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In this work, we introduce the use of selective microwave heating to solve the problems of conventional
heating systems, such as non-uniformity and thickness restriction, in classical thermoplastic foaming
methods. To do so, carbon nanotubes (CNTs) are used as microwave absorbers in a transparent polymer
media. When irradiated, CNTs are responsible for a local temperature increase in the polymer/gas solution, allowing local polymer softening and increased blowing agent super-saturation, in turn inducing
bubble nucleation and growth. The huge number of active sites (CNTs) for both heating and bubble
nucleation and the possibility to ﬁne-tune the heating energy provide large uniformity and an extra
control over the bubble growth, to generate well-expanded, ﬁne-celled, uniform, relatively thick foams.
As a model system, we successfully foamed 1 cm-thick polystyrene/CNT nanocomposites with CO2, and
achieved uniform morphologies and large expansion ratios (over 22 folds). For proper comparison, we
also utilized conventional foaming methods such as water bath and fast pressure drop, both resulting in
denser and less uniform foams. Here, for the ﬁrst time, a single particle type, CNTs, is used as a
“nucleating agent”, a “heating agent” and, as it will be seen in the following, a “collapse-preventing
agent”.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Polymeric foams are utilized in a wide variety of applications
where their inherent properties such as low density, high speciﬁc
strength, impact resistance, thermal insulation, acoustic absorption
and vibration damping are of importance [1]. Among the processing technologies to produce foams, gas foaming represents a major
group, due to its versatility and high throughput. In gas foaming,
the polymer is ﬁrst saturated with a certain gas at a high pressure
(to form a polymer/gas solution) and then, after a pressure drop, it
experiences a supersaturation state, which results in the gas escape
from the solution to the new phase, the gas bubble [2,3]. To allow
bubble formation within the matrix continuity, however, the
polymer has to be in the molten or rubbery state, at sufﬁciently
high temperature.
Among the gas foaming technologies, we are interested, here,
speciﬁcally, in the so-called “temperature-increase” method (also,
“solid state” method), where polymer softening is obtained upon
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heating, after the achievement of the supersaturation stage on a
solidiﬁed/vitriﬁed polymer/gas solution [4,5]. In fact, foaming is a
process amongst the most sensitive to temperature, which affect all
of the stages of foaming, from bubble nucleation to bubble growth
and stabilization [6,7]. Foaming temperature differences of a few K
may result in a transition from ﬁne-celled, low-density foams to
coarse-morphology or even collapsed, high-density ones. Coarsening and collapsing, in particular, may occur because, at high
temperatures, the thin molten polymer layer between two growing
bubbles has insufﬁcient ultimate rheological properties (melt
strength) and ruptures under the large extensional deformation
[8,9].
In heating the super-saturated, solidiﬁed/vitriﬁed polymer/gas
solution by a conventional heating system, heat is transferred to the
material from the outer surface inwards, until the required foaming
temperature is achieved. This is usually performed by submerging
the sample in a hot ﬂuid (the so-called water bath (WB), oil bath or
air oven, methods). However, as plastics have low thermal conductivities, the heating process takes time and it usually brings to a
temperature gradient along the sample thickness [10]. As a
consequence, gradients in both foam morphologies and densities
arise, with a corresponding worsening of the ﬁnal foam properties.
In relatively thick samples (e.g. thicker than 2 mm), in particular,
