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This study investigates the influence of air bubbles inclusion on the foaming of water blown and water-pentane
blown rigid polyurethane and polyisocyanurate foams. It was observed that, when a large number of air bubbles
were included in the reacting system during the mixing stage (fast mixing), no further bubble nucleation from
water reaction or pentane evaporation occurred. In this case, foam morphology was solely dictated by the mixing
stage and by later bubble coarsening. Instead, when no air bubbles were included during mixing (slow mixing),
nucleation of new bubbles from CO2 (from water-isocyanate reaction) and pentane was observed. Furthermore,
both bubble coalescence and Ostwald ripening were observed as mechanisms responsible for the foam
morphology coarsening, the latter being less effective in the case of polyisocyanurate foams.

1. Introduction
Rigid polyurethane (PU) foams are widely used in many applications
such as domestic appliances, constructions and automotive [1–3] for
their excellent thermal insulating [4–6] as well as acoustic absorbance
properties [7–9]. Rigid polyisocyanurate (PIR) foams possess better
flame-retardancy than PU and are largely utilized in the building in
dustry as core materials for sandwich panels in roofs and walls [2,3,
10–12]. PU and PIR are typically prepared by intensive mixing two re
actants, namely a polyether or a polyester polyol with a poly-isocyanate
(methylene diphenylene or toluene diisocyanate), forming the solid
polymer after a curing reaction [11,13,14]. Concurrent to the curing re
action, a blowing reaction of water with the isocyanate provides the gas
phase for the polymer expansion. Here, water is included in the polyol as
a chemical blowing agent, CBA, and carbon dioxide is the reaction
product [13–16]. Foaming can be also promoted by use of physical
blowing agents (PBA), usually a liquid with a low boiling temperature
(e.g. pentane) undergoing evaporation when the reacting medium heats
up due to the exothermicity of the reactions. Typically, PBA are added to
water as co-blowing agents.
PU and PIR properties of interest in the respective application fields
are, among others, thermal conductivity, compression strength, acoustic
absorption, dimensional stability, fire properties and adhesion to sub
strates [17]. These are tightly related to the foam density and
morphology (e.g., the bubble size distribution, the open/closed bubble
feature and the solid fraction in the struts and walls). To the aim of

controlling properties, it is key to assess the governing mechanisms in
the morphology evolution, both at the early stages, where bubble form,
and at the later stages, when they grow, impinge and possibly merge into
each other, thereby inducing a morphology coarsening.
Bubble formation mechanisms are, in the case of PUs and PIRs,
aeration and nucleation. In aeration, also referred to as mechanical
foaming or frothing, the gas, most commonly air, is dispersed into the
starting reactants by vigorous agitation, which leaves air bubbles
entrapped within the polymeric matrix [18]. This method is popular in
food [19], for example it is utilized in cream whipping, but also in
polymers, like in the Dunlop process for natural rubber latex foams [20].
In nucleation, as described by the classical nucleation theory [21], gas
bubbles form from a liquid/gas solution when the latter is supersatu
rated (i.e.: gas concentration is larger than its solubility at given tem
perature and pressure). Here, the driving force for the nucleation of
bubbles is the gain in the volumetric Gibbs energy associated with the
transition from the old single phase (supersaturated liquid/gas solution)
to the new two-phase system (saturated liquid solution and gas bubbles)
[21]. Volumetric free energy gain has to exceed the surface free energy
(barrier) required for the formation of the interface between the new
phase (the bubble) and the old phase. In this instance, any mechanism
inducing a reduction of surface energy barrier boosts nucleation [22].
This is usually achieved in with soluble surfactants lowering the surface
energy or with non-soluble additives.
The latter are often utilized as nucleating agents, their interfaces being
partially available for bubble nucleation. When nucleating agents are

* Corresponding author.
E-mail address: edimaio@unina.it (E. Di Maio).
https://doi.org/10.1016/j.polymer.2021.123877
Received 16 November 2020; Received in revised form 29 April 2021; Accepted 17 May 2021
Available online 25 May 2021
0032-3861/© 2021 Elsevier Ltd. All rights reserved.

