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ARTICLE INFO ABSTRACT

Keywords: Extrusion foaming is a key industrial technology for the production of lightweight polymer foams widely used in
Polymer foam many markets. Recently, growing interest has focused on micro- and nanocellular polymer foams due to their
Extrusion

outstanding combination of properties. To date, the fabrication of such materials has been restricted to
laboratory-scale processes. Among foaming technologies, foam extrusion stands out as the most promising route
for scaling up the production of micro- and nanocellular polymers. However, achieving fine cellular structures
while maintaining low density and process stability remains a major challenge due to the intrinsic characteristics
of the extrusion process. Therefore, extending extrusion foaming towards micro- and nanoscale structures re-
quires a deep understanding of the underlying physical mechanisms to design production process able to achieve
such structures. This review provides a comprehensive overview of the strategies reported in the literature to
control cellular architecture in extrusion foaming, particularly the cell size and cell interconnectivity. First, the
fundamental principles of extrusion foaming are summarized. Then, approaches for cell size reduction are dis-
cussed, including blowing agent selection, processing conditions, and the use of nucleating agents, ranging from
conventional mineral fillers to nanoscale and self-assembling additives. Special attention is given to mechanisms
governing cell nucleation, growth, coalescence, and stabilization, highlighting the trade-offs between cell
refinement and foam density. In addition, strategies aimed at promoting controlled open-cell structures are
reviewed, given their growing relevance for some advanced applications. The effects of melt strength modifi-
cation and the introduction of heterogeneities are examined. Finally, a critical outlook on current limitations and
the underlying causes of process and material constraints is discussed. Open challenges and future research
directions are also presented. Overall, this review provides a unified framework linking formulation, processing,
and cellular structure in extrusion foaming. By identifying the key factors governing cell size reduction and open-
cell formation, it aims to guide future design of formulations and processes for the manufacturing of high-
performance polymer foams with controlled micro- and nanocellular open-cell structures.
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1. Introduction
1.1. Polymer foams: concepts and fabrication routes

Polymer foams are two-phase materials that consist of a cellular-
structured solid polymeric matrix, which contains a gaseous phase in-
side the cells. These materials have been developed since the early 20th
century and hold great value in many industries, such as energy, con-
struction, automotive, packaging, or even clothing, thanks to their high-
performance properties in a great number of areas, including thermal
and acoustic insulation, impact damping or lightweight, among others
[1,2].

The properties of cellular polymers, like their mechanical and ther-
mal behavior, are governed not only by the polymer matrix that con-
stitutes the solid phase, but also by their structural characteristics. The
main parameters used to characterize cellular polymers are depicted in
Fig. 1.a. The density of the foam (p) is probably the most important one,
as it gives information about the solid to gas ratio of the foam. Density
influences every single property of the resultant foam. Besides the
density, it is common to use dimensionless parameters derived from it to
provide information about the ratio of the solid and gas phases. For
instance, relative density (p;) can be used, which is the ratio between the
density of the foam and that of the solid precursor, that is, the solid
fraction of the material. The inverse parameter, volume expansion ratio,
often referred to as ER can also be used to quantify the volumetric
expansion with respect to the solid material. The cellular structure can
be characterized by the cell size (¢), which is the average diameter of the
cells in the foam, and the anisotropy ratio (R), which is the ratio between
two diameters in perpendicular directions of the cell. The cell size has a
strong influence on the thermal conductivity, while the anisotropy ratio
deeply impacts the mechanical performance. Related to cell size, there is
another useful parameter often used to quantify the homogeneity of the
structure: the normalized standard deviation coefficient SD/¢. As the
structure of foams has a distribution of cell sizes and homogeneity, the
standard deviation of all the measured cell diameters can be calculated
(SD) and normalized by the average cell size to calculate this parameter.
The homogeneity of the structure can depend on different aspects like
processing conditions, materials or production methods. Cell density,
Ny, and nucleation density, Ny, are two key parameters that give a
general insight about the foam. The first one is the volumetric density of
cells in the final foam, while the latter is the density of nuclei formed
prior to cell growth and foam expansion. Finally, the open-cell content
(OC) indicates how interconnected the inner structure is, being an
important parameter for several properties such as acoustic, mechanical,
or permeation to liquids/gases, among others.

These and many other characteristics of cellular materials are
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profoundly influenced by the fabrication route (i.e., foaming method)
employed. The gas used, and the way it is introduced inside the polymer,
as well as the polymer choice itself, significantly influence the final
properties of the foam. Foaming methods can be chemical or physical,
depending on how the foam is produced: chemical processes can involve
the thermal decomposition of a chemical blowing agent like azodi-
carbonamide, or reactive foaming, used for example in polyurethane
foaming. In physical foaming methods, a physical blowing agent (like
CO3, or Ny) is directly introduced into the polymer. Among these phys-
ical fabrication routes, four stand out and are widely used both in in-
dustry and research: batch foaming, bead foaming, injection molding,
and extrusion foaming. These processes are sketched in Fig. 1.b.

In batch foaming processes, the precursor, usually in its solid state, is
introduced inside a high-pressure vessel and later saturated with gas
pressure. When the gas is released and pressure suddenly drops, the gas
molecules form clusters known as nuclei that later evolve into cells [3].
Batch foaming can be either a one-step or a two-step process, depending
on the temperature of the polymer at the moment of the pressure release.
If it is high enough, the polymer will have enough mobility to allow
expansion during pressure release, so nucleation and expansion will
occur immediately after pressure release (one-step) [4]. In contrast, if
the temperature is low at the moment of pressure release, the precursor
will require extra heating for foaming (two-steps) [5,6]. Batch-foaming
is commonly used in the lab-scale thanks to the wide range of pressure
and temperatures that can be used, as well as deep control of all process
stages. Nevertheless, the size of the pressure vessel limits the dimensions
and geometry of the produced foams. Bead foaming is essentially a batch
foaming process where many small polymer beads are foamed in sus-
pension inside a stirred, water-filled pressure vessel [7], usually to be
molded or thermoformed afterwards into a more complex-shaped part,
so a secondary process is needed to achieve the final product. In
contrast, injection processes differ from these two, as it involves pro-
cessing a polymer/gas melt rather than a solid precursor, and share some
similarities with extrusion-based techniques. In foam injection molding,
the polymer is heated above its glass transition or melting temperature
and extruded through a screw where gas is also injected [8]. The gas/-
polymer melt is then injected into a mold, forced to expand with a
determined shape and volume. The final product usually comes with a
thick skin due to the fast cooling of the polymer in the mold surface, and
the final expansion is limited due to gas solubility and process temper-
ature constraints [9]. All these three processes (batch foaming, bead
foaming, injection molding) have one thing in common: they are
batch/discontinuous processes. In the first two, an autoclave or pressure
vessel must be opened and closed each time the precursors are placed
inside or taken out, and saturation processes normally involve long
times (usually hours). Foam injection molding is faster, but the mold
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Fig. 1. (a.) Main parameters for cellular polymers characterization. (b.) Main physical foaming methods.



M. Merillas et al.

must be removed and emptied each time a sample is made. The only
foaming process to produce large quantities of continuous polymer foam
is extrusion foaming.

Extrusion foaming involves saturating a molten polymer with a
blowing agent during the extrusion process, followed by a rapid pressure
drop that induces nucleation and cell growth [2]. It possesses critical
differences with the previously mentioned processes. Compared to
autoclave-based methods, in which the material remains in a semi-solid
state during foaming, extrusion foaming operates on a fully molten
polymer. In this sense, it is similar to injection molding, but both pro-
cesses require significantly different conditions. Foam injection molding
is a discontinuous process in which the polymer/gas mixture is injected
into a closed mold, leading to rapid cooling, high pressure gradients, and
limited expansion. In contrast, extrusion foaming is a continuous process
where the saturated melt flows through a die under more stable thermal
and pressure conditions, allowing to achieve very low densities and
generally improved structural homogeneity.

Apart from being continuous, extrusion foaming is scalable, and thus
it is applied nowadays in the industry for numerous different ends. For
instance, extruded polystyrene (XPS) production has already surpassed
one million metric tons per year and is only expected to keep growing in
the near future [10]. While traditional extrusion foams are widely used
in packaging and insulation, new interest is focused on pushing the
boundaries of this technology toward new regimes, such as micro- and
nanometric cell sizes, where our current knowledge often falls short.

1.2. Micro- and nanocellular polymers: structure and properties

During most of the 20th century, cellular materials with relatively
large cell sizes (above 50 um) were commonly produced. This was pri-
marily due to limitations in manufacturing technologies, which made it
difficult to precisely control cell morphology. Still today, conventional
foams such as polyurethane foams (PU), expanded polystyrene (EPS),
and extruded polystyrene (XPS) typically exhibit cell diameters ranging
from 50 to 500 um. However, significant advancements in foaming
techniques—either through the development of new methods or the
refinement of existing ones—led to a major breakthrough in the later
decades of the century with the production of microcellular polymers,
characterized by cell sizes below 10 micrometers [2,11]. At the begin-
ning of the new century, the cell size was reduced even more, below the
micron: nanocellular polymers were born. The reduction of the cell size
in polymeric foams can induce dramatic changes in the performance of
the materials [12-15]. For instance, reducing the size of the XPS cells to
the microcellular range (< 10 um) and ultimately to the nanocellular
range (< 1 pm) can greatly enhance thermal and mechanical perfor-
mance [16,17]. Microcellular materials can achieve a balance between
low density and mechanical properties, increasing stiffness. Nano-
cellular materials go even further, potentially achieving ultra-low
thermal conduction through the gas phase [18,19], high
surface-to-volume ratios, and even optical transparency in some cases
[20] (when the pores are smaller than 50 nm), while other mechanical
properties also keep improving [21].

These features of micro- and nanocellular polymers offer a new range
of possibilities in growing sectors such as refrigeration, high-efficiency
buildings, or biomedical devices [12]. However, the process of
achieving such small cell sizes is complex and still far from a real
application in the industry. First, nucleation density must be in the range
of 10*-10® nuclei/cm? to reach the nanoscale cell size regime, 7 orders
of magnitude above conventional foams [22]. As seen in the equations of
Fig. 1.a, the cube of cell size and the density of the foam are inversely
proportional to Ny, which explains why a very high number of nuclei is
required to obtain very small cell diameters, keeping the density low.
For this reason, the enhancement of nucleation or cell density will lead
to cell size reduction. While other methods could produce nanoporous
films [23,24], as mentioned before, batch foaming is the only process
allowing to generate nanocellular polymer foams with large dimensions,
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particularly high thickness, and usually requires the use of extreme
conditions (high pressures or low temperatures) to promote high and
efficient nucleation [12,22]. Pore sizes ranging from 10 um to decades of
nm can be achieved with this technology, and the limit in pore size is
greatly related to the polymer nature and its limitations rather than the
process itself. For instance, pressures above 20-30 MPa are usually re-
ported in batch foaming, sometimes in combination with temperatures
even below 0 °C and in many cases near room temperature [20,25].
These features make it rather easy to achieve small cell sizes with this
foaming route (for example, 14 nm with 550 kg/m?> has been achieved
with PMMA [20] and 440 nm with 300 kg/m3 with PS [26]). Such
demanding conditions allow to maximize gas solubility, but cannot be
reproduced in a continuous process. Moreover, as briefly commented
before, this is a batch process with discontinued production and limi-
tations in the size and shape of the samples due to the geometry con-
straints of the pressure vessel, which strongly limit scalability. Thus,
new production processes closer to the industry are needed to transfer
these materials from the lab-scale to real applications.

