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� Innovative design for producing
skinless polymer foams by gas
dissolution foaming.

� The gas diffusion barrier maintains
high gas concentration in the polymer
edges.

� Achievement of skinless polymer
foams by using the gas diffusion
barrier approach.

� Thin films with homogenous
structures were completely foamed
without solid skins.

� Porous in the outer layers expose the
inner cellular structure to external
medium.
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An innovative approach to reduce and eliminate the non-foamed solid skins of the cellular polymers fab-
ricated by gas dissolution foaming is presented in this work. The incorporation of a flexible gas diffusion
barrier on the polymer surfaces during the saturation and foaming processes provided significant reduc-
tion or even hindered the appearance of the non-foamed solid skins while enabling appropriate expan-
sions in several polymers (PMMA, PS, PC, and PCL). Besides, this approach has allowed to achieve
significant expansions by foaming polymer samples with thicknesses in the order of magnitude of the
non-foamed solid skins, i.e., thin films (<100 lm). This paper discusses how the gas diffusion barrier
allows reducing the solid skins, the mechanisms involved in the gas diffusion process, and the possibility
of interconnecting the inner cellular structure with the external medium.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the last decades, gas dissolution foaming has become one of
the most used methods to fabricate cellular polymers [1,2]. This
foaming process is composed of three steps: saturation (i.e., gas
is dissolved into the polymer until the saturation limit), desorption
(i.e., the external gas pressure is suddenly dropped), and foaming
(i.e., polymer expansion, formation, and stabilization of the cellular
structure). More details about this process can be found elsewhere
[1,3,4]. A broad range of polymers such as poly-styrene [5], poly-
carbonate [6], poly-sulfone [7], thermo-plastic polyurethane [8],
and poly-methyl methacrylate [9], among others, have been suc-
cessfully employed to produce micro and nanocelullar foams by
gas dissolution foaming. Among other advantages, gas dissolution
foaming allows achieving a fine-controlled cell size and obtaining
homogeneous cellular structures by modifying the saturation and
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foaming parameters [10,11]. Moreover, nanocellular polymers,
which show better mechanical properties and lower thermal con-
ductivity than microcellular ones [12–14], can be obtained using a
harmless blowing agent such as carbon dioxide or nitrogen in a
physical dissolution process [15] without requiring the use of toxic
solvents or being limited to samples with thicknesses of a few
microns [16].

In despite of the benefits and the versatility of the gas dissolu-
tion foaming compared to other methods, a significant drawback
which is intrinsically involved in the fabrication process should
be mentioned. The obtained samples typically show three different
regions after the foaming process: a homogeneous foamed core
which in bulk samples usually represents the largest volume of
the sample, a non-foamed skin in the borders of the sample, and
the transition between both previous regions that is characterized
by a cell size gradient [17].

The presence of the non-foamed skins in the edges of the
obtained foams clearly implies a limitation for using these materi-
als in several applications such as filtration, catalysis, sensoring,
adhesion, or acoustic insulation [11,18–23]. For instance, the inter-
connection of the cellular structure with the external medium
would allow using them as filters or membranes for waste-water
treatment or oil recovery [24,25]. In particular, Pinto et al. [18] pro-
duced open-cell nanocellular polymers with convenient features to
act as filters, but presenting a non-foamed solid skin in the edges
that avoids the interaction between the cellular structure and the
external medium hindering their application as filters or mem-
branes. On the other hand, polymer foams without non-foamed
skins would also enhance their porosity and their surface area,
which are interesting characteristics in catalytic processes [20].
Besides, the advantages of a completely foamed cellular polymer
could result in benefit for other applications where their potential
has been probed, for instance in acoustic insulation
[11,22,23,26,27].

