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a b s t r a c t
We developed a novel method to produce microcellular thermosetting polyurethane foaming by the
gas-foaming technique using high-pressure physical blowing agents. In particular, to tackle the inherent
difﬁculties of imposing a rapid pressure quench O(10−2 s) to a material whose synthesis timing is much
larger O(102 s), we utilized a two-stage foaming. In the ﬁrst stage, a rapid pressure quench O(10−2 s) from
the saturation pressure to an intermediate pressure, was imposed to nucleate a large amount of bubbles;
in the second stage, the growth of the nucleated bubble is controlled by slowly O(102 s) decreasing
the pressure to ambient pressure. In this way, by separating the nucleation from the growth stage and
by chasing the synthesis reaction with the pressure to avoid excessive stress to the curing polymer,
we achieved ﬁne-celled (size diameter of 20 m), medium-to-low density (150 kg/m3 ) thermosetting
polyurethane foams.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
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Thermosetting polyurethane foams (PUs) were introduced at
the beginning of the last century as a synthesis product of a polyol
and an isocyanate (synthesis reaction). Concurrent to the synthesis reaction, a blowing reaction of isocyanate with water provides
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the blowing agent, CO2 , responsible for foaming the curing matter. The long history of PU development has dealt principally with
chemistry optimization aimed at controlling the two reactions and
make them synchronized and have the polymer viscosity increase
while bubbles gently grow, without inducing severe mechanical
stresses on the polymer. The characteristic reactions duration is
O(101 –102 s). In fact, the polymer (i.e.: the pre-polymers and the
catalytic package) chemistry is designed to reach the ﬁnal degree of
curing when the gas evolution has gone to completion, in order to
achieve foams with very low density and ﬁne morphologies. In the
blowing reaction, by recalling the classiﬁcation of Physical Blowing Agent (PBA) or Chemical Blowing Agent (CBA) utilized in the
foaming of thermoplastics [1], water is a CBA, while CO2 gradually
forms and inﬂates bubbles at relatively low pressures. CO2 does not
solubilize in the polyol and/or the isocyanate phases prior to foaming, and cannot be considered a PBA, here [2]. PUs have been also
produced by using PBAs, like chloroﬂuorocarbons (CFCs) (in the late
1950s) and hydro-chloroﬂuorocarbons (HCFCs) (at the beginning of
1990s), then replaced by hydrocarbons (HCs) (e.g. pentane) because
of their negative environmental impact [3]. PBAs are solubilized at
relatively low temperatures and pressures (typically, ambient temperature and pressure) in the polyol and/or isocyanate phases and
then allowed to evolve in the gaseous state by the temperature rise
following the exothermic synthesis reaction. With the temperature increase, PBA solubility decreases, and the solution undergoes
phase separation (bubbles nucleation and growth). In this context,
HCs use was limited by their inherent ﬂammability, despite being
inexpensive and with zero ozone depletion potential (ODP) [3]. CO2
is considered more sustainable and safer, with zero ODP and the
lowest global warming potential (GWP = 1) among known blowing
agents [3]. As a drawback, CO2 solubility is much lower than HCs
and much larger pressures have to be utilized in order to reach concentrations appropriate for low-density foams, pushing technology
and know-how development.
High-pressure CO2 foaming proved very effective with thermoplastics. In this case, the low solubility at ambient pressure
is exploited to induce foaming by pressure quenching the polymer/gas solution formed at high pressures. Here, ﬁrst a suitable
PBA (CO2 , but also N2 and others) concentration is attained at high
pressures O(10 MPa) in an extruder or in a pressure vessel, and
subsequently a rapid O(10−2 s) pressure quench induces phase separation (foaming). The pressure drop rate (PDR) is the key to achieve
a good morphology, as introduced in the ’80 s by the MIT group [4],
and the number of bubbles nucleated per unit volume exponentially increase with the PDR [5]. In fact, with the pressure quench
method, utmost performances in terms of cell number densities
have been reached with numerous thermoplastic polymers: microcellular (cell size O(1–10 m)) and, more recently, nanocellular
(cell size O(1–100 nm)) foams have been produced, characterized
by improved thermal insulating and mechanical properties as compared to standard cell-sized foams [6]. So far, thermosetting foams
stay orders of magnitude behind, in terms of cell size, being typically O(100 m).
Because of the environmental concerns and of the encouraging
performances in producing microcellular and nanocellular foams
with thermoplastic polymers, high-pressure CO2 foaming of PUs
has attracted a growing industrial interest [7]. In this context, in
1972 Dow Chemical [8] introduced a process known as “frothing”,
where CO2 is delivered at moderate pressure yet at the mixing head
of the foaming equipment to produce a stable and low-density
foam. As CO2 was delivered right before the mixing head exit,
there was no chance to form a solution with the polymeric phases
[9]. In this case, CO2 was separated in a multitude of gas pockets by the mixing system, entrapped within the reacting medium,
eventually remaining as bubbles in the solid polyurethane. In this

