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Abstract
In this work, nanocellular silicone rubber foams were first prepared by supercritical carbon dioxide. The cellular
morphologies and mechanical properties of the microcellular and nanocellular silicone rubber foams are presented. The cell
size and cell density of the microcellular silicone rubber foams can reach 1–4 μm and 1011 cells/cm3, respectively. The
nanocellular silicone rubber foams have an upper limit diameter of 59 nm, and the density of the nanocellular silicone rubber
foams is on the order of 1014 cells/cm3, which is several orders of magnitude greater than that of the typical microcellular
silicone rubber foams. The stretching-induced cavitation can play an important role in the formation of the nanocellular
structure on cell walls. The effect of the cellular structure on the mechanical properties is investigated. As a result, the
nanocellular structure causes an early breakdown, resulting in a decrease in the tensile strength. Furthermore, when the open-
cell content (OCC) increases, the compressive curves change from having three regions to two regions, indicating that the
compression plateau disappears when the OCC is greater than 0.45.

Introduction

In recent years, foams with an average cell size of less than
1 µm have been regarded as nanocellular foams and have
attracted great interest because of the wide range of appli-
cations, such as low-k materials, filtration membranes, and
thermal insulation materials [1, 2]. So far, there have been
two methods presented to prepare nanocellular foams [3].
One method is to improve the nucleation number using a
heterogeneous nucleation agent [4–6]. For instance, Rea-
linho et al. [4] obtained nanocellular PMMA foams with a
cell size of 500 nm through the addition of 2.5 wt% orga-
nically modified montmorillonite (oMMT). Zhai et al. [5]
found that the cell size of nanocellular polycarbonate foams
decreases to 400 nm when nano-silica particles are 9 wt%.
The other method is to limit the foaming to a more CO2-
philic phase in the block copolymer [7–9]. For example,

Yokoyama et al. [7] prepared PS-PFMA copolymer foams,
and the cell size was less than 50 nm. Taki et al. [8]
obtained nanocellular foams of PS-b-PMMA copolymer
with an average cell size of 40 nm. However, as mentioned,
the matrices used to prepare nanocellular foams are all
thermoplastic polymers, and previous research has failed to
consider the preparation of the nanocellular rubber foams.

A silicone rubber matrix is known to have a large
number of silicon–oxygen (Si–O) bonds in the backbone.
Si–O bonds have a high bond energy, which is approxi-
mately 30% greater than a carbon–carbon bond, causing
silicone rubber to have unique properties [10, 11]. Sili-
cone rubber foams not only have the properties of silicone
rubber, such as superb chemical resistance, good electrical
insulation, high thermal stability, and shape conformity,
but also have the characteristics of porous material, such
as a low density, sound absorption, and lightweight
[12, 13]. Hence, silicone rubber foams have become
attractive functional materials and have been widely used
in vibration mounts, thermal shielding, press pads and in
the aerospace, marine, entertainment, and sporting goods
industries [14, 15].

Solvent and chemical foaming methods are the most
commonly used methods for the preparation of silicone
rubber foams [16, 17]. However, there are many problems
with these two methods of preparation, such as low
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preparation efficiency for solvent foaming and environ-
mental pollution for the chemical foaming. In addition, it
is difficult to obtain the microcellular or nanocellular
morphology of silicone rubber foams when using com-
mon methods.

The supercritical foaming method, as a green foaming
technology, has been used in the preparation of silicone
rubber foams due to its unique properties [18–23].
For example, Hong et al. [18] prepared a microcellular
liquid silicone foam with a cellular size of 12 µm. Song
et al. [19] first reported that heat vulcanized silicone
rubber foams can be prepared with scCO2. Liao et al.
[20, 21]. recently reported that the viscoelastic properties
of silicone rubber play an important role in the scCO2

foaming process. Yan et al. [22] and Yang et al. [23]
prepared silicone rubber foams with a cell size of less than
10 μm and a cell density greater than 108 cells/cm3

by controlling the parameters of the scCO2 foaming.
Until now, there have not been investigations that report
the preparation of nanocellular silicone rubber foams
using scCO2.

Hence, it is our purpose to prepare microcellular and
nanocellular silicone rubber foams. In this article, we first
exhibit nanocellular silicone rubber foams in the solid-state
foaming process. The cellular morphology is adjusted by
systematically changing the foaming parameters, such as
the silica content, precuring time, and saturation pressure.
The relationship between the cellular morphology and
mechanical properties of the silicone rubber foams is pre-
sented. Furthermore, the formation mechanism of the
nanocellular structure will be explained.

