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We designed an innovative pressure vessel for a high throughput study of batch foaming of thermoplastic
polymers. With the new pressure vessel, the foaming process can be conducted concurrently on sixteen samples
(arranged in a 4 × 4 wells matrix) at four different temperatures and at four different pressure drop rates, at the
same saturation pressure. We herein describe the design principle, the working conditions and the first results
gathered on poly(ε-caprolactone) samples foamed with carbon dioxide as the blowing agent. We explored the
processing variables space: foaming temperature in the range 30–40 ◦ C; pressure drop rate in the range 1–5 MPa/
s; saturation pressure fixed at 5 MPa within a single experiment. The expected dependence of density as well as
morphology on processing variables proves the suitability of the method for the high throughput study of novel
polymers and can be utilized for the fast development of resins suitable for foaming.

1. Introduction
Recently, the use of polymeric foams is increasingly growing in
different application fields as their structural and functional properties
are being implemented by the introduction to the market of new poly
mers having improved properties, reduced costs, or augmented sus
tainability [1,2]. Among the processing methods to produce foams, gas
foaming is the most popular, and technologies adopting gas foaming,
namely extrusion, injection molding and steam chest molding, are
highly productive [3–8]. Gas foaming consists in allowing the evolution
of a gaseous phase within a compliant polymer (e.g.: in the rubbery or
molten state) after inducing a supersaturation state in a polymer/gas
solution [9,10].
To control the density and the morphology of the foamed samples,
the processing variables are to be fine-tuned to exploit the specific fea
tures of the neat polymer and the characteristics of the polymer/blowing
agent, BA, solution [11,12]. The correlation among processing variables
[13], polymer properties [14], foam structure [15] (in terms of density
and pore morphology) and final properties has been the focus of a huge
number of papers and efforts in the scientific community for the
complexity, the heterogeneity, and the economic importance of the
outcomes [16–18].
Between the 1980s and 2000s, the gas foaming key processing

variables were rationalized as being: i) the foaming temperature, Tfoam;
ii) the gas amount within the solution, e.g.: in terms of the weight
fraction, xgas [19]; iii) the rate at which the polymer/BA solution is
brought to the supersaturation state, e.g.: by pressure quenching a
high-temperature polymer/BA solution - hence the pressure drop rate,
PDR [20]. Tfoam is the most important processing variable to define the
final foam structure both in terms of density and morphology [2]. For
instance, a bell-shaped curve typically describes the effect of Tfoam on the
foam density, with a density minimum at optimal foaming temperature.
Above the optimal Tfoam, the reduction of the polymer viscosity induces
the occurrence of bubbles coalescing mechanisms responsible for the
loss of the BA and reduction of foaming efficiency. Below the optimal
Tfoam, either the viscosity rise or the crystallization or vitrification take
place earlier, and hinder bubble growth. The two other foaming pro
cessing variables, PDR and xgas, are usually both maximized: a larger
PDR induces finer morphologies and higher foaming efficiency, while a
larger xgas induces lower densities and finer morphologies [21]. Of
course, both are upper bounded by the processing equipment (e.g.:
maximum design pressure and gas evacuation rate capability), while xgas
is also limited by the maximum expansion that the polymer can with
stand before coalescence [22].
To reduce the number of experiments to map the relationship be
tween processing variables and foam features (in terms of foam density
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and morphology), different approaches were adopted, encompassing the
enlightenment of the key processing variables as well as the design of
new experimental procedures or tools [23,24]. Design-of-Experiment
statistical methods, linearization of the effects (keeping the experi
mental window narrow) [25] as well as the decoupling of effects were
some of the adopted approaches [18]. From a purely experimental point
of view, the group of prof. Kiran [19] introduced a pressure vessel
capable of achieving a temperature gradient to a long-strip shaped
sample, to conduct foaming tests at the same pressure and PDR and at
different temperatures in a single experiment.
In this context, we herein introduce a further development of the
latter, a purely experimental approach to explore multiple foaming
conditions in a single foaming experiment. In particular, we designed a
foaming equipment consisting of a pressure vessel having several reac
tion chambers disposed as rows and columns in a matrix style, from
which the term “matricial foaming”. Each chamber allows setting a
different Tfoam and/or PDR at uniform saturation conditions fixed by the
constant partial pressure of the BA. By considering that different xgas are
achieved when conducting the gas solubilization at the same saturation
pressure but at different temperatures, in this way, we explore the whole
processing variable dimensionality. The matricial foaming experiment
requires only a few polymer granules and is of critical importance when
designing new polymers in a high throughput approach [26,27].

