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working with homogeneous nucleation, 
the best results up to now were presented 
by Martín-de León et  al. They produced 
a nanocellular material based on PMMA 
with cell sizes around 75 nm and a relative 
density of 0.24.[14]

Although the results reported so far are 
exciting, moving forward in this field (i.e., 
further reducing the density while keeping 
the cells in the nanoscale) is increasingly 
tricky, especially due to the lack of knowl-
edge about the foaming mechanisms in 
nanocellular polymers. Besides that, in 
many cases, especially for low relative 
densities, the produced materials present 

internal defects and microcells which origin is not clear today. 
These defects are a potential source of failure in mechanical 
testing, and depending on their size and number, they could 
also affect other properties. For example, they could increase 
the thermal conductivity of the materials.

In this work, a new production approach, based on the 
one-step gas dissolution foaming process,[15,16] has been devel-
oped for the production of nanocellular materials. In this new 
method, the depressurization step has been carried out in two 
stages. This new method has led to the removal of the micro-
cellular defects observed in some nanocellular materials under 
certain production conditions. Moreover, the production param-
eters of this new processing route were modified to optimize 
them as a function of the viscosity of the polymer matrix.

Furthermore, the foaming mechanisms taking place during 
the production of PMMA based nanocellular materials have 
been studied. Thus, nucleation and cell growth were analyzed 
using a nucleation theory developed by Costeux et  al. [17] that 
allows understanding the physical phenomena taking place 
during the production of nanocellular materials.

2. Experimental Section

2.1. Materials

Three grades of PMMA were used in this work: 6N, 7N, and 
V825T. All of them were supplied in the form of pellets by 
PLEXIGLAS Evonik Industries (Essen, Germany) in the case of 
grades 7N and 6N, and by ALTUGLAS International (Colombes, 
France) in the case of V825T.

The density (ρ) of the three PMMA grades was 1.19 g cm−3 
(measured at 23 °C and 50% HR). Their glass transition tem-
perature (Tg) measured through differential scanning calorim-
etry (Section  2.4.1), zero shear viscosity (η0), determined via 

Nanocellular polymethylmethacrylate (PMMA) is produced through a newly 
proposed method, a two-stage depressurization in the gas dissolution 
foaming process. This method modifies the depressurization step and allows 
controlling the pressure during cell growth, avoiding this way, the appear-
ance of micrometric defects in the produced cellular materials. Three grades 
of PMMA, as well as different production parameters, are tested in order to 
study their influence on the final materials. Moreover, cellular structures are 
compared with those obtained with a one-stage depressurization process. 
Additionally, this work analyzes the foaming mechanisms taking place during 
the production of nanocellular materials.

1. Introduction

Nanocellular polymers were born around ten years ago as an 
attempt to improve the properties of microcellular materials. In 
general terms, nanocellular polymers are those presenting cells 
in the nanometric scale and cell nucleation densities higher 
than 1013 nuclei cm−3.[1,2]

Since its discovery, nanocellular materials have been pro-
duced by following multiple strategies, such as phase separa-
tion techniques,[3,4] templating and imprinting techniques,[5–9] 
or the most common one, gas dissolution foaming tech-
nique,[10] and therefore, a broad range of results have been 
obtained. Thus, systems based on different polymeric matrices 
with a wide variety of cell sizes, cell nucleation densities, and 
relative densities have been obtained up to now.[11,12]

Among all these works in the literature, it is worth high-
lighting the results obtained by Costeux and Zhu through het-
erogeneous nucleation. On the one hand, by mixing polymeth-
ylmethacrylate (PMMA) and PMMA-co-EA (random copolymer 
9% ethyl acrylate) with nanosilicas, they generated nanocel-
lular materials with relative densities smaller than 0.23 and 
minimum cell sizes of 95  nm. On the other hand, by mixing 
PMMA-co-EMA (random copolymer 50% ethyl methacrylate) 
with polyhedral oligomeric silsesquioxane (POSS), they pro-
duced nanocellular materials with cell sizes ranging 100  nm 
combined with a relative density of 0.16.[13] Conversely, when 
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shear rheology (Section  2.4.2), and the melt flow index (MFI) 
(measured at 160 °C and 10 kg) are shown in Table 1. The three 
materials presented different characteristics being the PMMA 
V825T, the one with the highest viscosity (lowest MFI) accom-
panied with the highest glass transition temperature. On the 
contrary, the 6N grade was the one with the lowest Tg and vis-
cosity and the highest MFI.

