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H I G H L I G H T S

• Low-density nanocellular polymers based on PMMA/MAM blends are produced.

• Low MAM copolymer contents, as low as 0.1 wt%, are used to produce such materials.

• The physical mechanisms that allow this reduction of the density are discussed.
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A B S T R A C T

Low-density nanocellular polymers are required to take advantage of the full potential of these materials as high
efficient thermal insulators. However, their production is still a challenging task. One promising approach is the
use of nanostructured polymer blends of poly(methyl methacrylate) (PMMA) and a block copolymer poly(methyl
methacrylate)-poly(butyl acrylate)-poly(methyl methacrylate) (MAM), which are useful for promoting nuclea-
tion but seem to present a severe drawback, as apparently avoid low relative densities. In this work, new
strategies to overcome this limitation and produce low-density nanocellular materials based on these blends are
investigated. First, the effect of very low amounts of the MAM copolymer is analysed. It is detected that na-
nostructuration can be prevented using low copolymer contents, but nucleation is still enhanced as a result of the
copolymer molecules with high CO2 affinity dispersed in the matrix, so nanocellular polymers are obtained using
very low percentages of the copolymer. Second, the influence of the foaming temperature is studied. Results
show that for systems in which there is not a clear nanostructuration, cells can grow more freely and smaller
relative densities can be achieved.
For these studies, blends of PMMA with MAM with copolymer contents from 10wt% and as low as 0.1 wt%

are used. For the first time, the production strategies proposed in this work have allowed obtaining low density
(relative density 0.23) nanocellular polymers based on PMMA/MAM blends.

1. Introduction

Efficient energy use is one of the main concerns of nowadays so-
ciety. All sectors are in need of efficient management of the energy use,
but the major challenge from the next decades lies in buildings, ac-
cording to the European Commission [1]. More than one-third of global
energy consumption is used in buildings, and from this energy, more
than 50% is needed to heat indoor spaces [2]. Most heat is lost through
walls, roofs, and floors. Therefore, proper insulation is required to

reduce the losses and therefore the energy consumptions. With im-
proved thermal insulators not only would money be saved, but also CO2
emissions associated with energy production would be significantly
reduced.

Therefore, finding new and better materials with enhanced insula-
tion properties becomes a mandatory task. Current trends to reduce the
thermal conductivity of insulating materials are to replace the air inside
them with vacuum [3] or to reduce the pore size below the mean free
path of air molecules [4,5], that is, producing nanocellular materials.
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Nanocellular materials, characterized by cell sizes in the range of
tens to hundreds of nanometers, present a unique combination of
properties [5–10], and in particular a reduced thermal conductivity
thanks to the Knudsen effect [5,11,12]. To fully take advantage of this
effect, low-density nanocellular materials are required [13]. Never-
theless, the production of such low-density materials is still not well
established.

Several attempts to produce low-density nanocellular polymers
have been carried out using the so-called gas dissolution foaming
technique [14–17]. Up to date, the most promising results have been
obtained using poly(methyl methacrylate), PMMA, as the polymer
matrix. Guo et al. [18] used a low temperature set up (−20 °C) to
produce nanocellular PMMA with cell sizes of 235 nm and relative
densities of 0.14. In the work of Martin-de Leon [19], high saturation
pressure (31MPa) was needed to obtain a cellular PMMA with a re-
lative density of 0.24, keeping the cell size in the nanoscale (216 nm).
They also established a procedure to tune the relative density by
changing the foaming temperature. In the work of Costeux et al. [20],
the effect of the molecular structure of some PMMA copolymers was
investigated, achieving relative densities around 0.2 and cell sizes
below 400 nm. A high saturation pressure (30MPa) was also required in
their work. As a rule, the production of nanocellular polymers using
pure polymers demands extreme processing conditions, such as high
pressures or low temperatures (under 0 °C) [14,15,17,21]. Both ap-
proaches are difficult to scale-up to the industrial production, due to the
technical requirements and costs associated to work at these conditions.
For this reason, the use of nucleating species has become a common
strategy to reach high nucleation densities at mild processing condi-
tions that could be easier and cost-effective to use in the industrial
scale.

The first approach is the use of nanoparticles as nucleating agents to
favor nucleation [22,23]. Costeux et al. [24] take advantage of het-
erogeneous nucleation for the production of low relative density (0.15)
nanocellular PMMA (cell size of 100 nm). They used silica nanoparticles
contents below 0.5 wt% to achieve this result, but the saturation pres-
sure required was still high (30MPa). Bernardo et al. [25] used needle-
like sepiolites to obtain bimodal structures, with both micro and na-
nocells, in PMMA. The relative densities were between 0.21 and 0.28
and the cell size between 300 and 500 nm for sepiolite contents in the
range from 0.5 to 1.5 wt%. They showed that it was possible to produce
these materials using not demanding processing conditions (soaking at
10MPa and room temperature).