process, bubble size and morphology are dictated by the mixing
power/efﬁciency and the (undesirable) coarsening process, and not
by the PDR from a polymer/gas solution [10], as in thermoplastics,
and not a big improvement in cell size was observed. The frothing process is still in use, after numerous improvements (see, for
instance patents by Hennecke GmbH and Bayer AG [11] and Cannon Afros SpA [9]). Micro- and nano-emulsions [12,13] of dense
CO2 (at high pressure) with the polyol, stabilized by surfactants,
have also been utilized to avail a ﬁne-phase separated structure
which, at pressure quench, brings to ﬁne celled foams. In all of these
cases, multi-phases systems with CO2 -rich phases were present.
Until only very recently, no method was reported that includes
the use of fully solubilized-CO2 (single phase) in the polyol and/or
the isocyanate and the exploitation of pressure quench to induce
foaming (the so-called gas foaming method). Despite the opportunity to achieve ﬁne morphologies and improved thermal properties
(among others), in fact, two main problems arise in high-pressure
gas foaming PUs: i) the difﬁculty of conducting solubilization under
pressure on two separate reacting species (that eventually have to
get in contact, still, under pressure, for the synthesis) and ii) to
impose a rapid pressure quench O(10−2 s) on a reacting polymeric
system that has been optimized, for decades, to be subjected to a
blowing reaction concurrent to the synthesis reaction O(102 s). This
mismatch of characteristic times constituting, to our point of view,
the most critical difﬁculty and will be the focus of the present study.
In this context, in 2019, Yang et al. [14] introduced a method to
foam PUs by high pressure CO2 after a solubilization stage in the
two reactants. They addressed the aforementioned two points as
follows: i) in a batch pressure vessel, the two components of the
PU formulation were kept separate by a polyethylene ﬁlm, which
eventually, after sorption, is broken by the mixer blades; ii) pressure quench was conducted after a certain reaction time, tuned
to the viscosity of the reacting matter. Authors, in fact, found that
a certain viscosity window was suitable for foaming by pressure
quenching. As a matter of fact, this viscosity window exists in a
region where the viscosity is quickly increasing, which can give
repeatability problems and difﬁculties in scaling up at industrial
level. From one hand, the cited study conﬁrms the high scientiﬁc
interest in this topic; from the other hand, the approach can be
considered as a good starting point and a good comparison for the
results gathered in the present paper, as we moved forward.
This work, introducing the c̈hasing the synthesis reaction with
the pressurem̈ethod, is part of a larger work on high-pressure CO2
foaming of PUs that has dealt with: i) the measurement and modeling of the physical properties of the polyol/CO2 [15] and the
isocyanate/CO2 solutions [16]; ii) the measurement and modeling
of the retarding effect of the CO2 concentration on the PUs synthesis kinetics by FT-NIR spectroscopy [17]; iii) the development
of a new experimental apparatus for processing and characterization of the foaming [18]. This background knowledge on the system
allowed us to develop the novel method that uses CO2 /polyol and
CO2 /isocyanate solutions (formed at high pressure) to produce
microcellular (size diameter of 20 m), medium-to-low density
(150 kg/m3 ) thermosetting PU foams, herein reported. The method,
essentially, copes with the two very different time scales of the
pressure quench O(10−2 s) and the synthesis reaction O(102 s) by
separating the nucleation and growth stages in two different processing stages. The method has been successfully applied on an
industrial PU formulation. A forthcoming paper will report the
attempts to optimize the available processing parameters by the
use of the present method on the lab scale equipment at the Foamlab of the University of Naples Federico II (present study and [18]),
on a lab scale at Dow Italia s.r.l, Polyurethanes R&D, in Correggio, Italy, and on a pilot scale equipment at Cannon Afros S.p.A.,
in Caronno Pertusella, Italy.
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Table 1
Compositions of the polyether polyol.
Polyol formulation components