Polymer 228 (2021) 123877

C. Brondi et al.

present, heterogeneous nucleation occurs, favored with respect to homo
geneous nucleation (without pre-existing interfaces) [22].
In PU and PIR processing, initial intensive mixing (which guarantees
an intimate contact between the polyol and the isocyanate for the curing
and blowing reaction to occur uniformly within the sample) brings in
entrapped air bubbles, indisputably providing the system with interfaces
available for heterogeneous nucleation. In fact, in the case of a preexisting air bubble, there is no surface energy barrier and the blowing
agent evolving from CBA (and/or PBA) may simply inflate the bubble by
diffusion. Aeration and nucleation may, here, be considered as
competitive mechanisms: if air bubbles are already present in the
reacting system, homogeneous CO2 and PBA nucleation of new bubbles
should be hindered, depending, among others, on the number density of
air bubbles.
Once bubbles are formed (by aeration and/or nucleation), bubble
growth follows, induced by the gases evolving due to the chemical or
physical mechanisms. At the later growth stage, especially if the blowing
reactions are faster than the curing reactions, foam morphology
degeneration may occur by coalescence and/or Ostwald ripening (OR).
Coalescence is the process by which two bubbles approach each other
(impingement) and, when the film thickness separating them reaches a
critical value, the film breaks, and the two bubbles become one [23]. OR
consists in a mass transfer mechanism involving two close bubbles of
different size: due to the different Laplace pressures, the gas diffuses
through the polymer film from the smaller bubble to the larger bubbles,
deflating the smaller bubble until it disappears [23].
In this context, it is very important to avail tools to measure and
appreciate the different mechanisms at play, to understand the gov
erning factors, in turn to efficiently design new products and technolo
gies. A few attempts have been performed by microscopy techniques in
order to study which mechanisms take place during the PU foaming
process. In 1972, Baumhäkel [24] studied the influence of stirring ve
locity and air loading on the formation of water-blown flexible PU foams
in an open container. It was observed that the agitator speed and, as a
consequence, the amount of air bubbles introduced into the system had a
great influence on the production of flexible PU. The authors developed
a model suitable to describe the interrelationships between the gas
loading and the reaction kinetics of the resulting foams. Finally, it was
concluded that the air bubbles introduced into the system by the mixing
process accounted for all of the bubbles present in the final foam.
However, this study was conducted by means of an ex-situ technique.
Only the final PU samples were characterized without a direct obser
vation of the mechanisms. In 2000, Minogue [25] monitored in-situ the
bubble structure evolution by means of a PC-controlled camera con
nected to a stereo optical microscope. In this case, the effects of several
parameters such as the amount of catalyst, the surfactant and the type of
blowing agent (BA) on the foaming process were studied. In particular, it
was observed that H2O (CBA) concentration did not affect the amount
and the size of bubbles during the foaming process and that increasing
the amount of cyclopentane (PBA) led to an increase of the average
bubble size. While these results represent an initial study on how the
type and the amount of blowing agent may affect the bubbles growth,

however, no clarification was given whether air bubbles or CBA/PBA
nucleation was the prevailing mechanisms. In 2012, Pardo-Alonso et al.
[26] used high-resolution microfocus X-ray radioscopy to investigate the
nanoclays effect on the nucleation and coalescence mechanisms taking
place in a small droplet (used to limit the number of bubbles at 2–3 in the
depth direction). Using this technique in combination with image
analysis (IA) it was possible to in-situ monitor the foaming process from
the beginning of the PU expansion. The authors observed that the
introduction of nanoclays into the PU reacting mixture could induce an
intense nucleation at initial foaming stage while bubble coalescence was
not observed. These results shade some light on the role of these addi
tives on the foaming mechanisms. However, the competition between
aeration and nucleation bubble formation mechanisms were not
explored. It is worth of mention the work conducted in 2019 by Reignier
et al. [27], in which the morphology evolution of rigid PU was followed
by cryogenic scanning electron microscopy (cryo-SEM). The authors
observed that the presence of sub-micron size cavities within the initial
reaction mixture is attributable to liquid isopentane droplets which
remain partly dispersed (not solubilized) in the polymerizing matrix
phase and diffuse into the air bubbles (introduced by mixing step) rather
than nucleating new bubbles. This technique provided interesting re
sults that can be considered as a good starting point and a good com
parison for the results gathered in the present work.
Despite the efforts above reported, in our opinion, the competition
among bubble formation mechanisms as well as the following growth
and coarsening mechanisms involved in the PU (and in the context of
this study, in PIR as well) foaming process have not been dealt with in
details. In fact, the numerosity and superposition of said mechanisms
make it difficult to clearly separate and clarify their relative contribution
to the overall morphology evolution. On account of this, the aim of this
study was to investigate the competing bubble formation mechanisms
by a methodical approach that allowed to separately evaluate:
1.1. Bubble nucleation
I) of pentane in the polyol phase (liquid BA evaporation induced by
heating the sample holder);
II) of CO2 in the PU (and PIR) reacting mixture;
III) of CO2 and pentane in the PU (and PIR) reacting mixture;
1.2. Air bubbles inclusion (aeration)
IV) in the polyol phase;
V) in the polyol phase, in competition with pentane nucleation;
VI) in PU (and PIR) reacting mixture, in competition with CO2
nucleation.
VII) in PU (and PIR) reacting mixture, in competition with CO2 and
pentane nucleation.
To this aim, we adopted an inexpensive, newly developed experi
mental set-up allowing direct observation of the reacting medium. In
fact, notwithstanding the modern sub-atomic-scale resolution capabil
ities, we decided to keep the analysis simple, missing the very first
nucleation (sub-micronic) stages and local microscopic details, but
focusing on the macroscopic effects of the different concurrent mecha
nisms. To the best of our knowledge, the direct macroscopic observation
of the different mechanisms, to elucidate their competing contribution,
has not been addressed in the past, long history of PU foaming.