On the other hand, nanostructured polymer blends with CO2-philic
domains can be used as nucleating species [26,27]. Nevertheless, re-
ducing the relative density under 0.3 using this approach is still a
challenge not overcome. Pinto et al. [28–30] worked with blends of
PMMA and poly(methyl methacrylate)-poly(butyl acrylate)-poly(me-
thyl methacrylate) (MAM) with contents of MAM of 5 wt%, 10wt%,
20 wt% and higher. They obtained cell sizes below 200 nm at 10MPa of
saturation pressure with a 10 wt% of MAM, but with relative densities
above 0.4. Bernardo et al. [31] investigated the influence of the MAM
molecular weight in the production of PMMA/MAM nanocellular
polymers. They showed that reducing the MAM molecular weight al-
lows decreasing the relative density up to 0.37, the cell size being
around 200 nm. Forest and coworkers [32] analyzed the effect of
changing the copolymer content in the structure of PMMA/MAM-based
nanocellular polymers. They found that higher copolymer contents (up

to 20wt%) led to larger cell nucleation densities, but also higher re-
lative densities. In that work, MAM contents up to a 1 wt% were used,
and nanocellular polymers of around 150 nm were obtained using a
1 wt% of MAM, but with a relative density of 0.42. Low saturation
pressure (3.2MPa) and low saturation temperature (0 °C), were re-
quired to obtain those materials.

In all the previously mentioned works, copolymer contents of at
least 1 wt% were necessary to achieve a nanocellular structure, whereas
the densities obtained were far away from the results obtained using
pure polymers or nanoparticles as a nucleating agent. In an own pre-
vious work [31] we proposed that the presence of the micelles is a
limiting parameter in the production of low density nanocellular ma-
terials based on PMMA/MAM blends. Besides, these copolymers are
usually expensive and not easily available, and due to this, the high
contents needed complicate its use as possible nucleating agents on the
industrial production of nanocellular polymers.

In this work, the effect of the copolymer content in the production of
PMMA/MAM nanocellular polymers has been explored as a strategy to
reduce the relative density of such materials. Contents below 10wt%
were analyzed. In particular, very low MAM contents (0.1 wt% and
0.5 wt%) have been used, allowing to obtain nanocellular materials
based on PMMA-MAM with relative densities below 0.3 for the first
time.

2. Experimental

2.1. Materials

PMMA V 825T was kindly supplied by ALTUGLAS® International in
the form of pellets. This PMMA presents a melt flow index (MFI) of
1.8 g/10min (measured at 230 °C and 2.16 kg), a density (ρ) of 1.19 g/
cm3 and a glass transition temperature (Tg) of 114.5 °C, measured by
DSC. The molecular weight of this PMMA is Mn=43 kg/mol and
Mw=83 kg/mol as determined by GPC.

MAM block copolymers were kindly supplied by Arkema Company
(France). Three MAM copolymers with different molecular weights
were used in this study. The three copolymers have roughly a 50wt% of
the soft block, poly(butyl acrylate) (PBA). Commercial names of these
copolymers are Nanostrength M51 (low molecular weight), M52
(medium molecular weight) and M53 (high molecular weight). Table 1
summarizes the main characteristics of these copolymers. MFI was
measured at 160 °C and 10 kg, and molecular weight was determined
using GPC measurements. PBA fraction was determined from NMR
measurements. Tg of the PBA phase was determined by DSC. More
details about the characterization of the copolymers can be found
elsewhere [31].

Finally, medical grade carbon dioxide (CO2) (99.9% purity) was
used as the blowing agent for the gas dissolution foaming experiments.

2.2. Solid blends production

PMMA/MAM blends with different MAM contents were com-
pounded using a twin-screw extruder model COLLIN TEACH-LINE ZK
25T, with L/D of 24 and screw diameter of 25mm. Before com-
pounding, PMMA and MAM were dried in vacuum at 50 °C for 12 h.
Then, the blends with the appropriate proportions were extruded with a
temperature profile from 160 °C to 200 °C (in the die), increasing in

Table 1
Characteristics of the MAM block copolymers used in this work.

ID Description Mn (kg/mol) Mw (kg/mol) MFI (g/10min) Tg,PBA (ºC) PBA (wt%)

L Low molecular weight 25 46 84 ± 9 −26.2 48
M Medium molecular weight 44 75 4 ± 1 −34.9 52
H High molecular weight 82 128 0.208 ± 0.003 −39.8 54
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intervals of 10 °C, and at a screw speed of 40 rpm. The produced blends
were cooled in a water bath and pelletized. After drying for 2 h in a
vacuum oven at 50 °C, the materials were extruded again under the
same conditions. Homogeneous and transparent blends were obtained
after this process. Blends with five different MAM contents, from 0.1 wt
% to 10wt%, were produced. Table 2 summarizes the materials pro-
duced in this work.