In order to take advantage of these materials for the mentioned
potential applications, some works attempted to remove the solid
skin after the foaming process. For instance, Martin-de Leon et al.
[28] removed the non-foamed surfaces and the region with cell
size gradient by polishing in order to isolate the core of transparent
nanocellular foams and determine their remarkable properties.
However, the polishing process destroys or damages several layers
of the cellular structure leading to a new densified skin, avoiding
the exposure and the interconnection of the cellular structure with
the external medium [29]. Hence, other works [23,26,30–32]
which applied drilling or milling processes on the non-foamed sur-
faces to interconnect the cellular structure with the external med-
ium also produced irreversible damages in the sample, and thus in
the cellular structure. In particular, the application of mechanical
attacks is strongly discouraged to remove the solid skin in thin
films. As an alternative, Yokoyama et al. [33] achieved nanocellular
thin films without solid skins by removing layers of several
nanometers by Reactive Ion Etching. However, this technique
employs organic solvents and offers poor results in the aim of
removing tens of micron, which is the typical thickness of the solid
skins in polymer foams obtained by gas dissolution foaming. On
the other hand, Jose et al. [34] creates pores on the solid skins by
laser ablation after solid state foaming. Nevertheless, the porosity
is not well-controlled and technique is just valid for small surfaces.
Accordingly, instead of removing the non-foamed skin after the
foam production, one of the main objectives in the cellular poly-
mers field is the challenge of avoiding the appearance of the
non-foamed skin during the gas dissolution foaming.

It is well-known that the non-foamed skin is produced due to
the quick gas loss from the outer layers of the samples once the
saturation pressure is released, being the gas diffusion from the
outer layers to the environment faster than the cell nucleation
2

and growing mechanisms [35,36]. Once the gas concentration in
these outer layers falls below a certain threshold, no cells can be
created (see Supporting Information, Section S.1) [17]. This limita-
tion of the gas dissolution foaming technique is particularly
restricting the foaming of thin films, or micrometric and nanomet-
ric systems. These systems show comparable or even lower thick-
nesses than the solid skins usually formed during the foaming of
bulk samples. Thus, in this kind of samples the gas diffuses out
not only from the external layers, but from the entire sample, hin-
dering the formation of cells.

Some strategies, designed to overcome this limitation, can be
highlighted. Siripurapu et al. [37] introduced thin films into a
metallic mould which acts as gas barrier limiting the gas diffusion
through the surfaces with the highest area. In this way, the gas
concentration across the sample at the foaming time, which is
directly related with the nucleation density [1], increases. Using
this approach, they achieved more homogenous cellular structures
and larger foamed region in poly-methyl methacrylate (PMMA)
thin films. Nevertheless, the saturation time is also significantly
risen due to the gas diffusion constraints from the borders of the
sample in contact with the mould (i.e., the gas can only diffuse into
the sample from the non-covered edges), being unworkable in
pieces with larger dimensions. Besides, the expansion of the con-
strained samples could be restricted by the rigid mould, severely
limiting the density reduction (i.e., low-densities cannot be
achieved) [19]. On the other hand, Morisaki et al. [38] employed
ethanol as a co-solvent in a mixture with the blowing agent,
obtaining a solid skin reduction, even with porosity on the surface,
with the increment of ethanol concentration. However, inhomoge-
neous cellular structures with large defects were obtained by
incorporating a co-solvent that introduces severe additional diffi-
culties in the gas dissolution foaming.

In another attempt to reduce the non-foamed skin in cellular
polymers, Ge et al. [39] produced porous polymeric membranes
based on thermoplastic polyurethane (TPU) for their use as filters.
They achieved ultrathin films with 20 lm of thickness which show
a monolayer of pores interconnecting both top and bottom sur-
faces, creating cells with a diameter close to the film thickness.
The approach is based on the heterogeneous nucleation induced
by the contact of polyamide layers with the TPU surface. However,
this approach cannot be extended to thicker samples, as it is based
on the formation of cells on the external surfaces with diameters
close to the film thickness [40,41]. Then, thicker samples may
not form the cellular structure in the core due to the insufficient
gas concentration by the quick diffusion (i.e., the polyamide layer
does not act as a gas diffusion barrier). However, an approach
involving a gas diffusion barrier, capable of limiting the diffusivity
during the foaming process, allowed producing hollow micromet-
ric and nanometric polymeric systems with porous surfaces by
coating them with poly-vinyl alcohol (PVOH) prior to the gas dis-
solution foaming process [35,42].

Although several methods which concern multiple stages based
on the gas dissolution foaming have been developed [35,37,42–44],
none of these previous approaches has proved to be a general and
versatile approach to hinder the formation of the non-foamed skin
during the gas dissolution foaming process, being limited in terms
of geometry or expansion, or introducing complex additional steps
without providing remarkable results.

