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Abstract
This paper presents insight in bubble nucleation in polymer foaming with physical
blowing agent using a batch foaming technique. In our experiments the bubble nucleation is triggered by a sudden pressure drop that causes the supersaturation in the
polymer gas solution. In fact, the pressure drop rate is an important process variable
since it plays a role in both bubble nucleation and growth. Herein, we investigated very
high pressure drop rates, and confirmed the great importance of the pressure drop rate
as foaming process variable. The results show that the number of nucleated bubbles
increases of one order of magnitude and the foam density is reduced if the pressure
drop rate is increased from 50 to 500 MPa/s. Interestingly, the number of nucleated
bubble increases linearly in a bi-logarithmic scale as function of pressure drop rate at all
the investigated temperatures. Moreover, in the current paper, it is discussed how talc
used as nucleating agent plays a role in cooperation with pressure drop rate on bubble
nucleation at different foaming temperatures.
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Introduction
Polymeric foams are ubiquitous in our life and in any industrial ﬁeld, for their
excellent acoustic and thermal insulating properties and for speciﬁc mechanical
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properties.1 The pressure drop rate, PDR, deﬁned as the rate at which the
blowing agent pressure is released from the saturation pressure to ambient pressure after the solubility has been reached, is an important processing variable1
in thermoplastic gas foaming, being involved in the competition between the
bubble nucleation and growth.2,3 Diﬀerent ﬁnal foam morphologies with diﬀerent properties can be obtained by properly tuning the PDR. In particular, ﬁnecelled foams can be produced. They exhibit higher mechanical properties and
better thermal insulation properties with respect to coarse-celled foams, and are
used in a multitude of diﬀerent applications, including transportation, construction, packaging, food, extraction, and separation.3 Guo et al.4 investigated the
eﬀect of PDR on the bubble nucleation in a pressure-induced foaming process
and designed a batch foaming system to ‘‘online’’ visualize the bubble nucleation phenomenon according in a transparent polymer disc. The results show,
on the polystyrene (PS)/carbon dioxide (CO2) system, that higher density of
nucleated bubbles (N), higher nucleation rate and smaller induction time are
observed when the PDR increases. Park et al.5 studied the eﬀect of PDR on
continuous foaming processes, reporting that the experimental results indicate
that both the magnitude and the rate of pressure drop play a strong role in the
process to induce a microcellular morphology because it aﬀects the thermodynamic instability induced in the polymer/gas solution. Taki6 developed a
model for the prediction of the bubble nucleation and growth as function of
PDR, and validated it with a polypropylene (PP)/CO2 system. The results of
modeling showed an increase of N as function of PDR. In fact, as a general
role, the increase of PDR increases the rate of stable nuclei formation, and
reduces the chances for the blowing agent to inﬂate the newly developed bubbles, with a consequent reduction of the mean cell size.4,7 The nucleation and
growth processes, during the foaming time, compete to consume the excess gas
in the system and, if PDR is increased, the nucleation rate is higher and a
greater number of cells is formed. In this context, Khan et al.8–10 modeled
the eﬀect of PDR on bubble nucleation and derived the PDR limit above
which N reaches a threshold. In their case, the threshold corresponded to ca.
10 GPa/s, in agreement with the experimental ﬁndings in the literature.4–6,12
Nevertheless, it is reasonable that the presence of a PDR above which N reaches
a threshold depends on the polymer/gas system. The dependence of N at high
PDR values and the possible presence of a threshold are both not well understood and are both interesting open problems.
Conventional vessels for polymer batch foaming do not reach very high
PDRs. In this context, some of the authors developed a batch foaming equipment, called ‘‘minibatch,’’ to substantially increase PDRs with respect to conventional vessels.11 In the current work, the ﬁnal foam morphology of PS
foams blown with CO2 on a wide range of PDRs (ranging from 50 to
500 MPa/s) was investigated and the eﬀect of talc as nucleating agent was
studied.
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Materials and methods
The polymer used is a polystyrene – PS (N2380), supplied by Versalis S.p.A.
(Mantova, Italy) having an average molecular weight, density and melt ﬂow
index, equal to 300 kDa, 1.05 g/cm3 and 2.0 g/10 min at 200 C and 10 kg, respectively. Talc, supplied by Imerys Talc (Toulouse, France) with mean particle size
equal to 1.8 mm was used as nucleating agent at 1% wt with respect to PS content.
PS and talc were dried overnight under vacuum at 90 C, and melt compounded
in a co-rotating twin-screw extruder (15 mL Micro Compounder, DSM Xplore,
Geleen, The Netherlands). The extrusion process was performed at 210 C and
nitrogen as purge gas was used to avoid oxygen and moisture absorption in the
hopper. The screw speed was set to 150 rpm, corresponding to an average shear
rate of ca. 75 s1, and the residence time, accurately controlled by means of a
backﬂow channel, was 240 s. The extrudate was granulated for subsequent foaming
experiments. After the mixing procedure, the homogeneous dispersion of talc particles in the polymer matrix was conﬁrmed by SEM analysis (data not reported for
brevity). CO2 (99.95% pure) supplied by Sol Group S.p.A. (Monza, Italy) was used
as the physical blowing agent.
The foaming apparatus utilized in this study, the minibatch,11 allows to reach
PDRs as high as 500 MPa/s from a saturation pressure of 10 MPa, and up to
1800 MPa/s, from a saturation pressure of 30 MPa.
The very high PDR entails some errors in the measurement of pressure. On top
sample surface
of this, for samples having a ratio sample
volume smaller than the samples used in the
current work, one expects some delay in the thermal homogenization of the sample.
This is more important when using large pressure vessels and large samples, where
high PDRs induce large inhomogeneities both in the local PDR experienced by the
material and, more importantly, in the resulting temperature gradient in the sample
volume. In our case, we have the advantage of the minimization of both the vessel
and sample volume and we hypothesize the sample does not experience any thermal
and pressure inhomogeneity. In fact, the change of pressure propagates at the speed
of sound, which travels in our 1.5-mm thick sample within 10–5 s, while pressure
release lasts 10–3 s. In the case of larger samples (e.g. 10 cm), the two characteristic
timeframes could match and PDR eﬀects may possibly reﬂect in the foaming.
Please note that induction time for nucleation is of the order of seconds, in gas
foaming of polymers. A possible PDR spatial gradient within the sample may
induce a temperature gradient, which, in turn, due to the low thermal conductivity
of polymers, will not dissipate during the induction time, with a ﬁnal spatial
inhomogeneity of the foaming process.
The control of the processing parameters was achieved by means of a PID
controller (model X1, Ascon-New England Temperature Solutions, Attleboro,
MA, USA) and a syringe pump 500D (Teledyne Isco, Lincoln, NE, USA).
A pressure transducer (model P943, Schaevitz-Measurements Specialties,
Hampton, VA, USA) was used to measure pressure, and the pressure history
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was registered by using a data acquisition system (DAQ PCI6036E, National
Instruments, Austin, TX, USA). The pressure release system consists of a discharge
valve (model 10-80 NFH, High Pressure Equipment Company, Erie, PA, USA)
and a pneumatic electro-valve. The pressure discharge system was designed to
allow many diﬀerent PDRs, from the same Psat, by using diﬀerent ball valves
actuating pressure and/or diﬀerent downstream piping. There is an on-going
debate in the literature on the proper way to describe the shape of the pressure
versus time curve.4,8 In order to compare the results achieved with diﬀerent pressure histories and with diﬀerent apparatuses, to our point of view, the most suitable
description and PDR, associated to the diﬀerent pressure versus time curves, is the
maximum value of the curve derivative. A moving average (rolling average or
running average) was used over a period of 0.010 s for the depressurization
curves obtained with a data acquisition frequency of 1000 Hz. Then, the characteristic PDRs were calculated as the maximum values of the derivative of moving
averages.
The experiment procedure is the following: two polymer cylinders, with characteristic size of 1.5  0.1 mm (one of neat PS and one of PS ﬁlled with 1% wt talc),
were placed in the minibatch, the vessel was heated to the saturation temperature
(Tsat) and the pressure was increased up to the saturation pressure (Psat) of 10 MPa.
After the solubilization time of 4 h,13 during which the Psat and Tsat were maintained constant, pressure was quenched to ambient pressure. It is worth noting that
in the diﬀerent tests Tsat was always equal to Tfoam.
The foams were characterized to determine their densities () and N.  was
measured according to ASTM D792, using an analytical balance (Mettler
Toledo, Columbus, OH, USA). The cellular structure of the foams was investigated
by using a scanning electron microscope (SEM-QUANTA 200 3D). The samples
were ﬁrst sectioned with a razor blade in liquid nitrogen
and then coated with gold
3 p 
n 2
using a sputter coater. N was calculated as N ¼ A   , where n is the number of
the cells in the area A of the SEM micrograph, and p is the density of the solid
sample.