Solid precursors of these blends were prepared by compression
molding using a hot plate press provided by Remtex. Solid prisms of
155×75×4mm3 were produced. First, all materials were dried in a
vacuum oven at 50 °C overnight. Then, the material was first softened at
250 °C without applying pressure for 8.5min and then compacted under
constant pressure of 1.7MPa for another minute. Finally, the samples
were cooled down at room temperature on the cold plates under the
same pressure. Samples of 20×10×4mm3 were cut from the solid
prisms for the foaming experiments.

Neat PMMA was processed under the same conditions (both by
extrusion and compression molding) for comparison.

2.3. Gas dissolution foaming experiments

Foaming experiments were performed in a high-pressure vessel
(model PARR 4681) provided by Parr Instruments Company with a
capacity of 1 L, capable of operating at a maximum temperature of
350 °C and a maximum pressure of 41MPa. Pressure is set to the desired
value with an accurate pressure pump controller (model SFT-10) pro-
vided by Supercritical Fluid Technologies Inc. The temperature is fixed
with a clamp heater of 1200W, controlled via a CAL 3300 temperature
controller. Foaming experiments were performed using a two-step
foaming process [33]. Samples were firstly introduced in the pressure
vessel under 10MPa of CO2 pressure for the saturation stage. Saturation
temperature was equal to 25 °C and saturation time was 20 h, as this
time was proved to be enough to achieve full saturation of CO2 in
PMMA at the conditions under study. After saturation, the pressure was
abruptly released (pressure drop rate: 15MPa/s), and the samples were
immersed in a thermal bath at the desired temperature for the foaming
stage. The time between the release of pressure and the sample im-
mersion in the thermal baths was 3.5 min. The sorption process depends
on pressure and temperature. At the conditions used in this work
(10MPa and 25 °C) solubility of CO2 in PMMA is around 24wt%. This
value was calculated by weighting the sample before and immediately
after the saturation process. For the MAM copolymers, the solubility
was estimated by weighting samples with 10wt% of MAM and calcu-
lating the amount absorbed by the copolymer in the blend. It is ob-
served than MAM presents a higher CO2 affinity that PMMA and can
absorb approximately 38 wt% at 10MPa and 25 °C. See Supplementary
Information for details about the procedure to measure the solubility.

The influence of the amount of block copolymer was evaluated by
fixing the foaming temperature at 80 °C. Then, the effect of the foaming
temperature was analyzed by using two additional foaming tempera-
tures: 60 and 100 °C. Foaming time was 1.5min for all the experiments.
Under these saturation conditions (25 °C and 10MPa) the effective glass
transition temperature of PMMA after gas absorption is below room
temperature [30], and thus samples start to expand immediately after
the depressurization. However, the largest expansion occurs in the
thermal baths.

2.4. Characterization

2.4.1. Nanostructuration of the blends
Morphology of the solid PMMA/MAM blends was analyzed using

transmission electron microscopy (TEM). Each material was cut in ul-
trathin slices (with a thickness of approximately 80–90 nm) using a
Leica EM UC6 Ultramicrotome. The samples were cut in cryogenic
conditions, cooling down the environment and the sample holder at
least at – 60 °C, using a specific cryo-system Leica EM FC6 and a specific
diamond knife for a low-temperature cut. This step was necessary due
to the soft behavior of the polymer. Slices were collected and laid down
onto a 200 mesh formvar/carbon-coated copper TEM grids.

Transmission electron microscopy (TEM) images were collected
with a Jeol JEM 1011 (Jeol, Japan) electron microscope (Electron
Microscopy Facility, Istituto Italiano di Tecnologia, Genova, Italy). The
acceleration voltage used was 100 kV and recorded with an 11 Mp fiber
optical charge-coupled device (CCD) camera (Gatan Orius SC-1000).

TEM images were used to analyze the nanostructuration found in
the solid blends. Volumetric micelle density was calculated by dividing
the number of micelles in a TEM image by the volume (area of the
image times the thickness of the sample (around 80 nm)).

From the micelle density (nmic), the aggregation number Nc (number
of copolymer molecules per micelle) was estimated theoretically using
equation (1) [34], where w is the amount of copolymer in weight
percent, Nav is the Avogadro's number, is the density of the blend and
Mn is the molecular weight of the copolymer.

n wN
M Nmic

av

n c
=

(1)

2.4.2. Density
The density of the solid samples was measured with a gas pycn-

ometer (model AccuPyc II 1340, Micromeritics) and the density of the
cellular materials was determined with the water-displacement method
based on Archimedes’ principle. For this purpose, a density determi-
nation kit for an AT261 Mettler-Toledo balance was used. Before
measuring the density, the solid skin of these foamed samples was re-
moved out with a polisher (model LaboPOl2-LaboForce3, Struers) by
removing at least 200 μm of each side. Relative density ( r) has been
calculated as the ratio between the cellular material density ( f ) and the
density of the solid polymer blend ( s).