One of the best alternatives, considering all the excellent features
mentioned above, would be foam extrusion. However, in extrusion
foaming, the own nature of the process makes the task of reducing the
cell size much more challenging. The high temperatures employed and
the architecture of the machines limit the process conditions, thus
limiting cell nucleation in comparison with batch foaming. This is why
an in-depth understanding of the underlying mechanisms taking place
inside the extruder is needed to be able to fine-tune the cellular structure
to the micro- and/or nanometric range.

Furthermore, beyond reducing the cell size to the micro- or nano-
metric range, achieving controlled open-cell structures represents an
additional and particularly demanding challenge in extrusion foaming.
In this process, the mechanisms governing cell wall rupture are strongly
coupled to the processing conditions. Nevertheless, being able to tune
the interconnectivity of micro- and nanocellular foams significantly
expands their range of applications. Open-cell micro- and nanocellular
foams can be used in applications in which conventional foams do not
apply, such as microfiltration and drug-release devices [27,28]. More-
over, they are also attractive as core materials for Vacuum Insulation
Panels (VIP), where an open-cell inner structure with small pores is
required to evacuate the gas, allowing a reduction of the thermal con-
ductivity of the material up to 75%. While commercial fumed-silica VIPs
can give thermal conductivities below 5 mW/(m-K), they are expensive
and heavy (200 kg/m>). Foam-based VIPs, for example, PS-based VIPs,
can reach thermal conductivities around 6-8 mW/m-K with much
higher cost-efficiency and densities lower than 100 kg/m> [29].

1.3. Scope and objective of the review

The present work, outlined in Fig. 2, aims to provide a comprehen-
sive roadmap for industry and scientific researchers interested in the
design and scale-up of extruded micro- and nanocellular polymers.
Specifically, it focuses on the techniques that control cell size and open-
cell content, two key parameters that directly impact functionality in
high-performance applications. The review takes into account the crit-
ical interplay between all the factors involved in the process: polymer
formulation —matrix and its characteristics, blowing agent selection,
addition of nucleating agents of different natures— and the processing
conditions, like the pressure drop or the temperature.

2. Fundamentals of foam extrusion

2.1. Extruded polymer foams: examples and market applications
Extrusion foaming has been a key polymer processing technology for

nearly a century. The first major milestone came in 1931 with the patent

for XPS [30-32], marking the beginning of its widespread industrial use,
particularly in thermal insulation and packaging. Since this
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Fig. 2. General map depicting an overview of the work. Sections where each topic is discussed are included between brackets.

breakthrough, many advances were made throughout the whole 20th
century, both in the development and improvement of the hardware and
the implementation of other polymers, such as polyethylene (PE) [33] or
polypropylene (PP) [34]. In recent years, due to the increase in envi-
ronmental concerns, the use of biopolymers like poly(lactic acid) (PLA)
has risen significantly [35].

These diverse choices of polymer matrices in combination with
functional additives offer a wide range of properties that enable man-
ufacturers to tailor foam characteristics to specific end-use re-
quirements. XPS remains one of the most prominent extruded foam
materials, with a global market size exceeding USD 5.5 billion in 2024
[36]. Used mainly in the building sector, extruded polystyrene offers
exceptional mechanical and thermal properties with very low density,
and it is mainly used for technical solutions when high compressive
strength or exposure to harsh conditions are needed. This way, it is often
found in floors, roofs, or exterior walls. Polyethylene is the second most
common material used worldwide in extrusion foaming [37], and its
applications range from protective packaging and cushioning to high
performance insulation in critical environments [38]. The third most
common polymer is extruded polypropylene [39]. PP foams are widely
utilized in construction, the automotive sector, and packaging. Their
versatility stems from a balanced combination of low density, good
chemical resistance, and excellent impact absorption, which makes

them suitable for applications ranging from lightweight automotive
components and vibration dampening to protective packaging and
sports equipment. Additionally, extruded PP foams offer good thermal
stability and recyclability [40,41], which aligns well with the increasing
industry demand for sustainable materials. Regarding extruded PLA,
packaging applications have already been explored and commercially
applied. Thermoformed foam-extruded PLA sheets have been proven to
work up to the standards of traditional polymers in food trays for certain
applications [42,43].

2.2. Equipment and routes

Extrusion foaming processes generally involve a single-screw or
twin-screw extruder integrated with a gas injection system. The extruder
can be linear or tandem, where two extruders are combined for better
control in the process parameters [44]. A schematic representation of
the linear process is presented in Fig. 3.a. In both cases, the polymeric
formulation is fed through a hopper, and the pellets melt inside the
extruder barrel, through which the screw or screws (single-screw or
twin-screw extruder) push the molten polymer. This part is where the
temperatures of the process are higher in order to get a homogeneous
melted polymer flow when the blowing agent is added. L/D is the screw
length/screw diameter ratio, and it is an important parameter
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in the process that influence the final foam.

commonly given in extrusion experiments. It can vary usually from 20 to
40, depending on the mixing and process control requirements, and the
characteristics of the machine (single or twin screw, tandem extruder)
[31]. The screw diameter can also vary from < 10 mm in lab-scale ex-
truders [45] to 50-150 mm in common industrial lines [46] (even more
in some cases). Normally, halfway through the extrusion path, the in-
jection of the physical blowing agent (or blend of blowing agents) is
performed. This blowing agent can be an inert gas (for instance, CO5 or
Ny), a hydrocarbon (pentane, butane, etc.), or other substances. The
physical blowing agent is usually taken to supercritical conditions when
injected into the extruder. The polymer/gas solution then passes
through a cooling area, where the temperature of the melt is lowered in
order to increase the viscosity to the right value before the expansion. In
the case of amorphous polymers, blowing agents like CO5 reduce the
viscosity of the melt when they dissolve into the matrix (plasticization
effect), so the temperature needs to be reduced considerably to have
enough melt strength [47-49]. When the extruded polymer is
semi-crystalline, the processing window will still be governed by the
temperature of crystallization of the polymer, also affected by the
presence of the gas, but not to the same extent [31,50]. In many cases,
two or more blowing agents can be used, combining their effects and
further enhancing the properties of the foam, as well as the process-
ability of the melt. The cooling section can be a secondary extruder
(tandem process) or a specific melt cooler whose architecture is
designed to guarantee homogeneous temperature of the polymer.
Finally, the polymer melt leaves the extruder through an aperture
known as die, where the sudden pressure drop that takes place promotes
nucleation, followed by cell growth and stabilization of the cellular
structure. Correct growth and stabilization take place thanks to the
adequate viscosity achieved during cooling and the instantaneous con-
tact of the foam with ambient temperature, although some polymers
might require extra cooling after leaving the die to assure stability.
Additionally, the geometry of the die has a critical impact on the
depressurization kinetics and thus on the final structure of the foam.
Usually, the die has a initial conical shape that connects the barrel with
the exit and a final cylindrical part (land length, usually very few mm),
both of which can be used to shape the pressure gradient in the whole
machine and, most importantly, the pressure drop and drop rate in the
outlet, which is highly relevant for nucleation and growth of the foam
[31,51].

2.3. Foaming mechanisms

The formation of cellular structures during extrusion is governed by
a series of interconnected physical phenomena that can be broken down
into four main stages: polymer/gas solution, nucleation, cell growth,
and stabilization (Fig. 3.b tags 1-4). Understanding and controlling
these stages is key to producing foams with desirable properties,
particularly when targeting small cell sizes or specific properties, such as
a determined open-cell content. These general stages can be better un-
derstood by considering a representative example.

In this context, a typical foaming process for XPS is going to be used
to illustrate the underlying foaming mechanisms (Fig. 3). As stated in the
previous paragraph, the foaming process begins with the dissolution of a
blowing agent into the polymer melt (Fig. 3.b, tag 1). The solubility (the
maximum uptake) and diffusivity (rate of sorption) of the gas in the
polymer matrix, for a given polymer/blowing agent pair, are primarily
governed by processing temperature and pressure, which are two key
parameters controlling the foaming process [52-54]. A homogeneous
polymer/gas solution is critical for uniform nucleation. Relatively high
pressures (around 10 MPa or higher [53-55]) are needed to dissolve the
blowing agent in the polymer matrix at the high temperatures needed to
keep the polymer melted, especially when low densities are targeted
(which require a very high amount of blowing agent). Also, shear during
extrusion aids in the dispersion. Through gas pressure and melt tem-
perature, the stability of the solution must be ensured so the polymer
retains the gas without premature foaming or phase separation. Vis-
cosity or melt strength of the polymer is key in this part of the process. As
said in the previous section, when the blowing agent dissolves into the
polymer, it normally induces a plasticization effect which, again, can be
stronger or lighter depending on the polymer, the blowing agent, and
the conditions in the extruder, due to the weakening of the molecular
attractions in the matrix and the molecular movement induced. As a
consequence, the glass transition temperature (Tg) of the saturated
polymer is reduced (represented in the lower graph of Fig. 3.c, green
line), and we can talk about an effective glass transition temperature (Tg,
eff) [49,56]. Then, to gain viscosity, the temperature must be reduced in
the cooling area.

In the proximity of the die, the saturated polymer/gas solution ex-
periences a rapid pressure drop, inducing thermodynamic instability
and initiating nucleation at the moment where the solubility limit is
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surpassed (Fig. 3.b, tag 2). Gas molecules start to form clusters that form
a nucleus that will eventually become a cell. The velocity at which the
pressure drops (pressure drop rate) is a parameter of utmost importance
in the nucleation process. Nucleation can be heterogeneous or homo-
geneous. Homogeneous nucleation takes place when there is only one
phase (one homogeneous polymer matrix) or, if there is a second one, it
is not promoting nucleation. In this case, gas molecules are the only
agent influencing nuclei formation, and the process will follow the
trends of the Classical Nucleation Theory (CNT) [57], that is, higher gas
content will increase nucleation, and so will higher pressure drop rate,
etc. Heterogeneous nucleation occurs when a second phase is added to
the polymer with the intention that the nucleation energy barrier is
lowered. When the second phase is constituted by inorganic nano-
particles, these obviously need to be smaller than the desired cells, well
dispersed in the matrix, and in a sufficient number. When the pressure is
released, the energy barrier is lower in the particle-polymer interphase,
promoting the appearance of nuclei in those areas. In theory, the num-
ber of particles will determine the number of nuclei. This strategy is
widely used to enhance nucleation and cell size reduction purposes, as it
makes the foaming process much more efficient, though it also comes
with some limitations. For example, it can imply mechanical weakening,
normally due to aggregation of inorganic particles or just excess of filler
in the walls affecting structural integrity [58]. Furthermore, the added
particles can also have an impact on the process stability, as they can
affect the viscosity of the melt and the shear rate in the machine, making
it necessary to adapt the processing conditions with each particle con-
centration and even resulting in limited expansion if the concentration
of particles is high [59-61].