According to these characteristics, from now on, they will be 
named as high viscosity (HV), medium viscosity (MV), and low 
viscosity (LV) polymethylmethacrylate.

Additionally, medical-grade CO2 (99.9% purity) was used as a 
blowing agent in the gas dissolution foaming process.

2.2. Samples Production

Solid samples of dimensions 20 × 20 × 4 mm3 were produced 
using compression molding.

First, pellets were dried at 80  °C for 4 h to remove the 
remaining moisture of the material. Afterward, they were com-
pressed molded in a hot plate press from Remtex (Barcelona, 

Spain) using a mold of a size of 68 × 68 × 4 mm3, and by fol-
lowing the next steps. First, the material was heated at 250 °C 
for 9 min. During these 9 min, the material softened due to 
the used temperature, which was higher than its Tg. Then, a 
pressure of 42 MPa was applied for an additional minute while 
maintaining the temperature at 250 °C. In this step, the mate-
rial took the shape of the cavity of the used mold. Finally, 
the sample was cooled down to room temperature for 4 min 
applying the same pressure.

The solid precursors were finally machined to the desired 
dimensions (20 × 20 × 4 mm3) for the foaming tests.

Cylindrical samples 1  mm thick for rheological measure-
ments were produced following the same procedure.

2.3. Foaming Tests

Cellular materials were produced by following the method 
described in Figure 1a. This scheme represents a modified one-
step gas dissolution foaming process.

One-step gas dissolution foaming process [18] consists of 
three steps: saturation, depressurization, and finally, stabi-
lization. First, the polymer is saturated with carbon dioxide 
(CO2) under certain conditions of pressure (Psat) and tempera-
ture (Tsat). Once the polymer is fully saturated, the gas is fast 
released up to reaching atmospheric pressure. This creates an 
instability in the gas–polymer system that results in phase-sep-
aration, that is, the creation of nucleation sites. Finally, samples 
are stabilized to prevent further foaming.

When the gas diffuses into the polymer, it triggers a reduc-
tion in the glass transition temperature of the polymer up to a 

Table 1.  Glass transition temperature, zero shear viscosity, and melt 
flow index of the PMMAs under study.

Material Glass transition 
temperature[°C]

Zero shear 
viscosity[Pa s]

MFI[g/10 min]

V825T (HV) 114.4 7095 1.92

7N (MV) 109.3 3800 3.64

6N (LV) 98.6 1587 8.20

Figure 1.  a) Scheme of the foaming process. b) Pressure and temperature as a function of time in a real experiment.
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lower one, the so-called effective glass transition temperature 
Tgeff .[19] Then, if the saturation is performed at a Tsat higher than 
Tgeff  when the pressure is reduced, nucleation and growing 
occurs simultaneously.[18]

In this work, this one-step foaming process was modified 
as follows (Figure  1). First, saturation was performed under 
Psat and a saturation temperature smaller than the Tgeff of the 
polymer–CO2 system. After saturation, the temperature was 
increased up to a foaming temperature (Tf) (see Figure  1), 
higher than Tgeff . This temperature was maintained during a 
stabilization time t1, enough for the whole system to homoge-
neously reach the desired Tf. Psat slightly increased during t1 
as a consequence of temperature increase. Then, a first par-
tial depressurization up to a residual pressure P1 was carried 
out at a depressurization velocity v1. This situation was main-
tained during a time t2, and finally, the gas was completely 
released in a second depressurization at a velocity v2. Changes 
in pressure and temperature were monitored using a pressure 
sensor that reads the pressure value inside the pressure vessel 
and a thermocouple installed in the clamp heater around the 
vessel. Graphs, as shown in Figure 1b, were obtained for each 
experiment.