Attending to the concern (i.e., the gas concentration decrease in
the borders that promotes the non-foamed solid skins), the chal-
lenge of fabricating skinless polymer foams goes through designing
a method which involves a gas diffusion barrier in order to main-
tain high gas concentration in the borders for obtaining whole
foamed polymers. This work presents the design of an innovative
approach that enhances the classic gas dissolution foaming pro-
cess. The incorporation of a gas diffusion barrier, such as PVOH,
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has allowed for first time to reduce and to eliminate the non-
foamed solid skins in polymer foams without compromising
geometries or expansions. In particular, a thermoplastic PVOH
was used as a flexible gas diffusion barrier with the aim of facilitat-
ing their application and allowing an appropriate expansion of the
polymer during the foaming stage. Besides, thin films, which can-
not foam by the conventional procedure due to their thickness,
have been completely foamed without solid skins by employing
the PVOH technique. As a highlight, this approach proved to be
quite versatile, being effective in several polymers commonly used,
such as poly-methyl methacrylate (PMMA), poly-carbonate (PC),
poly-styrene (PS), or poly-caprolactone (PCL).
2. Experimental section

2.1. Materials

Four different materials were selected to validate the aim of the
work. PMMA ALTUGLAS V825T, PC, PS Edistir N3840, and PCL were
kindly supplied by ARKEMA (Colombes, France), by SABIC (Geleen,
Netherlands), by Versalis (Barcelona, Spain), and by Sigma Aldrich
Química (Tres Cantos, Madrid, Spain), respectively. Poly-vynil alco-
hol (PVOH) MOWIFLEX C17 was purchased from Kuraray Europe
(Hattersheim am Main, Deutschland). A medical grade of CO2

(99.9% purity) was employed as a blowing agent for foaming
experiments.

2.2. Fabrication of solids

All polymers were received in the form of pellets and those
selected to be foamed were thermoformed in sheets (thickness
around 500 lm in PMMA, PC, and PS samples, and around
1000 lm in PCL samples) by using a hot plate press. Then, the
sheets were cut in samples of 1x2.5 cm2 and used as solid precur-
sors in the foaming experiments. In addition, PMMA pellets were
used to prepare films by solvent casting method, using chloroform
as a solvent (10 wt%).

2.3. PVOH incorporation

The incorporation of the PVOH barrier by diverse approaches
was optimized using PMMA films (thickness < 100 lm) and bulk
(thickness around 500 lm) samples, while the versatility of the
PVOH barrier was also studied with bulk samples of other
polymers.

Three different methods were employed to incorporate the
PVOH gas barrier to the polymer samples (Fig. 1), aiming to achieve
a) 

b) 

c) 

Fig. 1. PVOH incorporation methods: a) and b) solvent casting, and c) thermoformi
interpretation of the references to colour in this figure legend, the reader is referred to
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an optimal adherence between both materials along the foaming
process. It should be noticed that the PVOH would be an effective
gas diffusion barrier only if kept in close contact with the polymer
sample. In addition, the polymer-PVOH adhesion was studied with
PMMA by using a pressure vessel equipped with an optical win-
dows [45], which allows visualizing the sample during the pres-
sure test and just after the depressurization (more details in the
Supporting Information, Section S2).

The first two techniques to incorporate the PVOH on the poly-
mer are based on the solvent casting method (Fig. 1a and
Fig. 1b). In the first approach (Fig. 1a), PVOHwas dissolved in water
at 5 wt%. Then, a certain volume of the PVOH/water solution,
depending on the desired thickness of the gas barrier, was dropped
in a petri dish. Solvent was evaporated at room temperature and
ambient pressure for at least 24 h until obtaining a solid film at
the bottom of the petri dish. After, the film was introduced at vac-
uum for ensuring the total removing of the solvent for additional
24 h. Then, the technique was repeated with PMMA/chloroform
solution (10 wt%) and PVOH/water solution again, creating three
overlapped films in a sandwich-like form (PVOH/PMMA/PVOH).
On the second approach, a drop of PVOH/water solution (25 wt%)
was rested on the surface of the polymer sheet (PMMA, PC, PS or
PCL), and left to evaporate at ambient conditions until achieving
a thin film of PVOH adhered to the surface (Fig. 1b). The PVOH
thickness was controlled by the amount of PVOH solution dropped
into the sample. The procedure was repeated on the other side of
the polymer sheet.

The film thicknesses were controlled calculating the needed
mass to form a cylinder into the petri dish, whose volume was cal-
culated from the petri dish diameter and the film thickness. Then,
taking into account the density of the film, the resulting mass of
the polymer was dissolved according to concentrations above
mentioned.

