linear elasticity model.

The discrete problem can be solved by taking the solution
of the equivalent continuous problem (anything done on a
smaller scale by replacing the discrete bonds between the
atoms with a continuous medium) and using it to calculate
the forces and moments on the discrete cell edges. In tests
on open-cell glassy carbon foams, Huang et al. showed that
this assumption was valid for brittle foams when the ratio
a/l, of crack length a to cell size [, was greater than 10
(129). A crack of length a in an infinite elastic solid, located
perpendicular to a distant tensile stress 0 creates a singular
stress field:

_ K;  o%™yma
\V2mr Vorr

at a distance r from its tip. Edges A and C in fig. 10 are
then in bending while edge B is in tension. The following
expression is then obtained, by linking relative density and
microstructural parameters,

g

Y

“N 3/2
K}, = CyopVrl <p> , (12)
Ps
for an open cell foam, with [, the average cell size and o7,
the stress at break of the base material. Whereas for a closed
cell foam,

N
K&, = Chopv/al (p> : (13)
Ps

C; and C3 being constants close to 1. Two strong
assumptions discussed by Huang and Gibson (129) are made
here:

- the length of the crack is much greater than the size of
the cells,

- the stress at break of the cell wall oy is constant
(defects are therefore not taken into account).

Ductile foams When the linear elastic assumption cannot
be applied, i.e. when the material exhibits ductile behaviour
and the size of the FPZ is large relative to the crack length,
the EPFM framework is used. The fracture properties are
usually evaluated by the parameters J-integral and Crack Tip
Opening Displacement (CTOD) (64).

The mechanical fracture behaviour of elasto-plastic and
therefore ductile foams has mainly been studied in the
context of metallic foams (130; 131; 132; 131; 133; 134;
135; 136; 79; 137) over the last decade. For highly ductile
polymers (in the context of post-strain fracture mechanics),
the effective work of fracture concept is the most common
fracture characterisation technique. However, there is little
research determining these parameters for cellular materials,
such as PP foams.
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As far as nanocellular foams are concerned, they have
mainly been obtained with PMMA. PMMA is well known in
the literature to be the elastic and brittle model polymer. The
mechanical behaviour of PMMA nanocellular foams seems
to be mainly brittle in tension. This review will therefore
focus on this brittle behaviour with limited plastic visco-
elastic effects compared to other polymers. The dependence
on cracking kinetics will therefore not be discussed.

Test methods

Different types of tests can be carried out to assess the
fracture conditions of cellular polymers. The main tests
performed are tensile tests (122; 123), impact tests (such
as Charpy and Gardner, described in section 6) and more
specific fracture tests.

The fracture properties are mainly studied in the opening
mode (mode I) because of its criticality. Indeed, the value
of the fracture energy Gy, is lower than in the other two
modes (IT and III). To construct the kinetic law of fracture in
polymers, it is convenient to try to dissociate the resistance to
initiation (or slow propagation) and fast propagation (when
the material is brittle). Generally, initiation conditions are
studied by monotonic or cyclic quasi-static tests for cracks
of a few mm or even cm on notched specimens (fig. 11) such
as compact tension (138), Single Edge Notched Tension
(SENT) or Bending (SENB) (109; 107; 64; 19) and Double
Edge Notched Tension (DENT) (139; 140). These types
of configurations and stresses allow the study of resistance
to fracture initiation (from brittle to ductile) through the
calculation of the critical stress intensity factor K. before
failure. For these specific fracture specimen geometries,
analytical solutions of Kj. can be found in books on
fracture mechanics (141). The resistance to fast propagation
is related to the weakest fracture behaviour of the polymer
(brittle). This behaviour is generally considered as the critical
behaviour in design. The conditions for fast propagation
require monitoring the progress of the crack over a few tens
of cm. For that, the geometry of the strip band specimen
was developed to impose a controlled load throughout the
crack propagation. This configuration is widely known in
the polymer community (142; 118; 119) but still little used
for cellular materials (138). In the context of nanocellular
foams, the first difficulty in carrying out all these tests is to
obtain a specimen large enough to be tested on conventional
test equipment. If this is not possible, then the use of micro-
machines must be considered.
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Figure 11. Diagram of mode | fracture test specimens with
different notched geometries. SENB: Single Edge Notched
Bending. SENT: Single Edge Notched Tension. DENT: Double
Edge Notched Tension.
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The Weibull modulus can also be used to account for
the probability of failure of a material under non-uniform
loading. Weibull analysis predicts that brittle solids exhibit
a 7size effect” (larger specimens are weaker in tension)
which depends on the Weibull modulus of the material. The
probability of failure Py for each cell wall under tension with
a volume V' equal to the volume of a single cell wall (129) is

_ |4 Kre\™
Pr=t-em |- (%2) )

Using the Weibull distribution to account for variability in
cell wall strength leads to a “cell size effect” which again
depends on the Weibull modulus of the cell wall material.

(14)

Influence of cell size on fracture properties

Density effect Many studies have focused on the mechanical
behaviour at failure of a specific material such as PU foams
(140; 122) or PC (92). There are some studies that focus
on the influence of density on the mechanical fracture
behaviour of foams. Amongst them is the work of Mclntyre
who studied the fracture behaviour of PU foams (123). He
noted that, as with other macroscopic material parameters,
toughness increases with density.

The fracture behaviour of ABS microcellular foams was
also studied in the quasi-static regime using the CTOD (64).
For this purpose SENB specimens were used. The authors
showed that, as expected, the cells act as crack stops by
blunting the crack tip. Thus, the onset of crack propagation
is delayed and a higher CTOD value is obtained for the less
dense materials.