Results
The bubble nucleation was studied in neat PS and talc-ﬁlled PS. Samples were
foamed at three diﬀerent foaming temperature Tfoam (i.e. 90 C, 100 C and
110 C), with PDRs ranging from 50 MPa/s to 500 MPa/s. The results were compared in terms of N (calculated as explained in the Materials and methods section)
as function of PDR.
The results of N as function of PDR at Tfoam 90 C are shown in Figure 1(a),
comparing the talc-ﬁlled PS (black-ﬁlled rhombs)/neat PS (empty rhombs).
N increases linearly in a bi-logarithmic scale as a function of PDR. In particular,
for neat PS foams N increases from 1.4 * 107 cells/cm3 to 6.6 * 107 cells/cm3, and for
talc-ﬁlled PS from 2.5 * 109 cells/cm3 to 8.5 * 109 cells/cm3. The nucleating eﬀect of
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Figure 1. (a) N of neat PS foams () and of talc-filled PS foams (¨) as function of PDR
at 90 C, (b) N of neat PS foams (œ) and of talc-filled PS foams (#) as function of PDR at
100 C, (c) N of neat PS foams (i) and of talc-filled PS foams (m) as function of PDR at
110 C. The solid lines are obtained by interpolation with N ¼ a  PDRb (see text for
details).