Table 1
Chemical composition of the formulated polyols.
Chemicals
Polyol
Surfactant
Catalysts
Trimerization
catalyst
CBA
PBA

in PU formulation

in PIR formulation

Description

Parts

Description

Parts

Mixture of
polyether polyols
Silicone type
Amine type
/

95.4

Mixture of aromatic
polyester polyols
Silicone type
Amine type
Potassium carboxilate

97

Water
Cyclopentane

0.1
14.5

Water
Cyclo/isopentane
(70/30)

0.1
19.5

2.8
1.8
/

2. Experimental

3
2.4
1

2.1. Materials
A formulated mixture of polyether polyols (mixture density = 1.08
g/cm3, viscosity = 6700 mPa s), with silicone surfactant and catalysts
was utilized with polymeric methylene diphenyl diisocyanate (PMDI)
2
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using a brush-less type stirrer until the mixture was homogeneous.
Mixing conditions were 1 h at 50 rpm in order to avoid the air bubbles
entrapment in the polyol formulation. The formulated polyol and iso
cyanate were poured in a glass cylindrical sample holder (with ratios of
1:1.3 by weight for PU and 1:2 for PIR) and kept separate by a rubbery
impeller (see section 2.3.) before mixing. PU and PIR foaming was
conducted at fast mixing conditions (FMC) (inclusion of air bubbles at
1000 rpm for 8 s), or at slow mixing conditions (SMC) (no air bubbles
inclusion, at 50 rpm for 20 s). Codes for the different samples, together
with the processing data are reported in Table 2.

Table 2
Foam samples codes and processing details (type and amount of BAs and pro
cessing conditions).
Sample

water|C5H10 amount (parts)

Mixing process

PU-CO2
PU-CO2-C5H10
PU-Air-CO2
PU-Air-CO2-C5H10
PIR-CO2
PIR-CO2-C5H10
PIR-Air-CO2
PIR-Air-CO2-C5H10

0.1|0
0.1|14.5
0.1|0
0.1|14.5
0.1|0
0.1|19.5
0.1|0
0.1|19.5

SMC
SMC
FMC
FMC
SMC
SMC
FMC
FMC

2.3. Experimental setup

(31.1% NCO, 1.20 g/cm3, 190 mPa s) to obtain PU foams. A formulated
mixture of aromatic-polyester polyol (density = 1.24 g/cm3, viscosity =
650 mPa s), with silicone surfactant and catalysts was utilized with
PMDI (high functionality, 30.5% NCO, density = 1.24 g/cm3, viscosity
= 600 mPa s) to obtain PIR foams. All were formulated and supplied by
Dow Italia s.r.l. (Correggio, RE, Italy) and used “as received”. Water was
always utilized as the CBA and pentane (namely, cyclopentane and a
mixture of cyclo/isopentane (70/30), for PU and PIR, respectively, from
Synthesis S.p.A., Bianconese di Fontevivo, PR, Italy) was used in addi
tion to water in some test as PBA. Compositions of the formulated pol
yols are detailed in Table 1.

