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Abstract

Despite the long-standing use of per- and polyfluorinated carbons (FCs) as pore size-reducing agents for polyurethane
rigid (PUR) foams, their mechanisms of action remain poorly understood. To shed light on these mechanisms, we provide
a quantitative analysis of the influence of the FC concentration on the pore size of PUR cup foams of two different model
PUR foam systems: an industrially-relevant “technical system” and a simplified “scientific system.” Combining scanning
electron microscopy (SEM) and the PORE!SCAN method, we provide a detailed analysis of the pore size distributions of the
obtained foams. We confirm that the characteristic pore size of both systems is indeed significantly reduced by adding small
quantities of FC. However, we show that there seems to exist a critical FC concentration (about 3 wt.% with respect to the
A-component) beyond which adding more FC has a negligible effect. More interestingly, the relative extent of the pore size
reduction is almost identical for both PUR foam systems and the normalized pore size distributions remain largely unchanged
over the whole range of FC concentrations. Our findings suggest that the FC-driven pore size reduction is a general effect
caused by distinct mechanisms that are independent of the choice of the PUR foam system. Moreover, we hypothesize that
this effect is not to be searched for during foam aging, as often reported, but during the pre-mixing step.

Keywords Polyurethane foam - Fluorocarbon - Morphology - Pore size distribution

Introduction

Polyurethane rigid (PUR) foams have been used in a wide
range of applications since the 1960s with a focus on ther-
mal insulation. However, the benchmark blowing agents for
the preparation of PUR foams at the time were chlorofluoro-
carbons (CFCs) such as trichlorofluoromethane (also known
as CFC-11). While the use of bromo- and chlorofluorocar-
bons as potent blowing agents and refrigerants flourished
to reach its peak in the 1980s [1], they were identified [2,
3] to be the origin of the degeneration of the stratospheric
ozone layer. As a consequence, governments, environmental
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organizations, and industrials teamed up to initiate a ban
of bromo- and chlorofluorocarbons for the widespread use.
The corresponding treaty ruling the use and the phaseout
of CFCs is known as the Montreal Protocol [4] which was
passed and applied in the late 1980s. Nearly 40 years later,
it is delightful to mention that recent observations indeed
indicate a continuous recovery of the stratospheric ozone
layer in the last years [5, 6].

However, replacing CFCs adequately has been a major
challenge for PUR foam producers ever since. Already in
the 1990s, first studies proposed per- or polyfluorinated
carbons, short, fluorocarbons (FCs), as promising candi-
dates for next-generation (physical-)-blowing agents [7-10].
Similarly to CFC vapors, the low thermal conductivity of
FC vapors renders them favorable pore-gases for thermally
insulating PUR foams—materials that are currently highly
sought-after in the context of rising energy prices and strict
regulations on CO, emissions. In contrast to CFCs, how-
ever, FC molecules have the advantage of being very stable,
such that the formation of ozone-depleting radicals in the
stratosphere is avoided. Furthermore, Otto Volkert [7] dem-
onstrated that small quantities of FCs in combination with
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other physical-blowing agents such as cyclopentane suffice
to affect PUR foam morphology by significantly reducing
the mean pore size. This FC-induced reduction of the mean
foam pore size is particularly beneficial for the preparation
of thermally insulating PUR foams, since it diminishes the
contribution of thermal radiation to the overall thermal con-
ductivity of a PUR foam [11, 12]. Thus, FCs may not only be
considered as physical blowing agents but also as liquid-type
pore size-reducing agents that give rise to potent thermally
insulating PUR foams.