2.4.3. Cellular structure
The cellular structure of the samples was analyzed using an ESEM,

Environmental Scanning Electron Microscope (Quanta 200 FEG). For
the visualization, samples were fractured after cooling in liquid ni-
trogen. Also, they were coated with gold using a sputter coater (model
SCD 005, Balzers Union). A tool based on the software ImageJ/FIJI [35]
has been used to quantify the structural parameters that characterize
the cellular structure. First, the average cell size ( ) has been measured,
and the standard deviation coefficient of the cell size distribution (SD)
has been obtained. Cell density (Nv) and cell nucleation density (N0)
were determined using Kumar's theoretical approximation [36] ac-
cording to equations (2) and (3), respectively, where n is the number of
cells in the image and A is the area of the image. More than 200 cells of
different areas of each cellular material were analysed.

N n
Av

3/2
=

(2)

N Nv

r
0 =

(3)

Cell wall thickness of the cellular materials was measured directly
from the micrographs. More than fifty cell walls were measured per
material system. Finally, the fraction of mass in the struts was de-
termined using the local thickness analysis of Image J/FIJI (details can

Table 2
Formulations used in this work.

MAM content

0.1 wt% 0.5 wt% 1wt% 5wt% 10%

Type of MAM L 0.1%-L 0.5%-L 1%-L 5%-L 10%-L
M 0.1%-M 0.5%-M 1%-M 5%-M 10%-M
H 0.1%-H 0.5%-H 1%-H 5%-H 10%-H
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be found elsewhere [19]).

3. Results

3.1. Nanostructuration of the blends

Fig. 1 shows the TEM images of the solid blends for all the contents
of MAM and the three grades of MAM. It should be noted that the na-
nostructuration observed on these samples is obtained from a non-
equilibrium process as the extrusion is [31]. The micelle nanos-
tructuration is detected at contents from 10wt% down to 0.5 wt%. It is
observed that micelle density decreases in one order of magnitude
(from 1014 nuclei/cm3 to 1013 nuclei/cm3) when MAM content is re-
duced from 10 to 0.5 wt% (Table 3). This effect is observed for the three
different copolymers. However, at a content of 0.1 wt%, there is not an
evident nanostructuration. For the blends 0.1%-M and 0.1%-H some
dispersed micelles were detected and quantified for the analysis of the

micelle density Table 3), whereas for the blend 0.1%-L it was not
possible to perform such an analysis because micelles were not de-
tected. It is also observed that higher MAM molecular weights lead to
higher micelle densities, as it was already reported and explained in
own previous work [31].

We hypothesized that formation of the micelles is a consequence of
two processes [31]: dispersion during the extrusion and self-assembly of
the MAM molecules in the domains formed by the extrusion. That is,
during the extrusion process, MAM will be dispersed forming MAM-rich
regions. This dispersion is mainly controlled by the relative viscosities
of the matrix and the copolymer, so the different trends found for the
three copolymers are related to their different viscosities [31]. In the
domains formed during the extrusion, if the number of copolymer
molecules is high enough, self-assembly takes place, resulting in mi-
celles. In order to evaluate the number of copolymer molecules in-
volved in the formation of the micelles, it is possible to estimate the-
oretically the aggregation numbers using equation (1) and the

Fig. 1. TEM images showing the nanostructuration (black spots) of the PMMA/MAM blends: a) 0.1%-L, b) 0.5%-L, c) 1%-L, d) 5%-L, e) 10%-L, f) 0.1%-M, g) 0.5%-M,
h) 1%-M, i) 5%-M, j) 10%-M, k) 0.1%-H, l) 0.5%-H, m) 1%-H, n) 5%-H and o) 10%-M.

Table 3
Nanostructure characteristics of PMMA/MAM solid precursors.

Sample ID Micelle density (micelles/cm3) Predicted aggregation number MAM distribution on the PMMA matrix