2.3.1. Optical setup
An inexpensive, simple optical observation system was set-up and
Nucleation, air bubbles inclusion and growth were evaluated by
computerized digital imaging. The optical observation setup is shown in
Fig. 1. A CMOS camera (model DMK 33UX178) from The Imaging
Source (Bremen, Germany) was used for this study. The digital camera
has a resolution of 3072 × 2048 pixel (6.3 MP) and a frame rate of 60
fps. The gain can be varied in the range of 0–48 dB and each pixel has a
size of 2.4 μm × 2.4 μm. A bi-telecentric lens (model TC23004, x2
magnification, with a working distance of 56 mm and a field depth of
0.23 mm) from Opto Engineering (Mantova, Italy) was utilized. For the
nucleation, air bubbles inclusion and growth studies, the foaming pro
cess of PU (or PIR) should be observed from the early stages. To this aim,
the reactants were kept separate by a rubber impeller as shown in Fig. 1c
and d. To elucidate the different bubble formation mechanisms in the
different stages and phases, bubble nucleation and air bubbles inclusion
were also observed in the single reactant. To induce heating on the
single reactant, as no exothermic reaction occurs, a copper plate
equipped with a heating band (ESAF s.r.l., Italy) (Fig. 1e) is utilized.
Temperature is controlled by a PID controller (ETR-9100 model from

2.2. Foam preparation
In case of PU and PIR foams only blown with water (no pentane),
water was already contained into the polyol formulation by the supplier
and no further treatment was performed on the polyol. In case of waterpentane blown foams, the cyclopentane and cyclo/isopentane were first
added to 100 g of their respective formulated polyol (here, also con
taining the same water amount) in a plastic cup and they were mixed

Fig. 1. (a) Optical setup composed by (1) the mixing head, (2) the sample holder, (3) the copper plate used to keep the sample holder, (4) the heating element and (5)
the high-speed camera; (b) a detailed view of the optical camera coupled with the sample holder; (c) sample holder with (6) the rubbery impeller keeping separate
the two reactants and (d) its top view; (e) heating element used to heat the copper plate.
3

C. Brondi et al.

Polymer 228 (2021) 123877

Fig. 2. Pentane bubbles formation (SMC) within the polyether polyol at different times since heating: (a) 20 s, (b) 30 s, (c) 180 s, (d) 210 s, (e) 240 s and (f) 300 s.
Scale bars are 300 μm.

analysis of the dispersed phases. The average size of the dispersed phases
was defined as the diameter of a circle of area equivalent to the projected
area of the dispersed phase. The average diameter was then multiplied
by a correction factor of 1.273 [28] to calculate the reference
three-dimensional bubble size. On the other hand, the bubble density
was evaluated by measuring only the image area (A) and number of the
dispersed phases (n), according to Kumar’s theoretical approximation
[29]. For each formulation, the bubble size and the bubble density of
three samples were measured and averaged. The IA was applied to 36
scans during the foaming process, covering approximatively the initial
300 s.

ESAF s.r.l., Italy) and a temperature sensor (PT100 type, ESAF s.r.l.,
Italy). In a typical heating test on the single reactant, the copper plate is
first heated up (heating rate of 5 ◦ C/min) to a set temperature (90 ◦ C).
Once that the desired temperature is reached, the sample holder is
placed inside the copper plate.
2.3.2. Image analysis
The different morphologies as well as the bubble size distribution
were evaluated by a semi-automatic method of IA using ImageJ software
(NIH, US). The region of interest (ROI), consisting of a selection of the
image area of interest, was defined in order to carry out a more accurate

Fig. 3. Water-pentane bubbles formation (SMC) within the PU foam at different curing times: (a) 20 s, (b) 30 s, (c) 40 s, (d) 120 s, (e) 240 s and (f) 300 s. Scale bars
are 300 μm.
4
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Fig. 4. Air bubbles formation by aeration (FMC) and their expansion by pentane diffusion within the polyether polyol at different times since heating: (a) 10 s, (b) 30
s, (c) 40 s, (d) 120 s, (e) 240 s and (f) 300 s. Scale bars are 300 μm.