talc is conﬁrmed by the increase of two order of magnitude on N, through all PDR
range.14,15 The data are well ﬁtted by using the equation N ¼ a  PDRb (solid line
in Figure 1) The slope b, in a logarithmic scale, is smaller for the talc-ﬁlled PS
samples.16 The value of b is a good indication of the activation energy for the
bubble nucleation.17–19 In the Figure 1(b) and (c) the results of N as function of
PDR for Tfoams equal to 100 C and 110 C are shown for both talc-ﬁlled and neat
PS samples. At all the temperatures under investigation, N increases linearly as a
function of PDR in a bi-logarithmic scale. In particular, for neat PS, it increases
from 3.1*106 cells/cm3 to 3.2 * 107 cells/cm3 at 100 C and from 4.2 * 105 cells/cm3 to
9.3 * 106 cells/cm3 at 110 C, on the other hand, for talc-ﬁlled PS, N increases from
9.5 * 108 cells/cm3 to 4.5 * 109 cells/cm3 at 100 C and from 3.2 * 108 cells/cm3 to
1.5 * 109 cells/cm3 at 110 C. It is evident that, the gap between the N for neat PS
samples and the talc-ﬁlled samples becomes larger as the temperature increases.20,21
We can speculated that at higher temperature the energy available for the bubble
nucleation is smaller (i.e. for the lower gas concentration), as conﬁrmed by N
results, and as a consequence the decrease of the nucleation energy barrier, due
to the talc, has a bigger impact at higher temperatures.
However, increasing PDR, the talc eﬀect is reduced as the distance between the
curves decreases. This phenomenon becomes more pronounced increasing the
foaming temperature.
It is worth noting that the solubilized gas from 90 C to 110 C decreases by 10%
(data reported in the supplementary information) and this, of course, aﬀects both
the nucleation and the growth. In the underlying literature, the eﬀect of Tfoam on N
has been extensively studied,9,10,15,19 and all concurrent eﬀects of temperature on
the properties of the speciﬁc polymer/blowing agent system of interest in foaming
(e.g. polymer viscosity, mutual diﬀusivity, interfacial tension, speciﬁc volume) have
been discussed.13,22,23 Arora et al.24 reported experimental data on PS foams at
diﬀerent foaming temperatures (equal to the saturation temperatures), keeping the
saturation pressure constant. They observed that the cell size increases roughly
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exponentially with temperature, while the density decreases linearly. In particular,
from a temperature of 90 C to 110 C, the average diameter of the cells increases
from 3 to 15 microns. The cell density is proportional to the inverse of the cubic
diameter of a bubble. At least for low PDR, the estimation of N as a function of the
temperature from Arora’s data seems to be in perfect accordance with the data
presented in the current work.
In our case, we addressed this one order of magnitude increase of N, as the
temperature decreases from 110 C to 90 C, to the increases of the solubilized CO2.
Concerning the PDR limit above which N reaches a threshold, from the results
show in Figure 1 it is evident that the N continues to increase linearly in the entire
PDR range analysed. However, the fact that at lower temperature the curve slopes
decreases can be the evidence of a plateau at higher PDR as shown by Muratani
et al.25
The linear behavior of N as function of PDR on a log-log scale was observed,
for the ﬁrst time, by Taki,6 but at lower PDR range (i.e. from 1 to 10 MPa/s).
Herein, we extended the PDR range observing the same phenomenon for a PS/CO2
solution foamed at diﬀerent Tfoam. Furthermore, a theoretical explanation is still
under debate and further studies are required to have a complete model to predict
this phenomenon.
Figure 2(a) shows the eﬀect of PDR on  of neat PS foams and talc-ﬁlled PS at
90 C, in the PDR interval ranging from 50 MPa/s up to 500 MPa/s. It is evident
that  ﬁrst decreases with the PDR, and then it reaches a plateau value. The same
behaviour is observed in Figure 2(b) and (c) for Tfoam equal to 100 C and 110 C,
respectively.
In Figure 2, the density ﬁrst decreases with PDR, and then it reaches a plateau
value for PDR higher than 400 MPa/s ca. It is worth noting that all samples
foamed at the same temperature were subjected to all identical saturation process
(Tsat and Psat are the same for all the samples, see Materials and methods section),
which corresponds to an identical initial concentration of the blowing agent. In
order to explain the observed diﬀerent densities at diﬀerent PDRs, we may observe