0.1%-L – – Mainly dispersed
0.5%-L (2.4 ± 0.2) · 1013 5800 Dispersed and forming micelles
1%-L (9.0 ± 3.0) · 1013 3000 Mainly forming micelles
5%-L (8.4 ± 0.1) · 1013 16800 Mainly forming micelles
10%-L (2.1 ± 0.0) · 1014 13400 Mainly forming micelles
0.1%-M (1.6 ± 0.7) · 1013 1000 Dispersed and forming micelles
0.5%-M (6.6 ± 0.1) · 1013 1200 Dispersed and forming micelles
1%-M (1.4 ± 0.5) · 1014 1100 Mainly forming micelles
5%-M (1.3 ± 0.3) · 1014 6000 Mainly forming micelles
10%-M (7.3 ± 0.4) · 1014 2200 Mainly forming micelles
0.1%-H (4.0 ± 2.0) · 1012 2300 Dispersed and forming micelles
0.5%-H (8.0 ± 3.0) · 1013 500 Dispersed and forming micelles
1%-H (2.0 ± 1.0) · 1014 400 Mainly forming micelles
5%-H (2.0 ± 0.2) · 1014 2200 Mainly forming micelles
10%-H (7.7 ± 0.9) · 1014 1100 Mainly forming micelles
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experimental number of micelles (Table 3). This number is calculated
by assuming all the copolymer lies inside the micelles. If this estimation
is in agreement with the TEM observation, which shows the number
and sizes of the micelles, we can assume the hypothesis is correct. If not,
then it is plausible to assume that some of the copolymer is dispersed in
the matrix without forming a micelle. From the correlation between the
predicted aggregation number and the TEM observations, we can dis-
tinguish three levels of distribution of MAM in the PMMA matrix:
mainly forming micelles, dispersed and foaming micelles, and mainly
dispersed (Table 2).

When MAM content is reduced from 10wt% to 5wt%, a decrease in
the micelle density is observed (Table 3), but also micelles look larger
(Fig. 1). As micelles are larger at 5 wt%, this means the number of
molecules per micelle (i.e., aggregation number) should be higher at
5 wt% than at 10 wt% (in agreement with Table 3). Then, MAM is
dispersed in bigger regions for 5 wt% compared to 10 wt%. However,
these two contents are of the same order of magnitude, and we can
consider both micelle density and aggregation numbers comparable.
Pinto and coworkers [30] already showed comparable nanostructures
at 5 and 10wt% of MAM. For these two contents, the MAM is dis-
tributed forming micelles (Table 3).

However, when content is reduced from 5wt% to 1wt%, micelles
are smaller, so MAM-rich regions should be smaller. Accordingly, the
estimated aggregation number decreases (Table 3). So in the blends
with 1 wt% of MAM the copolymer is also distributed forming micelles.

For lower contents (0.5 wt% and 0.1 wt%), equation (1) predicts
very high aggregation numbers, even higher than those obtained at 1 wt
% (for instance, for 0.1%-H an aggregation number as high as 2300 is
predicted). In those cases, this prediction is contradictory with the TEM
observation, in which fewer and smaller micelles are detected (Fig. 1).
Therefore, the hypothesis that all of the molecules are forming micelles
is not true at these low contents. According to literature, there exists a
critical micelle concentration (cmc), that is, a minimum amount of
MAM needed to create a micelle [37–39]. Then, it is plausible to assume
that at these very low contents (0.5 wt% and 0.1 wt%) some MAM
molecules might be dispersed without forming micelles, because the

amount of MAM may be below the cmc. This is for sure the case of
0.1%-L, in which micelles were not detected (and therefore, no ag-
gregation number was estimated). Thus, we conclude that in the blends
0.5%-L, 0.5%-M, 0.5%-H, 0.1%-M and 0.1%-H, the MAM is forming
micelles (observed in TEM), but also partially dispersed in the matrix.
Finally, in the blend 0.1%-L the MAM is mainly dispersed.

3.2. Effect of the copolymer content on the cellular structure

Cellular materials were obtained from the solid PMMA and the
PMMA/MAM blends at constant saturation (10MPa and 25 °C) and
foaming (80 °C and 1.5min) conditions. Fig. 2 shows the cellular
structure of the different samples. Under these conditions, the pure
PMMA shows a microcellular structure [31] (see Supplementary
Information for details about the structure of the microcellular PMMA).
Three main conclusions can be extracted from the SEM micrographs of
Fig. 2. First, most of the PMMA/MAM blends produce nanocellular
structures. Only the material 0.1%-L shows cells larger than 500 nm.
Second, reducing the amount of MAM increases the cell size. Third and
last, the molecular weight of the MAM also plays an important role, the
cell sizes of the materials based on the copolymer L being sharply larger
than the rest, as already proved for the materials with a content of 10 wt
% [31].

The analysis in deep detail of the cellular structure of these cellular
materials is shown in Fig. 3. On the one hand, Fig. 3a shows the cell
nucleation density as a function of the MAM content. It decreases as
MAM content decreases. From the micelle density analysis, this result
was expected, as micelle density controls nucleation in nanostructured
polymer blends [26,27,30] and it was found to follow the same trend
(Table 3). There is a reasonable correlation between the micelle density
and the cell nucleation density, except for the very low MAM contents
(0.5 wt% and 0.1 wt%). For these systems, the nucleation density is
much higher than the micelle density, and also greater than that of the
pure PMMA (see Table S2 and Figure S3 in the Supplementary
Information). Therefore, the nucleation cannot be merely explained as a
consequence of nucleation in the micelles, as in the systems with high