Non-polymeric foams There is a limited amount of research
into the influence of cell size on mechanical behaviour. Some
work, rather focused on ceramic foams, has shown that
the toughness of brittle foams is sensitive to edge strength
which, according to Weibull analysis, depends on cell size
(143; 144; 145; 146; 147). Brezny and Green studied brittle
reticulated vitreous carbon and showed that toughness is
independent of cell size in the absence of microstructural
change (146). Huang and Gibson extended this analysis by
comparing glassy carbon foams of similar density at different
Iy and Iy cell sizes (129). From the analytical expression of
the stress intensity factor taking into account the Weibull
modulus m,

I, 1/2-3/m
Kiy1/Kfy = (Z) ,

(15)

and 3-point notched bending tests, they show that the
dependence of toughness on cell size is a function of the
Weibull modulus of the cell wall material (129).

Polymeric foams Miller and Kumar compared the mechan-
ical properties of microcellular (cell size in the range 2-
5 pwm) and nanocellular (cell size in the range 50-100 nm)
PEI foams produced by CO, gas dissolution foaming, over
a range of relative densities between 0.75 and 0.9 (96).
Under tensile testing (148), they found that the nanocellular
foams exhibited significantly higher strain-to-failure, with
an improvement in modulus of toughness of up to 350%
compared to microcellular foams.
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In these tests, toughness is calculated by integrating the
stress-strain curve. This is a macroscopic measurement that
can make it difficult to separate the fracture properties from
the overall response of the material. For example, for PC
foams, Kumar and Weller did not observe any cell size effect
when considering the tensile behaviour of microcellular PC
foams and their toughness (p,.= 0.57, cell size between 2 and
37 pm]) (149). Bureau and Kumar later performed fracture
tests on microcellular PC foams having a relative density of
0.7 and 0.9 and a cell size between 3 and 9um (92). They
used the compact tension specimen geometry coupled with
the CTOD method. They were able to show that the fracture
toughness of microcellular foams could be greater than the
fracture toughness of the dense material. They observed that
fracture in the studied foams occurs through the multiple
initiation, growth and coalescence of voids formed at the cell
level (92). The latter act as stress concentrators. According
to them, a fine cell morphology would allow the growth and
coalescence phases to be prolonged, and would thus improve
the resistance to fracture.

To allow a quantitative comparison and to highlight cell
size effect, specific fracture tests and specimen geometries
need to be used like the compact tension specimen or
SENT/SENB specimens. As mentioned in the section
Test Method, the critical stress intensity factor Kj., also
called the fracture toughness, is then calculated to study
the resistance to fracture initiation. For meso, micro and
nanocellular polymers, it was mostly determined using 3-
point bending tests on notched specimens (SENB as detailed
in tab. 2) (19). Some research focused on the effect of
sample size or loading conditions on the fracture toughness
of mesocellular polymeric foams (150; 151; 152). Others
already focused on the effect of the cell size on the fracture
properties of polymeric foams (153; 154; 155). Thus,
Poapongsakorn et al. performed 3-point and 4-point bending
tests on PVC foam notched specimens with a relative density
around 0.043 with different cell sizes (0.57 to 1.71 mm)
(153). They saw no effect of cell size on the failure behaviour
of these brittle foams. The majority of these studies were
performed before the advent of nanocellular foams. It is
therefore proposed in this paper to update these analyses
by comparing results from mesocellular, microcellular and
nanocellular foams.

Further analysis Several researchers have compiled the
results of the different fracture properties of different cellular
materials. Thus, Jelitto and Schneider propose in 2019 to plot
K7./K|c, as afunction of porosity P (P =1 - p*/p,) (158),
focusing mainly on porous metallic materials. However, this
does not seem to give access to a general law to study
these properties (159; 160). Marsavina and Linul focused on
the fracture toughness of rigid polymeric foams and on the
influencing parameters (e.g., specimen type, solid material,
density and loading speed) (127).

In the current review article, polymeric foams are also
looked at, but focusing on meso-, micro- and nanocellular
foams (tab. 2). The ratio K./Kj., is here plotted against
the relative density (fig. 12).

Taking the analytical expression of K7 given by Maiti et
al. (109), we obtain for an open cell foam,
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LN\ 3/2
K. /Ko, = C1\/la (2) : (16)
with the main inputs being the density of the foam and
the constitutive material, as well as the average cell size [
and the pre-crack size a for the constitutive material. Similar
correlations have been found in other works (161; 162)
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Figure 12. Relative K, of different foams as a function of
relative density, obtained mainly by 3-point bending and SENB
specimens. In black and gray, mesocellular foams (with open
and closed cells respectively). In green, microcellular foams. In
red, nanocellular foams (log-log scale).

From the fig. 12, different trends can be observed. The
results on which the model provided by Maiti et al. (109)
were based are displayed in black and follow the eq. 16.
More recent studies on mesocellular polymeric foams are
displayed in grey. A better mechanical behaviour than
the one predicted by eq. 16 is observed on fig. 12 for
mesocellular PVC and RPU foams. The main difference is
that all of these foams are closed-cells while all the black
ones are open-cells. Therefore, like for the other parameters
(e.g., Young’s modulus and buckling stress), closed-cell
foams demonstrate a greater fracture toughness.