Once the nuclei are formed, other dissolved gas molecules diffuse
into them, promoting cell growth (Fig. 3.b, tag 3), which is mainly
governed by the viscosity of the polymer, as it influences the gas diffu-
sion rate and the ability of the polymer to expand at a given temperature
[2]. In extrusion, temperature in the die is a key parameter that needs to
be finely controlled as it affects both the melt and the gas characteristics
and the way they interact with each other. Cells grow thanks to the
temperature of the polymer coming out of the die being above its Ty,
and it stops when the cooling (both due to the expansion and ambient
temperature) has taken the temperature of the foam below Ty eff, which
is constantly rising as the gas is diffusing outside the matrix (Fig. 3.c)
[31].

After cell growth, the foam structure must be stabilized rapidly to
preserve the desired cellular morphology (Fig. 3.b, tag 4). If the process
is not properly controlled at this stage, degeneration mechanisms can
appear. The two main cellular degeneration mechanisms in foam
extrusion are coalescence and coarsening [62] (the third one, drainage,
occurs mainly when the polymer phase has a very low viscosity, like in
reactive processes). Coalescence can occur during cell growth, when the
polymer has still high mobility: two or more cells merge due to the
rupture of the cell wall between them. Also, cell opening can appear
during this phase. If the walls are not strong enough to hold the growing
pressure of the gas, they can break. If the breakage happens before the
final expansion is reached, the density will be higher than expected.
Coarsening refers to the growth of larger cells at the expense of smaller
ones due to gas diffusion. It can happen during expansion or more
normally during cooling, and it appears due to pressure differences be-
tween smaller (higher pressure) and larger (lower pressure) cells, which
force the gas from small ones to bigger ones. In extrusion foaming, it is
also critical that, at the conditions of the die, the gas does not escape too
fast out of the polymer matrix, causing cell collapse or even shrinkage
after production if the polymer is flexible [63]. To prevent these failures,
foaming parameters must be finely tuned. The choice of a polymer with
adequate viscosity and melt strength, and the temperature of the poly-
mer/gas mix at the end of the machine, are key for the success of the
process.
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3. Strategies for reducing cell size

The reduction of the cell size in extruded foams remains one of the
biggest challenges of this technology. The same factors that make
extrusion foaming ideal for large-scale production of cellular materials
also present significant challenges when foams with small cell diameters
are wanted. The polymer is saturated at high temperatures that allow the
gas dissolution to happen rapidly and in massive quantities of polymer
continuously, but these same temperatures limit the solubility of gas in
the polymer, as well as its viscosity (higher viscosity and melt strength
can help control cell size). This is why the optimization of the processing
conditions, along with the adequate blowing agent, must be the first
issues to address to enhance nucleation and reduce the diameter of the
cells. Apart from this, the most common strategy to enhance nucleation
is the use of nucleating agents (mostly inorganic nano- or microparti-
cles). These approaches are not mutually exclusive but rather produce
better outcomes when implemented in conjunction. Considering other
players, like the molecular weight of the precursor, polymer blends, and
the blowing agents of choice for each case, may also help to optimize the
outcoming foam.

3.1. Blowing and co-blowing agents

The blowing agent plays an important role in the properties of the
foam. It controls the density and affects the cellular morphology [2]. The
choice of physical blowing agents in polymer extrusion foaming has
evolved under strong environmental regulation and performance con-
straints. Table 1 shows some of the most common PBAs in the past and
recent years. Although CO: has been investigated as a blowing agent for
decades, early foam production at an industrial level relied on chloro-
fluorocarbons (CFCs) from the 1930s to the 1980s, due to their low
thermal conductivity and very low gas diffusion rates, which resulted in
excellent thermal insulation performance [65]. These gases were ban-
ned due to their ozone depletion potential, as mandated by the Montreal
Protocol in 1987 [66]. CFCs were subsequently replaced by hydro-
chlorofluorocarbons (HCFCs), which offered reduced ozone depletion
potential but were still subject to phase-out due to their residual envi-
ronmental impact. Later, hydrofluorocarbons (HFCs) were introduced;
although they do not affect the ozone layer (ODP; see Table 1), they
exhibit a relatively high global warming potential (GWP). As a result,
HFCs were also progressively banned in Europe, and their use in
extrusion foaming has been forbidden since 2014, driving the transition
toward greener, low-GWP alternatives such as hydrocarbons (mainly
butane and pentane), carbon dioxide (CO2), nitrogen (N2), and, in some
cases, hydrofluoroolefins (HFOs).

In the current industrial picture, at least in the EU, hydrocarbons—n-
butane and iso-pentane— and mixtures of CO2 with EtOH are the most
common strategies for foaming polystyrene and other commodity
polymers by extrusion. When solutions of XPS with lower thermal
conductivities are required, HFOs allow to reduce thermal conductivity
of the XPS boards from 32 to 34 mW/m-K when foamed with CO, to
25-27 mW/m-K with HFO [67-69], thanks to the low thermal conduc-
tivity of the gas and its reduced diffusivity, that allows for the HFO to
remain in the foam for longer times, while CO; escapes rather quickly.

The selection of the type and amount of blowing agent must be done
considering the targeted structure and the polymer matrix. It is known
that the solubility and diffusivity of the gas in the polymer, as well as
their plasticization effect on the melt, will have a great impact on the
resulting foam in terms of cell morphology, size, nucleation and, of
course, foam density. According to Classical Nucleation Theory (CNT),
one would expect cell size to decrease with an increase in the amount of
blowing agent [70-72]. In practice, there is a gas solubility limit for each
combination of gas and polymer (and obviously, pressure and temper-
ature conditions) that needs to be considered. In an extrusion process, all
the gas should be dissolved in the polymeric matrix to have a stable
process that can be maintained and replicated.
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Table 1
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Some common physical blowing agents and their main physical and environmental characteristics (Mw = Molecular weight, BP = Boiling point, pc = Critical
pressure, Tc = Critical temperature, FL. = Flamable limit in air, ODP = Ozone depletion potential (CFC—11 =1), GWP = Global warming potential (CO5 = 1), A =

Thermal conductivity, AL = Atmospheric lifetime) [2,64].

PBA Formula Mw (g/mol) p. (MPa) T. (°C) oDP GWP A (25 °C) (mW/mK) AL (years) Polymer

Carbon dioxide CO, 44.0 7.4 31.0 0 1 16.4 120 PS, PP, PLA, PET, TPU*
Nitrogen Ny 28 3.4 —146.9 0 25.8 - PS*, PP*, PE*, PET*, TPU*
Water H;0 18.0 221 374.0 0 - - PS*,PP*,PE*

Ethanol CyHsOH 46.1 6.1 241.0 0 - 14.4 - PS

Propane C3Hg 44.1 4.3 96.8 0 11 17.9 Few days PS, PE, PP

n-butane C4Hio 58.1 3.8 149.9 0 <10 16.1 Few days PS, PE, PP

iso-butane C4Hyo 58.1 3.65 134.6 0 11 16.2 Few days PS, PE, PP

n-pentane CsHjo 72.0 3.4 196.7 0 11 15 Few days PS, PE

iso-pentane CsHyo 72.0 3.38 188 0 11 14.3 Few days PS, PE

HCFC-22 CHF,Cl 86.5 5.0 96.0 0.055 1900 10.7 11.8 PS, PE

HFC-152a CHF,CH3 66.1 4.5 113.5 0 140 14.7 1.7 PS, PP, PE

HFC-134a CH,FCF3 102.0 4.1 100.6 0 1600 13.8 14 PS, PE

HFC—245fa CHF,CH,CF3 134.1 3.6 157.5 0 950 13.3 7.4 PS

CFC-11 CFCl3 137.4 4.4 198.0 1 4600 7.9 45 PS

CFC-12 CFyCl, 120.9 4.1 112.0 1 10600 9.9 100 PS

HFO—1234ze(E) CFHCHCF3 114.0 3.6 109.4 0 <1 13 19 PS, PP, PE

" Mostly lab-scale research.

Experimental results comparing different gases under similar extru-
sion conditions are scarce in the literature. Two works by Richard
Gendron and Caroline Vachon [73,74] studied the performance of
HFC—134a and CO3 in polystyrene foaming. In the first of those two
works, they measured the solubility of the gas in the polymer, plastici-
zation or degassing pressure, amongst other characteristics of the
blowing agents, and analyzed the foams produced by equivalent molar
concentrations of the two gases. The work found that the solubility limit
of HFC—134a in PS is higher than that of CO3 and thus can induce a
greater plasticizing effect in the matrix. Also, diffusivity is much slower,
which has a direct effect on nucleation: the slow mobility of the
HFC—134a when the foaming occurs prevents cell coalescence and fa-
vors nucleation control. Furthermore, this increase in nucleation slightly
reduces the expansion. Foams produced with 3.1 wt% CO3 have cell
sizes in the range of 200 ym, with nucleation density of 10° nuclei/cm?
and foam density of 46.9 kg/m?, while the ones made with an equivalent
molar concentration of HFC—134a (7.12 wt%) have cell diameters of
30 pm, nucleation increased by 3 orders of magnitude (10° nuclei/cm?®)
and density of 54.7 kg/m3. The subsequent work introduced, apart from
the two single-gas foaming extrusion experiments, some samples
extruded with mixtures of the two gases in different proportions. The
work, based on the trends of cell sizes, which evolve gradually with the
mixture and with a similar and narrow size distribution, suggests that
gas molecules in the blends behave as a whole, homogeneous mixture,
rather than forming independent clusters. Also, it is noticed that
nucleation is greatly affected by adding a small amount of the secondary
gas on both ends. The sorption kinetics of the two gases are shown in
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Fig. 4. These works suggest that the bigger the molecular weight of the
gas, the lower the diffusivity, while solubility depends greatly on ther-
modynamic affinity rather than molecular weight alone. A high solu-
bility would increase nucleation, as backed by the Sanchez-Lacombe
equation of state and experimental works [54,75-78].

In CO; extrusion, it is common to add a secondary blowing agent to
facilitate control over the processing conditions and help increase the
stability of the production line, and it is usually EtOH, which helps
achieve stable processing conditions. Another work by Gendron et al.
explored different CO/EtOH proportions in polystyrene extrusion
foaming and found that the addition of EtOH was beneficial for prob-
lems associated with solubility limits that promoted bad morphology
and cell opening [79]. With CO, alone, a low-density foam (25 —
30 kg/m>) with a homogeneous structure is difficult to obtain due to a
relatively low solubility and high diffusivity of the gas in PS. When
adding EtOH, this kind of foam can be produced at very stable condi-
tions. The work shows how a good combination of both blowing agents
can provide better expansion and homogeneity without compromising
cell size.