temperatures. Heat dissipation is hindered by using layers of insulating
material (polytetrafluoroethylene) between the base of the apparatus
and the wooden base box beneath and between the lid of the apparatus
and the piston of the press Moreover, for testing at high temperatures,
additional thermal insulation layers can be assembled to assure a suit
able heat loss control. The details of the linear temperature gradient are
discussed in greater detail in SI.
The central piece is a disk with 4 lines of holes corresponding
vertically to the 16 wells. Each line contains 4 holes of 1, 2, 4 and 8 mm
in diameter (hole size variation – see yellow arrow in Fig. 2c). These are
the holes for the escape of the BA from each well. The different hole
diameter is responsible for BA escape from the well at different velocities
and causing, consequently, different PDR in the wells. The central piece
is assembled on the bottom piece in such a way that the hole gradient is
perpendicular to the temperature gradient (Fig. 2c). In this way, each
polymer sample in the 16 wells experiences a different Tfoam or a
different PDR. The use of 4 pressure and temperature sensors located
diagonally beneath the four wells (Fig. 1d) allows for estimating the
foaming conditions in the remaining 12 wells. The top piece contains the
connections to the BA dosing (¼”NPT) and the BA evacuation (½”NPT)
along with the two sets of cartridge housing, similarly to the bottom
piece. Dosing is performed via a KB 15 high-pressure coaxial valve
(Müller co-ax AG, onwards called input valve). Evacuation is performed
via an actuated ball valve (15–71 NFB and 15–72 NFB TSR8, High
Pressure Equipment Co., Erie, PA, USA, onwards called output valve).
Both valves are normally closed. To keep the samples at the desired
temperature imposed by the heating cartridges, copper wells of 14 mm
diameter and 10 mm height are used to host the samples within the base
wells. The overall reaction cell has a diameter of 14 mm and a height of
3.6 mm. Both the bottom and central part of the assembly have a
circumferential outer cavity on their top surface each of which hosts an
O-ring made of Viton. Fig. 1d shows the sensor positions within the top
and bottom pieces: heat cartridges are marked in green, temperature
sensors are marked in red and pressure sensors are marked in blue.
The top piece is connected to the piston head of a 10-ton press (VLP
Bench Frame, Enerpac, New Brunswick, NJ, USA), which guarantees BA
pressure tight closure of the autoclave. The press and the assembly are
reported in Fig. 3. Fig. 2d shows the closed autoclave with the piston in
full stroke position. The three parts of the cell are aligned so that no
additional operation is needed to close it, but the force applied by the
pump. In this configuration the maximum working pressure of the
blowing agents is defined by the clamping force of the hydraulic press
used to secure the closing of the apparatus. The 10-ton press limit and
the area of the apparatus set the maximum pressure to 5.0 MPa.
A multifunction-controller 3850T from Gefran S.p.A. (Provaglio
d’Iseo, Brescia, Italy) was used to control heating (Tcontrol and heating
cartridges) and measuring plus recording Tmelt and pressures during the
whole test. From these data the PDR at pressure release is easily eval
uated. The controller was also utilized to actuate the dosing and evac
uation valves. The apparatus is enclosed in a polycarbonate cage during
the experiments to secure the operation. Fig. 1c and d show 2D views of
the bottom piece, in which the samples are placed.
The design of pressure drop in different holes can be achieved by
tuning the size of the restriction that hinders the gas evacuation. As
instance, an analytical solution for the depressurization of a highpressure tank was developed by Guo et al. [28].