Fig. 2. SEM images showing the cellular structure of the materials produced at 80 °C of foaming temperature: a) 0.1%-L, b) 0.5%-L, c) 1%-L, d) 5%-L, e) 10%-L, f)
0.1%-M, g) 0.5%-M, h) 1%-M, i) 5%-M, j) 10%-M, k) 0.1%-H, l) 0.5%-H, m) 1%-H, n) 5%-H and o) 10%-H.
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MAM contents. As previously mentioned, it is possible that at these low
copolymer contents a part of MAM might be dispersed in the PMMA
without forming a micelle. As the PBA is CO2-philic, the Gibbs energy of
nucleus formation is reduced in these molecules compared to the pure
PMMA. Also, the surface tension in the PBA phase is smaller than that of
the PMMA [30]. Therefore, nucleation can take place in the small
MAM-rich regions. Colton et al. reported a similar idea for a zinc
stearate-polystyrene system, in which nucleation below the solubility
limit was even higher than after the formation of the zinc stearate
particles [40]. We propose that nucleation in these PMMA/MAM sys-
tems with low MAM contents is a consequence of two processes: nu-
cleation in the micelles and in the MAM-rich regions, which are too
small to form a micelle. We have analyzed in more detail this nucleation
effect by studying the effect of the saturation pressure in the
Supplementary Information.

On the other hand, cell size presents the opposite behavior (Fig. 3b):
lower MAM contents lead to higher cell sizes. All the blends show cell
sizes in the range 340–120 nm, except for the blend 0.1%-L, which
shows a sub-micrometric cellular structure. As far as the authors know,
this is the first time PMMA/MAM nanocellular polymers have been

produced using such low copolymer contents. In particular, a cell size of
260 nm combined with a relative density of 0.29 has been obtained for
the material 0.1%-H. The cell size is a consequence of the micelle
density: the smaller the number of micelles, the greater the distance
among them and therefore more space for the micelles to grow (higher
cell size) [31]. The cell size distribution of these samples can be found
in the Supplementary Information (Figure S6).

The relative density of these cellular materials is shown in Fig. 4.
Relative densities between 0.57 and 0.29 were obtained. A reduction in
the MAM copolymer content causes a reduction of the relative density.
This reduction is more relevant for the copolymers M and H. For in-
stance, for the copolymer H, a reduction in the MAM content from
10wt% to 0.1 wt% (100 times reduction) yields to a decrease in density
of a 49% (from 0.57 to 0.29). The pure PMMA processed under the
same conditions gives a microcellular material with a relative density of
0.3 [31] (dashed line in Fig. 4), so when the copolymer content is re-
duced the density approaches that obtained with the pure polymer. This
decreasing trend of the relative density can be related to the cell size:
the lower the MAM content, the greater the cell size and thus the
smaller the density. A small change in the cell size can become a great
difference in density due to the high density of cells in these materials.
For instance, a change from 120 to 180 nm leads to a reduction of the
density from 0.57 to 0.40 when the MAM type H is reduced from 10wt
% to 5wt%.

3.3. Effect of the foaming temperature on the cellular structure

To further reduce the relative densities obtained so far, two addi-
tional foaming temperatures were tested, 60 and 100 °C, whereas the
rest of the processing parameters remained the same. Only those blends
based on the copolymer with medium molecular weight, M, were used
in this section to make the study clearer. Nonetheless, similar results
and trends were observed for the other materials.

SEM micrographs of some of these materials are shown in Fig. 5.
The blend 10%-M present a very similar cellular structure at 60 and
100 °C, but an increase in the cell size is observed when foaming tem-
perature increases for 0.1%-M and 1%-M.

Cell nucleation density is not affected by the foaming temperature
regardless of the MAM content (Fig. 6a). In Fig. 6b and in the cell size
distributions (Figure S7, see Supplementary Information) it is observed
that the blends with high MAM content (5%-M and 10%-M) show
constant cell size and narrow cell size distribution for the different
temperatures. The blends with medium content (say 0.5%-M and 1%-

Fig. 3. a) Cell nucleation density and b) cell size of the cellular materials produced at 80 °C of foaming temperature as a function of the MAM content for the three
grades of MAM.

Fig. 4. Relative density of the cellular materials produced at 80 °C of foaming
temperature as a function of the MAM content for the three grades of MAM.
Pure PMMA (continuous dashed line) was added as a reference.
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M) also show constant average cell size with temperature, but the cell
size distribution becomes wider (also observed in Fig. 5e). Finally, the
blend 0.1%-M presents an increase in the cell size for higher foaming
temperatures. We can conclude that in the systems presenting only
micelles in a high density the increase of foaming temperature does not
allow further cell growth, because the cell growth is limited by the
distance between the micelles [31]. However, in systems with fewer
micelles (separated greater distances) such as 0.5%-M and 1%-M, cells
can grow slightly more, causing a wider cell size distribution when
temperature increases. In addition, as there might be some nucleation
in dispersed MAM groups of molecules, those nuclei have not any re-
striction to grow. Accordingly, in the system without micelles (0.1%-M)
there is no restriction at all, and foaming temperature enhances cell
growth.