Unfortunately, FCs themselves are also associated with
substantial environmental concerns. On the one hand, FCs
exhibit significant global warming potential (GWP) [13, 14],
i.e., they are very potent greenhouse gases. On the other
hand, the molecular stability of FCs may give rise to an
unwanted and persistent accumulation of these species in
the atmosphere [15]. Thus, there is a growing interest in
substituting FCs as pore size reducing agents by less criti-
cal alternatives. To achieve this, however, the origins of
the FC-driven pore size reducing effect on PUR foam mor-
phology need to be understood. Despite the fact that FCs
have been used as pore size-reducing agents for decades,
the understanding of the pore size-reducing effects has
remained approximative, which is reflected by very differ-
ent explanations being proposed in the preceding literature.
Only recently, Brondi et al. [16] provided the first step to a
more coherent scientific interpretation of the mechanisms
responsible for the FC-driven pore size reduction. In short,
their results demonstrate that the FCs strongly facilitates
aeration, i.e., the mechanical entrainment of air bubbles
into the system, while blending the reactive components
forming the PUR foam and therefore favors the formation
of smaller pores. This goes well in line with our own find-
ings [17] that clearly show that there is indeed a reciprocal
relation between the air bubble density in the initially liquid
reactive mixture and the pore size of the final PUR foam.
Additionally, Brondi et al. [16] suggest that the FC does not
only facilitate the entrainment of air bubbles but also acts
as an osmotic agent retarding Ostwald ripening during foam
blowing, which is in line with a patent from Klostermann
et al. [18].

The object of the study at hand is to advance our under-
standing of the underlying mechanisms responsible for the
pore size reduction. For this purpose, we focus on study-
ing quantitatively the impact of the FC concentration on the
pore size distribution. To the best of our knowledge, such
a systematic study has yet to be reported. We investigated
the morphology of PUR foam batches prepared by mixing
the two components of the formulation in small paper cups
(so-called “cup foams™) using two-component systems. The
so-called “A-component” contained one or several polyols
as well as blowing agents, a surfactant, catalysts, and the
FC as a pore size-reducing agent, while the “B-component”
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consisted of an oligomeric form of methylene diphenyldiiso-
cyanate (pMDI). We systematically varied the FC concentra-
tion within the A-component while keeping all other formu-
lation parameters fixed, such that changes of the PUR foam
morphology could be traced back exclusively to the variation
of the FC concentration. We only adapted the concentration
of the physical blowing agent (cyclopentane) with the FC
concentration to maintain the final foam density constant
for all formulations.

Furthermore, we focused on investigating whether the
pore size reducing effect of the FC depends on the chosen
polyols. For this purpose, the variation of the FC concentra-
tion was simultaneously performed for two different PUR
foam model systems. For one of the two model systems,
which we call “technical system,” we chose a PUR foam
formulation with the A-component containing a blend of
three macromolecular polyether polyols. This system was
chosen in order to mimic technically relevant PUR foam sys-
tems currently used by PUR foam manufacturers. In contrast
to the technical system, we also used a second, simplified
model system, which we refer to as the “scientific system”
where the A-component contained only one low-molecular
diol (tripropylene glycol (TPG)) as a polyol compound.

Materials, formulations, and methods
Materials

The macromolecular polyether polyols “Polyetherol 90060,”
“Polyetherol 90094,” and “Polyetherol 90178 for the
“technical system” were supplied by BASF. Tripropylene
glycol (TPG; 97% by Sigma-Aldrich) was used as a low-
molecular polyol for the “scientific system.” For both formu-
lations, the A-component contained a catalyst blend based
on tertiary-amines provided by BASF. The silicone-based
surfactant Tegostab B8491 (supplied by Evonik Industries)
was used for both formulations. Water was used as a chemi-
cal blowing agent, while cyclopentane (>95%, BASF) and
the fluorocarbon FA-188 (perfluoro(4-methylpent-2-ene);
supplied by 3M) were used as physical blowing agents.
For all formulations, the B-component consisted of the
isocyanate Lupranat M20S which was supplied by BASF.
Lupranat M20S is an oligomeric form of methylene diphe-
nyldiisocyanate with an NCO-content of ca. 31 wt.% and
an average functionality of 3. All chemicals were used as
received without prior purification.