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the outer layers may result over-heated and the inner layers underheated with respect to the optimal foaming temperature.
Depending on the speciﬁc polymer/gas system, over-heated parts
are keener to collapse, while under-heated parts could be insufﬁciently foamed (high density) [1,11].
As an alternative heating method, microwave (MW) heating
found its use in the industry already since 1970s and it is nowadays
common in many ﬁelds, such as chemical synthesis, ceramics sintering, medical therapies, particle synthesis [12e16], self-assembly
of polymers and nano structures [17e20]. In the area of polymer
technology, MW heating has been used for vulcanizing rubber,
welding and polymerization [21e23]. In foaming, MW radiation are
used in the preparation of thermosetting foams such as polyurethanes and phenolic in which the reactants (phenolic groups or
water) are key to MW-absorption [24,25]. The MW heating is a fast
and volumetric heating method with higher energy efﬁciency in
comparison to conventional heating method. Another advantage of
MW heating is the selective heating. For instance, in composite
materials, one can produce heat only at the given spot where
microwave-interacting inclusions are concentrated, giving a wide
range of possible design strategies both for processing and secondary treatments, e.g., for the case of thermally labile materials
[26].
Carbon nanotubes (CNTs) have drawn tremendous interest in
the recent research and industrial communities due to their
remarkable mechanical, electrical, magnetic, optical, and thermal
properties, which make these materials ideal candidates for
multifunctional reinforcements [27]. CNTs have been considered in
thermoplastic polymer foams, especially non-crystalline polymers
such as poly(methyl methacrylate) or polystyrene (PS), where small
amounts of CNTs were included as heterogeneous nucleating
agents and determined extensive improvement of the uniformity of
the cellular structure, and reduction of the size of cells [28e30].
Interaction of CNTs with MW is a subject of active ongoing researches. Use of highly conductive CNTs allows signiﬁcantly
improving the MW response of the nanocomposite at low loading
fractions, where the composite retains all of mechanical and thermal properties of the pristine matrix material [26,31]. Although a
number of features such as CNT types, mixing methods, MW frequency, temperature, etc. are reported to have effects on dielectric
properties on CNT nanocomposites, the results showed that the
dielectric properties of polymers, at low frequency (DC to 1 MHz)
and high frequency (above 1 MHz, including radio wave, MW,
millimeter wave, Terahertz and Infrared wave frequency), increased
remarkably with increasing CNT loading [31e33]. These results
seem to demonstrate the possibility to obtain CNT composites with
MW properties which are more diverse than those obtainable with
other types of carbon ﬁllers [26,31]. CNT nanocomposites ﬁnd
nowadays use in electromagnetic interface shielding (EMI) [34],
charge storage and Radar Absorbing Materials (RAM) [34,35] and
MW Heating [21,36,37].
The aim of this work is to utilize CNTs in polystyrene/CO2
foaming by microwaves, in order to: i) solve the problems of nonuniformity of thick foamed parts in the temperature rise foaming
method (CNTs as localized, distributed heating source); ii) increase
the number of nucleated cells (CNTs as heterogeneous bubble
nucleation sites); iii) protect the foam from coalescence (CNTs as
miniaturized heating spot and cell-coalescence inhibitor system),
as it will be seen in the following. The selection of PS as a proof-ofconcept material has been made because of its importance in
foaming (it is worldwide the most utilized polymer for foams) [38]
and because it is transparent to microwaves, as most of the thermoplastics. Finally, to evidence the important effect of temperature
homogeneity, we foamed both thin and thick samples, and for
proper comparison, we also utilized classical foaming methods