All the cell sizes reported in Fig. 6b are smaller than 360 nm, that is,
for contents from 0.1 wt% to 10wt% of MAM, and for foaming tem-
peratures varying between 60 and 100 °C, nanocellular polymers can be
produced.

Fig. 7 shows the evolution of the relative density as a function of the
foaming temperature for the blends with different contents of MAM

(type M). The relative density of the pure polymer produced under the
same conditions was also included as reference. High and low copo-
lymer contents behave differently. For high MAM contents (5 wt% and
10wt%) foaming temperature does not produce a significant effect on
the density. However, for copolymer contents of 1 wt% or less, an in-
crease in the foaming temperature leads to a reduction in the relative
density. The lowest MAM content provides the lowest relative density:
at 100 °C the blend 0.1%-M presents a relative density of 0.23.

As the cell nucleation density was observed to be independent on
the foaming temperature, the growth of the cells must be taken into
account to explain the trends observed for the relative density. At high
MAM contents (5 wt% and 10 wt%), it seems that micelles are limiting
the growth because of the organization of the copolymer molecules
around the micelle. This limitation is geometric, as the spherical or-
ganization in the micelle induces cell growth with the same geometry.
According to previous results, we hypothesized that in these systems
cells grow until a certain cell wall thickness is reached (around 25 nm)
[31]. Once this thickness is reached the cells cannot grow any further,
so foaming temperature does not induce any change in relative density
(Table 4 and Fig. 7). For 1 wt% and 0.5 wt%, the behavior is different.

Fig. 5. SEM images, showing the cellular structure of representative materials, 0.1%-M, 1%-M and 10%M, produced at 60 °C (a–c) and 100 °C (d–f) of foaming
temperature.

Fig. 6. a) Cell nucleation density and b) cell size as a function of the foaming temperature for the blends based on the copolymer M with different MAM contents.
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An increase of the foaming temperature from 60 to 100 °C induces a
reduction of the density. However, cell nucleation density is constant,
and cell sizes vary only slightly (from 194 to 210 nm for 0.5%-M)
(Fig. 6). Cell wall thickness is also constant, around 30 nm (Table 4).
The reduction of the relative density must be understood by taking into
account the reduction of the fraction of mass in the struts (Table 4).
This result is even more evident for the blend 0.1%-M: relative density
decreases as a consequence of a reduction of the mass in the struts, as
already seen for nanocellular PMMA [19]. Fig. 8 shows local thickness
analysis of the materials based on 0.1%-M foamed at different tem-
peratures, showing the reduction of mass in the struts. In Fig. 9, the
fraction of mass in the struts is represented as a function of the relative
density. It is observed that lower relative densities imply smaller

fractions of mass in the struts.
The difference between high and low MAM contents is based on the

different nucleation. At high contents, nucleation takes place in the
spherical micelles, which limit the growing process [31]. On the other
hand, at low contents nucleation also takes place in the MAM-rich re-
gions that are not a micelle. In that case, there is not a limitation of
spherical growth due to the organization of the copolymer molecules.
Therefore, cells can grow in any shape and adopt polygonal geometries
to fill the space. As a consequence, relative density can be reduced by
this mechanism of decreasing the polymer mass in the struts.

Therefore, a new strategy to reduce the relative density in PMMA/
MAM systems has been identified. By reducing the amount of block
copolymer to contents below the critical micelle concentration, the
formation of micelles is avoided, but block copolymer is still present in
the blend. As a result, nucleation is enhanced, but the growing of the
cells is not limited by the spherical organization induced by the mi-
celles, allowing obtaining reduced relative densities for these very low
MAM contents.

Thanks to this strategy, materials with a wide range of relative
densities and cell sizes have been produced. All the materials produced
in this work are shown in the cell size – relative density map of Fig. 10,
including materials produced with the copolymers L and H at different
foaming temperatures (not discussed in section 2.3). Some materials
from the literature are also included as a reference. Lines of constant
cell nucleation density, calculated using equation (4) [33], are also
included. In addition, a boundary line representing a constant cell wall
thickness was plotted. According to equation (5) [41], the cell wall
thickness ( ) is related to the cell size, the relative density, the fraction
of mass in the struts ( fs) and C is a constant that depends on the cell

Table 4
Relative density, cell wall thickness and fraction of mass in the struts for the
blends 0.1%-M, 1%-M and 10%-M foamed at different temperatures.

