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ABSTRACT: The foaming behavior of poly("-caprolactone) (PCL) with nitrogen as the foaming agent has been investigated. By using a uniquely designed
and instrumented batch foaming apparatus it is possible to study the correlation
between the foam structure (i.e., foam density and mean cell diameter) and the
main processing variables (i.e., foaming temperature, foaming agent concentration, and pressure drop rate). A narrow experimental range has been used to
describe the complex dependencies by a simple model. In particular, linear
algebraic functions have been used to describe the effect of the processing
variables on both the foam density and the mean cell diameter. With the aim to
better depict these relationships, 3D graphs are also reported. This visualization/
parametrization allows the rapid selection of the proper process parameters to
obtain PCL foams with the desired density and morphology.
KEY WORDS: PCL, nitrogen, foaming, process variables, model.

INTRODUCTION

P

olymeric foams are two-phase materials in which a great
number of gas-filled cells are entrapped in a macromolecular
phase. These heterogeneous materials have a combination of properties
that make them attractive for a wide range of applications in
different industrial fields, in particular when good mechanical properties
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and low weight need to be coupled. Typical examples are packaging,
medicine, transport, acoustic, and thermal insulation and damping [1,2].
In the past two decades many authors have extensively studied
the foaming behavior of a great number of polymers (e.g., polypropylene [3–7], polystyrene [8–11], and polycarbonate [12–14]) with
environmentally benign gases, such as carbon dioxide or nitrogen, but
few studies have been conducted on the production of foams
with biodegradable polymeric matrices [15–21]. Detailed analyses of
the foaming process, in terms of the effect of processing parameters on
the final foam structure, have been conducted. The main process
parameters are suggested by the classical nucleation theory [22] which
provides the nucleation rate of bubbles in a polymer–gas solution as
function of the gas molecules concentration (!sat), the temperature at
which the thermodynamic instability promoting bubble nucleation is
induced (Tfoam) and the difference between the gas pressure prior to
foaming and the final pressure (P). In the following, the effects of
the single main process parameters are briefly reviewed, by describing
the process-final foam structure dependence.
The gas concentration in the polymeric solution prior to foaming
has an important effect on the structure, both on the morphology
(mainly referred to as the pore number per cubic centimeter of
unfoamed material, also called the cell number density) and on the
final foam density [12,13,23,24]. It has been observed, in particular, that
an increase in the gas concentration led to an increase of the cell
number density. Most of the authors, in particular, reported that this
dependence decreases with the increase of the concentration and,
eventually, reached a plateau, depending on the materials and on the
investigated experimental ranges. A two order of magnitude increase of
the cell number density was reported for extruded PS/CO2 system [11]
with the increase of the gas concentration from 2 to 10% wt.
On extrusion foamed PP/CO2 system [3], a five order of magnitude
increase has been observed with an increase of !sat from 1 to 11%.
Similar results were achieved on foams prepared via a batch process on
PS/CO2 by Arora et al. [9]. However, in their batch process, the effect of
!sat in equilibrium at saturation pressure, Psat, is coupled to the effect of
_ that is the rate at which the pressure inside
the pressure drop rate (P),
the vessel is released, which has a non-negligible effect on foaming as
will be reported in the following. The gas concentration, as expected
and extensively reported [9,12,13,23], has a great effect on the final foam
density too, since the higher the gas availability to inflate bubbles,
the lower the final density. The limit to this density reduction is the
capability of the polymeric matrix to withstand the elongational
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deformation during cell growth; if this limit is exceeded, cell collapse and
foam densification occur.
Foaming temperature can be considered as the main processing
parameter. In fact the processing temperature windows include foaming
temperatures that are low enough to prevent cell coalescence and high
enough to prevent premature crystallization/vetrification. In the
foaming window, whatever the expanding polymer/gas system, foam
density has the classical bell shape, with high-density values in the
extremes [6,12,13,24,25]; conversely, most of the authors reported a
little or negligible effect of temperature on the cell nucleation density
[11,23,26].
As mentioned earlier, a further process parameter which is not
directly accounted for in the classical nucleation theories but, in
practice, extensively affects foam morphology, is the pressure drop
rate. One to two orders of magnitude increase in cell number density
with the increase of P_ by two or three orders of magnitude has been
observed in several polymer/gas systems [9,11,13,14], while the effect on
the final foam density is often negligible, as it could be expected.
Despite the wide literature on the subject, however the relationships
between process and structure in thermoplastic foaming seem not to be
clear. Furthermore, single results are not applicable or, at least,
transferred to different polymer/blowing agent system, in particular
with regard to the coupling effects of the processing variables.
In this study, the foaming behavior of poly("-caprolactone) (PCL)/N2
system was investigated. The influence of the aforementioned three
main process parameters – gas mass fraction, foaming temperature, and
pressure drop rate – on the density and the cellular structure of the final
foam was analyzed. To this aim a batch foaming apparatus was designed
in order to independently control the three process variables and define
a foaming protocol. In particular, saturation pressure and pressure drop
rate were decoupled by using a controlled gas release system. As a
consequence, PCL foams with a controlled density and morphology were
obtained.
EXPERIMENTALS