Formulations
Two different model systems were chosen for the prepara-

tion of polyurethane rigid (PUR) foams. For both systems,
the amount of the B-component was adapted to maintain
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Table 1 Overview of the formulations used for PUR foam preparation

Technical system

Scientific system

Substance
Polyol blend [wt.%]

A-Component*

TPG [wt.%] 0 0 0 0 0 0 0
Surfactant [Wt.%] 2.0 20 20 20 20 20 20
Catalyst [wt.%] 155 155 155 155 155 155 155
H,0 [wt.%] 25 25 25 25 25 25 25

Physical blowing agents”

Cyclopentane [wt.%] 13.5 133 13.0 128 126 123 12.1

93.95 9395 9395 9395 9395 9395 9395 9395 0 0 0 0 0 0 0 0

0 93.95 9395 9395 9395 9395 9395 9395 93.95
2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
155 1.55 155 155 155 155 155 155 1.55
2.5 25 2.5 2.5 25 2.5 2.5 2.5 25

112 135 133 13.0 128 126 123 121 112

FA-188 [wt.%] 0 1 2 3 4 5 6 10 0 1 2 3 4 5 6 10
B-Component”
Iso M20S [wt.%] 136.7 136.7 136.7 136.7 136.7 136.7 136.7 136.7 197.8 197.8 197.8 197.8 197.8 197.8 197.8 197.8

(Inco=120)

* with respect to 100 wt.% of the A-component

a fixed isocyanate-index of Iyco=120. Moreover, the
amount of blowing agents (water, cyclopentane, and option-
ally perfluoro(4-methylpent-2-ene)) was the same for both
systems to ensure that all obtained foams have a density
of p=(30+2) g L™!. To maintain a constant density, the
cyclopentane concentration was systematically adjusted
with the FC concentration. Furthermore, the same surfactant
concentration (cy,;=2.00 wt.%) and catalyst concentration
(Ceqe=1.55 wt.%) were applied for both systems. Note that
both ¢y, and ¢, correspond to concentrations typically used
in industrial R&D labs for the preparation of PUR foams
with good stability and reasonable reaction kinetics. Table 1
provides a detailed overview of all PUR foam formulations
used throughout the study at hand. In total, the mass of the
overall reactive PUR foam systems containing the A-compo-
nent, the B-component, and the blowing agents ranged from
ca. 50 to 55 g depending on the system and the formulation.

The major difference between the systems was the choice
of the polyol(s) in the A-component. While for the “techni-
cal system,” the A-component consisted of a blend of three
macromolecular polyether polyols (Table 2), tripropylene
glycol (TPG) was used as a single low-molecular polyol
in the “scientific system.” Table 1 lists all the individual

constituents and their respective concentrations for all vari-
ations of both the technical system and the scientific system.
A detailed description of how the formulations were pre-
pared and mixed is provided in “Methods.”

Methods
Preparation of PUR cup foams

For the technical system, a batch of the polyol blend was
prepared roughly an hour before PUR foam generation via
continuous, vigorous mixing of the individual polyols for
at least 45 min. Then, the overall A-component was pre-
pared by weighing the individual substances into a paper
cup (V=735 ml) according to the formulations given in
Table 1. Next, the physical-blowing agent(s) were added to
the A-component and homogenized using a motorized over-
head stirrer equipped with a Lenart-Disc geometry at a stir-
ring speed of 1400 rpm for 15 +3 s. Then, the B-component
was added rapidly followed immediately by intensive blend-
ing of both components at 1400 rpm for 5-7 s. Subsequent
to blending, the generation of a PUR foam in the paper cup
containing the liquid reactive mixture was triggered. For the

Table 2 Overview of the

o Substance Polyol blend [wt.%] (tech. Hydroxyl value HV Viscosity
composition of the polyether sys. only) [mgKOH/g] [mPas]
polyol blend used for the (T=25°C)
“technical system” and the
“scientific system,” including Technical system
the corresponding hydroxyl Polyetherol 90060 50 490 8450
value HV and viscosities 7

Polyetherol 90094 10 160 300

Polyetherol 90178 40 390 12,800
Weighted mean: 420

Scientific system

Tripropylene glycol 100 570 78

(TPG)
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technical system, the cream time was 11 +2 s while the gel
time was 60 +2 s. In contrast, for the scientific system, the
cream time was 17+ 3 s and gel time 64 +2 s. Note that the
given cream and gel times correspond to mean values with
standard deviations of at least three repetitions of the PUR
foam preparation. Moreover, the presence of the FC did not
have a notable impact on neither the cream time nor the
gel time irrespective of the chosen system. After cup foam
formation was completed, the foams rested to cool down
to room temperature. The full procedure was conducted at
room temperature (20 °C) under a fume hood.