2. Materials and methods
Poly(ε-caprolactone), PCL (CAPA 6800, Perstorp, Cardiff by the Sea,
CA, USA), a biodegradable polyester of fossil origin, was adopted as a
model polymer for testing the validity of the approach. Basic properties
of interest to the foaming process are presented in Table 1. As received,
the granules have an average diameter of ca. 3 mm. Technical grade CO2
was supplied by SOL S.p.A. (Monza, Italy).
The foams were characterized to determine their bulk density (ρ) and
cell density (N). ρ was measured according to ASTM D7710, using an
analytical balance (Mettler Toledo, Columbus, OH). The cellular struc
ture of the foams was investigated by using a scanning electron micro
scope (Hitachi TM 3000 SEM). N was calculated as N=(ρp/ρ) n3/2, where
n is the number of cells in the area A of the SEM micrograph and ρp is the
density of the solid sample. The cell size was measured according to
ASTM D3576.
2.1. Foaming apparatus
The pressure vessel is a three-piece, cylindrical stainless steel,
custom-designed autoclave, produced by Roman Weber GmbH (Tobel,
Switzerland), schematized in Fig. 1. The bottom piece (in Fig. 1-bottom
and in Fig. 2b) includes 16 cylindrical sample wells, 15 mm in diameter
and 15 mm in height, 4 of which (on a diagonal) are equipped with a
pressure and temperature (Tmelt) transducer (KE2-6-M-B35D, Gefran S.p.
A., Provaglio d’Iseo, Brescia, Italy). Fig. 2 reports some images of the
parts and the assembly. On the two sides of the 16 wells, 2 through holes
per side are present for housing the heating cartridges. One cartridge per
side includes a type-J thermocouple for temperature control (Tcontrol –
blue-wired in Fig. 2). The cartridges allow to reach a maximum tem
perature of 540 ◦ C, however, in the present stage, Viton O-ring define
the working temperature range between ambient temperature and a
maximum temperature of 200 ◦ C. The control, here and correspondingly
on the top piece, is such to induce a linear temperature gradient in the
wells, in one direction, forming 4 isotherm wells-lines, each at different

2.2. Foaming protocol
At room temperature and pressure, the autoclave is opened, and each
well is filled with a granule of PCL as received from the supplier. After
positioning the central disk on the bottom part, the assembly is closed
with the hydraulic pump by applying a force of 10 tons. The output valve
is closed, and vacuum purging is applied from the input valve to dry the
sample and remove any contaminant for 1 h at room temperature. The
two valves are closed and the Gefran 3850T PID control is enabled to

Table 1
Properties of Poly(ε-caprolactone) (commercial name CAPA 6800).
MW (mass average molar mass)

Tg (◦ C)

Tm (◦ C)

ρ (g/cm3)

80000

− 60

60

1.140

@ 0.1 MPa, 25 ◦ C
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Fig. 1. a) 3D renderings of the top, central and bottom pieces of the matricial equipment; b) 2D lateral view of the bottom piece; c) 2D top view of the bottom piece;
d) sketch of the equipment illustrating the position of: heating cartridges (green marks), temperature sensors (red marks) and pressure sensors (blue marks). . (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3

D. Tammaro et al.

Polymer Testing 111 (2022) 107590

Fig. 2. Pictures of the assembled pressure vessel and details of the pieces: (a), open configuration; (b), details of the bottom piece with the 4 × 4 wells and copper
sample holders; (c), central piece assembled on the bottom piece, showing the pressure discharge holes for the different PDRs (PDR gradient orthogonal to the Tfoam
gradient); (d), closed configuration.

establish the desired temperature gradient within the assembly. Thus,
the first foaming experiment totally replicates the literature protocol:
the assembly is heated up to 70 ◦ C and, after reaching thermal equi
librium, the cell is filled with carbon dioxide up to 4.0 MPa. The system
is kept at the chosen thermodynamic conditions for 2 h to reach ther
modynamic equilibrium. Tmelt and pressure are recorded during the
entire process. The system is quenched at Tfoam equal to 43 ◦ C from one
side in ca. 10 min and the pressure is kept constant by opening the input
valve. This step enables the solidification of the previously molten
polymer and does not affect the carbon dioxide concentration within it.
Indeed, sorption of low MW gas in thermoplastic polymers is an
exothermic process but the diffusion time is much higher than the
quenching time. Last, the output valve is open and PCL pellets foam.