Materials
The polymer/gas system under investigation is constituted by PCL as
the biodegradable matrix and N2 as the foaming agent.
Poly("-caprolactone) is an aliphatic thermoplastic polyester, biodegradable in several biotic environments. Its nontoxicity versus biological
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tissues [27] makes it interesting in drug delivery systems [18] and tissue
engineering [28]. Moreover, it has potential application in food
packaging and agriculture [29]. The PCL used in this work is CAPA
6800 (Solvay Interox Ltd., Southampton, UK), used as received. The
molecular weight and melt flow index, as reported by Solvay, are 80000
and 3 g/10 min (at temperature 160 C and pressing mass of 2.16 kg),
respectively. The room conditions density is equal to 1.14 g/cm3. Tg is
60 C and Tm is 60 C. The crystallization temperature (as measured
by DSC at 10 C/min) is around 30 C. Commercial purity grade N2 (Sol,
Italy) was used as foaming agent.
Batch Foaming Apparatus
For the preparation of foam samples, a thermo regulated and
pressurized cylinder having a volume of 0.3 L, (HiP, model BC-1) was
used. It was suitably modified to allow a careful measurement and
control of the three process parameters of interest. Figure 1 reports
a photograph and a scheme of the batch foaming apparatus used in
this study. For the temperature control, an electrical heater (no. 11, in
Figure 1) as heating element, and a heat exchanger with an oil bath
(no. 12) as cooling element, were used. They were controlled by a
PID thermoregulator (Ascon, model X1), which reads the temperature
inside the vessel by using a Pt100 (no. 4). A pressure transducer
(Schaevitz, model P943) (no. 3) was used to measure pressures during
saturation step and to register pressure histories during blowing agent
discharge. The pressure discharge system consists of a discharge valve
(HiP ball valve, model 15-71 NFB), an electromechanical actuator
(HiP, model 15-72 NFB TSR8) (no. 6), and an electrovalve (no. 7–9).
This system allowed reproducibility in valve opening. The discharge
valve was connected to capillaries of different length and/or diameter
(a set of nine capillaries was used), (no. 5) in order to change pressure
drop rates independently from the saturation pressure. The pressure
history, P(t), was registered by using a data acquisition system
(DAQ PCI6036E, National Instruments, Austin, TX, USA) and, finally,
pressure drop rate was calculated as the highest absolute value of the
derivative of P(t).
Foam Preparation
Typical experiments were conducted using the following procedure:
PCL samples 5 mm thick, with a diameter of 15 mm were saturated at
75 C with the foaming agent at saturation pressure Psat, for 6 h.
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Figure 1. Photograph and scheme of the batch foaming apparatus; (1) to gas cylinder;
(2) to vacuum pump; (3) pressure transducer output, to data acquisition system; (4) Pt100
for temperature measurement and control, to data acquisition system and PID controller;
(5) exchangeable capillary; (6) actuated ball valve; (7) electrovalve; (8) pressure inlet
to actuate the ball valve; (9) electrovalve control; (10) section of the vessel (sample holders
and Pt100 sensor positioning); (11) electric heater input, PID controlled; (12) to oil bath,
PID controlled.