Experimental procedure

Materials

Silicone rubber (methyl vinyl silicone with 0.22% vinyl,
VMQ 110-2, Mw= 550,000–700,000) was provided by
Nanjing Dongjue Silicone Group Co., Ltd. (China). Fumed
silica (R812S, specific surface area= 260 ± 30 m2 g−1) was
supplied by Evonik-Degussa (Germany). The dicumyl
peroxide (DCP) and hydroxyl silicone oil were purchased
from Kelong Company (China).

Sample preparation

VMQ, silica, and silicone oil were compounded in the
internal mixer (Haake Rheomix 600p) at 105 °C for 15
min, and then, under the same conditions, this compound
was re-mixed for 15 min. The silica content was 40, 50,
60, and 70 wt%. Then, 1 g of DCP was added to the

compound and mixed for another 15 min at room tem-
perature. Next, the rubber compounds were hot pressed to
prepare 2-mm-thick sheets in a vulcanizing press at 130 °
C for different times.

Silicone rubber foams were created using the super-
critical foaming method. The foaming agent was CO2.
The rubber sheets were placed in a pressure reactor,
saturated with supercritical CO2, and kept at a pre-
determined temperature and pressure for 1 h. The pres-
sure in the vessel was then released as quickly as
possible. After foaming, full curing was performed to
maintain the cell structure. The foamed sheet was placed
in an air-circulating oven at 160 °C for 30 min and was
heat-treated at 190 °C for 1 h. Finally, the density of the
silicone rubber foams was calculated by measuring and
weighing.

Sample characterization

The silicone rubber mixture was scanned with an RPA2000
rubber process analyzer using a dynamic time sweep.
Dynamic time ramp tests were conducted to measure the
viscoelastic response of the storage modulus (G′) during the
curing reaction. The temperature was set to 160 °C, and the
frequency was 1 Hz.

Tensile and compressive testing was performed on an
RSA G2 solid analyzer in tensile mode. The crosshead
rate was set at 0.83 and 0.083 mm/s during the tensile and
compressive testing processes, respectively. However, the
compressive testing was not carried out with the standard
method because the samples were less than 4 mm. The
samples were a nonstandard size: a Ф8 mm column with a
thickness of approximately 3 mm.

The morphology of the foamed samples was observed
using a scanning electron microscope (CamScan Apollo
300). First, the samples were freeze-fractured in liquid
nitrogen and then sputter-coated with gold. The cell dia-
meter and cell density were measured using ImageJ soft-
ware. The cell density (Nf), i.e., number of cells per cubic
centimeter of the foams, was calculated by Equation (1)
[24]:

Nf ¼ n

A

� �3=2 1
1� Vf

� �
ð1Þ

where n is the number of cells on the SEM micrograph, A is
the area of the micrograph (cm2), and Vf is the void fraction
of the foamed sample, which can be estimated as

Vf ¼ 1� ρf
ρ

ð2Þ

where ρ and ρf are the mass densities of the solid and
foamed samples, respectively.
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Results and discussion

Effect of the silica content on the rheological
properties

Figure 1 shows the effect of the silica content on the
rheological properties of the silicone rubber composites.
Figure 1 has two notable features. First, when the silica
content increases from 40 to 70 wt%, G′ increases from
1.31 to 2.24MPa, and η* increases from 2.08 × 105 to
3.56 × 105 Pa·s. These results mean that the silicone rubber
composite with 70 wt% silica has a greater matrix strength
compared with that of the silicone rubber composite with
40 wt% silica. The vulcanizing parameters of the silicone
rubber composites are shown in Table 1. The scorching
time (t10) and optimum cure time (t90) of silicone rubber
composites decreased from 0.86 to 0.78 min, and from 8.18
to 7.74 min as the content of silica increased from 40 to 70
phr, respectively. That is, the initial crosslinking is accel-
erated by the high silica content. Furthermore, with an
increase in the silica content, the minimum torque (S′min)
and the difference between the maximum torque and
minimum torque (△S′) of the silicone rubber composites
gradually increased.

The matrix strength is known to have an important
influence on the foaming process. The greater matrix
strength of the silicone rubber can effectively prevent cells
from merging and collapsing. Second, one can see that the
high content of silica can accelerate the initial crosslinking
of the silicone rubber. Hence, the degree of vulcanization of
the silicone rubber with the high silica content is greater that
of the low silica content rubber given that the curing
parameters are the same, and this increase in the degree of
vulcanization leads to improvements in the matrix strength.
The results given above offer a precondition for the pre-
paration of the nanocellular silicone rubber foams.