The few studies carried out on the fracture behaviour of
microcellular and nanocellular polymeric foams have been
carried out on ABS, PC and PMMA foams (tab. 2). The
fig. 12 does not show a clear effect of the cell size between
micro and nanocellular PMMA foams. It seems that the
eq. 16 proposed Maiti is relevant for most of microcellular
foams (92; 64; 19). However the PMMA foams with a
cell size under 1 pm demonstrate a higher toughness than
expected (16; 19). PMMA-sep foams display an open-cell
content between 0.030 and 0.070, it is therefore almost a
full closed cell foam. It could therefore explain why values
are higher than expected. For PMMA foams, microcellular
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Article Base Test Dim. a/l Speed Cell p*lps
material (mm?3) (mm/min) size (-)
Mesocellular foams
Fowlkes, 1974 (122) RPU SENB/DENT/DCB 12.5x16.5x 143 12.5-50 1.3 250 - 1000 pm 0.076
Mc Intyre et al, 1979 (123) RPU SENT 5x35x150 2-26 25 58 - 384 um 0.02 - 0.33
Maiti et al., 1984 (109) PMI SENB 25%50%250 42 0.02-0.08 300 um 0.03 - 0.15
Burman et al, 1998 (124) PMI SENB 5x35x150 X 25 500 - 700 pm 0.04
Burman et al, 1998 (124) PVC SENB 5x35%x150 X 25 350 - 450 um 0.08
Viana et al, 2002 (106) PVC SENB 12.7%25.5% 108 28 -80 0.2 200 - 700 pum 0.03-0.3
Kabir et al., 2006 (107) PVC SENB 25%12.5%x100 20 1.5 200 - 500 pm 0.05-0.2
Kabir et al., 2006 (107) RPU SENB 25%12.5%100 100 1.5 100 pm 0.2
Jin et al, 2007 (156) RPU SENB/SENT 5x35x150 76 1.5 150 pm 0.27
Saenz et al, 2011 (125) PVC SENB/DCB 13.9%25.4x127 15-30 12.7 440 - 840 um 0.03-0.08
Saenz et al, 2011 (125) PES DCB 13.9%25.4x 127 15-30 12.7 440 - 760 um 0.04-0.09
Poapongsakor et al., 2013 (153) PVC SENB 13.5%25.4%x101.6 15-38 12.7 330 - 840 um 0.03 - 0.15
Marsavina et al, 2013 (157) RPU SENB 13%x25%x100 >50 2 50 - 200 pm 0.03-0.13
Microcellular foams
Bureau et al., 2006 (92) PC CT 50x50%x3 1200 10 3-9um 0.7-09
Gomez-Montverde et al., 2016 (64) ABS SENB 100x50x5 106 16 5-47 um 0.77-0.93
Martin-de-Leon et al., 2019 (19) PMMA SENB 4x13.6x60 X 10 1 um 0.29-0.35
Bernardo et al. 2019 (16) PMMA SENB 5x15%x55 X 10 3-43 um 0.29-0.52
Nanocellular foams
Martin-de-Leon et al., 2019 (19) PMMA SENB 4x13.6x60 X 10 20-84 nm 0.37-0.53
Bernardo et al. 2019 (16) PMMA-sep. SENB S5x15%55 X 10 300 nm - 4.3 um 0.27-0.52

Table 2. Summary of the different experimental campaigns carried out on the mechanical behaviour at breakage of foams. x: when

the real length of the pre-crack was not indicated.

foams are predominantly closed cells while the nanocellular
foams have open cells (19). It means that the PMMA
nanocellular foams display a greater fracture toughness than
closed-cell PMMA microcellular foams, even if they have
open cells. It would therefore indicate a cell size effect when
considering fracture properties.

One can also consider the experimental data using a
different expression of K .. The parameter K., was indeed
proposed by Maiti et al. (109),

A7)

The term Ufsx/ﬁ is equivalent to the K. of the solid
material with a crack length [ equivalent to the size of a
cell. According to the analytical expression of K7, given in
eq. 16, we then have for an open cell foam, an expression
which only depends on the ratio of the relative densities,

N 3/2
K. =0, (p) .
Ps

(18)

Martin-de-Leon et al. have plotted K. as a function of
the relative density (19). Contrary to the material parameters
related to the macroscopic compression behaviour (e.g.,
Young’s modulus, buckling stress), they showed in this
way an important effect of the cell size reduction on the
macroscopic fracture behaviour. As the cell size decreases,
the toughness increases. Additional data have been added to
this figure from experimental results in the literature (tab.2).
For micro and nanocellular PMMA foams, it was calculated
using the tensile fracture strength found by Notario et al. on
dense PMMA, o = 65 M Pa (97). A more complete figure
is therefore proposed in fig. 13. It presents values of K. asa
function of relative density for different polymer foams, the
same as those presented in fig. 12.

Mesocellular foams have a K. between 3 10~3 and
4 107" (fig. 13). Like in fig. 12, there are two groups among
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Figure 13. K. of different foams as a function of relative
density, obtained mainly by 3-point bending and SENB
specimens. In black and gray, mesocellular foams (with open
and closed cells respectively). In green, microcellular foams. In
red, nanocellular foams (log-log scale).

mesocellular foams: open-cell foams in black and closed-cell
foams in gray. The first one follows the equation proposed
by Maiti et al. for open-cell foams (eq. 18). RPU closed-cell
foams seem however also to follow eq. 18 while the other
closed-cell foams with different constitutive materials do not.
All these foams have similar cell sizes between 50 and 1000
wm. This parameter seems then to be material-dependant



14

Journal of Cellular Plastics XX(X)

which limits the comparison between a large number of
studies on polymeric foams.

For microcellular and nanocellular foams, K. is greater
than 1 (fig. 13). K;. of PC, ABS and PMMA microcellular
foams ranges from 7 10~! to 2 10!. K. of microcellular
foams seems to follow the same trend as that of mesocellular
foams within a multiplicative factor. It could be due to the
constitutive material itself as discrepancies are also observed
between mesocellular foams. For nanocellular foams, made
only of PMMA like the majority of microcellular foams,
K7, is between 10° and 5 10'. It is then greater than K,
of microcellular foams while the only parameters that vary
are the cell size and the cell type (open or close). Indeed,
micro and nanocellular foams both made of PMMA have
been studied.