In the last approach, the PMMA samples and PVOH layers were
joined by a thermoforming procedure (Fig. 1c). PVOH films were
previously fabricated with the desired thickness (<100 lm) by
the solvent casting method, and then they were compressed
together with the PMMA sheet or film in a sandwich-like form
(PVOH/PMMA/PVOH), using a three-stage thermoforming process:
120 �C without pressure for 3 min, then 120 �C and 0.98 MPa dur-
ing 1 min, and finally 0.98 MPa at room temperature.
2.4. Gas dissolution foaming

2.4.1. Foaming aspects
Sheet and films samples with and without PVOH coating were

employed as precursors in the conventional gas dissolution foam-
ng. PVOH appears in blue, and the polymer to foam appears in light grey. (For
the web version of this article.)
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ing process [1,3,4] (e.g., saturation, desorption, and foaming steps;
details about the process can be found elsewhere [1]). A high-
pressure vessel (model PARR 4760) provided by Parr Instrument
Company (Moline, IL, USA) was employed in the foaming proce-
dures, following the parameters showed in Table 1. Saturation
and foaming parameters were selected taking into account the
properties of each polymer and previous works [46–48]. The satu-
ration time, which depends on the sample thickness and the pres-
ence of the gas diffusion barrier among other parameters, was
studied by visualizing the sample during the pressure test by fol-
lowing the methodology used elsewhere [45]. It was varied from
24 to 72 h to ensure the whole saturation of the polymers. More
details about the influence of the gas diffusion barrier on the gas
diffusivity and the setting of saturation time can be found in the
Supporting Information (Section S1 and Section S2, respectively).

During the foaming stage, it is important to preserve the adhe-
sion between both polymers for reaching a proper efficiency of the
gas diffusion barrier. Thus, an oil hot bath was employed in the
foaming step (instead of common water bath) to prevent the PVOH
dissolution.

After the foaming process, the gas diffusion barrier was
removed by introducing the samples in water (room temperature)
while stirring continuously for 1 h. The removal of the gas diffusion
barrier was carried out before any further characterization of the
obtained foams.

This work is focused on the reduction and elimination of the
non-foamed solid skins giving less importance to the relationship
between the cellular structure and the foaming parameters. For
that purpose see the following literature [2,9,46–50].

2.5. Characterization techniques

2.5.1. Density
Density of solid samples was measured with a gas pycnometer

(Mod. AccuPyc II 1340, Micromeritics, Norcross, GA, USA), and the
density of the foams was measured using the water-displacement
method based on Archimedes’ principle. A density determination
kit for an AT261 Mettler-Toledo (Columbus, OH, USA) balance
was used for this purpose. Relative density (qr) was calculated
from the relationship between the foam density (qf) and the solid
density (qs) as indicates Equation (1).

qr ¼
qf

qs
ð1Þ
t1

tt
2.5.2. Non-foamed skin measurements
The structure of the foamed samples was analyzed by Scanning

Electron Microscopy (SEM) (HITACHI FlexSEM 1000). First, samples
were cooled in liquid nitrogen and then fractured. Surfaces to visu-
alize (cross-section and external surfaces achieved in samples with
or without PVOH barrier) were coated with gold using a sputter
coater (model SDC 005, Balzers Union, Balzers, Liechtenstein).
Measurements of non-foamed skin were directly performed from
SEM micrographs of the cross-section employing ImageJ/FIJI [51].
Several measures from the external edge of the sample to the
homogenous cellular structure were carried out, neglecting lonely
Table 1
Parameters used in gas dissolution foaming for each polymer basis.

Polymer Pressure
(MPa)

Saturation
temperature (�C)

Post-foaming
temperature (�C)

PMMA 30 25 60
PC 30 25 100
PS 8 60 80
PCL 30 40 60

4

precedent pores as in the scheme shown in Fig. 2. The average
thickness of both top (t1) and bottom (t2) non-foamed skins, and
the total thickness of the foamed samples (tt) were used to calcu-
late the percentage of non-foamed region (NFR) (Equation (2)).