Microcellular structure of the silicone rubber foams

Figure 2 shows the cell structure of the microcellular sili-
cone rubber foams. The cell diameter and cell density of the

microcellular silicone rubber foams are calculated using
Equation (1) according to the SEM micrographs. The cel-
lular properties are illustrated in Fig. 3. The precuring time
(tpre) plays a vital role in the cellular morphology because it
has an effect on the matrix strength. As tpre increases, the
cell diameter decreases, and the cell density increases, as
shown in Fig. 3a, b. This result is probably due to the matrix
strength of the silicone rubber increasing as tpre increases,
which can prevent cells from merging and collapsing.
Therefore, a very small cell diameter can be obtained. The
same results have also been presented in previous studies
[20, 23].

From Fig. 3c, d, when the saturation pressure (Ps)
increases, the cell diameter decreases, but the cell density
increases. Furthermore, one can see that over the range of
the Ps, the influence of the silica content on the cell diameter
is not obvious. The cell diameter range is only 2 or 3 µm. In
addition, the cell diameter decreases to approximately 1 µm
as Ps increases to 22MPa. However, when the silica content
is greater than 60 wt%, Ps has a great influence on the cell
density. Compared with that of the low silica content foam,
the cell density of the foams with the high silica content
increased by more than an order of magnitude and reached
2.83 × 1011 cells/cm3 when the Ps increased from 16 to 22
MPa. The results can be attributed to two factors. First,
silica acts as a nucleating agent; the nucleation energy
barrier can be reduced by the addition of the silica, resulting
in the provision of a large number of nucleation sites [25].
Second, the nucleation barrier can be significantly
decreased when the pressure drop increases [26].

Fig. 1 Curing curves of the
silicone rubber composites with
various silica contents (a storage
modulus and b viscosity)

Table 1 The vulcanizing parameters of the silicone rubber composites

Silica content
(wt%)

t10 (min) t90 (min) S′min

(dNm)
S′max

(dNm)
△S′
(dNm)

40 0.86 8.18 0.06 12.72 12.66

50 0.84 8.11 0.08 14.9 14.82

60 0.83 7.94 0.11 16.92 16.81

70 0.78 7.74 0.16 19.55 19.39
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Fig. 2 SEM photographs of the silicone rubber foams: a–d the effect
of tpre on the cellular morphology (Ps= 20MPa, Ts= 50 °C, silica
content= 60 wt%); e–h the effect of Ps on the cellular morphology

(tpre= 10 min, Ts= 50 °C, silica content= 40 wt%), i–l the effect
of Ts on the cellular morphology (tpre= 10 min, Ps= 22MPa, silica
content= 50 wt%)
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The influence of the saturation temperature (Ts) on the
cellular structure is shown in Fig. 3e, f. One can see that the
cell diameter increases and the cell density decreases when
there is an upward trend in Ts because a high Ts can sig-
nificantly improve the mobility of the silicone rubber chain
and decrease the matrix strength, which leads to coalescing
and collapsing [23]. On the other hand, a high Ts will
decrease the equilibrium absorbability of CO2, which results
in a reduction in the amount of nucleation [22].

Nanocellular structure of the silicone rubber foams

A nanocellular structure means that the cell size is less than
1 μm. Figure 4 shows the nanoscaled cellular structure that
is observed on the cell walls under high magnification. The
foams consist of mixed microcellular and nanocellular
structure, which are regarded as nano/micro transition
foams. This cell structure has been found in some thermo-
plastic foams [27–30]. However, a mixed microcellular and

nanocellular structure was first reported in rubber systems.
The reason a nanocellular structure formed could be due to
stretching-induced cavitation. The expansion growth of
microcells can introduce thermodynamic instability and
result in the phase separation of the polymer–gas mixture,
which is referred to as stretching-induced cavitation [31].
There are two factors affecting the formation of a nano-
cellular structure. On the one hand, a large swelling ratio or
high cell growth rate can improve the strain energy and
result in a nanocellular structure on the cell walls [29]. The
silicone rubber matrix is so soft that a large expansion ratio
will occur during the foaming process, which is beneficial
for producing a nanocellular structure on the cell wall. On
the other hand, the cell wall thickness plays a critical role in
the formation of the stretching-induced cavitation. A thinner
cell wall results in easier cavitation. As the cell walls thin
sharply, the cell wall will be penetrated by the cavitation
resulting in an open-cell structure occurs. The open-cell
content (OCC) is the ratio of the open-cell structure, and the