With this data representation, the results obtained by
Martin-de-Leon et al and Bernardo et al. on microcellular
and nanocellular PMMA foams show an important increase
in the toughness with the cell size reduction (19; 16).
According to Bureau and Kumar, cells act as stress
concentrates at the crack tip due to the triaxiality of the
stress (92). In foams with smaller cells, the growth and
coalescence phase of cracks would then be prolonged, which
would explain this increase. However if one take a closer
look at the experimental data, micro and nanocellular PMMA
foams demonstrate a similar K7, (fig. 12). The calculation
of K, artificially increases the value of this parameter for
nanocellular foams. K7, is divided by the root square of
the cell size so the K. of nanocellular foams is multiplied
32 times more than the K. of microcellular foams. This
represents more than the gap of value between the micro and
nanocellular foams.

Brief summary of the fracture properties

Unlike other material parameters, the fracture toughness of
foams has been less studied and theorised. Under quasi-static
conditions, 3-point bending tests were mainly performed on
notched specimens. These tests were always performed at a
crack length well above the cell size to prevent any crack
length effect.

However, there are discrepancies between studies that are
difficult to interpret. Using K7, values obtained from these
tests do not allow to draw any conclusion on the cell size
effect on the fracture properties. Only a small cell size effect
is observed when one plots the foam fracture toughness K7,
against the base material toughness K., as a function of
relative density. On the contrary, the plot of K. as a function
of relative density could show the interest of decreasing the
cell size to increase the fracture performance of foams.

Therefore, depending on how the data is plotted, an effect
of the cell size on fracture properties appears more or
less clearly. Maiti et al., when proposing the calculation
of Kj., wanted to propose a normalised parameter as for
the other material parameters. However, by considering
only mesocellular foams, apart from a size effect, a purely
material effect seems to emerge (fig. 13). Although a
difference in K. exists between the microcellular and
nanocellular PMMA foams (with the same constitutive
material), the plot of K. = f(p*/ps) does not seem
sufficient to conclude on an effect of cell size on the fracture
properties.
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As uncertainties remain on the dissociation of the effect
of the constitutive material and the cell size, this raises
the question of what parameter is really representative
of the fracture toughness of polymeric foams. Geometric
parameters like the amount of substantial crack surface as
proposed by Jelitto and Schneider (159) could be a key to
better understand fracture tests on foams with very different
cellular structures as micro and nanocellular foams.

Impact properties of foams

Understanding the behaviour of foams under impact
is paramount for applications ranging from packaging
materials to automotive components where there are high-
speed loading-rate environments (165; 166). That is why, the
impact properties of polymeric cellular foams usually refer
to their fracture properties under dynamic loadings using
energetic characterisation methods. This type of loading
can generate a response of the specimen different than
in quasi-static due to several phenomena like the visco-
elastic response of the constitutive materials (52). This
section will focus on these kinds of solicitations. However,
it should be noted that a strain-rate dependency can also
be associated with the cracking regime. One then speaks
of dynamic fracture for materials that can be brittle. For
polymeric materials, the fracture energy varies according
to the cracking regime. For amorphous thermoplastic and
thermosetting polymers, the fracture energy increases with
the cracking velocity (120; 118; 117). While for rubber
toughened and semi-crystalline thermoplastic polymers, the
fracture energy decreases with the cracking velocity (116;
118; 119).

Test methods

The tests described in the previous section on fracture
properties, using SENT or SENB specimens, can be
performed in dynamic conditions. However, there is much
less data available for dynamic displacement speeds (see
tab. 3). A study of the fracture properties of mesocellular
PVC foams (p* =260 kg m~2) in the dynamic regime
yielded a toughness of 2.74 M Pa m®-®, which is 3.75 times
higher than the quasi-static toughness (107). In the case
of expanded mesocellular polystyrene bead foams (EPS), a
compact tension (CT) geometry was used coupled with a
falling mass (163). The fracture behaviour of polyurethane
foams has more recently been studied in dynamic (164),
because of its use as a core in a sandwich structure. Three-
point bending tests on a notched specimen were carried out
using a pendulum. Fracture toughness is deduced using the
same equations as for the static case (141). It has been
shown on PU foams that toughness is strongly dependent
on the strain rate, with a higher dynamic fracture toughness
than the static one (139; 157). From tab. 3, it can be seen
that these dynamic fracture tests were carried out mostly on
mesocellular polymeric foams.

The majority of the impact tests performed to study the
fracture properties of microcellular and nanocellular foams
differ from the previously presented fracture tests in that
they offer a more basic approach (167). With Charpy, 1zod
or Gardner impact tests, it is a purely energetic approach
with no mechanical model behind the post-processing of the
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Article Base Test Dim. Impact energy Cell plps
material (mm?) @)} size )
Mesocellular foams
Mills and Kang, 1994 (163) EPS CT 50x50x20 5.5 100 pum 0.02-0.07
Kabir et al., 2006 (107) pvC SENB | 25x12.5x100 17-45 200 - 500 uym 0.05-0.2
Kabir et al., 2006 (107) PUR SENB | 25x12.5x100 17-45 100 um 0.2
Marsavina et al, 2013 (164) PUR SENB 13x25x100 7.5 50 - 200 um 0.03-0.13
Microcellular foams
Gomez-Monterde et al., 2016 (64) ABS \ SENT \ 44x10x5 \ 15 \ 5-47 um \ 0.83 and 0.90

Table 3. Assessment of the various experimental campaigns carried out on the fracture behaviour of foams in the dynamic regime.

x: when no mention of the given parameter was made in the article.

data, which prevents structural effects from being taken into
account in the analysis of the fracture properties. The impact
strength measured in these tests reflect the combination
of different fracture mechanisms (e.g., crack initiation,
growth and coalescence), which are not controlled in impact
testing. Furthermore, notch geometry and the constitutive
material properties can modify the influence of each of these
mechanisms.