Fig. 5. Air bubbles formation by aeration (FMC) and their growth induced by CO2 and pentane diffusion within the PU (first row of images) and PIR (second row)
foams at different curing times: (a and f) 10 s, (b and g) 30 s, (c and h) 40 s, (d and i) 120 s and (e and j) 300 s. Scale bars are 200 μm.
5
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Fig. 7. Bubble formation in SMC (circles) and FMC (squares): bubble density
evolution of water blown (green symbols) and water-pentane blown (orange
symbols) PIR foams. Lines represent linear fitting of the bubble evolu
tion stages.

Fig. 6. Bubble formation in SMC (circles) and FMC (squares): bubble density
evolution of water blown (blue symbols) and water-pentane blown (red sym
bols) PU foams. Lines represent linear fitting of the bubble evolution stages.

2.4. Density

diffusion in the nucleated bubbles) and their rise upwards (change in
size as the bubbles progressively move away from bottom of the sample
holder and from the camera field of view).
An example of bubble nucleation and growth (pentane evaporation
and CO2 formed by the blowing reaction) mechanisms occurring into
the PU reacting mixture is reported in Fig. 3. In this case, we adopted the
SMC (no air bubbles entrapped during the mixing stage). New bubbles
appeared approximatively at 10 s after the end of the mixing stage (the
time elapsed for the bubbles to appear in the reacting phase ranged from
15 s to 30 s for the whole set of experiments) and grow until they un
dergo coalescence.
The foaming mechanisms have been observed in both the PU and the
PIR formulations. The formulations are industrially utilized with
pentane isomers (cyclo or iso/cyclo depending from the selected
formulation) as PBA. As water is also contained in polyol formulations,
the foaming process was also observed without pentane addition. Fig. 4
reports the bubble formation by aeration mechanism in the polyol and
Fig. 5 reports the bubble formation by aeration and nucleation mecha
nisms in PU (PU-Air-CO2-C5H10) and PIR (PIR-Air-CO2-C5H10).
In the first case (Fig. 4), as it can be expected, the polymeric phase
shows dispersed phases (air bubbles) from the very beginning of the
observation (right after the mixing stage). In comparison with experi
ments conducted in absence of air bubbles, it was observed that no
further bubbles formation occurred during the process, while the air
bubbles underwent expansion (due to PBA evolution).
Figs. 6 and 7 report the collective results of the whole set of exper
iments. The bubble formation/degeneration mechanisms are described
in terms of bubble density (N) (standard deviation ranged approx
imatively from 2⋅to 5⋅103 bubble.cm-3 for each experimental point).
From these results it was possible to evince that, for all of the system, the
foaming process was characterized by two foaming stages. The first
foaming stage (foaming stage I) was characterized by a change of N due to
the different competing bubble formation mechanisms, depending on
the mixing conditions and formulation, while the second foaming stage
(foaming stage II) was characterized by a decrease of N, due to the foam
degeneration mechanisms of coalescence and/or OR (the type of bubbles
degeneration mechanisms will be discussed more in detail in section
3.2.). In foaming stage I, when no air bubbles are entrapped by mixing
stage (no aeration), it is observed that N increases with time (Figs. 6 and

Foam densities were measured according to ASTM D1622/D1622 M
[30]. At the end of the optical acquisition, the foams were removed from
the sample holder and were further cured at room temperature for 2
days. Samples were cut to 10 mm × 10 mm x 10 mm cube by a razor
blade. The densities were measured on three replicates.
2.5. Scanning electron microscopy (SEM)
The morphology of PU and PIR foams was studied by scanning
electron microscopy (SEM). A PhenomXI Scanning Electron Microscope
produced by PhenomWorld, with a magnification range of 80–100000x,
with a CeB6 electron source tunable at 5.10 and 15 kV with a resolution
of 14 nm was utilized. The foams were cut by a razor blade and then
coated with gold by a Quorum Q150AS (Quarumtech) Rotary-Pumped
Sputter. The average bubbles size ф was evaluated with the in
tersections method according to ASTM D3576-15 [31]. Lines in two
perpendicular directions (m vertical lines of length h and n horizontal
lines of length l) are taken in order to make a grid. The grid is overlaid to
each micrograph and, for each line, the number of bubbles intercepted is
counted and the line length (h or l) is divided by the number of bubbles.
For each formulation, the bubble size of three samples was measured as
by following eq. (1) and averaged.
∑m
∑n
i=1 фi +
j=1 фj
ф=
(1)
m+n
3. Results and discussion
3.1. 3.1. Bubble formation mechanisms: nucleation and aeration
Figs. 2 and 3 report the bubble formation by nucleation in the polyol
and the reacting PU system (PU–CO2–C5H10), respectively. In the first
case, pentane bubble nucleation was induced by external heating.
Bubbles originated from pentane evaporation (no carbon dioxide, as the
latter is the reaction product with isocyanate, here absent) appear
approximatively at 3 min after the end of the mixing stage. No quanti
fication is reported as it was difficult to distinguish between the simul
taneous growth of these bubbles (change in size due to the pentane
6