Fig. 3. Picture of the overall assembly showing the 10-ton press, the blowing
agent connections, ports and valves.
Fig. 4. Pressure drop histories at the different measurement points.
4
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Fig. 4 compares the pressure as a function of time in the diagonal wells:
the PDR is evaluated as PDR = DP
Dt , where DP is the total pressure drop (i.
e., 4.7 MPa) and Dt is the total time of the depressurization (i.e., 0.9, 1.1,
1.4, 1.8 s). Although the PDR measurement is only performed in four
wells along the gradient direction, the PDR in the remaining 12 cham
bers is well approximated by the measured values. Indeed, this param
eter only depends on the central disk holes diameter.
3. Results and discussion
The resulting foams, following the foaming protocol, are shown in
Fig. 5. The analysis of the 16 samples, obtained with one single test,
confirms the strong dependency of the foaming process on the foaming
temperature. The effect of different Tfoam is immediately visible in Fig. 5,
where the whiter foams present a lower density and a finer morphology.
The effect of the PDR on the rows within the same Tfoam is less clear by a
first visual inspection.
A single test with the matricial batch allows to build a surface plot of
the foam density and crystallinity on the whole range of processing
conditions investigated, i.e., from 29.5 ◦ C to 39 ◦ C and from 2 to 4.1
MPa/s, (Fig. 6). The 16 PCL foams have density ranging from 78 to 486
kg/m3, and the surface plot in Fig. 6a reveals that, in the range of
temperature and PDR investigated, the dependence of the density on the
Tfoam is stronger than on PDR. A slight decrease of density is observed by
increasing the PDR at fixed Tfoam and it becomes clearer at low foaming
temperature of 29.5 ◦ C, where doubling the PDR (from 2 to 4 MPa/s) the
foam density passes from 110 to 78 kg/m3. The density increases
monotonically as a function of the Tfoam, pointing out that the reduction
of the polymer viscosity induces the occurrence of bubbles coalescing
mechanisms responsible for the loss of the BA and reduction of foaming
efficiency.
The crystallization and melting of PCL were measured using a Per
kin–Elmer differential scanning calorimeter (DSC 2B), calibrated from
the enthalpy of fusion of a known mass of indium. Random sections of
the foamed PCL pellets with a weight of ca. 5 mg were contained in
aluminum pans, and an empty pan was used as a reference. Melting
traces were obtained by heating from 290 to 350 K at 10 K/min. The
degree of crystallinity was calculated as follows, a linear baseline was
drawn from the first onset of melting to the last trace of crystallinity and
the enthalpy of fusion was then calculated from the area under the
endotherm. The weight fraction degree of crystallinity (Xc) was defined
as:
Xc =

Fig. 6. (a) Foaming map of the density; (b) the weight fraction degree of
crystallinity, Xc, as function of processing parameters obtained in one single
experiment by matricial foaming.

Where ΔH is the enthalpy of fusion measured at the melting point and
ΔH0 is the enthalpy of fusion of completely crystalline PCL equal to
139.3 J/g (taken from Ref. 26). The measured map of Xc is shown in
Fig. 6b where the effect of PDR and Tfoam can be seen. The Xc varies
slightly over the PDR range investigated, the biggest variation is
measured at Tfoam = 31 ◦ C where Xc increases from 36% to 39% passing
from 4 to 2 MPa/s. The Tfoam has a strong effect on Xc, at 2 MPa/s the Xc
decreases as a function of Tfoam passing from at 53% at 29 ◦ C to 21% at
39 ◦ C. Incredibly, the entire 3D map of crystallinity can be obtained with
one single experiment.
A closer look of the foam morphology by SEM reveals the finer effect
of the different PDR (Fig. 7). The results in Fig. 7a show the cell
morphology for two rows of samples at different PDR and different
temperatures produced in one foaming test. The irregularity of the
morphology is due to the presence of welding lines among the pellets
inserted in each well. The cellular morphology of the foams in the four
diagonal wells (i.e., where T1, T2, T3 and T4 are measured) is shown in
Fig. 7b. The cell size is strongly dependent on the foaming temperature,
i.e., the sample closer to the hot cartridge has the coarser morphology
and vice versa.
The cellular morphologies in Fig. 7 are in good agreement with the
morphology obtained by conventional batch foaming [29] in terms of
cell size and foam density.

ΔH
ΔH0

4. Conclusions
We reported the design of a pressure vessel for the high throughput
study of batch foaming of thermoplastic polymers. Two important
foaming variables, temperature and PDR, were changed simultaneously
in each test performing 16 samples that map the foamability of a poly
mer/BA couple at 4 different temperatures and PDR. The resulting foams
of PCL/CO2 are analyzed in terms of density and cell morphology. The
possibility to collect data using a high throughput experimentation
(HTE) allows an effective optimization of the foaming process and to
speed up innovation all along the knowledge and value chains for

Fig. 5. PCL foams with matricial foaming.
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Fig. 7. a) SEM of PCL foams produced by one experiment in the matricial batch; b) cellular morphology of the samples in 4 diagonal wells represented by pictures
acquired via SEM (x100 magnification).

polymer foaming. HTE is a technology for running very large numbers of
miniaturized experiments (hundreds or thousands per day) in the par
allel mode under robotic control. The results can be fed into stochastic
computational models that identify structure-properties relationships
(SPR) with the aid of Machine Learning tools.
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