Figure 2. (a)  of neat PS foams () and of talc-filled PS foams (¨) as function of PDR at
90 C, (b)  of neat PS foams (œ) and of talc-filled PS foams (#) as function of PDR at 100 C,
(c)  of neat PS foams (i) and of talc-filled PS foams (m) as function of PDR at 110 C.
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that, in general, some gas may escape from the polymer/gas solution through the
free surface of the sample during the bubble nucleation and growth. Such gas is lost
in the surrounding, with a resulting density increase. To assess the eﬀect of PDR on
foam density, the following hold true: (i) nucleation is faster, with the increase of
the PDR (the thermodynamic instability responsible for the bubble formation is
reached earlier); (ii) growth is faster, with the increase of nucleation, since the
diﬀusive path to reach a bubble is shorter and (iii) the eﬀect of gas concentration
on diﬀusion is minor. Hence, the higher the PDR lesser gas may be lost in the
surrounding from the free surface.
In Figure 3, characteristic SEM images of samples at diﬀerent Tfoam and PDR
for neat and talc-ﬁlled PS foams are reported. The SEM morphology is in good
correlation with what has been shown in Figure 1.
The temperature non-uniformity is very important in polymer foaming processes, strongly aﬀecting the ﬁnal foam morphologies. The importance of the

Solubility [g gas/ kg pol]

Figure 3. SEM images, showing neat (on the left) and talc-filled (on the right) PS foams
morphologies at different PDRs and Tfoam. Please note the need for using a larger magnification
for the cases of talc-filled samples to properly show the foam morphology.
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Figure 4. Solubility of CO2 in PS. The black dots are data from Sato et al.13 and the dashed
line is an exponential fitting.
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non-uniformity in bubble nucleation was studied by SEM observations of foams
sections at diﬀerent PDRs. As it may be observed no bubble size gradient in the
foam at diﬀerent PDRs was detected. We may speculate that, in the minibatch, the
dimensions of the samples and of the vessel are small enough to not induce any
temperature and PDR local gradients.

Conclusions
In this paper, some insight on bubble nucleation at high PDR and at diﬀerent
foaming temperature (Tfoam) were discussed. In particular, the increase of PDR
and the decrease of Tfoam improve the bubble nucleation obtaining a ﬁner foam
morphology. N increases linearly as a function of PDR in a log-log scale at all Tfoam
investigated (i.e. 90 C, 100 C and 110 C) even at very high PDRs (i.e. up to
500 MPa/s). The eﬀect of talc as nucleating agent does not qualitatively change
the eﬀect PDR on N, but decreases the activation energy for the bubble nucleation
process.
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Supplementary information
The solubility of CO2 in PS increases almost linearly with pressure13 and in the meantime, it
decreases exponentially with the increasing temperature. In the Figure 4, the black dots are the
solubility of CO2 in PS at 10 MPa and at three diﬀerent temperatures (data obtained from
Sato et al.13).
The black dashed line is an exponential ﬁtting of the data obtained with the following
equation:

Solubility ¼ 782:488  expð0:006405  TemperatureÞ
The equation was used to estimate the solubility of the gas in the polymer in the current
work at diﬀerent foaming temperatures.
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