C. Brondi et al.

Polymer 228 (2021) 123877

Table 3
Apparent diffusion coefficients and bubbles formation/degeneration rate of water blown and water-pentane blown PU and PIR foams.
Sample

Da [cm2.s− 1]
I

PU-CO2
PU-CO2-C5H10
PU-Air-CO2
PU-Air-CO2-C5H10
PIR-CO2
PIR-CO2-C5H10
PIR-Air-CO2
PIR-Air-CO2-C5H10

II
− 5

5.16⋅10
2.78⋅10−
2.23⋅10−
1.69⋅10−
3.96⋅10−
1.46⋅10−
1.01⋅10−
1.07⋅10−

4
6
5
6
4
6
5

− 7

6.49⋅10
1.25⋅10−
2.55⋅10−
1.02⋅10−
1.63⋅10−
1.42⋅10−
4.16⋅10−
1.26⋅10−

5
7
7
6
5
8
8

dN/dt [bubble.cm− 3.s− 1]

Bubbles formation/degeneration mechanism

I

II

I

II

5102
33150
− 2950
− 2150
145
554
− 5454
− 2435

−
−
−
−
−
−
−
−

Nucleation
Nucleation
Coalescence + OR
Coalescence + OR
Nucleation
Nucleation
Coalescence
Coalescence

Coalescence
Coalescence
OR
OR
Coalescence
Coalescence
OR
OR

2316
965
901
809
29
15
1933
1488

Fig. 9. Bubble formation in SMC (circles) and FMC (squares): bubble size
evolution of water blown (green symbols) and water-pentane blown (orange
symbols) PIR foams. Lines represent the linear fitting of the experimental data
by equation (2).

Fig. 8. Bubble formation in SMC (circles) and FMC (squares): bubble size
evolution of water blown (blue symbols) and water-pentane blown (red sym
bols) PU foams. Lines represent the linear fitting of the experimental data by
equation (2).

3.2. Bubble growth

7) which can be ascribed to the formation of new BA bubbles by
nucleation. When air bubbles are included by aeration, only bubble
degeneration is observed over time. This occurrence can be explained by
recalling the role of nucleating agents in heterogeneous (vs. homoge
neous) nucleation [22,32]. Due to the presence of air bubbles included
within the reacting mixture at early mixing stage, we may infer that the
BA molecules would rather diffuse toward these pre-existing air bubbles
(no interface and no energy barrier to overcome). The linear fitting of
experimental data may represent a useful tool for a qualitative evalua
tion of the bubble formation rate (dN/dt) [33] (see Table 3). In partic
ular, when using both the PBA/CBA dN/dt rises to 33150 bubble.cm-3.
s-1, with respect to the case with only CBA (5102 bubble.cm-3.s-1). When
the gas phase contained in the polymer/gas solution is supersaturated,
new gas bubbles may form as a consequence of the reduction in the
Gibbs energy required to let the nucleus become stable [22]. In case of
higher BA concentration (water-pentane blown foams), this energy
barrier is lower than in the case of lower BA concentration (water blown
only) and supersaturation degree may be achieved faster. Therefore, an
increase in the BA concentration may lead to higher dN/ dt [34]. The
same fitting procedure was used for PIR foaming, also in this case, dN/
dt is 145 bubble.cm-3.s-1 and 554 bubble.cm-3.s-1 for PIR-CO2 and
PIR-CO2-C5H10 respectively.