Functionality (f)

Molecular weight (Mw) (Da)

Glycerin initiated
Amine initiated
Sorbitol initiated
Sucrose/glycerin initiated
Catalysts
Surfactant

Low
High
High
High
/
/

1000
500
700
500
/
/

Parts (%)

95
3
2

Water is 0.2% wt; polydispersity index (PDI) is 1–1.5; viscosity = 15,150 mPa.s (25 ◦ C); data from the supplier.

Table 2
Properties of the PMDI.
Component

Equivalent weight

NCO content (%)

Functionality

Viscosity mPa.s (25 ◦ C)

Acidity as %HCl

PMDI

135

31.1

2.7

190

0.02

Data from the supplier.

2. Experimental section
2.1. Materials
A polyether polyol (see Table 1 for details) and a polymeric
methylene diphenyl diisocyanate (PMDI) (Table 2) were supplied
by Dow Chemical Italy S.r.l. (Correggio, RE, Italy) within the LIFE13ENV/IT/001238 project [7] and used “as received”. The catalysts
introduced in the formulation were pentamethyldiethylenetriamine (PMDETA) and dimethylcyclohexylamine (DMCHA). High
purity grade CO2 (99.95% pure) was supplied by SOL (Naples, Italy).

CO2 mass fraction in the total formulation, w̄CO2 , the impeller is
put in rotation, and the reactants are allowed to get into intimate
contact for the curing reaction to start. Then, at a certain degree
of curing, the actuated ball valve is opened for pressure quench,
O(10−3 –10-2 s) to ambient pressure (conﬁguration in Fig. 1b) or to
a low, intermediate pressure by evacuating the pressure of the pressure vessel into a known volume tank (conﬁguration in Fig. 1c). In
the latter case, by using the valve on top of the gas tank, the pressure is eventually brought to ambient after an additional curing
period and at a deﬁned rate, with a characteristic time O(102 s).
The foamed samples are ﬁnally extracted from the sample holder
for the characterization.

2.2. Methods
2.2.1. Foaming equipment
To perform the foaming attempt, we utilized a novel pressure
vessel designed to processing and studying the foamability of PUs
by CO2 as a PBA. The equipment was extensively described in [18]
(the reader is encouraged to go to the original reference for full
details of the experimental set-up) and is installed at the FoamLab
at the University of Naples Federico II, Italy. It was designed to meet
the requirements for:
1 allowing PBA sorption at high-pressure and moderate temperature for long time (tens of hours);
2 keeping separate the two reactants for same long time during
sorption - O(103 s);
3 mixing the two PBA-laden reactants - O(101 s);
4 allowing partial curing - O(101 –102 s);
5 allowing fast and controlled PBA release for foaming O(10−3 –10−2 s);
6 allowing curing to go to completion - O(102 s);
7 NIR-monitoring all (but No. 5) of the above stages.
The main novel features of the equipment were: i) the use of
a rubbery impeller for the reactant sealing (and successive mixing), ii) a high-pressure-tight sapphire window mounted beneath
an IR-transparent sample holder for remote NIR monitoring. Fig. 1a
reports a 3D rendering of the proposed pressure vessel and images
of the equipment in two conﬁgurations. With respect to the original conﬁguration described in [18] (see Fig. 1b), to apply a partial
pressure quench, we added a gas tank to the evacuation system (see
Fig. 1c).
In a typical foaming attempt, the two components of the PU
formulation, polyol and PMDI are loaded in the cylindrical sample holder (kept separate by the rubbery impeller), and subjected,
at 35 ◦ C, to a CO2 pressure ranging from 2.0 to 10.0 MPa. After a
deﬁned sorption time, necessary to achieve the desired average