Other studies are found where, instead of EtOH, water is used as the
co-blowing agent in combination with CO;. Water can be injected
directly into the extrusion line or by water-carrying/hydrophilic parti-
cles added to the raw pellets. Several studies show that the addition of
water to a COy-blown extrusion can be useful for lowering the density of
the foams [80] and also to induce bi-modal structures [81,82]. A work
by Raje et al. [83], achieving very small cell sizes (5 pm) with poly-
ethersulfone/polyethylene(glycol) (PESU/PEG) blends, found that the
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Fig. 4. Sorption kinetics of (a) HFC—134a and (b) CO; in polystyrene, from reference [73], reproduced with permission.
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addition of Hy0 to the CO, extrusion helped to achieve this cell size
reduction and broaden the foaming temperature window (Fig. 5).

3.2. Processing conditions: pressure and temperature

Each combination of polymer, gas, and machine design has an op-
timum set of parameters regarding the objective of the process.
Considering the scope of this section, there will be an optimum profile of
pressure and temperature that will achieve the smallest cell diameters
and highest nucleation. Of course, all these parameters affect each other
greatly and do not change independently. For example, pressure will be
directly affected, among other things, by the amount of blowing agent,
the temperature profile of the machine, and the speed of the screw. Also,
the pressure drop rate at the die will depend on its geometry, the tem-
perature of the melt or inner pressure, amongst many other parameters.
One can see the intertwining of these parameters in the predictions of
the Classical Nucleation Theory for homogeneous nucleation [56].
Nucleation rate is predicted by Eq. 1, where f; is the frequency factor of
gas molecules joining the nucleus, Cy is the initial gas concentration, kg
is the Boltzmann constant and T is the temperature:

AGhom
ksT

N=f,C, exp (— 1)
The Gibbs free energy barrier (AGpon) is the energy that the nucleus
has to overcome to grow into a bubble, and it is given by Eq. 2:

16xy°

AGhom = ool
Gho 3Ap?

(2)

In this equation, vy is the surface tension between the gas and the
polymer, and Ap is the difference between the gas and the solid pressure.
According to Egs. (1) and (2), one would expect a higher nucleation with
a higher initial gas concentration, but also with a higher temperature
and a higher pressure drop. Since temperature modifies viscosity, and
thus the surface tension, the role of the different parameters is not al-
ways so clearly identified in real extrusion experiments.

Early works like the ones by Han and Oyanagi [84,85] start to
explore these parameters with chemical extrusion foaming of PE and PS.
Several key concepts are proven in these experiments, like how
increasing temperature reduces the shear of the melt, and the density of
the foams, or that nucleation is higher when decreasing the die aperture
due to a higher pressure drop rate.

Later studies delve into these features, like the one by Park [86]
analyzing the route to achieving microcellular structures with poly-
styrene by COy-blown extrusion foaming. In this work, Park uses 3
different nozzle lengths to analyze how the pressure drop in the die af-
fects nucleation and its competition with cell growth. The longer the
polymer/gas solution stays in the die, the more gradually the pressure
drops (lower pressure drop rate), and thus nucleation happens for a
longer period of time. This implies that many of the first-formed and
growing nuclei will tend to receive gas molecules that could be forming
one nucleus themselves. In these experiments, the authors manage to
increase cell density from 10° to 7-10° cm ™ when changing from the

Fig. 5. PESU/PEG extruded foam (a) without and (b) with water aiding the
process, from reference [83], reproduced with permission.
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longest to the shortest nozzle length. This variation in cell density (and
subsequently nucleation) grows linearly with the pressure drops re-
ported in the article. A second work addresses the need of controlling the
processing temperature in order to increase melt strength and prevent
coalescence during cell growth [87]. It proves that the expansion ratio
depends on the melt and die temperature and can be maximized without
affecting cell size if there is enough gas being injected into the machine.
At high temperatures in the die, maximum expansion occurs very close
to the die, and coalescence and contraction happen due to high diffusion
and thin cell walls. When the temperatures decrease, diffusion is low-
ered, and the solid skin helps prevent gas escape.

X. Han et al. [88] made an experimental study combined with
computational simulations that explored how the pressure drop, which
is affected by CO2 concentration and mass flow rate affects cell size and
nucleation. It was proven that an increasing CO5 concentration in the
polystyrene melt shifted nucleation towards the inlet of the die. In the
experiments with a fixed CO, concentration (of 2.5 wt%), they proved
the direct relation between the pressure drop (modified by tuning the
mass flow rate) and cell size and cell nucleation, as shown in Fig. 6,
achieving a reduction from 13.8 to 7.5 pm when the pressure drop rate
was increased from 3.4 to 12.7 10% Pa-s™L.

Peng [89] and colleagues designed an on-set visualization system
shown in Fig. 7 with three camera inserts and three light sources on the
opposite side of the die that allowed them to see how nucleation evolved
along the die. At three different screw speeds that induced three
different pressure profiles, they could prove that the lower the pressure,
the sooner nucleation occurs, and obviously, the lower cell density and
bigger cell diameter are obtained. For instance, they report a cell size of
76.3 um at a screw speed of 9.2 rpm, which is lowered to 33.7 um when
the screw speed is tripled due to the increase of pressure, while cell
density increases in one order of magnitude (1 - 10°-1.5 - 107 cells per
cme').

Few recent studies analyze processing conditions directly and in
detail, as their modification is limited by the possibilities of the machine
and has been widely studied in the past. Despite this fact, most of the
literature shows some dependence on the processing parameters when
studying other strategies to reduce the cell size (like the use of additives,
developed in the next section). All in all, the pressure drop and drop rate
in the die are probably the most important parameters when a reduction
in cell size is wanted. Optimizing their values will guarantee fast and
localized nucleation, so a homogeneous structure of small cells can be
obtained. As shown in Fig. 6, increasing the pressure drop has a direct
impact on the size of the cells in the final foam. Due to this being one of
the most important parameters to reduce cell size, this reduction is ul-
timately limited by the pressure drop achievable for the machine. The
stabilization of the foam is also crucial to maintain the desired structure.
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Fig. 6. Relation between cell size, cell density and pressure drop in a PS foam
extrusion at 180°C with the same CO, content (2.5 w%), from reference [88],
reproduced with permission.
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Fig. 7. (a) Sketch of the used set up for the visualization system. (b) Visualization images at the said three spots taken at various mass flow rates/27.6 rpm flow rate.
Red arrow indicates the mass flow direction, from reference [89], reproduced with permission.

The temperature of the polymer at the exit has a direct impact on the
melt strength and must be optimized to avoid further degeneration of
the foam outside the machine, retaining the gas in the highest number of
nuclei/cells possible, to achieve the smallest size. Only one work has
been found that proves that, with machinery suitable to endure very
high pressure, extrusion of nanocellular polymers is possible [90]. The
work by Costeux showed the extrusion of a PMMA nanocellular polymer
(see structure in Fig. 8), reaching a cell size of 300 nm thanks to an
amount of dissolved CO3 of 23%, with pressures of 45 MPa in the mixer
and 36 MPa in the die. Under these conditions, hardly reproducible in a
common extrusion foaming setup, they achieved extruded nanocellular
foams, with a small area fraction (<10%) of micrometric cells and a
large area occupied by the nanoscale pores. With this amount of gas
dissolved in the PMMA matrix, plasticization is so strong that the tem-
perature set in the die is lowered to just 38 °C (T of unsaturated PMMA
is around 115 °C [91]). The density of these samples is 337 kg/m3, and
nucleation density is in the range of 10 nuclei/cm?.

3.3. Nucleating agents

A nucleating agent is a second phase that is added to the polymeric
matrix to control or promote nucleation via heterogeneous nucleation.
As shown in Eq. 3, according to the Classical Nucleation Theory, the
energy barrier for heterogeneous nucleation, AGyey, is the same that for
homogeneous nucleation (Eq. 2) multiplied by a factor S(8), depending

Fig. 8. Extruded nanocellular PMMA, from reference [90], reproduced with
permission from the author.

on the contact angle of the polymer-additive-gas interface. This factor is
always lower or equal to one.
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AGret = AGhom S(6) ®

That is, the introduction of nucleating agents reduces the energy
barrier for nucleus formation, allows the generation of more nuclei, and
thus achieving lower cell sizes.

Nucleating agents can be other polymers or copolymers, or can be
particles like clays, silicas, or carbon nanotubes. The use of polymers or
copolymers as nucleating agents relies on the nucleating efficiency of the
organic phase to promote nucleation. For instance, in batch foaming,
blends are often prepared via solvent casting or mechanical mixing,
resulting in a dispersion of the second polymeric phase that remains
stable during the foaming process, creating interphases to promote
nucleation [60,92-94]. In extrusion foaming, due to the high tempera-
tures employed in the process, the addition of another polymeric phase
must be done carefully in terms of temperature control for an efficient
promotion of heterogeneous nucleation. Apart from nucleation, the
second polymer can also modify viscosity and affect cell growth and cell
opening. Hence, most of the extrusion research found in the literature
involves the use of nano- or micro particles when it comes to cell size
reduction.

For efficient heterogeneous nucleation, particles must meet some
requirements. Size should be small enough to have a very high number
of particles per volume, even at very low concentrations. High aspect
ratios and surface area have also been proven to be beneficial, as they
maximize the interfacial particle-polymer surfaces [59]. That is, the
geometry and nature of the particles are critical aspects controlling their
effect in foaming. For this reason, particle size, surface area, aspect ratio,
and also the geometry of the particles are listed in Table 2, which is a
summary of the most common nucleating agents used in extrusion. Some
of these particles are extensively used at an industrial scale, such as talc
or some variants of carbon black particles, while others like nanosilica or
carbon nanotubes, are mostly limited to research studies due to cost
limitations.

Apart from their nucleating effect, in many cases, these particles can
also enhance the mechanical properties of the foams, not only indirectly
with the tuning of cell size, but through the reinforcement of the walls
and struts of the cellular structure [95]. Furthermore, nucleating agents
also tend to improve cell morphology homogeneity [113]. But despite
numerous benefits, the reader will find that, in some cases, the materials
produced with the use of nucleating agents are not as light as the pure
ones. This is a common effect when heterogeneous nucleation is
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involved [94,114]. Yet, other cases are reported where the foaming
window is shifted in a way that the highly-nucleated material also
achieves a higher expansion. In the following paragraphs, the different
nucleating agents listed in Table 2 and their effect in extrusion foaming
are discussed. It must be noted that amorphous polymers behave
differently from semi-crystalline ones when nucleating agents are added
to the matrix. In semi-crystalline polymers, the effect of nucleating
species is more complex, as they affect not only the cell nucleation, but
also the crystallization dynamics of these polymers [115], while the
effect on amorphous polymers is more straightforward. The most rele-
vant results for each material are presented in the next sections and
summarized in Table 3.

3.3.1. Talc

Talc is typically the first-choice nucleating agent in industrial poly-
mer extrusion foaming processes thanks to its availability and low cost.
It usually ensures consistent and even cell nucleation, which is crucial
for process stability and product uniformity, making it the go-to option
for balancing performance and cost-effectiveness with reliability in
high-throughput, large-scale extrusion foaming. Many of the works
referenced in this review use talc not as the subject of study, but as a
reference rather than the pure polymer.

The effect of talc can be seen in the study by Okolieocha [95] in PS.
With a content as low as 0.025 wt%, they managed to double cell density
without affecting the density of the foam. With a higher content of 1 wt
%, cell density increased by two orders of magnitude and cell size
decreased from 400 to 100 um, but in this case, the density of the foam
increased by 20%.