The vessel was then cooled to the foaming temperature, Tfoam, with a
controlled, repeatable cooling history, and finally pressure-quenched to
_ All of the
ambient pressure, using different pressure drop rates, P.
experiments were conducted at the same saturation temperature and,
therefore, at the end of gas-saturation step, gas mass fraction in the
polymeric matrix, !sat, and saturation pressure, Psat, are univocally
correlated and can be used indifferently as a unique processing variable.
In the following, we refer to Psat.
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Table 1. Complete set of experiments.
Test
A
B
C
D
E
F
G
H
I
L

Psat (bar)

_
P(bar/s)

Tfoam ( C)

140
140
140
170
170
170
200
200
200
140

260
320
380
380
260
320
320
380
260
260

44.5
46.5
48.5
44.5
46.5
48.5
44.5
46.5
48.5
48.5

Table 2. Measured and predicted densities and cell sizes.
Test
A
B
C
D
E
F
G
H
I
L

Measured density
(kg/m3)

Predicted density
(kg/m3)

Measured cell
size (mm)

Predicted cell
size (mm)

213
200
194
194
178
200
231
179
200
204

204
198
191
203
197
190
202
196
190
191

161
142
387
40
87
90
53
56
87
239

163
171
179
79
123
131
31
39
83
203

A convenient set of experiments was used to correlate the foaming
behavior of the system to the main process parameters (Table 1).
Three values for each of the processing variables have been used: Psat
(140, 170, and 200 bar), Tfoam (44.5, 46.5, and 48.5 C) and P_ (260, 320,
and 380 bar/s). In these ranges the system has proved to be foamable
without appreciable collapse of the cellular structure or premature
crystallization [21]. By using three values for each process parameter
a set of nine experiments was set, in order to obtain a complete
_
linear 3D model: Tfoam-parametric planes in the (final property-Psat-P)
_
space, Psat-parametric planes in the (final property-Tfoam-P) space and,
_
finally, P-parametric
planes in the (final property-Tfoam-Psat) space.
A further arbitrarily chosen experiment was used to confirm model
prediction.
Four experiments were made for each test condition. The experimental values reported in Table 2, both for the densities and the cell

Downloaded from http://cel.sagepub.com at Univ Napoli Frederico ll on May 25, 2010

43

Process-structure Relationships in PCL Foaming
200

0
−50
−100
Test G

−150

Test F
Test B

100

−200
−250

50

Pressure derivative (bar/s)

Pressure (bar)

150

−300
−350

0

−400
0

1

2

3

4

5

Time (s)

Figure 2. Pressure histories and their time derivatives for tests B (Psat ¼ 140 bar),
F (Psat ¼ 170 bar), and G (Psat ¼ 200 bar), P_ ¼ 320 bar/s.

diameters, are the mean values obtained by these experiments. The
standard deviation obtained from the experimental determination of the
foams density was 10 kg/m3, while for cells dimension was 35 mm.
The pressure discharge system allowed the independent control of
gas saturation pressure and the rate at which gas was released from the
pressure vessel. In particular, in Figure 2 the pressure histories, for
tests B, F, and G and their time derivatives are reported. It is worth of
note that equal pressure drop rate were obtained even if the starting
pressures were different. Figure 3 reports the pressure histories, P(t)’s,
and their derivatives for tests I, G, and H. Different pressure drop rates
were obtained even if the same saturation pressure, Psat ¼ 200 bar,
was used.
Foam Characterization
The foams were characterized to determine their densities, cell
densities and mean cell diameters. The density was determined,
according to ASTM D792, by weighting the sample mass in air and
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Figure 3. Pressure histories and their time derivatives for tests I (P_ ¼ 260 bar/s),
G (P_ ¼ 320 bar/s), and H (P_ ¼ 380 bar/s), Psat ¼ 200 bar.

dividing this value by the volume of water displaced by the sample.
The cellular structure of the foams was investigated using a LEICA S440
scanning electron microscope. The samples were first sectioned in liquid
nitrogen and coated with gold using a sputter coater (Emscope SC500).
The cell number density (the number of cells per cubic centimeter
relative to the non-foamed polymer), and the mean cell diameter were
determined from SEM micrographs as described in [3].
RESULTS AND DISCUSSION