(a) Charpy impact

Scale

Weight lift anvil Column height adjuster

Weight
Impactor
Guide arm

Specimen support anvil

(b) Gardner impact

Figure 14. Testing devices for impact tests.

Charpy impact The Charpy impact test is a standardised
impact test (at high strain-rate) performed to determine the
amount of energy absorbed by a material during fracture.
The Charpy impact tester is a pendulum device (fig. 14a).
The specimen size is defined by norms like the ISO 179-1
(168) and usually stands around 10x 10x55 mm? in order
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to be in plane strain conditions. The specimen is notched and
the geometry of the notch affects the results of the impact
test (as well as the temperature and the strain-rate).

The specimen is fractured as the pendulum swings
through, the height of the swing being a measure of the
amount of energy absorbed in fracturing the specimen
(fig. 14a). In classical calculations, the friction and dynamic
effects are neglected.

Gardner impact Falling dart impact, also known as
Gardner impact, is a traditional method for evaluating the
impact strength or toughness of a polymeric material (169).
The test is often used to specify appropriate materials
for applications involving impact or to evaluate the effect
of secondary finishing operations or other environmental
factors on polymers impact properties. A weight is raised
inside a guide tube to a predetermined height, then released
to drop onto the top of the impactor, forcing the nose through
the test sample (fig. 14b). The main result is a pass / fail
information. The results from the 20 impacts are used to
calculate the Mean Failure Height the point at which 50%
of the test samples will fail under the impact.

Izod impact The Izod impact test is another standardised
impact test, like with the ASTM D256 standard (170). The
principle is roughly the same as for the Charpy test. However
several discrepancies can be noticed as instead of a 3-point
bending test it is a recessed bending test. The specimen is
also notched but presents a larger length (75 mm). One
extremity is vertically recessed until near the notch. A
horizontal knife instead of a vertical one impacts the notched
face of the free end.

Unlike the Charpy impact test (108; 171; 172; 97) and the
Gardner impact test (108; 173; 96; 174), the Izod impact test
has been much less used to determine the fracture properties
under impact of polymeric foams (8; 21), as shown in tab. 4.

Comparison Generally, a material is stressed with only
one of the test means and this differs according to the
material (tab. 4). The comparison of results obtained with
these different test means is delicate. Waldman measured
the notched Charpy impact strength of a microcellular PS
foam and found it to be higher than that of the pure polymer,
whereas in a falling mass experiment, a Gardner impact test,
the impact strength was lower than that of the pure polymer
matrix (108). Therefore, the study of the influence of the cell
size on the obtained material properties cannot be carried out
by comparing the results of these different studies and only
the results of each study will be presented independently.
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Influence of cell size on impact properties

Since 1994, when very few studies could be identified, a
relatively large number of microcellular polymeric foams
have had their impact behaviour investigated through various
characterisation methods (tab. 4). Microcellular foams
have attracted considerable attention as their mechanical
properties, particularly those related to fracture and impact,
have been reported to be similar, if not higher, to those
of their unexpanded counterparts (94). Fewer studies have
been made on nanocellular foams (like for other material
parameters). All of these studies have been realised on a large
range of polymers, amorphous for the most part: PP, PS, PC,
PVC, PEIL, PMMA (see tab. 4).

Notched Charpy and Izod Work done on the impact
behaviour of mesocellular foams does not show any
particular cell size effect according to Saiz-Arroyo et al..
Tests made on PP foams with relative densities from 0.3
to 0.6 indicated that it was the open-cell content that was
a more important parameter to take into account for impact
properties (172). A significant increase in Charpy V-notch
impact strength of PC microcellular foams was reported
for a relative density bellow 0.80 and an average cell size
of 40 pum (fig. 15). Lower cell size of 10-20 pm with
higher relative densities did not result in such improvements
(171). On the other hand, U-notched samples demonstrated
a decrease in their Charpy work in comparison to unfoamed
PC.

The notched Izod impact strength of PC microcellular
foams with a relative density of 0.7 studied by Barlow et
al. was multiplied by 2 as the cell size increased from 7
to 18 um (8). No change in mechanism is observed and
all specimens demonstrated a brittle fracture. Although the
PC foams studied by Barlow et al. show an improvement in
impact resistance compared to their unexpanded version, the
increase in impact resistance at higher average cell size, in
the range of 18-40 um, is not consistent with the definition
of microcellular foams and is not in agreement with the upper
limit of defect size.

Concerning microcellular PS foams, Charpy impact tests
showed an increase of the Charpy fracture work with the
relative density (108). For all densities, the value was higher
than the bulk one (fig. 15). A brittle/ductile transition was
furthermore observed when the cell size of the microcellular
PS foam was less than 5 um (108).

For PEI foams, Miller and Kumar also demonstrated
with Charpy impact tests that nanocellular foams had
better impact strength per unit thickness than microcellular
foams (fig. 15). Their value was even more important
than unfoamed materials. A brittle to ductile transition in
nanocellular foams has also been observed in uniaxial quasi-
static tensile tests (96). According to the authors, that is the
same mechanism that would lead to a better response to
impact tests, with impact energies up to 600 % higher than
those of microcellular foams (fig. 15).