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such as WB and fast drop pressure (FPD) methods.
2. Experimental
2.1. Materials
PS (N2380) was supplied by Versalis S.p.A, Mantova, Italy, with
an average molecular weight, density and melt ﬂow index, of
300 kDa, 1.05 g/cm3 and 2.0 g/10 min at 200  C and 10 kg,
respectively, as reported by the producer. CNTs were supplied by
Nanocyl™, Belgium, in the form of a PS/CNTs masterbatch at 10 wt%
loading. In this case, CNTs were multi-walled and were produced by
Catalytic Carbon Vapor Deposition with average outer diameter
10 nm, average length 1.5 mm, surface area 250e300 m2/g, carbon
purity 90%, density 1.44 g/cm3. According to the producer, the CNT
powder contains less than 1 wt% of iron as a catalyst residue in the
oxide form. CO2 (99.95%), supplied by Sol Group S.p.A., Monza, Italy,
was used as the physical blowing agent. It is worth of note, here,
that different potential nanoparticles from both magnetic and
dielectric absorbers such as Fe3O4, Fe, silicon carbide, zinc oxide
and barium titanate nanoparticles were also tested, in very preliminary experiments, to assess their ability to heat in a MW ﬁeld.
However, as expected (see supplementary materials), none of them
could provide enough energy in limited time of foaming.
2.2. Methods
2.2.1. Preparation of PS/CNT
PS/CNT 10 wt% master batch was diluted to ﬁnal 1 wt% and
0.5 wt% by melt mixing the master batch with neat PS using a DSM
twin-screw compounder (DSM Xplore MC15) at 200  C and
100 rpm for 10 min. Samples for foaming were compression molded at 200  C and 20 MPa for 4 min.
2.2.2. Foaming procedures
2.2.2.1. CO2 saturation. The samples were saturated with CO2 at
10 MPa and 80  C in a high pressure autoclave (saturation step) [39].
The temperature was then decreased to 35  C, which is sufﬁciently
below the Tg of the PS/CO2 solution of interest here [40]. CO2 was
then released within 1 min and samples of the vitriﬁed PS/CO2
were removed from the autoclave. Finally, all samples experienced
5 min resting at ambient temperature before MW or WB foaming.
2.2.2.2. Microwave (MW) foaming. The saturated samples were
placed in a microwave oven (Delonghi MW310, 800 W, 2.45 GHz)
operated with maximum output power, for different time of irradiation. Based on the literature, we assumed the electric ﬁeld was
maximum at the center of this cavity and samples received a uniform ﬁeld [41]. To place the samples in the middle of microwave
cavity, a polytetraﬂuorethylene (transparent to microwaves) stand
was used. To compare the microwave assisted system with conventional heating systems, the WB, and FPD methods were also
used.
2.2.2.3. Water bath (WB) foaming. The saturated samples were
submerged in boiling water for 3 min, and then the sample was
cooled down to ambient temperature by a cold water bath.
2.2.2.4. Fast pressure drop (FPD) foaming. In this case, after the
saturation step at 80  C and 10 MPa, the CO2 was fast-released at a
rate of 100 MPa/s at 80  C. After 3 min, the sample was pulled out of
the high-pressure autoclave and was submerged in a cold water
bath.
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2.3. Characterization
Bright ﬁeld transmission electron microscopy (TEM) was performed with a FEI TECNAI G12 Spirit-Twin (LaB6 source) equipped
with a FEI Eagle-4k CCD camera, operating with an acceleration
voltage of 120 kV. For this analysis, sections of the samples were cut
at room temperature into thin ﬁlms of ca. 90 nm thick on a Leica EM
UC6/FC6 ultra-microtome and placed on 200 mesh copper grids.
Scanning Electron Microscopy (SEM) (Seron AIS2100) was used to
characterize the foam morphology. The samples were fractured in
liquid nitrogen and then the fracture surfaces were gold plated for
180 s. The image processing software Digimizer [version 4.6.1,
MedCalc Software] was used to calculate the cell density (number
of cells per unit unfoamed polymer volume), Nf and the average cell
diameter. Nf was calculated as follows [42]:

Nf ¼

rs n1:5
rf A

where n is the number of bubbles counted in an area, A of the SEM
image, and rf and rs are the densities of the foam and the unfoamed
bulk, respectively. The bulk densities of foams were measured according to ASTM D792, using an analytical balance (Mettler Toledo,
Columbus, OH). ASTM D792 suggests the use of water for the
volumetric part of the measurement. Any weight-change due to
possible water sorption was not observed during measurements.

3. Results and discussion
3.1. CNTs distribution
Attaining a uniform CNTs dispersion and distribution is important to prove the role of CNTs both as nucleating agents and source
of heat. Aggregation can, in fact, lead to hot spots and induce nonuniformities. Fig. 1 shows TEM micrographs of PS/CNT nanocomposite at 1 wt% loading at two different magniﬁcations. The
reported image is an example of multiple similar images (not reported) showing an apparent good dispersion of CNTs in the PS
matrix. We can also observe that the average CNT's length is shorter
than 1.5 mm (the original length in the master batch). The large
shear rates during mixing decreased the CNT's lengths. However,
the length of the MW absorber is not of prime interest in this work,
but its dispersion. Finally we intend to keep the microstructure of
our nanocomposite below CNTs percolation threshold, to have

localized and separated internal heat sources. In view of the relative
frequency of said observations, we consider the achieved PS/CNT
composites as sufﬁciently well homogenized for further testing.
3.2. Microwave foaming
Fig. 2a reports a clarifying scheme of the foaming mechanism by
MW-irradiated CNTs. PS/CNTs composite are saturated with supercritical CO2 in the saturation step conducted at low temperature,
where the mixture is in the vitriﬁed state. Then, pressure is drop
from saturation pressure to ambient pressure, which induces a
supersaturation state. However, in the vitriﬁed state no bubble
formation is possible (Fig. 2a, I).
In the next stage, the CO2-saturated PS/CNTs composite is subjected to MW irradiation, and, as the CNTs are the sole MWabsorbers in MW-transparent PS, a localized heating of the CNTs
is achieved. As a consequence, only the polymer in the close
proximity of the CNT starts heating up and, as soon as it softens
(towards the Tg), the supersaturated CO2 is allowed to escape the
solution and form a bubble (bubble nucleation) (Fig. 2a, II). Ideally,
if one quenches the system in this condition by interrupting MW
irradiation, a bubble near a CNT should be observed. In fact, the MW
foaming method introduced here allows a very controlled heating.
For instance, Fig. 2b reports the TEM image of our system after
irradiation for 3s. In this case, growth is pretty much hindered and
we achieved the considerable observation of a single bubble
nucleated at the tip of a CNT. The foam density, in this case was
0.92 g/cm3, close to the density of the composite (1.1 g/cm3).
Ideally, each and every CNT should contribute with a bubble, to
generate extremely ﬁne cellular structure. However, minimum
bubble size, as dictated by thermodynamic, and possible early
coalescence of the nucleated bubbles make Nf≪ No. of CNTs.
If MW irradiation continues, the CNTs have the chance to heat
up the neighboring polymer, which in turn deforms more easily
(the viscosity is decreasing with temperature), thereby allowing gas
diffusion into the bubble and the continuation of foaming (bubble
growth) (Fig. 2a, III). Foam morphology and density are set when
the microwave radiation is off (Fig. 2a, IV).
To verify the role of the CNTs and the effect of CNT/microwave
interaction, neat PS samples was tested in same method; after 1min
of radiation no cells were observed.
As mentioned above, in this case, heating and cell growth can be
ﬁnely controlled to achieve the desired ﬁnal foam density. For
instance, Fig. 3 reports the optical images of samples irradiated for

Fig. 1. TEM micrographs of the PS/CNT 1 wt% composite.
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Fig. 2. a) a schematic of the bubble nucleation by irradiated CNT (I. The embedded CNT in super-saturated PS-CO2 solution, II. CNT/MW interaction - induced bubble nucleation, III.
Bubble growth, IV. Microwave radiation off, the structure is set; b) TEM image of an initiated cell in PS/CNT after 3s of MW radiation. (A colour version of this ﬁgure can be viewed
online.)

Fig. 3. Effect of MW irradiation time on the gas laden PS/CNT 1 wt% composite. (A colour version of this ﬁgure can be viewed online.)

different amount of time. The density values, reported in the ﬁgure,
“gently” decreased down to 0.09 g/cm3 when irradiation time is
60s. Here, “gently” is to underline the important result of the
achievement of a ﬁne controlling processing variable (the MW
irradiation time), unique in the foaming processing methods
panorama.
In addition to the time of MW radiation, the amount of received
energy can also be controlled by CNT concentration, as the energy
absorber sites. The 1 wt% CNT loading was chosen just as a reference concentration. To have a better perception of CNTs function,
the foaming of 0.5 wt% CNT was studied too. Fig. 4 demonstrate the
density of foams with radiation time for 0.5 wt% and 1 wt% CNT
loading. As it could be expected, the 0.5 wt% samples took more
time to reach comparable density values of 1 wt%. With increasing
the CNTs concentrations, the receivers of MW radiation increase
and the total received energy in a determined time will increase,
proving that the cell growth and the foam structure depend on total
received energy.
To clarify the difference of our heating system and its important
role in foaming with respect to conventional heating systems, as it
will be further proved by results discussed in Section 3.3, Fig. 5
reports a schematic of the heat proﬁles and the bubble formation
mechanism in the close proximity of a nucleating agent.
In a conventional heating method, heat passes from external
surfaces to the center of the sample, typically inducing a temperature gradient. As a consequence, the part close to the surface

Fig. 4. Foam densities of PS/CNT 1 wt% (closed symbols) and 0.5 wt% (open symbols)
with MW radiation time. The lines are drawn as a guide to the eye.