Park [120] analyzed the effect of talc in the nucleation of extruded
polypropylene, finding very different results depending on the blowing
agent used (COy or isopentane). While talc governs nucleation phe-
nomena in the isopentane-blown experiments, with little dependence on
the amount of gas, the effect of talc is only significant when the amount
of CO, is small. These differences are attributed to the very different
chemistry of the two gases. Later works by Naguib and Park [96,121,
122] have deepened in the understanding of the nucleation mechanisms
of talc in extruded PP foams with butane as a blowing agent. In these
works, they analyze different talc contents (0.8, 1.6, and 2.4 wt%) in a
wide range of die temperatures. While cell size is not discussed directly,
cell density is clearly increased by one order of magnitude with the
addition of 0.8 wt% talc compared to the neat polymer, achieving also a

Table 2
Nucleating agents/polymers and their main characteristics.
Nucleating agent Chemistry / formulation Particle size Surface area Shape Aspect Ref.
(ng-l) ratio

Talc (mineral) Hydrous Mg silicate 0.5-10 pm 2-20 Platelets 5-20 [95-99]
(thickness 1 pm)

Nanoclays Montmorillonite, organo-modified clays 100-1000 nm 200-800 (exfoliated) Platelets > 100 [99-105]
(thickness 1 nm)

Nanosilica SiO: nanoparticles 10-50 nm 200 Nearly 1 [82,99]

spherical
Carbon nanotubes Multi-walled CNTs @ 10-50 nm 200-400 Tubes 100-1000 [95,106]
(MWCNTSs) Length 1-20 pm

Graphene oxide (TRGO) Single to few-layer graphene sheets 0.5-10 pm 400-2600 Platelets > 100 [95]
(thickness 1 —
10 nm)

Carbon nanofibers (CNFs) Vapor-grown CNFs ? 100 nm Not specified Fibers 50-200 [101,
Length 30-100 um 107]

Activated carbon Carbon particles @ 37 um Not specified Quasi-spherical 1 [101]

Expanded graphite Graphite flakes, thermally expanded 10-50 um 50-300 Platelet-like 50-200 [108]

Micrographite (mGr) Carbon particles Not specified Not specified Irregular Not [106]

specified
Calcium carbonate (nano/ CaCOs (precipitated or nano-CaCOs) Nano: 20-100 nm 15-40 (nano) 2-10 Spherical ~1 [109]
micro) Micro: 0.5-5 pm (micro)
BTAs Benzene-trisamides, urea-based self- @ 100-600 nm Not defined (forms in Nanofibrils > 10 [110]
assemblers (length > 1 ym) situ)

PTFE Polymer that forms fibrils @ 300-600 nm Not defined (forms in Nanofibrils > 500 [111,

(length > 400 pm) situ) 112]

10
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Table 3
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Best results from some of the referenced works using nucleating agents. (Conc. = concentration of nucleating agent; ps = foam density; ¢ = cell size; ¢ = cell size
reduction achieved by the addition of the nuc. Agent, regarding cell size when foaming the pure polymer or the reference polymer; Nv = cell density of the foam).

Polymer Nuc. Agent Conc. (wt%) p¢ (kg/m®) ¢ [ Ny Ref
(pm) (%) (em™)

PS talc 1 48 100 75 1.08 x 10° [95]
PP talc 2.4 27 51* 77 1.14 x 107 [96]
PE talc 0.35 48 245* 42 1.10 x 10° [97]
PLA talc 0.5 890 33 79 8.61 x 10° [98]
PLA talc 0.5 22 70* 65 5.32 x 10° [99]
PS CNF 5 691 4.1 53 1.50 x 10° [107]
PS CNF 0.5 31 116 55 1.18 x 10° [101]
PS GR 0.5 29 75 71 4.40 x 10°

PS AC 1.5 740%* 75 71 1.35 x 10°

PS MWCNT 1 52 65 84 2.87 x 10° [95]
PS TRGO 1 60 25 94 5.58 x 107

PS MWCNT 1 110 100 43 2.44 x 10° [106]
PS mGr 1 100 100 43 1.08 x 10°

PET MWCNT 0.5 568 50 43 8.32 x 10° [116]
PS nanoclay Cloisite 20 A 5 700 4.9 81 1.50 x 10° [117]
PS nanoclay Cloisite 30B 1 41 60 92 8.50 x 10° [81]
PP nanoclay Cloisite 20 A 5 48 22% 90 1.74 x 108 [103]
PP Silica 0.5 Not spec Not spec Not spec 7.70 x 10° [118]
PE Modified organoclay DK1 0.6 25 700 30 8.06 x 108 [104]
PLA nanoclay Cloisite 30B 5 Not spec 0.2 Not spec Not spec [105]
PLA Silica (Aerosil A 200) 1 35 35% 83 4.33 x 107 [99]
PLA nanoclay Clositie 30B 1 34 11* 95 1.39 x 10° [99]
PS nano-CaCO3 5 440* 28.7 91 4.62 x 107 [109]
PS BTA 0.2 78 18 97 1.50 x 108 [119]
PP PTFE 0.3 32 48 79 3.39 x 10° [111]
PP PTFE 4 100 110 63 1.60 x 107 [112]

higher expansion ratio when talc is added. The effect is not so pro-
nounced at higher loads, but increasing the talc content keeps increasing
cell density in a very wide range of processing temperatures, as Fig. 9
shows. These works also analyzed the effect that the talc addition has on
the crystallization kinetics of PP, finding that talc particles decreased the
mobility of the polymer molecules and led to early crystallization,
resulting in a higher crystallization temperature and higher crystallinity.
There was also a clear effect on the operating temperature for optimal
expansion ratio: Samples containing talc reached their peak expansion
at cooler temperatures. The authors state that, at high temperatures, a
quicker gas loss due to higher cell density is responsible for this.

Other works on the extrusion of semi-crystalline polymers, like PE
[97,123] and PLA [98,99] have also reported increases in cell density
with the talc concentration. In the work by Pilla [98] (2010), the
addition of talc effectively reduces up to 3 times the cell size of PLA and
PLA/PBAT foams blown with CO,, increasing the cell density of the

1.E+09

1.E+08
0 1.£207 m
o
2 1.E+06
8 W
~ 1.E+05
>
=
2 1.E+04
]
Q
= 1.E+03
8 —&—-Pure

1.E402 1— - 0.8% Talc

——1.6% Talc
1E¥01 1 o 2.4% Talc
1.E+00 T T T
100 120 140 160 180

Temperature (°C)

Fig. 9. Effect of talc on cell nucleation of PP foam blown with 10 wt% butane,
from reference [122], reproduced with permission.
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materials. It also increases crystallinity and has a diminishing effect on
the open-cell content of the foams. A later work by Nofar [99] et al.
found that, up to a certain content (0.5 wt%), talc works as efficiently as
other nucleants with smaller particle sizes and higher surface area. This
is attributed to a stronger effect of talc in the acceleration of the crys-
tallization dynamics, creating crystals that appear sooner, which work
as heterogeneous nucleants.

3.3.2. Clays and silicas

Clays and silica particles are often used as nucleating agents in
foaming processes. Like talc, both are inorganic, mineral-based particles
with relatively high surface areas that don’t react with the polymer
matrix and can have a wide variety of shapes and surface chemistries.
The difference between these particles and talc is the much higher sur-
face area and usually smaller particle size of clays and silicas compared
to talc particles, which makes them potentially much more efficient
nucleating agents. As listed in Table 1, while clays usually have a
platelet shape with very high aspect ratios, silica particles have a great
surface area but a rather spherical overall shape. Their small particle
sizes make them effective heterogeneous nucleation sites. However, due
to their intrinsic hydrophilic nature, dispersion within the hydrophobic
polymeric phase is often poor [100]. For this reason, surface treatment
or chemical modification is commonly employed to improve compati-
bility and achieve uniform dispersion. Clays used in polymer nano-
composites are most often layered aluminosilicates, typically
montmorillonite, consisting of tetrahedral silicate (SiO4) sheets and
octahedral aluminate (A1**) sheets (sometimes substituted by magne-
sium (Mg?")) arranged in a high aspect ratio layered structure. In
contrast, silicas are generally amorphous silicon dioxide (SiO2) particles
with large specific surface areas and abundant surface silanol (Si-OH)
groups, which make them highly hydrophilic but also highly tunable
through surface functionalization [26,124,125].

One of the earliest works using clays in extrusion foaming was con-
ducted by Han [100], who studied the effect of different contents of
Cloisite 20 A (a montmorillonite clay) in a polystyrene matrix. The work
studies the difference between direct mechanical blending of the PS and
the clay in the extruder and a previous surface modification combined



M. Merillas et al.

with in situ polymerization in order to obtain exfoliated PS-clay nano-
composites. The COz-blown extrusion gives high-density foams (around
700 kg/m®) in which the nucleating effect of the clays can be clearly
observed, as cell density in the composites is higher than in the pure
polymer in all cases. Mechanical blending of the Cloisite 20 A particles
with polystyrene causes a cell size reduction from 25 to 11 ym, while the
modified and in-situ polymerized composites reach 5 um, in both cases
with a clay content of 5 wt%. Fig. 10 shows a picture comparing these
two PS/Cloisite 20 A foams with one containing 5 wt% talc. In another
work by Zhang [81] where they compare several nucleating agents in
order to obtain bimodal cellular structures, the PS composites with a
1 wt% content of platelet-like nanoclay Cloisite 30B achieve the bigger
cell size reduction, of around ten times (from 740 to 60 um) in extruded
foams blown with CO; and H;0, obtaining a unimodal, highly homo-
geneous cellular structure. The nucleating effect of nanoclays in PS has
been further analyzed in works with other foaming methods, as injection
molding [126] and batch foaming [127,128].

Zhai et al. [103] studied the effect of Cloisite 20 A in polypropylene
extruded with CO,. They used maleic anhydride grafted polypropylene
as a coupling agent. As in other previous cases, cell density was found to
increase and cell size to decrease with the content of nucleating agent,
finding the biggest step between the pure polymer and the composite
with 0.5 wt% Cloisite 20 A, with a dramatic cell density increase of two
orders of magnitude (from 10° to 107 cells/cm®). The work explores a
range of die temperatures (130-150 °C), and at all temperatures the
variation of cell density with the additive content was similar, while, for
a fixed additive content, cell density decreases slightly with tempera-
ture. Also, the foaming window was seen to widen with the dispersed
clays in the matrix thanks to an enhancement of melt viscosity. Also, the
crystallinity was affected by clay particles, as their presence induced a
higher number of smaller crystals, which plays a part in the nucleation
increase. Despite clays decreasing cell size and increasing cell density at
the lowest content, homogeneity of the structure is very poor until a 2 wt
% content is reached, and optimum when using a 5 wt%.