The complete set of experiments, reported in Table 1, was chosen with
the aim of investigating the correlation between process parameters
and final characteristics of foams with minimal experimental
effort. The determination of the planes describing the dependence
between the foam properties and the process parameters needs
three experimental points and, hence, three values for each parameter
(for example, tests B, E, and H to obtain the plane reporting the
effect of Psat and P_ on the foam density, when the foaming
temperature was 46.5 C). Moreover, this allowed a first-order (linear)
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description of the effect of the processing variables on the foam
structure (i.e., foam density and mean cell diameter as linear functions
of the three processing variables). To do so, in order to reduce nonlinearities, the investigated experimental processing window was very
narrow. Both theoretical models and experimental data reported on
thermoplastic foaming describe strong non-linearities and complex
dependencies between process variables and final foam structures.
The claimed linearity is not intended to contradict these findings
but is a rough simplification, made possible by the very narrow
experimental range.
The experimental results are both visualized as planes in a 3D
space (in which a characteristic of the foam was plotted as function of
two process parameters while holding the third at a fixed value), and
described as linear algebraic functions of the three parameters.
The graphic visualization was obtained by the planes passing through
the three experimental points. Each point is characterized by the
test process variables and the measured experimental value of the
final property (density or mean cell diameter). The analytical representation was obtained by fitting all of the experimental data with the
following:
_ þD
P ¼ A  ðTfoam Þ þ B  ðPsat Þ þ C  ðPÞ

ð1Þ

in which P is the structural property of the foam (foam density or mean
cell diameter) and A, B, C, and D are obtained through the fitting
procedure.
Density-process Variables Dependence
The experimental batch foaming results are reported in Figure 4,
described as 3D plot of the final foam density as function of saturation
pressure and pressure drop rate, at the three different foaming
temperatures. Only three points for each temperature (for example,
tests A, D, and G for Tfoam ¼ 44.5 C) are sufficient to draw the planes
_ if
and describe the combined effect of the two variables (Psat and P),
the experimental range is narrow enough. What one can immediately
observe is that the three planes are almost parallel to each other and
move upward with the decrease of temperature: in the examined
experimental range, the foam density decreases with the increase of
temperature. This effect can be explained by considering that bubbles
grow against the viscous forces, which decrease with the increase of the
temperature. In effect, as reported for different polymer/gas systems
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Figure 4. Tfoam-parametric planes in the density-Psat-P_ space.

[6,13,25,26], foam density reduces with the increase of temperature
until a minimum is reached and then increases due to the bubble
coalescence or collapse, leading the classical bell shape. Our experimental temperature window covers the left side of this bell shape.
Therefore, if no bubble coalescence/collapse takes place, bubbles grow
more easily when the temperature increases. Furthermore, a density
reduction with the increase of the gas concentration, independently
from the foaming temperature can be observed. This behavior is due to
the blowing agent availability in the polymeric solution. The higher the
saturation pressure, the higher is the weight fraction of gas in the
solution and, if no collapse foams occurs, the lower are the densities. A
reduced dependence of the pressure drop rate on the densities is
observed, furthermore, in the investigated experimental range.
In order to facilitate this visualization, it is also possible to section the
graph by iso-density planes in the density-saturation pressure-pressure
drop rate 3D space. In Figure 4 is reported, as an example, the
intersection of the isodensity plane (density equal to 250 kg/m3) with the
iso-temperature planes. The continuous lines describe the combination
of processing parameters (i.e., saturation pressure and pressure drop
rate) that will all give, at a certain temperature, foams having density of
250 kg/m3.
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A different way to represent the density-process variables dependence
of the PCL/N2 system is to fit the experimental data with a linear
_
equation of the three variables (Tfoam, Psat, and P).
Fitting of
experimental density data by Equation (1) yields:
_ þ 0:35  103
 ¼ 3:2  106 ðTfoam Þ  2:5  108 ðPsat Þ  5  1010 ðPÞ
ð2Þ
in which  is expressed in kg/m3, Tfoam in  C, Psat in bar and P_ in bar/s.
In Table 2 the measured and calculated densities are reported. The
standard deviation between them is 19 kg/m3. By analyzing this
equation it is possible to observe that foaming temperature has the
greatest effect on foams density, with a decrease of the density when
increasing temperature, as already discussed; saturation pressure
increase reduces the density of foams but its influence is limited if
compared with the effect of Tfoam; finally a rather limited influence of
pressure drop rate can be observed. Our equation, obviously, is not able
to describe the bell shape of density versus foaming temperature
reported by many authors for different polymer/gas systems
[6,9,12,13,25], being just a limited part of the bell-shaped curve. In
particular, as already mentioned, we analyzed a temperature range in
which no coalescence/cell collapse takes place.
Morphology-process Variables Dependence
As described for foam density, a graph of the mean cell diameter as
function of the process variables can be drawn to analyze their effect on
the cellular morphology. In Figure 5 experimental data are described as
3D plot of the final mean cell diameters as function of saturation
pressure and pressure drop rate, at the three different foaming
temperatures. Differently from the density dependence on the process
parameters, in this case the 3D representation is quite difficult to
visualize. In order to better understand the foaming behavior of PCL/N2
system in the examined range of process parameters, the analytical
representation can be used (Equation 3). This dependence, as previously
described, has been obtained by fitting all the experimental data, in
terms of mean cell diameter, with a linear function of the three process
variables (standard deviation is 27 mm), yielding:
_ þ 50
 ¼ 10  ðTfoam Þ  2  ðPsat Þ  0:2  ðPÞ
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Figure 5. Psat-parametric planes in the density-Tt-P_ space.