2.2.2. Foam characterization
Density measurements were performed according to ASTM
D792 [19], using an analytical balance (Mettler Toledo, Columbus,
OH). The cellular structure of the foams was investigated by using
a scanning electron microscope (S440, LEICA). The samples were
ﬁrst sectioned with a razor blade and then coated with gold using
a sputter coater.
3. Results and discussion
3.1. One-stage foaming
The ﬁrst attempts to foam the reacting polyurethane formulation were based on the idea that, within the PU curing reaction time
O(102 s), it is in principle possible to guess the optimal degree of curing (X - as it is formally deﬁned in the Supplementary Materials by
Eq. (5)), and, hence, an optimal polymer viscosity suitable to tolerate the pressure quench, which has to be fast enough to generate
a high number of bubbles O(10−2 s). At lower X, in fact, the polymer is too weak (low viscosity and low strength) to withstand the
large elongational stresses exerted by the polymer conﬁned among
the growing bubbles. As a consequence, a pressure quench would
induce bubble formation (by the evolution of the blowing agent solubilized under pressure), followed by an intense coalescence and
collapse of the structure: an awful, useless foam. From the other
side, at higher X the polymer is too rigid and viscous, and, at pressure quench, the gas pressure is not enough to inﬂate the bubbles,
giving a minimal expansion and, again, a useless foam. At intermediate, optimal X, a reasonably low density and ﬁne morphology
foam could be expected. A scheme of the one-stage foaming method
is reported in Fig. 2a. In the scheme, qualitative pressure and curing
degree vs. time curves are reported, together with boxes depicting the status of the multi-phase system. The color maps represent
the curing degree (pink = low degree of curing, brown = high degree
of curing) and the density of the gas contained in the bubbles
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Fig. 1. Equipment utilized to perform the foaming tests. a) 3D scheme showing a cut of the pressure vessel with the sample holder and the mixing shaft. b) Picture of the
equipment in the original conﬁguration reported in [18]: actuator (No. 1 in the image) for the ball-valve (2); pressure vessel (3). c) Upgraded conﬁguration with a gas tank
(4), to evacuate the pressure vessel to an intermediate pressure.

Fig. 2. One-stage foaming method: a) Scheme of the method; b) SEM micrograph
of PU foam. Scale bar is 100 m.

(blue = high gas density; white = low gas density). In 0̈ , at psat , the
two solutions were just mixed, and the degree of curing is null,
the box describes this early stage of curing, with the dense CO2
solubilized in the polymeric matrix. From 0̈ to 1̈ the pressure is
maintained at psat and the reaction proceeds (the boxes color shift
to brown, still with dense CO2 in solution). In 2̈ the pressure has
just been quenched to pamb and the bubbles nucleate and growth,
until ﬁnal curing is attained in 3̈ . In these latter stages (2̈ and 3̈ ),
gas density is minimal (white color of the bubbles), as the pressure
is pamb .
This one-stage foaming approach of inducing a pressure quench
on a sufﬁciently viscous system was reported in 2019 by Yang et al.