In a work from 2016, Wang [129] studied PP/PS blends for bimo-
dality, analyzing both pure polymers and various blends with PS con-
tents ranging from 10 to 40 wt% and repeating the experiments with a
1 wt% content of clay. Without the clays, all the blends gave a bimodal
cellular structure where the bigger cells appeared in the polystyrene
phase of the blend. When introducing the nucleating agent, not only did
cell density increase, but bimodality disappeared, and the average cell
size was reduced (approximately by half in the pure polymers) due to the
particles dominating the nucleation process.

Silica particles are less studied than clays, especially in amorphous
polymers. In fact, only one work on polystyrene was found using the
extrusion foaming technique [82]. They used untreated silica particles
and found that an increasing content of particles (0, 1, and 3 wt%)
reduced cell size and enhanced nucleation.

Lee et al. [118] studied the dispersion of SiO5 particles in a PP matrix
in a compound extrusion prior to the extrusion foaming, and later they
reproduced the formulations in a foaming extruder with CO5 as the
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blowing agent. They found that nucleation was enhanced by silica at
concentrations less than 1 phr. From that concentration on, the size of
the aggregates was too big to act as an efficient nucleating agent. This
study highlights the importance of good particle dispersion to maximize
the effect of the nucleating agent, which can be achieved through the
optimization of the processing and pre-processing (pre-dispersion of the
particles in a masterbatch compound) conditions.

A work by Zandi et al. [104] using nanoclays in LDPE blown with a
mixture of n-butane and n-pentane reported the enhancement by the
clays of other characteristics of the foam apart from the cellular struc-
ture. The cell density increased up to 2 times and cell size was reduced
around 30%, increasing the homogeneity of the structure, also leading to
foams with reduced thermal conductivity [130,131]. The Young’s
modulus of the blends is also higher than the pure PE foam, but it has a
maximum at 0.3 wt% clay content, while when doubling the clay con-
centration, the modulus decreases due to a weakening induced by
having too much additive in the polymer cell walls. On the other hand, it
is proven that the clays in the polymer work as flame retardants.

Other works tried these nucleating agents in PLA as well. In a work
by Matuana and Diaz [105], high density PLA foams are blown with
CO,. When adding nanoclays to the polymer, the microcellular struc-
ture, formed by pores of 3-5 um, does not change significantly, but
nanometric pores (100-200 nm) appear in the previously unfoamed
areas. Fig. 11 shows images of the cellular material without (a and b)
and with 5 wt% nanoclays (c and d). Fig. 11.d clearly shows a secondary

Fig. 11. SEM micrographs illustrating the effect of nanoclay addition on the
cell morphology of semicrystalline PLA foams: (a and b) without nanoclay; (c
and d) with nanoclay. Micrographs a and ¢ were taken at low magnification
(750x), whereas micrographs b and d were taken at high magnification
(5000x), from reference [105], reproduced with permission.

Fig. 10. SEM images of (a) PS/5 wt% talc, (b) PS/5 wt% Cloisite 20 A, and (c) PS/5 wt% MHABS (modified, exfoliated Cloisite 20 A), from reference [117],

reproduced with permission.
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nanocellular structure among the large pores. In this work, PLA pellets
are ground prior to the blending in order to optimize the dispersion of
the clay. Another work by Keshtkar et al. [102] stated the problem of the
low melt strength and molecular weight drop of PLA during extrusion,
which makes it difficult to obtain low-density foams and high cell den-
sities. They proved that this issue can be prevented with the addition of
nanoparticles instead of chain extenders, as it will be discussed in Sec-
tion 4. In these experiments, several contents of nanoclay Cloisite 30B
are added to the PLA matrix and cell size is reduced from 220 pm in the
pure PLA to 60 um in the blend with 5 wt% clay content, while density is
also reduced from 55 to 30 kg/m°. In a work by Nofar [99], nanosilicas
and nanoclays are added to the PLA in contents of 0.5 and 1 wt%, and
results are compared with samples using talc as an additive. While talc
worked as well as the nano-additives at the lowest content due to talc
inducing higher acceleration of crystallization kinetics, at 1 wt%, the
effect of the nanoparticles clearly outperforms talc in both cases.
Overall, the nanosilica and nanoclay particles improve the expansion
ratio and cell density in the same amount and reduce cell sizes by more
than 10 times with a concentration of 1 wt%.

Nucleating agents can also be helpful to easy the processing condi-
tions to reach micro- and nanocellular foams. For instance, in the work
of Costeux about the production of nanocellular PMMA by extrusion
[90], they use nanosilica too to improve the processability of the system.
While the cell size did not increase with the addition of the nano-
particles, they were able to obtain a similar foam at a lower concen-
tration of COy by adding 0.25 wt% of SiOs.

3.3.3. Carbon allotropes

A significant number of studies have focused on the use of carbon-
based materials as nucleating agents in extrusion foaming. These
include carbon nanotubes (CNTs) or nanofibers (CNFs), graphite, and
their derivatives (see Table 1). Owing to their high surface area, very
small particle size, and mechanical strength, carbon-based fillers are
particularly attractive for improving not only nucleation efficiency but
also the overall performance of polymeric foams. Their ability to pro-
mote heterogeneous nucleation contributes to a more refined and uni-
form cell morphology in different foaming processes [132,133] while
their inherent radiation absorbing properties can enhance the thermal
insulation capacity of the foam [134]. Numerous works in the literature
have explored the use of these materials, reporting often successful re-
sults regarding cell size reduction.

One of the first studies involving carbon nucleating agents in
extrusion was carried out by Shen and coworkers [107]. In this work,
they used nanometric CNFs (100 nm thick) both as a reinforcement and
nucleant in PS extruded microcellular foams. The addition of 1 wt%
CNFs reduced the cell size from 8.7 to 7.2 um, while increasing the
content to 5 wt% further decreased it to 4.1 pm (see Fig. 12). Further-
more, CNFs also improved the mechanical properties. Yet, densities of
the foams in this work are quite high (600-700 kg/m?), though it can be
taken as a reference, as the effect of the carbon nanofibers content is
clearly noticeable, reducing cell sizes to less than half the ones in the
pure polymer foam.
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In the work by Zhang et al. [101], several carbon-based nucleants are
tried independently in PS using CO3 as the main blowing agent with and
without water as co-blowing agent. From the three different particles
(activated carbon, CNFs and expanded graphite), samples with
expanded graphite achieved a reduction in cell size of more than 300%
with a concentration as low as 0.5 wt%, with a decrease from 275 pym in
the pure polymer to 75um in the said composite foam. The other
nucleants allowed cell size reductions to around half the size of the pure
PS foam. The sample with the 0.5 wt% content of expanded graphite
also has the lowest thermal conductivity value of this study. It is
remarkable that, while achieving these reductions in cell size, all the
foams produced in this work have densities below 50 kg/m>. Okolieocha
and coworkers [95] went one step further, using graphene (thermally
reduced graphite oxide, TRGO) and comparing this nucleant to
multi-walled carbon nanotubes (MWCNTS) and talc. Surface area of the
TRGO particles is 3 times the surface area of the MWCNTs (650 vs
198 m?/g, respectively) and more than 60 times the surface area of talc
particles (12 m?/g). TEM images of the foams containing 1 wt% of each
additive are shown in Fig. 13. In this CO5 extrusion process assisted with
ethanol (EtOH), both carbon materials overperformed talc, as shown in
Fig. 14. MWCNTs manage to reduce the cell size 6 times, while TRGO
particles reduce cell size up to 16 times, from 400 pm of pure poly-
styrene to 25 um with a content of 1 wt% nucleant, maintaining the
density of the foam reasonably low (60 kg/m®). This effect is attributed
by the authors to two mechanisms: the highest surface area of TRGO
particles and their flatter surfaces, with a lower contact angle with the
physical blowing agent, which translates to a lower free energy barrier
and higher nucleation. Furthermore, the particles can limit cell expan-
sion and, subsequently, coalescence both by increasing the melt vis-
cosity of the matrix and mechanically, acting as “barricades” to cell
expansion in the cell walls and struts, also improving cell morphology
homogeneity. In all cases, the compressive modulus and strength of the
foams increased with increasing the additive content. In other work, Fei
[106] uses MWCNTs again in PS with CO,. In this case, the cell size is
roughly halved with a 1 wt% content, very similar to the results with
micro graphite (mGr), also employed in this work.

For polyolefins such as PP and PE, carbon allotropes have been re-
ported to work well in other foaming technologies [135-137], but the
research in extrusion foaming is quite scarce. In the work of Fasihi et al.
[108] in 2016, a successful increase in nucleation is found in PP using
expanded graphite as the nucleating agent. The experiments are made
by extrusion with a chemical blowing agent (sodium carbonate or so-
dium carbonate and citric acid). A 1 wt% content of expanded graphite
is proven to achieve smaller cells in all cases regarding the foams with
1 wt% content of talc (from 600 to 300 um), also enhancing cell density
by a factor of 10.

A wide research of foamed PET with MWCNTs and micrographite
(mGr) is found in a 2020 study by Pan [116]. In this work, they study
how two different contents of these nucleating agents affect the final
properties of the HFC-blown extruded foam, including the crystallinity
of the polymer. They showed that the particles added to the polymer not
only increase the nucleation efficiency of the foaming process, but also

Fig. 12. PS/CNFs extruded foams under the same extruding conditions. (a) Pure PS, (b) PS — 1 wt% CNFs, (c) PS — 5 wt% CNFs, from reference [107], reproduced

with permission.

13



M. Merillas et al.

1.0 wt % Talc

3.-

200 nm 200 nm
Fig. 13. TEM images of PS PS/1.0 wt%
J
10 3
3 .-
—_— 1 s
‘7E . TRGQ- -~
G 10'3 )
4 1e-*"
% y
3 -
2 103 N
g ] Talg_ .-~~~
- m T
@ 10°4
o 3
1w
| P NeatPS ]
10t 47
T T T T T T
00 0.2 04 0.6 08 1.0

Additive content (wt %)

Fig. 14. Cell density as a function of additive content in extruded polystyrene
foams [95].

promote crystallization, by raising the degree of crystallinity (by
50-100%) and halving crystallization half time. Also, a strong increase
in the crystallization temperature with the content of the additive is
found in both cases. In this context, cell nucleation and homogeneity are
greatly impacted and improved both because of the effect of the particles
and the higher number of crystals that can also act as nucleation sites for
the cells of the foam. Also, these crystals can inhibit the excess of cell
growth when they are large enough, preventing cell coalescence and
hence increasing the homogeneity of the cellular structure. Between the
two nucleating agents, MWCNTSs give better results than mGr because of
their higher surface area, giving a cell size reduction from 87 to 50 ym
and a 4-time increase in cell density.

Overall, the use of carbonaceous particles as nucleating agents gives
successful results, reducing the size of the cells in the extruded foams.
Wider research has been done using these types of additives in batch
foaming experiments, backing their use [6135,138,139]. The enhance-
ment of the foam properties goes beyond nucleation, as these agents
have been proven to contribute directly to reducing thermal conduc-
tivity through the scattering and absorption of infrared radiation [138,
140,141]. All these results make this type of nucleating agent a highly
compelling topic for future research.