As Tf is higher than the Tgeff  (near room temperature for 
those saturation conditions [20]), the polymer can grow when 
the pressure is completely released. The proposed method was 
named as two-stage depressurization foaming (TSD foaming).

Foaming tests were performed in a system that comprised 
a pressure vessel (model PARR 4681) provided by Parr Instru-
ment Company (Moline, IL, USA). This one was connected 

to a pump (model SFT-10) supplied by Supercritical Fluid 
Technologies Inc. (Newark, DE, USA) responsible for pro-
viding the desired pressure to the system. Additionally, a 
clamp heater connected to a temperature controller CAL 3000 
was used to adjust the temperature of the system. Finally, an 
electrovalve with Kv =  1.1 L min−1 allowed to fast release the 
pressure.

Six different experiments were carried out in the described 
system by using the conditions shown in Table  2. Saturation 
conditions were fixed to be 31  MPa and 24  °C. According to 
the literature, these production parameters lead to solubilities 
higher than 30% for the three used materials that result in cells 
in the nanometric scale for all of them when the conventional 
two steps gas dissolution process is used.[21] Then, a two-stage 
depressurization was carried out by using two different partial 
pressures P1, 17 and 7 MPa. Additionally, this was done for two 
different foaming temperatures: 50 and 100 °C (higher enough 
than the Tgeff  at those conditions).

As it can be seen in Figure  2 and Table  2, the first pres-
sure drop rate (v1) was equivalent for the two P1 used (see Sec-
tion 2.4.3 for the measurement method). In the first case, the 
pressure decreased from 31 to 5 MPa leading to a depressuriza-
tion rate of v1 =  100 MPa s−1 and then pressure recovered up 
to P1  =  17 MPa (Figure  2a). In the second case, the pressure 
fell up to 5  MPa and maintained its value being P1  =  7 MPa. 
This effect was achieved by changing the opening time of the 
electrovalve.

Stabilization times t1 and t2 were chosen to be 1 and 5 min 
for all the experiments.

Table 2.  Foaming conditions of the different tests.

Test Psat[MPa] Tsat[°C] P1[MPa] Tf[°C] t1[min] v1[MPa s−1] t2[min] v2[MPa s−1]

T1 31 24 16.6 50 1 100 5 50

T2 31 24 6.8 50 1 100 5 0.2

T3 31 24 – 50 1 100 5 –

T4 31 24 17.3 100 1 100 5 50

T5 31 24 6.9 100 1 100 5 0.2

T6 31 24 – 100 1 100 5 –

Figure 2.  Examples of pressure versus time graphs for the partial depressurizations. a) For TSD foaming with high residual pressure (T1 and T4), b) for 
TSD foaming with low residual pressure (T2 and T5), and c) for OSD (T3 and T6).
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Two additional experiments (T3 and T6) were carried out with 
a single depressurization (one-stage depressurization foaming 
(OSD foaming)) with the aim of comparison (Figure  2c). In 
both of them, the pressure was completely released after t1. 
After this time, samples were under atmospheric pressure and 
foaming temperature during t2 =  5 min.

After the foaming time, all samples were removed from the 
pressure vessel in less than 30 s and then stabilized in water at 
room temperature.

2.4. Characterization Techniques

2.4.1. Glass Transition Temperature

A differential-scanning calorimeter model Metler DSC30, previ-
ously calibrated with indium, was used for the measurement 
of the glass transition temperature. With an amount of sample 
of 5 mg, the thermogram was obtained by heating from 20 to 
160 °C at 10 °C min−1. The value for the Tg was calculated as the 
mid-point of the drop in the thermogram that characterizes this 
transition.

2.4.2. Polymers Rheology

Shear rheology for the three used materials was carried out in 
a stress-controlled rheometer, AR 2000 EX, from TA Instru-
ments. Zero shear viscosity, η0, was determined through this 
technique.