(periphery, No. 2 in the left scheme) can be overheated and bubbles
growing at such high temperature are keen to coalesce. In the core
of the sample (No. 1 in the left scheme), conversely, temperatures
could be not sufﬁcient for complete growth and limited foaming
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Fig. 5. Schemes of temperature gradients as a function of space and time in a conventional (left) and a MW-CNTs (right) heating system. The black dot in the ﬁgures indicates a CNT;
1 and 2 refer to a CNT and its inﬂuence zone in the core and the periphery regions of the sample, respectively. (A colour version of this ﬁgure can be viewed online.)

may occur.
In the proposed method, we may say that the conventional
external, centralized heating is substituted by numerous, nanometric, heating cartridges. CNTs are dispersed and distributed all
over the sample and the heat is generated locally, in the whole
sample volume, uniformly, almost independently of sample thickness. As a consequence, bubbles are generated in the close proximity of CNTs and no macroscopic temperature gradient is
observed, with a much greater foam uniformity. In fact, each microwave particle has an inﬂuence zone where it introduces a local
temperature gradient. Here the radial temperature gradient (Fig. 5,
right scheme) is pointed inward (temperature increases from the
center regions to the outer). As relevant consequence of this
occurrence is the coalescence prevention: the polymer closer to the
CNT is well heated and sufﬁciently softened to allow bubble
growth; elsewhere, it is colder and, hence, more viscous and tough.
At the later stages of growth, this may help preventing the cell
coalescence and foam collapse phenomenon. We may describe this
side result (for sure not secondary, mainly for polymers with low
melt strength) as “collapse preventing” role by the CNTs.
3.3. Comparisons with other foaming methods
To have a better perception of the advantages brought about by
MW foaming, WB and FPD foaming methods were also utilized on

the same system for proper comparison. As we consider our
method suitable for foaming thick pieces, we conduct this comparison both on thin (1 mm) and thick (10 mm) samples. Fig. 6
report density data for the achieved foams and some optical images, clearly evidencing the difﬁculty of using the WB and FPD
methods with thicker samples, in contrast with the MW method. In
fact, the foamed sample of 10 mm, showed the minimum density,
proving the efﬁcacy of the method in well-uniformly foam the
composite.
To further evidence this difference, Fig. 7 reports the SEM images of the microstructures of both the inner core and the peripheral part of the foamed samples.
It is clear from micrographs reported in Fig. 7 that nonuniformities arise in the WB and FPD methods in comparison
with MW, due to the higher uniformity of the temperature in the
latter. Fig. 8 reports the morphological data in terms of cell size and
Nf as measured in the inner core of the foams reported in Fig. 7,
showing very good performances of the MW in comparison with
WB method and FPD. The foams by MW method achieve cell size
(21 mm), cell density (1.2 cell/cm3) and narrow cell size distribution
are much better than WB method. The MW results are comparable
with the FDP while the expansion ratio is 7 fold higher and a very
lighter foams is achieved.
It is worth of note, here, that the pressure drop rate of 100 MPa/s
utilized in the FPD method is very high and was possible by a

Fig. 6. a) Foam densities for the analyzed methods, sample thickness of 1 and 10 mm; b) optical images of the unfoamed, 10 mm sample, and the corresponding foams by MW, FPD
and WB. (A colour version of this ﬁgure can be viewed online.)

E. Rezvanpanah et al. / Carbon 125 (2017) 32e38

37

elsewhere, the CNT/polymer interface acted as heterogeneous
nucleation site for bubbles and their huge number - related to their
nanometric size - favored the achievement of ﬁne foam morphologies. 3) Collapse-preventing agents: the temperature gradient
arising around each single CNT leaves a colder, stronger polymer far
from the bubble nuclei, naturally helping foams structure stabilization and hindering foam collapse.
We proved these mechanisms on polystyrene, foamed with CO2,
and managed to achieve high expansion ratios (up to 22 fold), with
ﬁne, uniform morphologies in relatively thick samples (1 cm).
Uniformity, in particular, has been achieved through the combination of remote microwave heating and uniform mixing of the
carbon nanotubes within the polymeric matrix. The uniformity in
the foam structure is a key point to reach to uniform properties
through the thickness which is could be very important in applications such as medical or electrical usage. Results, compared with
conventional heating systems, showed a much better uniformity
across the sample thickness, lower overall density and much ﬁner
foam structure. The microwave gas foaming method is also relatively fast and very controllable, with irradiation time and CNT
concentration being important processing variables. On the other
hand, as mentioned, MW foaming has no restriction on thickness
which is a very important achievement and will extend the use of
this method from ﬁlms to any thickness.
As our best knowledge, it is for the ﬁrst time, by using the
foaming nomenclature, a single additive type is used as a “nucleating agent”, a “heating agent” and a “collapse-preventing agent”.
Fig. 7. SEM micrographs of inner core and periphery of the foamed part in WB, FPD
and MW methods.

Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.carbon.2017.09.035.
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