3.3.4. Other particles used as nucleating agents

While the most common nucleating agents found in the literature
have been discussed in the previous sections, other studied particles also
show remarkable results. For instance, Yu [109] used calcium carbonate
(CaCO0g3) in a PS matrix based on previous research conducted in batch
foaming experiments with PS and PP [142,143]. In these extrusion ex-
periments, nano-CaCOs particles coated with stearic acid were blended

1.0 wt % CNT B8
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with PS in various contents and extruded with CO,. The particle con-
centration had a strong correlation with cell size and cell density of the
resulting foam, reducing the diameters of the cells from 310 pm of the
pure PS to 54 um with the blend with 5 wt% content. Increasing the
content of CaCO3 to 10 wt% induced a dramatic increase in cell density
and a decrease in cell size (28.7 um), but also affected the structure of
the foam, making it open and non-uniform. When the content was
further increased to 15 and 20 wt%, a bimodal structure appeared
attributed by the authors to an uneven distribution of CO, during the
foaming process: This occurs because supercritical CO: in the PS melt
preferentially diffuses toward the heterogeneous nucleation sites, pro-
moting cell growth, while the more stable nuclei do not overgrow and
instead remain evenly dispersed within the cell walls.

Hydrocerol is a special nucleating agent that can be considered
“active”, as its particles promote heterogeneous nucleation, but it also
decomposes with temperature, releasing water and CO,. In fact, in most
cases, it is used as the blowing agent in the process [144-146]. The
working principle is based on the endothermic reaction between a car-
boxylic acid and a carbonate or bicarbonate salt that usually happens in
the range of 160-220 °C. Special care needs to be taken with the pres-
sure and temperature in the feed zone of the extruder to prevent gas loss
through it due to early decomposition. Few studies have been found that
analyze the nucleating effect of Hydrocerol in the extrusion of polymer
foams with a physical blowing agent. An early study by Behravesh [144]
with PP and isopentane showed that the hydrocerol had a nucleating
effect up to a certain concentration (1 wt%) at which it started to govern
nucleation. Kropp et al. [147] also found an optimum concentration
above which no further improvement was seen. They did experiments
with TPU, SEBS, and PP/EPDM and found that an increasing concen-
tration of Hydrocerol (up to 0.5 wt%) increased the amount of nuclei
and cells formed, and decreased cell size and foam density.

Table 3 summarizes the best results of the works reviewed regarding
the use of nucleating agents. The table includes the percentage of cell
size reduction in comparison to a reference system without the nucle-
ating agent.

3.3.5. Polymer blends

As one can infer from reading this section, the most usual way to
promote nucleation in polymer extrusion foaming processes is the
addition of inorganic particles. Nevertheless, the addition of another
polymeric phase to the matrix can also induce heterogeneous nucleation
phenomena. Benzene-trisamides (BTAs) are another promising nucle-
ating agent with very promising results. First tried in isotactic poly-
propylene (iPP) injection molding process, this additive self-assembles
in the molten polymer in nanometric rod-like structures with high sur-
face areas that enhance nucleation [148]. These first experiments
managed to lower cell sizes up to 6 times (120-20 um) with a content as
low as 0.02 wt%. Consequently, three different types of BTAs were later
used in iPP extrusion foaming with CO,, achieving in all cases smaller
cells than neat PP and PP with talc [149]. They also found that all the
blends outperformed the neat PP sample in compressive modulus, an
effect that the authors attributed to a mechanical reinforcement thanks
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to the shape and position of the BTAs in the cell walls of the foam. In
2019, works by Aksit et al. [110,119] introduced this technique in
polystyrene extrusion foaming blown with CO, and EtOH with the will
of studying the effect of this nucleating agent in an amorphous polymer,
and found great results in both cell size reduction and homogeneity
enhancement of the cellular structure. Cell size was reduced from
632 ym of the pure PS foams to 18 um of the blend with a 0.2 wt%
content, increasing cell density by 5 orders of magnitude, with a foam
density of 72 kg/m°®. With a higher concentration of 0.5 wt%, the cell
size increases again, because of the amount of additive surpassing its
solubility limit in PS at the processing conditions: at a concentration of
0.2 wt%, diameters of the BTA structures were in the range of 300 —
400 nm while for 0.5 wt% concentration, they grow to 500-600 nm, as
shown in Fig. 15. This limitation also affected the compressive modulus

0.1 wt% BTA
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of the samples, with the 0.2 wt% concentration being the optimal for its
enhancement (+ 23% in the normalized compression modulus). The
thermal conductivity of the samples was also improved in all cases by at
least 10%.

Another work by Kun Wang et al. [112] blended polytetrafluoro-
ethylene (PTFE) in a polypropylene matrix, obtaining a fibrillar struc-
ture, shown in Fig. 16, with nanometric diameters (300-500 nm) and
lengths well above 100 um, obtaining high aspect ratios. This is ach-
ieved by melting both polymers at a temperature (around 200 °C) that is
between their melting temperatures (163 °C for PP and 342 °C for
PTFE), but enough for the PTFE aggregates to elongate into those
fibrillar structures during mechanical mixing. This work achieves a
reduction in cell size from 300 to 141 pm (60 kg/m3) with a PTFE
concentration of 1 wt% and 110 um with 4 wt% PTFE (100 kg/m3).
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Fig. 15. SEM images of XPS with 0.1, 0.2, and 0.5 wt% BTA after 60 min plasma etching. Orange arrows and magnified insets reveal holes left by BTA nano-objects
removed during plasma treatment. Hole-width histograms correspond to the BTA nano-object diameters, from reference [110], reproduced with permission.
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Fig. 16. Dispersion of PTFE in LPP/PTFE2.0 (a,al) and LPP/PTFE4.0 (b,bl)
foams, from reference [112], reproduced with permission.

They also found that the addition of the secondary polymer widened the
foaming window on the higher end, thanks to the increased strain
hardening provided by the fibrillar structure, and density was lower in
the blends from a foaming temperature of around 158 °C. A subsequent
study by Rizvi et al. [111] tried a lower PTFE concentration of 0.3 wt%,
carrying out similar experiments. They concluded that the PTFE fibrils
create a vast number of interfacial surfaces where the nucleation energy
barrier was lowered, reducing the cell size from 225 to 48 um. The fibrils
also acted as CO, reservoirs and increased the strain hardening of the
melt, allowing bigger expansions (density of the foamed blend is
32 kg/m®). The foaming temperatures tested in these experiments were
always lower than those used in the previous reference. In this case, the
blend always had lower densities with respect to the pure polypropylene
foams.

In other cases, the second polymeric phase does not need to be
dispersed in a certain structure inside the matrix, but it is added in order
to tune some property of the main polymeric matrix that needs to be
adjusted to obtain a smaller structure. For example, Wang added
different amounts of polyolefin elastomer (POE) to a PP matrix (mixed
with wood flour and talc) and observed how the different concentrations
of POE from 10 to 40 wt% enabled up to 58% cell size reduction (78 pm)
by means of enhancing the melt strength of the blend [150].

4. Strategies for cell opening

The range of applications of extruded polymer foams can be further
expanded by opening the cell walls. It is well known that open-cell foams
in combination with flexible polymer matrices are the preferred choice
for comfort applications thanks to their cushioning properties. In the
case of rigid foams, while mechanical performance can be reduced,
open-cell foams can be used for other purposes such as filtration [151],
oil absorption [152], or acoustic absorption [153], among others. Also,
the opening of the structure would allow the fabrication of a vacuum
insulation panel (VIP), extracting all the air from inside the structure
and reducing the thermal conductivity significantly [29,154], as has
previously been noticed. The same complexity found for cell size control
occurs with cell opening when it comes to extrusion: several parameters
of the process are intertwined and obviously affect each other, affecting
open-cell content along with cell size, density, etc. In this section, stra-
tegies found in the literature for producing open-cell extruded foams are
discussed, trying to understand how the various mechanisms affect the
outcome. Two main approaches have been identified in the literature:
modification of the melt strength to modify viscosity and allow cell wall
rupture (without compromising expansion), and addition of secondary
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phases that create weak points for cell wall rupture. Though the section
is divided into two different approaches, they can often overlap (for
instance, second phases can alter melt strength) — yet, the mechanisms
are different.

4.1. Modification of the melt strength

Melt strength measures the tenacity of a given polymeric formulation
at a certain temperature. It is well established that foaming requires melt
strength: the formulation must be viscous enough to withstand the
expansion without breaking the walls too soon [155]. Otherwise, gas
will escape through the open structure, hindering further expansion.
Extrusion processes are especially sensitive to this, since the expansion
occurs at quite high temperatures at which the melt strength is, in
general, low. In fact, many works focus on modification of the melt
strength to assure good foaming (and typically, closed cell structures).
For instance, PLA foaming is known to require a chain extender to create
enough viscosity during expansion [156,157], and reactive foaming is
used to increase the extensional viscosity of recycled PET [158,159].

Yet, it is possible to use melt strength as a tool to create open cells.
The key is to achieve a compromise, and keep the cells closed during the
expansion to achieve the density reduction, and only when a given cell
wall thickness is reached, the cells would break.

PLA is usually linear, and open-cell structures are relatively easy to
obtain. Some works have analyzed the influence of adding a chain
extender, which was proven to increase the open-cell content [160] by
introducing harder regions in the matrix. The use of the chain extender
enhances nucleation and lowers the cell size and cell wall thickness,
achieving, in some cases, foams with lower density and higher open-cell
contents.

Lee et al. [161] developed a novel approach using cell wall thinning
with polystyrene but went one step further by submerging the extrudate
foam in cold water at the exit of the die, with the intention of inducing a
big temperature difference between the solid skin of the sample and the
inner structure. This way, the skin prevents the gas from escaping the
foam, increasing pressure inside the cells and promoting a higher
opening. Also, this method provides a longer preservation of high tem-
peratures inside the foam, lowering the melt strength of the matrix. They
compared this setup with a normal extrusion setup without cooling in
the die, and tried several temperatures and pressure drops (through
several die morphologies). The cooling setup was proven to provide
higher open-cell content in most cases. For samples with 7 wt% COo,
open-cell content was increased from 79 to 95% at the optimum tem-
perature (155 °C) conditions. This temperature was found to be quite
higher than the temperature for the maximum volumetric expansion
(135 °Q), finding that there is a compromise between the finer cell wall
thickness at maximum expansion and a melt strength threshold at which
the polymer starts to permit the breaking of the walls.