[14]. In particular, authors performed in-situ viscosity measurements during the curing process to investigate PU polymerization
under high-pressure CO2 . As we also reported in [17], authors
observed that the presence of high-pressure CO2 signiﬁcantly
delayed the viscosity rise characteristic of the polyurethane synthesis. As a consequence, longer times were required for the curing
reaction when CO2 was dissolved within the PU reactants, to attain
the same viscosity of the neat formulation. In-situ viscosity measurements allowed to determine suitable foaming windows for the
pressure quenching and PUs with good expansion ratios as well as
ﬁne cell size were obtained [14].
Likewise, a series of experiments were herein carried out to
achieve a suitable degree of curing to sustain the pressure quench.
In fact, numerous foaming attempts failed, proving the difﬁculty
to achieve a homogeneous foam morphology with a low-enough
density. In this series of experiments, the reactants were kept separate under CO2 for 3 h at 35 ◦ C and 6 MPa for sorption and then
mixed and cured for 3.7 min. After the curing stage, the system was
pressure quenched to ambient pressure at 40 MPa/s. Fig. 2b reports
the scanning electron micrographs of a PU porous solid (not even a
foam!) achieved by one-stage foaming: non-uniform cell size distributions in the range of 20–80 m and densities around 600 kg/m3
were obtained.
The impossibility to achieve a ﬁne celled, low-density foams by
one-stage foaming persuaded us to derive a new method. The main
issue with one-stage foaming was, to our point of view, the very
different time scales between reaction time, O(102 s), and pressure quench, O(10−2 s), and, more generally, the underlying idea
to overturn the decades of development of PUs foaming, that has
brought to ä chemistryöptimized for the foaming reaction to be
concurrent to the curing one, both taking O(102 s). The 4-orders
of magnitude difference between curing time and pressure quench
time and the failed one-stage attempts was the key point to develop
a new strategy.
3.2. Two-stage foaming
The two needs of i) imposing a fast pressure quench and ii)
allowing the relatively slow curing, brought to the introduction
of a two-stage foaming. Two-stage foaming was already utilized
in thermoplastic foaming, e.g. to achieve bi-modal pore morphologies where the holding stage between two depressurization steps
allowed the formation of the bi-modal cell structure development [20]. The main idea under the present two-stage method
is to separate bubble nucleation from bubble growth, allow the
two phenomena following two different timescales, O(10−2 s) and
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contained in the cells has a relatively high density and is s̈toredïn
the bubbles, available for the following growth, when pressure will
be afterward brought to ambient. The limited cell growth will prevent cell coalescence, as small bubbles are separated by relatively
thick walls. Secondly, pressure is slowly O(102 s) reduced to pamb .
In this stage, bubbles’ volume will increase due to the pressure
reduction of the gas mass contained within the bubbles. In fact,

a small amount of gas is still solubilized in the curing matter at p ,
and is de-sorbed with the pressure reduction, further contributing to the growth. It is worth of note that, as the CO2 solubilized
in the polymer affects the synthesis reaction kinetics, the external pressure control has an effect on the reaction kinetics, and this
effect has to be taken into account to the purpose of accurately
designing the foaming process. We may describe this method as
¨
c̈hasing the synthesis reaction with the pressure(reactionem
pressione urgēre), intending the use of external gas pressure to control
expansion of the gas contained in the bubbles, while the curing
reaction is running. This method is schematically shown in Fig. 3.
Here, as in Fig. 2a, qualitative pressure and curing degree vs. time
curves are reported, together with boxes depicting the status of the
multi-phase system. The color maps represent the curing degree
(pink = low degree of curing, brown = high degree of curing) and
the density of the gas contained in the bubbles (blue = high gas
density; white = low gas density). The initial system is composed
by the polyol/CO2 and the isocyanate/CO2 solutions, containing an
average w̄CO2 [17], at psat , just mixed to initiate the curing reaction (X0 = 0; 0̈ in Fig. 3, and corresponding pink-colored square
with high-pressure - dense- CO2 in solution). The curing reaction
is conducted for a certain period, t0−1 (up to 1̈ ), under psat in the
stage I, after which the pressure is quenched at high PDR to p (2̈ ),

to nucleate bubbles. After a certain period (t2−3 ) at p , where the

Fig. 3. Scheme of the two-stage foaming method.