Solid cylindrical samples were produced by compression 
molding (Section  2.2) to perform the measurements. Dynamic 
shear viscosity measurements were performed at 230 °C under a 
nitrogen atmosphere and using a parallel plates geometry of R = 
25 mm in diameter and a fixed gap of h = 1 mm. The angular fre-
quency range was 0.01 < w < 100 rad s−1, and a strain of 6% was 
used. The zero shear viscosity was calculated as the value of the 
complex viscosity at low frequencies in the Newtonian plateau [22] 
from the dynamic shear viscosity measurements.

2.4.3. Depressurization Velocity Determination

To accurately determine the depressurization velocity, pres-
sure was recorded by using a sampling frequency of 0.001 s. 
The depressurization velocity was considered as the slope of the 
first linear part of the graph (Figure 3).

2.4.4. Density

The density of solid samples (ρs) were measured through a gas 
pycnometer (Mod. AccuPyc II 1340) provided by Micromeritics, 
Norcross, GA, USA. The density of cellular materials ρf was 
measured by using the density determination kit of an AT261 
Mettler-Toledo balance and considering the water displacement 
method, based on Archimedes’ principle.

Before those measurements, cellular materials were pol-
ished to remove the solid outer skin (around 200  µm were 

removed from each side). Finally, the relative density ρr was 
calculated as the ratio between the cellular material density and 
the solid one.

2.4.5. Scanning Electron Microscopy (SEM)

Cellular structure was visualized using an ESEM Scanning 
Electron Microscope (FlexSEM1000 provided by Hitachi). In 
order to correctly visualize the samples, it was needed to frac-
ture them in liquid nitrogen to preserve the original cellular 
structure. Then, they were coated with gold using a sputter 
coater (model SDC 005, Balzers Union, Balzers, Liechtenstein), 
and finally, they were visualized.

The cellular structure was analyzed using a software, based 
on ImageJ/FIJI.[23] Thus, the cell size (ϕ), the standard devia-
tion of the cell size distribution (SD), the parameter SD/ϕ, and 
the cell nucleation density (N0) were determined for each pro-
duced material. N0 was calculated by following the Kumar’s 
method.[24] Several samples for each material and each produc-
tion condition were analyzed. The results shown in the next 
section are the mean values of that analysis.

3. Results

3.1. Cellular Structure

3.1.1. External Appearance

In order to analyze the internal structure of the produced cel-
lular materials (homogeneity and defects), SEM images at low 
magnifications were taken as it is shown in Figure 4.

The first row in the image that means Figure  4a–c corre-
sponds to the materials produced in test T3, namely, by fol-
lowing the one depressurization process (OSD). The two 

Figure 3.  Example of pressure versus time graph in the moment of 
depressurization from 31 to 0 MPa.
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PMMA with lower viscosities, MV, and LV, exhibit some big 
holes in the millimetric scale (Figure  4b,c). When comparing 
these results to the structures obtained when foaming by fol-
lowing a two-stage depressurization (experiment T1), the men-
tioned defects disappear (Figure  4e,f). It is also interesting to 
point out that this behavior also depends on the used material; 
thus, the one with the highest viscosity can be produced free of 
defects following both production routes.

Similar results are obtained for the rest of the tests, so mate-
rials based on MV and LV fabricated in test T3 and T6 (via 
OSD) show large holes, while in the experiments (T1, T2, T4, 
and T5) (via TSD) the materials do not present any defects.

These findings can be justified through the foaming mecha-
nisms that relate the foaming conditions with the cellular struc-
ture, as will be discussed in Section 3.2.

So herein, it can be concluded that the new proposed process 
(TSD foaming) makes it possible to produce nanocellular mate-
rials completely free of defects. On the other hand, this proce-
dure also affects the nanocellular structure of the samples, as it 
is examined in the following section.

3.1.2. Nanocellular Structure

Figure 5 shows examples of the cellular structure of different 
produced materials comparing both production routes ODS 
and TDS.