Fig. 3 Cell diameter and cell
density of foams with various
conditions: a, b the effect of tpre
on the cellular properties (Ps=
20MPa, Ts= 50 °C, silica
content= 60 wt%); c, d the
effect of Ps on the cellular
properties (tpre= 10 min, Ts=
50 °C, silica content= 40 wt%);
e, f the effect of Ts on the
cellular properties (tpre= 10 min,
Ps= 22MPa, silica content=
50 wt%)
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relationship between the OCC and the cell wall is shown in
Fig. 5. When the cell wall thickness is greater than 1.29 µm,
the OCC is very low, which indicates that it is difficult to
form the nanocellular structure. Furthermore, the OCC
increases sharply when the wall thickness is decreased
further. The OCC increased by more than 90% when the
wall thickness was less than 0.57 µm.

The OCC and cellular properties of the nanocellular
foams have been summarized. The contour plot diagram
based on all the experimental data is presented in Fig. 6.
The silica content, tpre and Ps are the important factors that
affect the nanocellular morphology. From Fig. 6a, when the
silica content is less than 50 wt%, the OCC is low, and there
is no significant change when tpre increases. However, when
the silica content and tpre exceed 60 wt% and 9 min, the
OCC dramatically improves and even reaches greater than
93%. As shown in Fig. 6b, when the silica content and Ps

exceed 60 wt% and 18MPa, the OCC also sharply improves
and could reach greater than 96%. The high OCC is
attributed to two factors. First, the high matrix strength can
inhibit cells from collapsing, resulting in the formation of a
microcellular cell with a high cell density. Second, the high
Ps will provide a large number of the nucleation sites,
resulting in an increase in the cell density. The cell wall will
become thin when the cell density increases. Hence, it is
easy to form stretching-induced cavitation, which results in
the greater formation of the open-cell structure. From
Fig. 6c–f, when the silica content, tpre and Ps increase, the
cell diameter decreases and the cell density increases.

Additionally, the cell diameter and cell density can reach
approximately 59 nm and 6.35 × 1014 cells/cm3 when the
silica content, tpre and Ps are 70 wt%, 11 min, and 22MPa,
respectively. The nanocellular cell structure occurs, and
consequently, the cell diameter is much smaller than that of
silicone rubber foams made using scCO2 [18–23].

Mechanical properties of the nano/micro silicone
rubber foams

Figure 7 schematically shows the stress–strain curves of the
nano/micro silicone rubber foams for different foaming
parameters. As can be seen, with an increase in the precuring
time, the compressive strength of the nano/micro silicone
rubber foams increases. When the precuring time of the
silicone rubber matrix is greater than 9 min, the curves of the
compressive measure for nano/micro silicone rubber foams
can be mainly divided into three different regions. First, there
is a linear deformation region where the stress linearly
increases with the growth of the strain, and the slope is
defined as the compressive elastic modulus. Second, a pla-
teau region occurs, indicating that the stress remains constant
in the range of the strain. Third, there is a densification region
where the stress dramatically increases as the strain increases.
However, the stress increases slightly when the strain
increases in the plateau region, meaning that the plateau
region is not a completely flat plateau. The experimental
compressive stress–strain curves of the microcellular foams
are consistent with the model proposed for conventional
foams by Gibson and Ashby [32]. This indicates that the
curves of the nano/micro silicone rubber foams exhibit
similar characters as those of conventional foams. According
to the morphology of the silicone rubber foams provided
above, when the precuring time is greater than 9 min
(saturation pressure is 16MPa), the cellular structure exhibits
a continuous honeycomb structure, indicating that an
improvement in the strength of the matrix and a reduction of
cell size will increase the ability of the cell wall to resist
bending. In addition, the cell can provide a longer defor-
mation process in this size, thereby exhibiting a wider
compression plateau region in the compressive stress–strain
curve. With an increase in the scCO2 saturation pressure, the
compressive strength of the nano/micro silicone rubber
foams increases, while the width of the compression plate

Fig. 4 SEM photographs of the
silicone rubber foam with the
nanocellular structure

Fig. 5 The effect of the cell wall thickness on the OCC
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region gradually decreases. The reason for this result is the
same as above. However, with a decrease in the cell size, the
cellular compression shape decreases gradually, leading to a
reduction in the width of the plateau. Finally, with an
increase in the scCO2 saturation temperature, the compres-
sion strength of the nano/micro silicone rubber foams
decreases. This result is because the increase in the cell size
caused by the scCO2 saturation temperature reduces the
bending resistance of the cell wall, resulting in the reduction
of the height of the compression plateau. Figure 8 shows the
effect of the OCC on the compressive properties of the nano/
micro silicone rubber foams.