The impact behaviour tested by Charpy impact tests on
PMMA microcellular and nanocellular foams seem also to
show an increase of the impact properties with the cell
size decreasing (97). Notario et al. decided to draw the
impact resistance divided by the square of the relative
density as a function of the size. They also draw the
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Figure 15. Relative data obtained from Charpy impact as a
function of relative density. In black, mesocellular foams. In
green, microcellular foams. In red, nanocellular foams (log-log
scale).

value of the solid material which they assume around 15
kJ/m?. However, when these results are analysed through
the relative density, no important discrepancies between
nanocellular and microcellular can be observed (fig. 15).
Both demonstrate an impact behaviour that is similar to
unfoamed material but with a smaller relative density. Izod
impact tests realised by Wang et al. seems also to conclude
on a enhancement of the PMMA impact properties with the
introduction of nanoscopic porosities (21).

There are a number of possible reasons for these
contradictory results. The choice of a Charpy or Izod test
changes the methods of specimen preparation. Different
types of notches with a change in the type of notch bottom
(damage, micro-cracking, heating or local melting) are then
obtained and may explain most of these results. This is
particularly true in the presence of cells of different sizes
in the vicinity of the notch. These phenomena are even
more complex when comparing foams based on different
polymers due to their different notch sensitivities. For these
reasons, comparison of Charpy or Izod impact response is
quite difficult and should be reserved for quality control and
material specifications, as stipulated by ASTM.

Gardner impact As for Charpy impact tests, Waldman
observed a brittle/ductile transition during Gardner impact
tests when the cell size of a PS foam was less than 5 um
(108). The thickness of the skin has been shown to have an
influence on the impact resistance given by the Gardner tests.
A microcellular foam with a 10 um thick skin instead of the
typical 100 pm demonstrated a 18% higher impact strength.
It is because the test relies on bending stress to initiate a crack
and therefore the crack initiates at the surface.

Kumar et al. have demonstrate that the crystallinity weight
strongly modifies the relative impact strength. Considering
crystallized poly(ethylene terephthalate) (CPET) foamed at
different pressures, they obtained CPET microcellular foams
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Article Base Test Dimensions Speed Cell P ps
Material (mm?) (m/s) size )
Mesocellular foams
Saiz et al., 2013 (172) PP Charpy ISO179-1/1eA [ x [50-350um | 0.3-0.6
Microcellular foams
Waldman, 1982 (108) PS Charpy 10.2 x 63.5 x t X 5-9 um 05-1
Waldman, 1982 (108) PS Gardner 127 x 76 x t X 1-80um 05-1
Collias et al., 1994 (171) PC Charpy | half of ASTM standards | 1-2.5 | 10-45um | 0.72-0.98
Juntunen et al., 2000 (173) PVC Gardner 1x10x10 X 1-3um 06-1
Kumar et al., 2000 (175) CPET Gardner 50x50xt X X 05-1
Barlow et al., 2001 (8) PC Izod ASTM D256 X 4-18 um 0.33-0.9
Miller et al., 2011 (96) PEI Gardner 2x50%50 X 2-5um 0.75-0.9
Notario et al., 2015 (97) PMMA Charpy ISO 179-1 0.5 7-11 uym 0.49-0.52
Nanocellular foams
Miller et al., 2011 (96) PEI Gardner 2x50x50 X 20-130nm | 0.75-0.9
Notario et al., 2015 (97) PMMA Charpy ISO 179-1 0.5 200-360 nm 0.4
Wang et al., 2017 (21) PMMA/TPU Izod ASTM D256 X 1.3-0.5 pm | 0.23-0.32

Table 4. Assessment of the various experimental campaigns carried out on the mechanical behaviour of nanocellular foams under
impact. x: when no mention of the given parameter was made in the article.

with different crystallinity weights. The foams obtained at
lower pressures (3 and 4 MPa) had a similar crystallinity
weight to that of the dense CPET (10.4%) and are referred
to as CPET LC for Low Crystallinity in fig. 16. These foams
demonstrate a low impact strength. A pressure of 5 MPa
gave however a CPET microcellular foam with a crystallinity
weight of 38.5% (referred to as HC for High Crystallinity).
The Gardner impact response of these foams were almost
similar to that of the dense CPET. The dense CPET tested has
however a crystallinity weight of 10.4%, direct comparison
is therefore complex.

Microcellular PVC foams showed an increasing impact
resistance with its relative density (173). An opposite effect
was observed by Miller et al. on microcellular PEI foams.
The impact strength per unit thickness of PEI microcellular
foams decreased with increasing relative density (96). But
the impact strength per unit thickness of nanocellular PEI
foams increased with the relative density. The densest
nanocellular PEI foams even showed higher values than bulk
PEI (96).

Further analysis The mechanical properties measured
either by Charpy, Izod or Gardner impact on different
polymeric foams (PC, PS, PEI, PMMA, CPET) mainly seem
to show the same trend (fig. 15 and fig. 16). The introduction
of very small porosities (below 100 pum) seems to greatly
enhance the impact toughness of polymers. Several times,
a fragile to ductile transition was observed at the sample
surface (108; 96). This effect has been attributed to an
inherently critical defect size, below which the cells do not
behave as defects but allow the release of tri-axial stresses.
However, it appears other parameters as the crystallinity
weight need to be taken into account for semi-crystalline
microcellular foams to fully isolate the cell size effect (175).

Brief summary of the impact properties

With regard to the influence of cell size on the fracture
properties, it would appear that current knowledge shows that
in quasi-static and dynamic conditions, a reduction in cell
size is beneficial.
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Figure 16. Relative data obtained from Gardner impact as a
function of relative density. In green, microcellular foams. In red,
nanocellular foams (linear-log scale).

As far as impact behaviour is concerned, Charpy impact
and Gardner impact are the most commonly used methods.
These types of tests are purely energetic impact test. It
prevents to obtain a material parameter, independent of the
specimen geometry. Therefore, no direct comparison can
be made between the different studies using either Charpy
impact tests or Gardner impact tests. The accessibility of
these tests is however useful for many researchers and if
one had to choose, the Charpy test seems preferable to the
Gardner test. Many results concerning microcellular and
nanocellular polymeric foams seem to show that the decrease
in cell size has a significant effect on improving the impact
properties of the polymers. The impact properties of these
microcellular and nanocellular polymeric foams are similar
or even better than those of their dense base material. More
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results on nanocellular polymeric foams with similar test
methods would allow to confirm this trend.