All the produced cellular materials present cells in the nano-
metric scale independently on the used route. For the samples 
produced through the one depressurization process, a homo-
geneous cellular structure is found (Figure  5a–c). In those 
samples presenting defects (MV and LV), the structure shown 
in Figure  5 corresponds to the area between the mentioned 
defects. On the other hand, samples produced through the 
defined new process (TSD) present a nanocellular structure as 
that shown in Figure 5d–f in the whole sample (after removing 
the solid skin). All the samples are homogeneous along its 
entire volume. This was proven by taking SEM images in dif-
ferent regions of the materials (see Section S2 and Figure S1 in 
the Supporting Information).

Although both processes lead to a nanocellular struc-
ture, there exists a clear difference between the structures for 
the three used PMMA. Figure  5 shows that the TSD process 
(second row) leads to larger cell sizes and lower cell nucleation 
densities independently on the PMMA viscosity. In order to 
in-depth analyze those changes, relative density, cell size, and 
cell nucleation density were measured and plotted as a function 
of the residual pressure P1 for all the experiments (Figure 6). 
Experiments with P1 =  0 MPa corresponds to one-depressuriza-
tion foaming tests (T3 and T6).

It can be observed that both a change between a single 
depressurization process and a two depressurization one, as 
well as a change in the residual pressure, leads to changes in 
the cellular structure.

Figure 4.  Low magnification SEM images for the visualization of defects. First row for materials produced in test T3: a) HV, b) MV, and c) LV. Second 
row for materials produced in T1: d) HV, e) MV, and f) LV.
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First of all, the effect of changing from a single depressur-
ization to a partial one will be studied (arrows in Figure 6). 
Single depressurization leads to higher cell nucleation 
densities (Figure  6b,e) and smaller cell sizes (Figure  6c,f ): 
the cell nucleation density decreases over half an order of 

magnitude, while the cell size almost doubles for the three 
materials.

Conversely, when studying the relative density, no clear 
effect is observed with the change of the process (Figure 6a,d)). 
For the LV, the density slightly increases, and for MV and HV, 

Figure 6.  Graphs corresponding to 50 °C of foaming temperature: a) Relative density as a function of P1. b) Cell nucleation density as a function of 
P1. c) Cell size as a function of P1. Graphs corresponding to 100 °C of foaming temperature: d) Relative density as a function of P1. e) Cell nucleation 
density as a function of P1. f) Cell size as a function of P1. Arrows indicate the change of tendency between one-depressurization foaming process and 
two-stage depressurization process.

Figure 5.  SEM images for the visualization of the internal nanocellular structure. First row for materials produced in test T3: a) HV, b) MV, and c) LV. 
Second row for materials produced in T1: d) HV, e) MV, and f) LV.
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slightly decreases. This fact is understandable because relative 
density depends on both the cell nucleation density and the 
cell size. This relationship is established through the following 
equation[24]

1
1

6r

0
3N

ρ
φ π= + 





� (1)

So, while a decrease in the cell nucleation density increases 
the relative density, bigger cells lead to a smaller relative density. 
Therefore, results regarding ρr are the consequence of the com-
petition between those two parameters. Overall, it could be stated 
that the ρr of HV PMMA is around 0.5, for MV PMMA ranges 
between 0.5 and 0.4, and for LV PMMA is between 0.4 and 0.3. 
Those differences between materials are attributed to their dif-
ferent rheological properties as it was previously studied.[14]

Differences between OSD and TSD have been up to now 
studied. Now, the influence of process parameters in TSD will 
be studied (experiments T1 vs T2 and T4 vs T5).
Figure  7 shows the changes observed in N0, and ϕ when 

modifying the P1 for both foaming temperatures. Lines between 
points do not claim for a linear tendency, but they are included 
to allow easier visualization of the obtained results. Focusing 
on HV PMMA, a higher P1 (Figure 2a) results in higher N0 and 
smaller ϕ independently on Tf. On the other hand, when using 
Tf  =  100 °C the cell nucleation density is higher, and the cell 
size is smaller.

Considering MV PMMA, the tendency with the residual 
pressure is the same when the foaming temperature is 50 °C, 

although when increasing the saturation temperature up 
to 100  °C, the tendency is reversed. Thus, when foaming at 
100 °C, a higher residual pressure leads to smaller cell nuclea-
tion densities and slightly larger cell sizes.