4.2. Addition of heterogeneities and use of polymer blends

The main mechanism or strategy to open the cell walls of a polymer
in extrusion is based on the idea of introducing hard/soft in-
homogeneities in the polymer matrix that cause the cell walls to break
and open during the foaming process. Works by Park, Lee, et al. [45,151,
162] studied this approach widely with LDPE. The basic idea, depicted
in Fig. 17, is promoting the existence of nonuniform hard and soft re-
gions through cross-linking at a high processing temperature, basing
then the approach in developing specific, high melt strength regions in
the matrix. During expansion, the cell walls start to break in the soft
(non-cross-linked) areas as they get thinner, while the hard (cross--
linked) regions maintain the cellular structure and avoid total coales-
cence. These studies show how the open-cell content of the foams grows
with the cross-linking agent amount, up to a point where it creates
excessive melt stiffness and is detrimental to foam expansion and thus to
cell opening. The strategy can then be boosted by two methods. First, as
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Fig. 17. Mechanisms for obtaining open-cell PE introducing cross-linked regions with improved melt strength, from reference [45], reproduced with permission.

the cell wall thickness is directly related to expansion, enhancing
expansion has a positive effect on cell opening. In this scope, an optimal
temperature should be found that, on one side, is high enough for the
melt strength of the polymer to allow cell walls to break but, on the other
side, is not too high to encounter a decrease in foam expansion. Fig. 17
shows the different mechanisms governing cell wall opening depending
on the temperature of the process. A second way of reducing cell wall
thickness is by promoting nucleation, as more cells in the same volume
lead to thinner walls. In these works, PS and talc are added to PE and
have been proven to improve the cell opening content. For example, at
110 °C, 10% PS increases open-cell content from 70 to 85%. Neverthe-
less, higher contents of PS seem to be worse for this purpose.

Also, a higher amount of CO; was seen to increase the open-cell
content, as it has a positive effect on nucleation density, and thus, cell
wall width was reduced. In one of the works, n-butane is added as a co-
blowing agent and proven to enhance the temperature window at which
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high open-cell contents can be achieved. For samples LDPE/PS 90/10
blends (black circle in Fig. 18.b), 6 wt% butane makes 100% OC content
achievable from 80 to 110 °C, and above 90% up to 140 °. This outcome
is provided by a strong plasticization effect of butane, which provokes
soft, non-cross-linked regions in the melt to break at lower temperatures,
where the expansion of the material is higher.

Similar approaches have been made, but instead of creating the
hard/soft heterogeneities with cross-linked and non-cross-linked re-
gions, doing so by blending two polymers with different crystallization
temperatures, such as PP and PE. A study by Lee [163] does so with two
different PP/PE blends, one with linear PP and LDPE, and another one
with high melt strength (HMS) branched PP and metallocene PE. The
premise is that when the blend has a majority of the harder polymer
(higher T.), soft domains will break with the elongation of the walls
during foaming. However, this methodology encountered some draw-
backs, as it was seen that the volume expansion ratio decreased as the
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Fig. 18. (a) Mechanisms governing cell opening depending of temperature. (b) The Open-Cell Contents versus Die Temperature of LDPE-A/PS = 100/0, 90/10, 80/
20, 70/30 with Crosslinking Agent Content 0.4% (8% C02, die L/D = 17.78 mm/1.016 mm), from reference [45], reproduced with permission.
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second polymer amount increased, giving thicker cell walls despite a
slight increase in cell density. On the other hand, if the dominant
polymer in the blend is the one with the lower T, the two phases should
debond when the wall thickness gets lower than the hard polymer
domain. However, expansion ratios in this work are too low to prove
this, probably because the extrusion temperature used was too high
according to previously referenced studies on foaming polyethylene.
Despite the premises, some of the best results are found with a homo-
geneous PP matrix, which is optimized in terms of processing temper-
ature and pressure drop at the die (the higher, the better) to obtain close
to 100% open-cell foams. This is because, at the temperatures used in
this work, pure polypropylene foams can expand up to 30 times,
achieving walls thin enough to break.

A work by Rizvi [164] employed PP blended with PTFE to achieve
near—100% open-cell foams destined to oil absorption. As seen in the
previous section, the PTFE takes the form of thin fibrils with less than
500 nm in diameter that enhance gas solubility, nucleation, and me-
chanical performance [111], achieving optimum open-cell contents. The
PTEFE fibrils will prevent the PP matrix from coalescing or collapsing.
This way, higher cell density and bigger expansion ratios can be ob-
tained, which has been proven to be crucial for high open-cell contents.
The highest open-cell content achieved is 97.7% in a 70 kg/m> foam
with a structure formed by mostly struts at 150 °C, which has been
proven to be a very high temperature for processing PP alone. Instead of
reinforcing PP, a softer phase can also be added, like POE, that has been
proven to increase open-cell content of linear-PP from around 80 to
more than 90% in studies by Wang and Pang [152,165].

Also, some studies explore the addition of a second polymer to PLA
for cell opening purposes. For example, with the addition of poly
(butylene succinate) (PBS) to PLA, a foam with more than 98% open-cell
content and less than 30 kg/m> was obtained by Li et al. [166]. A work
by Mihai [167] blended PLA with thermoplastic starch (TPS) at 50 wt%,
finding a very interesting result: cell walls opened in very small holes
(100 - 300 nm) in the walls, preserving the structural membrane of the
walls, as seen in Fig. 19. A wide study by Chauvet et al. on PLA extrusion
proved that 100% open-cell contents can be obtained for PLA extruded
with CO; in a wide temperature window, from around 107-132 °C.
Below 107 °, high expansion ratios were obtained, but melt strength did
not allow cell opening [168]. Despite achieving 100% open-cell con-
tents, homogeneous structures are not achieved at the same time.

5. Overview and future perspectives

Fig. 20 shows an overview of the results analyzed in this review. The
results are presented in a cell size vs density graph that highlights the
difficulties and lack of evidence found when trying to fabricate micro-
and nanocellular polymer foams by extrusion foaming. As in some cases
the foams are improved or modified without the use of any additive,
pure polymers are depicted in the graph as darker points, and lighter

Fig. 19. Detail of the cell wall rupture in 50 wt% TPS/PLA foam, from refer-
ence [167], reproduced with permission.
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ones represent polymers mixed with nucleating agents or other addi-
tives. It stands out that PP and PS materials (blue and green, respec-
tively) are the most studied polymers in this foaming method, and low
density foams are relatively easy to achieve. Also, it is clearly seen that
the cell size of these materials can be significantly lowered when using
nucleating agents. For instance, many works achieve reductions of cell
size in PS of more than 90%. It also stands out that, while some PP foams
with open cells are obtained through various techniques, only one
partially open-cell PS foam is presented. PLA and PE foams are also
represented in several studies. Results show that the same approaches
used in PP or PS foams to reduce the cell size can be used in these other
polymers, as well as the cell opening strategies used for opening the PP
structure. Few studies were found with other polymers like PC or PET,
but also showed interesting results.

As this extensive document reveals and is clearly seen in Fig. 20, very
few works in extrusion foaming achieve cell sizes below 10 pm
(microcellular range), and even less with open-cell structures, which
limits the functionality and range of applications of extruded foams. In
fact, it is shown in the graph that the region with cell sizes much lower
than 10 um and densities below 100 kg/m> lacks any points. Regarding
nanocellular polymers (cell size below 1 um), only one piece of evidence
has been found, using PMMA, a polymer with a superior gas solubility
compared with PS or PP, and a special extruder to withstand the extreme
pressures needed. The intrinsic constraints -high temperatures, limited
pressure range, short foaming times- present challenges in the control of
the process when determined characteristics are looking to be improved
or enhanced. An increase in nucleation and reduction in cell size usually
has a counterpart in a lower expansion ratio (higher foam density), and
while works in the literature show that both things can be achieved up to
some extent with good control and knowledge of the process, when very
low cell sizes are targeted, the challenge is more complex. Furthermore,
combining cells in the said range and low densities with open structures
is even harder, as the opening of the cellular structure needs to be
carefully controlled so it does not prevent foam expansion or lead to
coalescence and degeneration of the structure.

Within this context lie the challenges that would permit the
industrial-scale viability of foams with these combined characteristics.
Overcoming these challenges will require an even deeper understanding
of the coupled effects of nucleation, cell growth, and stabilization under
extrusion-relevant conditions, where high temperatures, limited pres-
sure drops, and short residence times strongly constrain structural
control. Future progress is therefore expected to rely on improved pro-
cess design, monitoring, modelling, etc., and other developments like
nucleating agents with enhanced functionalities. In-situ monitoring
techniques and data-driven/Al modeling may provide the predictive
capability needed to design processes with higher precision and effi-
ciency. The use of machine learning and artificial intelligence can be
very useful to help develop new strategies and models that predict the
performance of the process. In fact, it has already been applied [169] to
develop a forecasting model in the extrusion of PLA. Development of
in-line characterization techniques and mechanisms that provide
real-time control of the extrusion process would also help the fine tuning
of the produced foams. Furthermore, the integration of advanced ma-
chinery that enables more demanding processing conditions has proven
to be very promising. Technological innovations that allow very high
pressures at an industrial scale and optimized die geometries are ex-
pected to expand the current limits of achievable cell size. The devel-
opment of new nucleating agents with advanced and diverse
functionalities, like surface engineering or self-assembly capability,
could also be of great use and is already being applied in other foaming
processes [170-172]. Surface-engineered or self-assembling additives
can enable simultaneous control over nucleation, cell growth, and wall
opening. Finally, the transition to sustainable and low-GWP blowing
agents, together with bio-based or recyclable polymers, will ensure that
progress in cell morphology control aligns with environmental
imperatives.
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6. Conclusions

This review has highlighted the difficulties of cellular structure
control in extrusion processes to obtain light foams with low cell sizes
(in the micro- and nanocellular range) and interconnected pores. As
demonstrated through the review, this cannot be achieved through
single-parameter optimization, but needs a multifactorial approach.
Beyond the adequate processing parameters, formulation plays a major
part in reaching those low cell size regimes. The polymer of choice and
appropriate blowing or co-blowing agent influence not only the
achievable cellular structure and density but also the environmental and
operational feasibility of the process. Co-blowing strategies have been
proven effective in widening the foaming window and improving
structural homogeneity. Nevertheless, the most consistent advances in
cell size reduction come from the incorporation of solid nucleating
agents. Inorganic particles such as talc, nanoclays, and silicas, and
carbon-based materials like graphene, carbon nanotubes, or expanded
graphite, can significantly enhance heterogeneous nucleation and
reduce cell diameter. Their effects extend beyond nucleation efficiency,
often improving mechanical performance and cell uniformity by modi-
fying melt viscosity and crystallization kinetics. However, dispersion
quality, particle-polymer compatibility, and the competing influence of
viscosity on expansion can limit their application to some extent. Besides
the materials used, it has been found that the characteristics of the
machine can be key to achieving very small cell size foams. Equipment
with the possibility of reaching high pressures in the die (well above
20 MPa) has been proven to strongly enhance nucleation, but scalability
would present some engineering and energetic challenges.

The transition from closed- to open-cell morphologies introduces
further complexity, as the simultaneous reduction of cell size and in-
crease in cell interconnectivity require opposing conditions. Thin cell
walls and moderate viscosity are desirable for wall rupture, while high
melt strength is needed to prevent structural collapse. A fine adjustment
of process parameters (e.g., controlled pressure drop rate, die temper-
ature profile) is needed to locate cell wall rupture where all nucleation
and cell growth have already taken place, and yet do it without pro-
moting cell coalescence.

Overall, it was seen that it is especially complex to obtain low-
density materials with small cell diameters in the range of a few (<
10) microns. Furthermore, adding the goal of achieving open, inter-
connected structures makes the challenge even harder, as has been
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previously stated. If these challenges are overcome, new applications
could be developed, like the large-scale production of Vacuum Insu-
lation Panels or very high-absorbing materials for water purification.
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