NFR ¼ t1 þ t2
tt

ð2Þ
2.5.3. Cellular structure
Cell density and cell size were analyzed from SEM micrographs

in the cross-section of the homogenous core by employing a speci-
fic software based on ImageJ/FIJI [52]. First, cell density (Nv) in two
dimensions was calculated taking into account the number of cells
into a defined area (i.e., number of cells per square centimeter). In
order to better comparison to the literature, three-dimensional val-
ues of Nv (i.e. cells/cm3) are also provided following Kumar’s theo-
retical approximation [53]. On the other hand, cell size (U) was
calculated as the average value of the cell diameter measurements
for at least 50 cells. Finally, porosity was estimated from Equation
(3), taking advantage of the equivalence between three-
dimensional and bi-dimensional values due to stereological con-
siderations [54,55].

Porosity ¼ Nv � A ð3Þ
Where Nv is the cell density (2D) and A is the average area of the

cells (assuming circular cells) calculated from the average cell
size (U).
3. Results

3.1. Proof of concept

First, a proof of concept of the low CO2 diffusivity presented by
the PVOH was carried out incorporating the gas diffusion barrier
just in one surface of a PMMA film by using the solvent casting
technique (Fig. 1c), leaving the other without coating (Fig. 3).

SEM micrograph of the obtained foam shows a PMMA sample
partially foamed with 220 lm of thickness (Fig. 3). The top and
bottom regions of the sample present significant differences as a
consequence of the use of the gas diffusion barrier, which was
applied on the bottom external surface. Bottom-half of the sample
is entirely occupied by a heterogeneous cellular structure. On the
other hand, the top-half of the sample clearly presents a non-
t2

Fig. 2. Scheme of the measurement procedure of the non-foamed solid skin. Arrows
indicate the distance of several measures from the edges to the homogenous
cellular structure.



Fig. 3. SEM micrograph of PMMA film after foaming (psat = 30 MPa, Tsat = 25 �C,
Tf = 60 �C) with PVOH technique. The gas barrier is just incorporated on the bottom
surface. Squares in red represent the five analyzed regions (1: top, 2: top-middle, 3:
middle, 4: bottom-middle, and 5: bottom). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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foamed skin which represents almost 25% of the sample with a
solid thickness of around 50 lm. Therefore, the PVOH barrier has
allowed remaining appropriate amount of gas to foam on the bot-
tom half of the sample, while gas located in the top half leaked
through the top surface without PVOH. It must be noted that no
solid skin appears on the bottom of the sample, highlighting the
great effectiveness of PVOH as a gas diffusion barrier.

Besides, cellular structure shows a cell size gradient along the
sample thickness, which is also promoted by the diffusion phe-
nomenon. The number of cells per unit volume and their expansion
are closely linked to the gas concentration into the polymer [1].
Thus, the gradient in gas concentration, induced by the gas diffu-
sion out of the sample through the surfaces without PVOH, leaves
a broad cell size and cell density distributions along the thickness
of the sample. This effect was analyzed in the SEM micrograph by
measuring both parameters in five regions along the sample thick-
ness (Fig. 3), and the results are presented in Table 2. The largest
expansions and porosities were achieved in regions 4 (bottom-
middle) and 5 (bottom), while the region 1 (top) only presents a
few pores. Results reveal that the gas diffusion barrier has drasti-
cally reduced the gas diffusion through the bottom surface, allow-
ing the foaming in the bottom-half of the film. On the other hand,
porosity decreases from the bottom to the top which implies that
even region 3 (middle) was also affected by the gas leak through
the top surface (i.e., the gas concentration at the foaming stage
was lower at the center of the sample than on the bottom region
near the surface covered by PVOH).
3.2. Reduction and elimination of non-foamed skins

The incorporation of PVOH on one surface of the desired poly-
mer to foam resulted to be an excellent approach to retain higher
gas concentration inside the polymer and thus both reducing the
Table 2
Comparative of the analysis of the five regions along the thickness in the sampled showe

Region Cell density 2D (cells/cm2) Cell density 3

1 (top) 7.73 � 105 6.80 �
2 (top-middle) 3.30 � 106 5.99 �
3 (middle) 6.08 � 106 1.50 �

4 (bottom-middle) 5.36 � 106 1.24 �
5 (bottom) 4.64 � 106 9.99 �

5

solid skin, promoting the density reduction, and achieving the
foaming in thin polymer films. Therefore, an efficient incorporation
of the gas barrier on both surfaces with the highest area could lead
to completely foamed cellular polymers. Thus, the proposed meth-
ods to add the PVOH layer to the polymer samples (e.g., solvent
casting and thermoforming) were tested in PMMA bulk samples.
Solid skin measurements from SEM micrographs of PMMA bulk
samples with different PVOH coating methods are showed in
Table 3. Results shown in each case are the average of several sam-
ples prepared at those conditions.