O(102 s), and, hence, controlling the bubble growth to be concurrent to viscosity evolution. In particular, in the ﬁrst stage,
bubble nucleation is promoted by fast pressure quenching (as fast
as possible, considering the speciﬁc equipment) the polyol/CO2
solution-isocyanate/CO2 solutions reacting mixture from the sat
uration pressure, psat , to a low, intermediate pressure, p (higher
than ambient pressure, pamb ). In this stage, hence, a large number density of bubbles is formed, which partially grow in volume
up to a certain limit, as their volume growth is restricted by the

pressure. In fact, as p is higher (O(0.5–1 MPa)) than pamb , the gas



Fig. 4. Design criterion of the second foaming stage as by Eq. (2.b). a) ṗ as a function of the initial conditions p and X at different Xf 1 = 0.90, Xf 2 = 0.95 and Xf 3 = 0.99; b), c)






and d) X(t) as a function of the initial conditions (p and X ) and the ﬁnal condition, Xf ; b) Effect of p (X = 0.50 and Xf = 0.99); c) Effect of X (p = 0.5 MPa and Xf = 0.99);




d) effect of Xf (p = 0.5 MPa and X = 0.50). Insets report ṗ as a function ofp , X andXf .
Table 3
Processing program and features of the achieved foams in one-stage (sample I) and two-stage foaming (samples a–c).
Stage 0–1

Stage 2–3


Stage 3–4


Sample

psat [MPa]

t0−1 [min]

p [MPa]

t2−3 [min]

X

I
a
b
c

6.0
4.0
5.0
6.0

3.7
3.7
3.7
3.7

/
0.35
0.46
0.70

/
3
3
3

/
0.92
0.86
0.79

Xf

ṗ [MPa/min]

Cell size [m]

Density [kg/m3 ]

/
0.99
0.99
0.99

/
0.10
0.11
0.13

20–80
20
43
50

600
150
200
240
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degree of curing reaches X  (3̈ ), the pressure is allowed to slowly
decrease to pamb (4) and, concurrently, the curing reaction continues to completion (X = Xf ). To evidence the use of gas density to
control the growth, bubbles in the boxes in Fig. 3 have colors fading
from blue to white, from 3̈ to 4̈ .
In fact, it is possible to design the pressure drop history in the
stage II (path 3–4 in Fig. 3) to attain Xf in the very moment when

pressure equals ambient pressure, starting from X  and p . As a proof
of concept, and as it is also simpler to apply to an equipment, we
may, for example, linearly decrease pressure (applying a constant
pressure drop rate, ṗ). The evaluation procedure to estimate the

value of ṗ to be applied, given X  , Xf and p is detailly reported in the
Supplementary Materials. To include the experimentally observed
effect [17] of the w̄CO2 on the curing kinetics, we assumed that,
during the slow pressure release, the dissolved CO2 concentration
is spatial uniform and dictated by the phase equilibrium with the
gas phase in contact with the liquid reacting mixture and that the
following form can be used, at constant temperature [17,21–23]
(see the Supplementary materials for variables deﬁnitions):
X (t) = 1 − e−A e



− Bw̄CO



t

2

(1)

In a more general case, the pressure drop rate, ṗ, that has to be
imposed to the system during the second depressurization stage,
˙ (see the Supplementary Materials section for
here, deﬁned as |p|
details on this deﬁnition), to achieve the desired Xf when p = pf ,
reads:



˙ =
|p|

A
BH

e−B H pf − e−B H p



ln

1−X ’
1−Xf



’



(2.a)

In the case of interest in this paper, since pf = 0 (approximation
reasonable in such a case for the ambient CO2 , when the pressure
vessel is exposed to ambient at valve opening, see Supplementary
Materials) the Eq. (2.a) collapses to:



˙ =
|p|

A
BH

’

1 − e−B H p



ln

1−X ’
1−Xf





(2.b)

Where H is the Henry constant for CO2 in the averaged polymeric
matter [17]. In particular, Eq. (2.b) describes the effect of the reaction rate parameters, A and B in Eq. (1), the Henry constant,H, the


initial conditions (p , X ) and the desired Xf on ṗ. The parameters A
and BH represent the reaction rate without CO2 (at ambient pressure) and the way CO2 slows down the curing reaction, respectively.

Eq. (2.b) shows that ṗ is governed by A/BH andBHp , which can
be utilized to optimize the aforementioned processing variables to

achieve a desired foam. Fig. 4 reports the ṗ as a function of X andp ,
at Xf = 0.90, 0.95 or 0.99.