For LV PMMA, this reversed tendency is the one controlling 
the behavior. So independently of working at Tf =  50 or 100 °C 
and increase in P1 leads to smaller cell nucleation densities and 
bigger cell sizes.

Concluding, the new proposed process leads to nanocellular 
materials free of defects, although the cell size is increased, and 
the cell nucleation density decreased in comparison with the 
standard one-step process. On the other hand, obtained results 
when changing the production parameters in the two-stages 
depressurization process, depend on the used polymeric matrix.

Foaming mechanisms are discussed in the next section to 
understand the obtained results.

3.2. Discussion of the Foaming Mechanisms

Differences obtained when changing the residual pressure are 
not easy to understand or to model. Classical nucleation Theory 
(CNT) has been proved to not correctly model the experimental 
results obtained when the cell size is on the nanometric scale. 
However, scarce bibliography can be found dealing with this 
topic. For this reason, in this work, a discussion regarding 
foaming mechanisms has been established, aiming to advance 
in the understanding of foaming mechanisms in nanocellular 
polymers.

Figure 7.  Change in the cell nucleation density and the cell size as a function of the residual pressure, for a) HV PMMA, b) MV PMMA, and c) LV PMMA.
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In order to discuss the obtained results, an improved model 
developed from the CNT will be used (see Section S1 in the 
Supporting Information). The proposed explanations of the 
foaming mechanisms given herein are based on observation, 
thus further experiments are needed to close the discussion 
and establish a complete theoretical model on the foaming of 
nanocellular polymers.

3.2.1. Responsible Mechanisms of Changes in the Nanocellular 
Structure

From One-Step Depressurization to the Two-Stage Depressuriza-
tion Foaming Process: The first point is to understand when 
nucleation and growth occurs. As explained in Section  2.3, 
in one-step foaming, both mechanisms take place simultane-
ously when the pressure is released. In the case of a two-stage 
depressurization process, this situation is believed to be quite 
different.

First of all, when increasing the temperature from Tsat to Tf, 
a thermodynamic instability is created. Thus, nucleation and 
growth may take place. However, the effect of this increase is 
assumed to be much smaller than the one triggered by both 
depressurizations.

Additionally, any pressure drop leads to the creation of 
nucleation sites (see Section S1 in the Supporting Infor-
mation); so in both depressurizations, nucleation sites are 
believed to be created. In our understanding of the process, it 
is theorized that after first depressurization the nucleus would 
not be able to fully grow due to the presence of the external 
pressure P1. Herein, it is assumed that growth only remains 
as long as there exists a ΔP, (difference between the gas pres-
sure and the solid phase one). Figure  5 shows a homoge-
neous cellular structure of the final materials, there is not a 
second population of cells. This could mean that growth in 
this first depressurization should be small and negligible in 
comparison with that produced in the second depressuriza-
tion. Cells created and growth in this second depressuriza-
tion are indistinguishable from the ones created in the first 
depressurization.

So, it is herein assumed that in in the TSD foaming process 
of the paper, nuclei are produced in both pressure drops while 
growth takes place mainly in the second one, being not pos-
sible to distinguish the cells created in the first pressure drop to 
those created in the second one.

Taking this into consideration, differences in the internal cel-
lular structure between both processes can now be analyzed. 
Figure 8 schematizes those differences.

Considering constant both the polymeric matrix and Tf; 
ΔP,  v,  and D are the parameters influencing the final cellular 
structure.

Regarding pressure difference, ΔP in the OSD process 
is higher than any of the two pressures drops in the pro-
posed new method. So according to Equation  (2), due to 
the exponential dependence of nucleation with this para-
meter (see Section S1 in the Supporting Information), the 
pressure difference in single depressurization seems to 
lead to a higher N0 independently on how ΔP1 and ΔP2 are 
distributed

, exp exp exp1 2 1 2 0 01 02P P P P P P N N N ( ) ( )( )∆ > ∆ ∆ → ∆ ∆ + ∆ → +  
� (2)

Conversely, considering the diffusivity right after depressuri-
zation and taking into account that it increases with pressure, 
this parameter is the only one negatively influencing nucleation 
in the OSD in comparison with the TSD process according to 
the proposed model.