Discussion

Current results on nanocellular polymeric foams seem to
show that reducing the cell size mainly improves the non-
linear mechanical behaviour of the foams (fracture and
impact properties). The potential sources of the change in
mechanical behaviour due to a size effect can have two
different origins. On one hand, nanocellular foams display
much thinner cell walls than microcellular foams (34; 15;
176). This important decrease in the cell wall thickness can
lead to a change in the organisation of macromolecules in
the cell wall known as a “thin-film effect”. This leads to a
change in the mechanical behaviour of the base material and
can be considered a material effect at the nanoscale. On the
other hand, there may be a cell size small enough that the cell
is no longer considered as a defect by the whole structure.
This effect can be considered as a structural effect at the
nanoscale. Both of these potential sources are discussed in
the following subsections.

Thin film effect

Below a certain thickness, some researchers think that cell
walls in foams are so thin they may be equivalent to thin films
(101; 179). This means that the chains of the constitutive
polymer material are confined within the cell walls of
the nanocellular foams. It was shown with diffuse neutron
scattering experiments that the minimum thickness for such
confinement to occur in polymer films is of the order of six
times the radius of gyration r of the polymer chains (180).
Previous works on PMMA demonstrated that conformational
changes and immobilization of the PMMA chains could
also be observed for PMMA nanoporous polymers thanks
to Raman and dielectric spectroscopy (178). In the case of
PMMA, which is the most studied nanocellular foam, the
radius of gyration is about 7.97 nm for an average molecular
weight M,,= 83,000 g/mol as the one studied by Pinto et al.
(178). It is defined by the eq. 19 (181),
<7r?>=0.096 - MO%, (19)
Therefore, a confinement effect should be observed for this
type of PMMA when cell walls are about 47 nm or below.

Studies on dense polymeric thin films have demonstrated
that this confinement can cause a modification of the glass
transition temperature (73) in comparison to bulk polymers
(182; 183; 184). It appears that thin films demonstrate a
lower glass transition temperature than bulk (185; 186).
Free-standing thin polymer films especially display large
reduction in their 7. However this reduction is not related to
the enhancement of entire chain motion (186). The apparent
modulus of PMMA ultra-thin films (from 200 nm to 5 nm)
is comparable to the bulk above a thickness of 40 nm. Below
40 nm, issues in mechanical stability and robustness make
the modulus drops drastically (187).

To verify if a confinement of the macromolecular chains
takes place within the cell walls of the nanocellular foams,
the T, of these foams was thus generally studied. Several
studies have measured the modification of the glass transition
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temperature between micro or nanocellular PMMA, PMMA-
MAM and PEI foams and their constitutive material either
by DSC (Differential Scanning Calorimetry) or by 3-point
bending DMA (tab. 5). DMA tests were carried out on a
larger number of specimen varieties (PMMA and PMMA-
MAM at different frequencies) (101). The authors showed
that below a cell wall thickness of 100 nm, the T}, increased
significantly. It could increase from 115°C for the dense
material to 126°C for the foam with the thinnest cell walls.
Notario et al. also noted a 7°C increase in glass transition
temperature using DMA tests for nanocellular PMMA foams
(97). Furthermore, the influence of pressure and saturation
temperature on the glass transition temperature was studied
by Pinto (101). The results showed an absence of influence
of processing parameters on the T, for PMMA foams. In
the case of PEI foams, an increase in the T}, of the polymer
matrix was observed (96).

A noticeable increase in the glass transition temperature
was thus observed for nanocellular PMMA (33; 97; 177),
PMMA-MAM (33) and PEI (96) foams (tab. 5). The
deviation from the bulk material glass transition temperature
is visible as function of the relative density in fig. 17. It
should be noted that all the foams studied have a fairly
high relative density (>0.24). It appears that the variation
of the deviation does not vary across the small range of
relative densities for PMMA and PEI microcellular foam.
This deviation is most of the time close to 0. On the contrary,
the deviation of the glass transition temperature of PMMA
and PEI nanocellular foams seems to really depend on the
relative density of the foam. The lighter the nanocellular
foam, the more important the deviation. At the smallest
relative density (0.24), the deviation for nanocellular PMMA
foams reaches 12°C.
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Figure 17. Difference between the glass transition temperature
of the constitutive material T} .1 and the glass transition
temperature of the cellular material T . In black, mesocellular
foams. In green, microcellular foams. In red, nanocellular foams
(linear-log scale).
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Article Base Test | T, bulk T, micro T, nano Cell size P ps
material °C °C °C nm -
Reglero-Ruiz et al. 2011 (33) | PMMA/MAM | DMA 112 X 123 200-300 0.4
Miller et al. 2011 (96) PEI DSC 216.4 216 - 218 217 -221 20 - 5000 0.3-0.9
Pinto, 2014 (101) PMMA-MAM | DSC 122.6 | 121.4-124.8 | 126.1-129.7 | 150-1870 | 0.36-0.58
Notario et al., 2015 (97) PMMA DMA | 122.6 | 121.4-124.8 | 126.1-129.7 | 200-600 0.42
Martin-de-Leon, 2016 (177) PMMA DSC 114.5 X 119.5-125 20-84 0.24-0.53
Pinto et al., 2017 (178) PMMA DSC 112 112.6 - 113.6 115-123 90-200 | 0.46-0.49
Pinto et al., 2017 (178) PMMA-MAM | DSC X X 150-190 | 0.43-0.58

Table 5. Summary of the different experimental campaigns carried out on the glass transition temperature of nanocellular foams. x:

when no mention of the given parameter was made in the article.