After the bubble formation (nucleation and/or aeration) stage, gas
bubbles undergo growth as a consequence of the gas diffusion from the
liquid phase. A macroscopic expansion is observed with the bubble
growth. Figs. 8 and 9 show bubble size evolution for PU and PIR foams,
and, consistently with the two-stage foaming process described in sec
tion 3.1 a two-stage bubble growth was observed [35]. During the
foaming stage I, a first linear trend is shown and can be attributed, in
case of foams obtained at FMC, to the air bubbles growth caused by the
inflation of the BA molecules from the reaction mixture into the bubbles
[35]. In case of foams obtained at SMC, two mechanisms contribute to
the bubble size increase: i) formation of new bubbles that keep
appearing during the foaming stage I and ii) growth of the previously
nucleated bubbles caused by the BA inflation to the dispersed phase
[35]. After the stage I, rounded bubbles isolated in the liquid (wet
regime) change their shape into polyhedral due to impingement (dry
regime) [35]. The bubbles growth rate is then reduced and a second
linear trend (foaming stage II) can be observed. To model this mass
transport phenomenon, as proposed by several authors [33,36–39], we
can assign a specific amount of liquid to each individual bubble in the
liquid medium and define an apparent diffusivity Da by taking into ac
count the mass flow of a plurality of components from the polymer
matrix to the dispersed phase. Based on the bubble size (ф) we may
derive the apparent diffusivity Da , evidencing the reduction of
7
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Fig. 10. SEM micrographs of PU and PIR samples used for the optical acquisition. SEM are taken after that the foams cured at room temperature for 2 days. Scale bars
are 500 μm.

diffusivity provoked by the ongoing curing process. Da can be deter
mined by the following equation [33,39]:
( )0.33
3
ф=6
(2)
(Da t)0.5
4π

characterized by a coarser cellular structure (large bubbles) during the
whole foaming process. A reduction in Da (Table 3) can be noticed when
foams are prepared at FMC (in particular, for stage I, from 5.16⋅10− 5
cm2 s− 1 and 2.78⋅10− 4 cm2 s− 1 of the PU-CO2 and PU-CO2-C5H10 for
mulations respectively to 2.23⋅10− 6 cm2 s− 1 and 1.69⋅10− 5 cm2 s− 1 of
PU-Air-CO2 and PU-Air-CO2-C5H10 respectively). Likewise, in PIR
foaming a reduction in Da is observed (for stage I, from 3.96⋅10− 6 cm2
s− 1 and 1.46⋅10− 4 cm2 s− 1 of the PIR-CO2 and PIR-CO2-C5H10

Figs. 8 and 9 report the bubble size evolution of the obtained PU and
PIR samples, respectively, evidencing that foams obtained at SMC were
8
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Fig. 11. PU and PIR samples used for the optical acquisition. Pictures are taken after that the foams cured at room temperature for 2 days.

formulations respectively to 1.01⋅10− 6 cm2 s− 1 and 1.07⋅10− 5 cm2 s− 1 of
the PIR-Air-CO2 and PIR-Air-CO2-C5H10 formulations respectively).
During stage I, polymeric chains of the reactants of thermosetting ma
terial are characterized by a high degree of mobility due to lower mo
lecular weight, while, after the impingement, this mobility is hindered
and restricted due to the ongoing curing process. Therefore, for each
foaming system, Da is further decreased during stage II [35].
At SMC, the bubbles formation appeared to cease in correspondence
of the impingement and the nucleated bubbles, during the foaming stage
II, underwent coalescence. Once again, the linear fitting of N (Table 3)
may help evaluate the bubble degeneration mechanisms [33]. In case of
PU foaming, during the foaming stage II dN/dt was − 2316 bubble.cm− 3.
s− 1 and -965 bubble.cm− 3.s− 1 of the PU-CO2 and PU-CO2-C5H10 for
mulations respectively, while in case of PIR foaming, dN/ dt was − 29
bubble.cm− 3.s− 1 and -15 bubble.cm− 3.s− 1 of the PIR-CO2 and PIR-
CO2-C5H10 formulations respectively. In the last case, we may observe
that bubbles suffered a minor coalescence when pentane is used as PBA
in the PU (PIR) formulations. It has been observed [40], that PU foams
prepared with pentane instead of only water as BA may exhibit
enhanced reaction rates leading to higher isocyanate conversion with
curing time. In this way, bubbles degeneration can be prevented more
effectively by faster viscosity increase of the reacting mixture as a result
of faster polymerization reaction [13].
At FMC, air bubbles were included into the reacting mixture during
the mixing stage of the PU (PIR) components, no bubble formation was
observed and different bubbles degeneration mechanisms were
observed in foaming stage I and II. Interestingly, during the foaming
stage I, it was observed that both PU-Air-CO2 and PU-Air-CO2-C5H10
were affected by bubbles coalescence (being dN/dt-2950 bubble.cm− 3.
s− 1 and -2150 bubble.cm− 3.s− 1 respectively) and in a, less predominant
way, by OR as well, while during the foaming stage II (at higher curing
degree), the OR only was responsible for the bubbles degeneration
(being dN/dt-901 bubble.cm− 3.s− 1 and -809 bubble.cm− 3.s− 1