in which  is expressed in mm. In Table 2 the cell sizes measured and
calculated by using Equation 3 are reported.
By analyzing this model equation, it can be observed that mean cell
diameter increases with Tfoam. This trend, as previously described, is
connected to the viscosity reduction of polymeric solution that allows
greater cell walls deformation, if no cell collapse occurs. Conversely, a
decrease in the cells dimension is observed when saturation pressure
increases. As predicted by the classical nucleation theory, in effect, when
all the other process parameters are fixed, the greater gas availability
contributes to enhancing nucleation rate and, as a consequence, the
final cell number. The same effect is observed when increasing pressure
drop rate. In this case, however, as first discussed by Park et al. [30], cell
nucleation and growth compete in consuming the available foaming
agent. Pressure drop rate increase is responsible for a reduction of cell
growth in favor of cell nucleation, affecting foam morphology by finally
increasing the final cell number. This effect reveals a synergistic role of
these two processing parameters in controlling foam morphology.
Therefore, the effect of an increase of pressure drop rate on morphology
is similar to the effect of an increase of saturation pressure. However,
the latter is a thermodynamic effect (as predicted by classical nucleation
theory [22]) while the former is a kinetic effect.
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Figure 6. SEM micrographs of selected foams (see Table 1 for experimental conditions).

In Figure 5, moreover, we have sectioned the graph with an isodiameter plane (corresponding to 100 mm). This plot shows that, in order
to achieve foam structures characterized by the same mean cell
diameter, the pressure drop rate should always be increased if the
saturation pressure decreases. Same conclusions have been drawn by
Arora et al. [9] for the two processing variables. In effect, they reported a
reduction of mean cell diameter when increasing saturation pressure at
constant pressure drop rate and, conversely, an increase of mean cell
diameter with a reduction of pressure drop rate at a constant saturation
pressure.
As a final comment on these results, it can be noted that, by optimally
cross-exchanging the foaming variables it was possible to achieve
foams with similar densities and different foam morphologies or
similar cell morphology and very different densities (Figure 6).
In particular, test G gave cellular morphology similar to H (mean
cell diameter equal to 53 and 56 mm, respectively) but different
densities (231 and 179 kg/m3), while A and G showed similar densities
(213 and 231 kg/m3) but different cell morphologies (mean cell diameter
equal to 161 and 53).
These examples demonstrate the capability of this approach to give
foams with very controlled structures, adequate to be used, after further
characterization (e.g., mechanical, insulating) for modeling the structure-properties dependences.
CONCLUSIONS

The foaming behavior of PCL/N2 system was studied in this article.
In particular, the effects of the main process parameters on the final
foam characteristics were evaluated. Foaming temperature, pressure
saturation and pressure drop rate were used as process variables
and were varied independently to evaluate their effects on foam density
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and morphology. The accurate control and the measurement of the
pressure drop rate during batch foaming, and decoupling between
pressure drop rate and saturation pressure, were achieved by modifying
the pressure vessel through the use of capillaries with different lengths
and diameters, an electronic actuated ball valve and a data acquisition
system for the pressure in the vessel. Process variables’ range was
chosen in order to describe their effect on the foam structure by linear
dependences, reported by 3D graphs or by linear equations, which
resulted from fitting of the experimental results. PCL foams with
tailored densities and morphologies were finally produced.
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