It was found that the non-foamed skin thickness was reduced
regardless of the PVOH incorporation method from around 80
lm to almost 10 lm in the best case (achieved by thermoforming).
In this way, the percentage of non-foamed region (NFR) in PMMA
without PVOH was about 20%, while the incorporation of PVOH
allowed decreasing the NFR down to 2%. SEM micrographs of cor-
responding samples of Table 3 are available in the Supporting
information (Section S3).

Attending to the PVOH incorporation method, the challenge of
reducing the solid skin has been accomplished regardless of the
technique used, providing the thermoforming slightly better
results. Probably, the higher efficiency of that method is related
to an appropriate adhesion between PMMA and PVOH as it has
been demonstrated by in-situ visualization as well as SEM micro-
graphs (see Supporting Information, Section S2). In addition to pro-
vide the best results, it should be noticed that the thermoforming
method is a straightforward methodology in order to scale the
PVOH technique for industrial gas dissolution foaming processes.

As a consequence of the solid skin reduction, several features of
the PMMA foams obtained with PVOH coating were enhanced. For
instance, the increase of the foamed region and the higher gas con-
centration available at the foaming stage allow obtaining larger
expansions and therefore higher density reductions. Fig. 4 shows
the direct relationship between the relative density and the non-
foamed region. As expected, increasing the foamed region, i.e.,
reducing the appearance of the non-foamed solid skin, decreases
the relative density of the whole sample. In fact, a direct correla-
tion between both relative density and NFR was found (Fig. 4).
Moreover, although the samples present an apparent solid skin of
several microns, it has been proved that the incorporation of the
PVOH barrier induces porous surfaces in PMMA (i.e., the remaining
apparent solid skin is also partially foamed). Fig. 5 shows the com-
parison between the PMMA external surfaces of samples foamed
using or not the PVOH approach. A smooth surface was obtained
by foaming the PMMA according to the classic methodology
(Fig. 5a), while a porous surface with an average cell size of around
2 lm was achieved by incorporating the PVOH gas barrier on that
surface (Fig. 5b). The explanation of this substantial difference
could be linked to the combination of two phenomena. First, the
CO2 concentration on the PMMA near the interface is high enough
for the generation of cells by homogenous nucleation. Second, the
interface between both PMMA and PVOH during the nucleation
process could be inducing the heterogeneous nucleation of cells
on the PMMA surface [56]. In this case, the energy barrier to gen-
erating cells could be sharply reduced in the interface allowing the
foaming in the PMMA surface [1,57].
d in Fig. 3.

D (cells/cm3) Cell size (lm) SD Porosity

108 0.734 0.249 0.003
109 2.169 1.002 0.122
1010 2.300 0.995 0.253
1010 3.217 1.394 0.436
109 3.636 1.201 0.482



Table 3
List of samples used to test the PVOH as gas diffusion barrier in PMMA, indicating the coating method, the original thickness of PMMA, the gas barrier thickness, the average non-
foamed skin thickness, and the percentage of NFR of PMMA.

Sample PVOH coating
technique

Original PMMA
thickness (lm)

PVOH thickness
of each side (lm)

Average of non-foamed
skin thickness (lm)

NFR (%)

PMMA + PVOH coating Solvent casting 430 200 14.1 ± 2.6 2.6 ± 0.5
PMMA + PVOH coating Thermoforming 545 200 11.3 ± 5.4 2.6 ± 1.3
PMMA – 453 – 77.5 ± 7.4 21.2 ± 2.0
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Fig. 4. Relationship between relative density and NFR by adding PVOH technique in
PMMA foams.
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Therefore, the addition of PVOH on the surface of PMMA as a
gas diffusion barrier was demonstrated to be an effective approach
to reduce the relative density by decreasing the non-foamed skin
and creating cells on the surface. Indeed, it can be considered that
the solid skin is partially foamed attending to the cell size of the
surface porosity with an average cell size around 2 lm (Fig. 5b).