Table 4
Features of the PU and PIR samples used for the optical acquisition.
Sample

ф [μm]

Foam density [kg/m3]

PU-CO2
PU-CO2-C5H10
PU-Air-CO2
PU-Air-CO2-C5H10
PIR-CO2
PIR-CO2-C5H10
PIR-Air-CO2
PIR-Air-CO2-C5H10

230 ± 21
490 ± 25
80 ± 10
110 ± 5
190 ± 24
320 ± 17
75 ± 10
100 ± 6

51.24
33.42
44.57
29.47
59.87
43.56
51.44
35.63

± 6.35
± 4.23
± 0.79
± 0.52
± 5.98
± 5.06
± 0.97
± 0.66

respectively). Eventually, also PIR formulations were characterized by
two different degeneration mechanisms affecting the two-stage foaming
process. It was then observed that during foaming stage I, PIR-Air-CO2
and PIR-Air-CO2-C5H10 were affected by bubbles coalescence (being
dN/dt-5454 bubble.cm− 3.s− 1 and -2435 bubble.cm− 3.s− 1 respectively),
while during foaming stage II, they were affected by OR (being
dN/dt-1933 bubble.cm− 3.s− 1 and -1488 bubble.cm− 3.s− 1 respectively).
3.3. Cellular structure of final foams
SEM micrographs of the samples analyzed in this work are shown in
Fig. 10. From these images we can observe how the different mixing
conditions played a fundamental role in determining the final
morphology of the foams. On one hand, foams obtained at SMC are
characterized by larger bubbles and inhomogeneous morphology, as a
result of the strong coalescence that affected the nucleated bubbles
during the foaming stage II. On the other hand, it can be observed that
foams obtained at FMC present a homogeneous and a finer cellular
structure. At these conditions, a significant higher amount of air bubbles
is entrapped into the reacting mixture and bubbles do not suffer a strong
coalescence as observed in the case of SMC. In addition, Fig. 11 reports
9
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optical images of the foamed samples, showing the different final
expansion ratios, while Table 4 reports the foam densities and final
average bubble sizes as measured by SEM pictures. Foams obtained at
SMC have higher densities with reference to those obtained by FMC. As
aforementioned, the polymerization reaction may be inhibited by the
poor mixing conditions that do not allow a suitable contact of the re
actants and led to inhomogeneous foams. The polymer does not possess
an adequate strength to withstand the bubbles expansion resulting in a
porous solid (not even a foam) with low expansion ratio as well as big
bubbles. On the contrary, at FMC, the proper mixing of the reactants
allows for an enhanced polymerization reaction. When pentane is
added, lower densities are obtained for both PU and PIR foams [40].

[7]
[8]

[9]
[10]
[11]

4. Conclusions

[12]

An optical setup has been used to investigate the foaming mecha
nisms occurring in the expansion process of reacting thermosetting PU
and PIR foams. This technique allows in-situ monitoring the bubbles
formation and their consequent growth from the very beginning of the
foaming process. The analysis of the images acquired by the optical
camera allows the determination of important foaming parameters such
as the bubble size as well as the bubble density evolution with the curing
time. In the context of this work, it has been investigated the effect of air
bubble inclusion on the foaming process of thermosetting PU and PIR
foams. The air bubbles inclusion plays a key role in determining the final
foam morphology. It has been demonstrated that the BA molecules
diffuse toward these pre-existing air bubbles rather than nucleate in gas
bubbles into the polymeric matrix. Furthermore, a two-stage foaming
process was highlighted. During foaming stage I, in the case of PU foams,
it has been observed that coalescence in combination with Ostwald
Ripening are the mechanisms responsible for the bubble coarsening,
whereas only coalescence influenced the bubble coarsening of PIR
foams. During the foaming stage II, it has been observed that only the
Ostwald Ripening affected the bubble coarsening for the PU and PIR
foam.
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