So due to the strong dependence of cell nucleation density 
with the pressure drop, it seems that this is the primary mecha-
nism contributing to the higher the cell nucleation density in 
the one-depressurization process. In conclusion, starting from 
the same saturation pressure, a two-stage depressurization 
reduces the number of nucleation sites with the consequent 
increase of the cell size.

In the same logic, an increase the number of nucleation sites 
in TSD can be achieved by increasing ΔP, this can be done by 
using a higher Psat in TSD than in OSD (see Section S2 in the 
Supporting Information).

Differences Triggered by Changing the Residual Pressure: When 
working with the TSD process, the relation that it is believed to 
exist between the different processing parameters as a function 
of the residual pressure is shown schematically in Figure  9. 
All of this based on the experimental results. As it is shown 
in Table  2 and Figure  2, the first pressure drop is equivalent 
independently of the used residual pressure. Therefore, it could 
be assumed that the number of nucleation sites created in this 
first pressure drop and the produced growth is also comparable.

It is in the second part of the process, i.e., the second depres-
surization, when discrepancies are found. As it was previously 
commented, it is essential to consider that in this second 
depressurization, nucleation and growth are considered to be 
simultaneous processes. As can be seen in Figure 9, the pres-
sure drop and the pressure drop rate are higher for higher 
residual pressure, contributing positively to the nucleation den-
sity. Conversely, in the moment of depressurization, the diffu-
sivity has been assumed to be higher for higher residual pres-
sure,[25] so this reduces the number of nucleation sites. Addi-
tionally, the increase in the residual pressure, depressurization 
rate, and diffusivity leads to a rise in the cell growth rate (see 
Section S1 in the Supporting Information).

There exists a real competition between the previously men-
tioned parameters, pressure drop, depressurization velocity, and 
diffusivity, which also depends on the used material. In order 
to consider the contribution of each parameter, the proposed 

Figure 8.  Scheme of differences between parameters influencing the cel-
lular structure in one-depressurization and two-stage depressurization 
process.
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model introduces two parameters. The first one, Np, takes into 
account the competition between the depressurization velocity 
and the diffusivity,[17] that as explained before, have opposite 
effects in nucleation density. The expression of this number is 
given by Equation (3)

d

d
p

c
2

liqN
r

D

P

t
= � (3)

That means that the depressurization velocity should by 
fast enough to compete with diffusivity and to prevent a faster-
growth of the influence volume (IV) that leads to a decrease in 
the nucleation rate. An increase in Np implies a rise in N0.

On the other hand, as previously commented, the viscosity 
of the gas/polymer system also plays a role. A high viscosity 
slows down the effect of the diffusivity, struggles against cell 
growth.[26–28] If viscosity (μ) decreases, there is less resistance 
to cell growth, and the increment of IV mainly depends on the 
diffusivity (see Section S1 in the Supporting Information). This 
contribution is given by the Schmidt’s number, [17] the incre-
ment of which leads to an increase of N0 (Equation (4))

ScN
D

µ
ρ

= � (4)

In short, according to this model, the same pressure drop, 
depressurization velocity, and diffusivity will have a different 
effect on different polymers; this is consistent with the observed 
when studying the effect of the processing parameters in a 
TSD process in the three PMMA.[8] Assuming a situation in 
which diffusivity increases, Np will decrease, but a high enough 

viscosity will also lead to an increase of NSc . Then, if NSc  is 
higher than Np, the number of nucleation site will rise, and in 
the contrary situation N0 would decrease.

Analyzing, in particular, the cases presented in this work, 
and according to the model in this work, the situations of 
Figure  10 could take place. For the highest viscous PMMA, a 
higher P1 leads to higher cell nucleation density and smaller 
cell size (Figure 7). Meaning that NpH > NpL for all the polymers 
due to this number only depends on the process parameters. 
Moreover, this result seems to indicate that the viscosity in this 
polymer is high enough to cancel out the effects of a higher dif-
fusivity. So NSCH > NpH. Besides, a higher temperature leads to 
higher cell nucleation densities in this material (see Section S1 
in the Supporting Information).