As shown in Fig. 8, one can see that there are two
notable features. First, the compressive stress of the silicone
rubber foams is approximately 0.7 MPa regardless of the

value of the OCC. Second, when the OCC is less than
0.45%, the curves of the compressive measure can be
divided into three regions. However, when the OCC is
greater than 87%, the curve of the compressive measure
displays two regions, namely, the linear elastic region and
the densification region. The thickness of cell walls and the
cellular structure are known to play important roles in the
compressive property. On the one hand, thicker cell walls
result in a more obvious plateau region. On the other hand,
compared with a larger cell, the microcellular structure
foam has a stronger performance [33], which could improve
the plateau region. Hence, at the low-OCC level, the higher
stress supported by the cell walls and microcellular structure
could improve the plateau region. With an increase in the
OCC, the presence of cavitation on cell walls causes a

Fig. 6 The contour plot diagram of the OCC, cell diameter, and cell
density of the nanocellular silicone rubber foams: a the effect of tpre and
silica content on the OCC; b the effect of Ps and silica content on the
OCC; c the effect of tpre and silica content on the open-cell size; d the

effect of Ps and silica content on the open-cell size; e the effect of tpre
and silica content on the cell density; f the effect of Ps and silica content
on the cell density
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decrease in the stress supported by the cell walls, resulting
in a decrease in the plateau region. When the OCC is greater
than 87%, the stress supported by cell walls is very low
because of a large amount of cavitation on the cell walls,
resulting in the disappearance of the plateau region.

Figure 9 shows the influence of the OCC on the tensile
strength of the nano/micro silicone rubber foams. The

tensile strength of the silicone rubber foams decreases from
2.66 to 1.94MPa when the OCC increases from 0 to 93%.
On the one hand, the strength of the cell wall will decrease
because of the presence of cavitation on the cell wall.
Furthermore, greater cavitation weakens the strength of the
cell wall. On the other hand, the thickness of the cell wall
decreases with an increase in the OCC. The thickness of the
cell wall decreases from approximately 2.31 to 0.57 µm
when the cellular morphology changes from a microcellular
structure to a nanocellular structure. Hence, the two factors
cause an early breakdown in the tensile process, resulting in
a decrease in the tensile strength. The same result has also
been observed in PMMA nanocellular foams [34].

Conclusions

Microcellular and nanocellular silicone rubber foam pre-
pared by scCO2 is first reported in this work. The influence

Fig. 7 Effect of the foaming parameters on the compressive property
of the nano/micro silicone rubber foams. a tpre, b Ps, c Ts

Fig. 8 Effect of the OCC on the compressive stress of the nano/micro
silicone rubber foams

Fig. 9 Effect of the OCC on the tensile strength of the nano/micro
silicone rubber foams
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of the cellular structure on the mechanical properties is
presented. The minimum cell diameter and maximum cell
density of the microcellular silicone rubber foam can reach
1.09 μm and 2.83 × 1011 cells/cm3, respectively. The mini-
mum value of the cell diameter and maximum value of the
cell density of nanocellular silicone rubber foams can reach
approximately 59 nm and 6.35 × 1014 cells/cm3 when the
silica content, tpre and Ps are 70 wt%, 11 min, and 22MPa.
The nanocellular structure occurring on the cell walls could
be attributed to stretching-induced cavitation. There are two
factors affecting the formation of nanocellular structure. On
the one hand, a large swelling ratio or high cell growth rate
can increase the strain energy leading to the appearance of
the nanocellular structure on the cell walls. The influence of
the cellular morphology on the mechanical properties is
investigated. When the cell is a continuous honeycomb
structure and the cell size range is 1–3 μm, the compressive
stress–strain curve of the nano/micro silicone rubber foams
exhibits a high and wide compressive stress plateau region.
The OCC has a significant effect on the compression pla-
teau of the nano/micro silicone rubber foam. When the
OCC increases, the presence of the cavitation on cell walls
decreases the stress supported by the cell walls resulting in
the gradual disappearance of the compression plateau.
Furthermore, the tensile strength of the silicone rubber
foams decreases from 2.66 to 1.94MPa when the OCC
increases from 0 to 93%.
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