As it could be expected, ṗ increases withp , as the larger is p ,

the larger is the distance to pamb . ṗ also increases with X , as, start

ing from the same p , larger X means a minor distance from the
desired Xf , and lower reaction time for this latter stage. Finally, ṗ
decreases withXf , as higher ﬁnal curing degrees are reached more

slowly, ceteris paribus. The effect of each variable (X  ,p andXf ) on
the curing rate (in stage II) is reported in Fig. 4b–d.
These calculations allowed us to design the process and conduct the two-stage foaming experimental campaign. Fig. 5 reports
the SEM images of three foams produced as by the processing program detailed in Table 3. In particular, PU foams were produced
after solubilization at 4.0, 5.0 or 6.0 MPa, then pressure quenched
after 3.7 min from mixing the two high-pressure polyol/CO2 and
isocyanate/CO2 solutions to 0.35, 0.46 or 0.70 MPa, respectively.
The reacting system is kept at said pressure for 3 min and ﬁnally
brought to ambient pressure at a ṗ calculated by Eq. (2.b). The pro-

Fig. 5. Results of two-stage foaming attempts: SEM micrographs of PU samples.
Scale bar is 100 m.

cessing steps for the three different procedures brought the system

at a X equal to 0.92, 0.86 and 0.79, respectively. The values of ṗ
given by Eq. (2.b) to bring the systems to ambient pressure and
Xf were, respectively, 0.10, 0.11 and 0.13 MPa/min (see Fig. 5a–c,
respectively). As it can be observed in Fig. 5, uniform cell distributions with cell sizes in the range 20–50 m and ﬁnal foam density
in the range 150–240 kg/m3 were achieved. By comparing results
reported in Fig. 5 and Table 3, achieved by two-step foaming with
those gathered by the use of one-step foaming (see Fig. 2) it is possible to appreciate the value of the two-stage method in achieving
medium to low-densities foams with uniform morphologies. The
available processing parameter, having ﬁxed the polyol/isocyanate
system (and, therefore, also A, B and H in Eq. (2.b), solely dependent
on the formulation and the interaction with CO2 ), are:
- the average amount of CO2 in the solutions’ mixture;
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-

the CO2 pressure (psat );
the reaction time at high pressure (t0−1 );
the intermediate pressure value after pressure quench (p );
the pressure drop rate (from psat to p );
the reaction time at intermediate pressure (t2−3 ).

In fact, the pressure reduction rate from p to ambient pressure
cannot be considered a processing variable, as it is ﬁxed by former parameters and is calculated by Eq. (2.b). Similarly, the degree

of curing,X is a result of the processing history and cannot be
considered a processing parameter. Furthermore, use of Eq. (2.b)
may help selecting the most suitable polyol/isocyanate system, as

it was shown that ṗ is governed by the groups A/BH and BHp .
The numerous processing parameters as well as the features of the
polyol/isocyanate system at play in the two-stage method allow
for process optimization and for ﬁne tuning the foam performance
to the speciﬁc application. Conducting this extensive testing campaign, however, is beyond the scope of the present paper, devoted
to introducing the use of secondary slow pressure reduction to have
bubble growth timescale match the synthesis reaction timescale in
thermosetting polyurethane foaming by physical blowing agents.
4. Conclusions
A two-stage gas foaming method was introduced to cope with
the two very different time scales of the pressure quench O(10−2 s)
and the synthesis reaction O(102 s) by separating the nucleation
and growth stages. The method, which may be described as c̈hasing
the synthesis reaction with the pressureällows a gentle growth
of nucleated bubbles by a controlled pressure reduction following a ﬁrst fast pressure reduction from the saturation pressure
to an intermediate (higher than ambient) pressure. The derived
model and resulting equation allowed clarifying the number of
independent variables and groups at play, for proper material
selection and processing optimization. Microcellular thermosetting
polyurethane foams were achieved with average cell diameter of
20 m and foam density of 150 kg/m3 .
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