Sample ID Foaming
Temperature (ºC)

Relative
Density

Cell Wall
Thickness
(nm)

Fraction of mass
in the struts

0.1%-M 60 0.42 38 ± 11 0.70 ± 0.04
0.1%-M 80 0.30 37 ± 9 0.52 ± 0.02
0.1%-M 100 0.23 34 ± 11 0.42 ± 0.00
1%-M 60 0.40 32 ± 9 0.72 ± 0.04
1%-M 80 0.32 29 ± 8 0.64 ± 0.01
1%-M 100 0.32 27 ± 9 0.61 ± 0.02
10%-M 60 0.49 24 ± 6 0.71 ± 0.04
10%-M 80 0.49 25 ± 6 0.72 ± 0.04
10%-M 100 0.48 26 ± 7 0.68 ± 0.03

Fig. 7. Relative density as a function of the foaming temperature for the blends
based on the copolymer M with different MAM contents.

Fig. 8. Local thickness analysis of the materials based on 0.1%-M foamed at different temperatures: a) 60 °C, b) 80 °C and c) 100 °C.

Fig. 9. Fraction of mass in the struts as a function of the relative density for the
blends 0.1%-M, 1%-M and 10%-M foamed at different temperatures.
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shape. This equation is valid for closed cell cellular materials. For the
line in Fig. 10, a fraction of mass in the struts of 0.2 was considered, as
this is a typical value for low density cellular materials [41]. For the cell
wall thickness, a value of 5 nm was assumed, a reasonable minimum
value for a cell wall formed by aligned polymer chains with a certain
width (for instance, the radius of gyration of PMMA was estimated
around 4 nm [42]). Regarding the constant C , it takes a value of 3.46
for pentagonal dodecahedrons [43].

N1
6r v

3
= (4)

C f(1 )s r= (5)

As displayed in Fig. 10, the materials produced in this work cover a
wide range of relative densities (ranging from 0.17 to 0.58) and cell
sizes (770–120 nm). Also, all the cellular materials plotted in this map,
both from this work and from literature, lie above or near the theore-
tical line of constant cell wall thickness, supporting our hypothesis of
the limitation imposed by the minimum cell wall thickness.

According to this idea, the region under the theoretical line of
constant cell wall thickness, it is a forbidden region, because materials
in that part of the graph will require cell wall thicknesses smaller than
5 nm, so there are some combinations of relative density and cell size
that might be impossible. For instance, according to this model and for
a PMMA matrix with a minimum cell wall of 5 nm, a closed cell cellular
material with a relative density of 0.1 and a cell size of 50 nm would be
unachievable due to geometric limitations.

This is, of course, a very strong hypothesis because up to know there
is no definitive evidence of what is the minimum cell wall thickness that
could be achieved in these nanocellular polymers. However, it seems
reasonable to assume the existence of a limit value of the cell wall
thickness, which would depend on the size of the molecules and would
be in the range of some nanometers. In the case of open cell cellular
materials, it is expectable that the window of achievable materials
would be wider.

4. Conclusions

In this work, new strategies to obtain low-density nanocellular
materials based on PMMA/MAM blends have been explored. First, the
influence of the amount of block copolymer was tested by producing
blends at five MAM contents (from 0.1 wt% to 10wt%). Second, the
effect of the foaming temperature as a way to reduce the density was
investigated. Results show that both strategies, reducing the amount of

MAM and increasing the foaming temperature, promote a reduction of
the density in these systems.

The non-equilibrium nanostructuration achieved after the extrusion
was dependent on the MAM content. Results show that the lower the
MAM content, the smaller the micelle density. This result is understood
by taking into consideration two phenomena: the dispersion of the
MAM during the extrusion process and the self-assembly of the MAM
molecules. During the extrusion process, lower MAM contents are dis-
persed in smaller domains, leading to lower micelle densities. For very
low MAM contents, the micelles were hardly detected, so it was as-
sumed that some MAM should be dispersed in the matrix forming MAM-
rich regions, but without forming a micelle.

In the analysis of the effect of the MAM content on the cellular
materials, a reduction of the relative density was detected when the
amount of block copolymer decreases, but also an increase of the cell
size. Despite the higher cell sizes obtained at low contents, nanocellular
materials (cell size 260 nm) with low relative density (0.3) were ob-
tained. At low contents, cell nucleation density was larger than micelle
density, so we hypothesized that nucleation could also occur in small
MAM-rich regions even though there is no micelle.

On the other hand, the effect of the foaming temperature on the
density was analyzed. High and low MAM contents behave very dif-
ferently. Blends with high MAM contents were not able to expand more
when the foaming temperature was increased. As growth may be lim-
ited by the organization of the molecules in the micelles, growth would
stop once a minimum cell wall thickness is reached. On the other hand,
low MAM contents show smaller densities for higher foaming tem-
peratures. As nucleation in these systems takes place partially in MAM-
rich regions, those cells can grow in any shape, reducing the density.
This idea was supported by measuring the fraction of mass in the struts,
which is indeed constant for high MAM contents and it reduces with
density for low MAM contents. Finally, by applying the strategies
identified in this work, a material with a minimum density of 0.23 and
350 nm of cell size was obtained.
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