When working at 50 °C with MV PMMA, this situation remains 
the same. However, increases foaming temperature up to 100 °C is 
accompanied by a decrease in PMMA viscosity and an increase in 
diffusivity. So it seems that when increasing the foaming tempera-
ture, the Schmidt’s number for the highest P1 is no longer higher 
than Np and, as a consequence, the situation reverts, cell density 
decreases when increasing the residual pressure.

Predictably, LV material, present such slow viscosity that 
even at 50 °C of foaming temperature NSCH < NpH. So, a smaller 
residual pressure seems to be better to enhance the nucleation 
in this polymer.

3.2.2. Responsible Mechanisms for Defects Removal

The origin for the removal of the defects in the multiple depres-
surization process could now be understood. The key reason 
it is believed to be the high gas pressure created in the cells 
during cell growth. In one-step foaming, the gas pressure is so 
high during the expansion of the material that the polymer is 
suddenly under enormous tension. Moreover, getting back to 
Figure  8, diffusivity is also higher in the one-step depressuri-
zation process. Meaning that the gas takes advantage of any 
initial defect of the polymer to be concentrated on that defect; 
this together with the fact that the polymer cannot withstand 
the high pressure if the viscosity of the polymer is not enough 
leads to cracks and defects, like those shown in Figure  4. 
Therefore, it could be that the combination of the presence 
of small defects during the production of the solid precursor 
(challenging to avoid when they are produced by compression 
molding) together with the high pressure developed in the 
material in the one-step foaming process are the key reasons 
promoting he presence of micrometric and millimetric defects 
in materials with low or medium viscosities.

For high viscosity materials, HV material, the viscosity seems 
to be high enough to prevent those big defects, while as vis-
cosity decreases, there is not any barrier for defect formation.

With the proposed method, due to the double depressurization, 
it seems that the pressure of the gas while growing is smaller; this 
fact accompanied by a slower diffusivity, also promoted with the 
TSD process, leads to a smooth growth free of defects.

In conclusion, the two-stage depressurization foaming pro-
cess leads to nanocellular materials free of defects, although 
there is a reduction of cell nucleation density that should be 
compensated by the use of different saturation parameters.

Figure 9.  Scheme of differences between parameters influencing the 
cellular structure when changing the residual pressure in the two-stage 
foaming process. (Index H refers to high residual pressure and index L 
refers to low residual pressure.)

Figure 10.  Scheme of the competition between Np and NSc for the dif-
ferent materials and foaming conditions.
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4. Conclusions

A new production method for nanocellular materials is pro-
posed in this work. Two-stage depressurization process 
modifies the depressurization step of the commonly used 
gas dissolution foaming process. This modification allows 
removing micrometric and millimetric defects appearing in 
some materials when foaming at certain conditions.

In this research, depressurization has been carried out in 
two stages, allowing to produce nanocellular PMMA free of 
defects from materials with different viscosities. Moreover, 
the obtained cellular structures were compared with those 
produced through a simple one-depressurization process. The 
new method leads to larger cell sizes and smaller cell nuclea-
tion densities. The analysis of the foaming mechanisms 
playing a role in this process has led to conclude that it could 
be that a lower pressure of gas when the nucleation sites start 
to grow is beneficial to avoid the generation of defects. On 
the other hand, in order to obtain comparable cellular struc-
tures with the ones obtained through the one-depressuriza-
tion process, an increase in the saturation pressure is neces-
sary to promote a higher pressure drop that could maximize 
nucleation.

On the other hand, modifications in the parameters of this 
new method were carried out, so the depressurization stages 
were modified. It can be concluded that the obtained results 
depend on the viscosity of the used polymer. Higher residual 
pressures are beneficial for polymers presenting a high vis-
cosity, while for those with lower viscosity, a lower residual 
pressure enhances the nucleation density.
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