For the PEI foams, Miller and Kumar observed that as the
relative density is decreasing, the cell wall thickness reduces
from 300 nm (p,. = 0.7) to within the range of 100-200 nm
(pr =0.6-0.47) and the T}, increases by 5°C (96). The PMMA
nanocellular foams studied by Martin-de-Leon displayed a
constant cell wall thickness (177). However, it was noticed
that the volume fraction of the solid contained in the edges
of the cell ¢ was linearly linked to the relative density. So
although cell wall thickness remains constant, cell edges
thickness reduce with relative density reduction.

Polymeric nanocellular foams present therefore a higher
glass transition temperature than microcellular polymeric
foams. Several authors concluded that it was the sign that
a change in cell size scale from micro to nano does have a
local influence on the macromolecular chains arrangement
in the cell walls (33; 96; 97; 177). However, there are a
number of arguments against this conclusion. (1) These glass
transition temperature values are still in agreement with the
T, values of the PMMA chains (between 100 and 130°C)
and PEI (around 217°C) which depend mainly on the molar
mass, the co-monomer content, the chain entanglement, the
tacticity and, secondarily, the surface effects. (2) A partial
chain elongation in the course of foaming could also be the
source of this enhancement (33). (3) Finally, as explained
above, for free-standing thin films, a decrease of the glass
transition temperature is usually observed (186), unlike what
is observed in the studies detailed in tab. 5 and fig.17.

It appears the enhancement of the glass transition
temperature in nanocellular foams is still a subject to clarify.
Perhaps traditional techniques used until now (DMA, DSC)
do not have sufficient sensitivity. It might be interesting to
use techniques similar to the ones used for thin films to
probe the glass transition and entire chain motion (184; 186;
188). It would allow to experimentally confirm that locally,
nanocellular foams are different to meso and microcellular
foams explaining the change in the mechanical behaviour.

Plane-strain to plane-stress

The fact that only the non-linear mechanical behaviour of
foams seems to be affected by the cell size reduction do
not point to a nanoscale effect at the cell wall scale. Several
researchers have also formulated the hypothesis that below
a specific size, a cell is not considered as a defect by the
structure anymore.

Small porosities would act the same way rubber particles
in polymers like ABS (171). By internal cavitation, they
may relieve the triaxial stress state in front of the crack tip
(189). This mechanism would only happen if the cell size is
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small enough to transform plane-strain (strain vector is zero
across a particular plane) into plane-stress conditions (stress
vector is zero across a particular plane). Plane-strain fracture
toughness is generally lower than plane stress in standard
continuum solids. This would be the reason explaining the
brittle to ductile fracture transition and thus tougher fracture
observed in many cases (108; 96).

Recent research on the fracture toughness of metamate-
rials demonstrated that unlike conventional dense materials,
the plane-stress toughness of lattices metamaterials is lower
than the plane-strain toughness (190). While previous studies
on this type of materials only focused on K (191;192;193;
194), they demonstrated with experimental and numerical
work that in addition to K, , T-stresses need to be taken
into account to analyse the fracture toughness of those
heterogeneous materials.

Conclusion and Perspectives

The race for nanocellular foams is driven in part by
the lure of physical properties, including mechanical
properties, beyond the conventional mechanical framework.
The transition to the nanoscale is announced as a great
leap towards new materials. Several works concerning the
mechanical behaviour of microcellular and nanocellular
polymeric foams have been realised. The main goal of these
studies is generally to produce foams with the smallest
cell size and the smallest density. They do not focus their
discussion on their mechanical results. That is why this
review has been undertaken.

The compilation of these research works shows that
as far as the linear mechanical properties in compression
are concerned, this leap does not seem to be as great as
announced. In the density ranges tested, the relative Young’s
modulus and the relative buckling stress of microcellular
and nanocellular foams stay mainly function of the relative
density of the foam.

On the other hand, the impact properties studied by
Charpy, Izod and Gardner impact tests are clearly enhanced
by the introduction in the polymer of small porosities (below
100 pm for most polymers, i.e. micro and nanocellular
foams). The reason of the increase of the impact toughness
would be close to the effect of rubber particles inside
polymeric matrix. Small porosities seem to relieve the
triaxial stress state at the tip of the crack resulting in a ductile
and thus tougher material.

The results on the fracture properties obtained by non-
dynamic means are less compelling. An effect of the cell size
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reduction seems to happen. However a similar methodology
for all should be put in place in order to be able to confirm
this hypothesis based on a specific data representation.
More generally, in order to confirm or refute these
conclusions, it seems necessary to increase the number of
data concerning the mechanical behaviour of nanocellular
polymer foams. The buckling stress and the fracture
toughness remain little studied for these types of foams. It
is necessary to set up common methodologies between the
different research teams working on this subject, especially
concerning the non-linear mechanical properties where many
different ones have been used over the years. Furthermore,
research work has mainly been focused on the quasi-static
properties (aside from impact) at room temperature. In order
to enrich the conclusion on a size effect on the mechanical
behaviour of foams, it is necessary to study these foams over
a wider range of strain rates and temperature. Carrying out
mode I fracture tests on notched geometries seems to be
the right way to go, making sure to scan sufficiently wide
cracking regimes (from quasi-static to dynamic). This will
probably make it possible to dissociate the effects of the
constitutive materials from those of the cell size. Finally
theories behind a specific nanoscale effect on the mechanical
behaviour of polymeric foams need to be confirmed. Closer
observations of the cell walls could allow to confirm the
hypothesis of a confinement of the molecular chains.
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