3.3. Foaming of thin films

Foaming of thin polymer films by gas dissolution foaming is one
of the objectives of the present work. However, the fast gas diffu-
sivity in the desorption stage generally hindered the foaming in
very thin samples. This situation is exemplified in Fig. 6a, where
just a few pores appeared in the center of the film, leaving a large
volume without any cellular structure in both top and bottom
halves. On the other hand, a PMMA film almost completely foamed
with homogenous cellular structure was achieved by introducing
the PVOH coating technique on both sides with the highest surface
Fig. 5. SEM micrographs of PMMA foam external surface a) witho

6

area (Fig. 6b). In particular, films fabricated by PVOH technique
present nucleation densities in the order of 1013 nuclei/cm3 and
cell sizes in the nanometric range, similar to bulk samples at the
same conditions and very close to precedent works which use opti-
mized foaming parameters [9].

As it can be seen in Table 4, the average non-foamed skin has
been reduced more than fourfold in PMMA thin films from 27 to
6 lm, inasmuch as the gas concentration prior to foaming in
PMMAwas raised in the whole film as a consequence of the gas dif-
fusion limitation. Besides, both NFR and relative density were
decreased from 61% to 7% and from 0.9 to 0.3, respectively, by
introducing a PVOH coating of 50 lm (Table 4). Also, a smooth
solid surface was showed by the PMMA film foamed using the tra-
ditional method without PVOH (Fig. 7a), while porous surfaces
were obtained in the external surfaces in which PVOH was placed
(Fig. 7b).

Therefore, the use of PVOH as a gas diffusion barrier proved to
be a successful approach to overcome the limitations related to
the foaming of thin films by gas dissolution foaming. Also, large
expansions were reached in cellular polymers films by using a flex-
ible diffusion barrier instead of the stiff barriers used in the past
[58], which clearly hinder obtaining low-density cellular polymers.

Accordingly, the achieved reduction of the non-foamed skins in
films and bulk cellular polymers fabricated by gas dissolution
foaming is a remarkable step forward for the production of these
materials, which could be even further exploited by the optimiza-
tion of the foaming parameters. In addition, another significant
advantage related to the PVOH incorporation over the PMMA sur-
faces has been provided by this work. The obtained results have
confirmed the possibility of inducing the formation of cells directly
on the external surfaces, both in films and bulk samples, which
could interconnect the inner cellular structure with the external
medium. For instance, reaching that feature with high-porosity
nanofoams [16,59] could result in materials with excellent features
for applications such as membranes, filters, or sensors. Finally, it
can be highlighted that the results obtained with this approach
ut using PVOH and b) using PVOH as a gas diffusion barrier.



Fig. 6. Comparative of SEM micrographs between a) a PMMA film scarcely foamed without using the PVOH coating as a gas diffusion barrier and b) a PMMA film completely
foamed using the PVOH coating as a gas diffusion barrier.

Table 4
Comparative of solid skin thickness, non-foamed region, and relative density between PMMA thin film, showing the original thickness of PMMA and PVOH.

Sample PMMA original
thickness (lm)

PVOH
thickness (lm)

Average of non-foamed
skin thickness (lm)

NFR (%) Relative
density

PMMA film 76 – 27.1 ± 2.7 61.4 ± 6.1 0.899
PMMA film with PVOH

coating
46 50 6.3 ± 0.3 7.6 ± 0.3 0.280

Fig. 7. SEM micrographs of PMMA foamed films surfaces a) without using PVOH and b) using PVOH as a gas diffusion barrier.
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were successfully generalized using diverse polymer matrices,
such as PC, PS, and PCL (see Supporting Information, Section S4).
4. Conclusions

The classical process of the gas dissolution foaming was suc-
cessfully modified by designing a foaming procedure that intro-
duces a flexible gas diffusion barrier in the borders of the
polymer. This barrier is capable of reducing the gas diffusivity dur-
ing the desorption step and avoiding the appearance of the non-
foamed solid skins.

In this way, the typical non-foamed solid skins of bulk samples
formed in the conventional foaming procedures were decreased
7

from several tens to a few microns regardless the PVOH incorpora-
tion method, achieving by the thermoforming approach the best
results. On the other hand, homogenous and completely foamed
thin films were obtained by using the designed approach, which
currently is the only successful approach to produce such samples.

Besides, the gas diffusion barrier induced a heterogeneous
nucleation in the polymer surfaces, creating cells in the order mag-
nitude of the reduced solid skins. Therefore, this feature would
allow interconnecting the inner cellular structure with the external
medium, extending the range of applications of cellular polymers
produced by gas dissolution foaming, which are currently limited,
due to the outer solid skins, for applications such as filtration, gas
storage, or catalysis.
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