Measurement of the PUR foam density

Once PUR foam preparation was finished and the obtained
PUR foam had cooled down to room temperature, the part
of the risen PUR foam that exceeded the height of the paper
cup was cut off to align the foam volume and the cup volume
(V=735 mL). Next, the mass of the PUR foam was weighed
to determine the foam’s density after removal of the weight
of the paper cup.

Characterization of the PUR foam morphology via scanning
electron microscopy (SEM)

For SEM analyses, cubic samples with an edge length
of ~5 cm were cut from the center of the PUR foam using
a band saw as is shown in Fig. 1a. Then, at least two thin
slices of foam (thickness < 2 mm) were cut from each cubic
foam sample using a razorblade (shaded square indicated in
Fig. 1b). The different slices were taken from opposing cor-
ners of the upper face of the cube that was orientated perpen-
dicularly to the direction of foam rise. The foam slices were
fixed on a SEM sample holder with an adhesive carbon tape
that allows for dissipation of electric charges. A Hitachi SU
8010 SEM was used for all SEM investigations. For image
acquisition, secondary electron detection was used together
with an accelerating voltage of 1.0 kV and a beam current
of 10 pA.

Fig.1 a) Cuts (red-dashed
lines) through the cup foams for

Statistical pore size analysis using the PORE!SCAN technique

The PORE!SCAN apparatus by Goldliicke GmbH (Fig. 2a)
was used to automatically measure high numbers of pore
sizes (several hundreds to thousands). For this purpose, a
black carbon spray was applied on a plane cut of a PUR foam
sample. The blackened sample was then placed inside the
apparatus and micrographs were recorded iteratively from
different angles of illumination via the circular arrangement
of red diodes shown in Fig. 2a. Using the image process-
ing and analysis tools of the PORE!SCAN unit, the indi-
vidual micrographs were superimposed which results in a
micrograph-stack (Fig. 2b) with a high contrast between the
plateau borders, the pore struts (both bright), and the pore
volume (black). This high contrast facilitates a clear binari-
zation of the micrograph, which, in turn, enables automated
pore detection and evaluation (Fig. 2c). Subsequently, the
pore size data obtained from PORE!SCAN analysis was pro-
cessed using the software Origin by OriginLabs to access
the sample’s pore radius distribution (Fig. 2d). Weibull dis-
tribution curves were fitted to the experimentally obtained
pore radius distributions in order to describe the pore radius
distribution numerically.

Results and discussion

Having prepared cup foams with different FC concentra-
tions for both systems (technical and the scientific system),
the obtained foams were first characterized using scanning
electron microscopy (SEM) to visualize their porous mor-
phology. A representative selection of images is shown in
Fig. 3. Note that the PUR foam density was kept constant
at p=(30+2) g L™! throughout the study to rule out misin-
terpretation of observations that could otherwise arise from
changes in density.

As can be taken from Fig. 3, homogeneous macropo-
rous morphologies were observed for all PUR cup foams

the preparation of cubic PUR a)
foam samples. b) Photograph

of a cubic PUR foam sample -
obtained upon cutting of a cup

foam. ¢) close-up image of the

porous morphology of a cubic =
PUR foam sample acquired

using scanning electron micros-

copy (SEM)

PUR cup foam
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Fig.2 Overview of the dif-
ferent steps involved in the

Image acquisition
and stacking

characterization of porous PUR

foam morphologies using the
PORE!SCAN unit. a) Image of
the PORE!SCAN apparatus by
Goldliicke GmbH. b) Exam-
ple of a micrograph obtained
upon image acquisition from
multiple angles of illumination
and superposition of the indi-
vidual images. ¢) Micrograph
processed using the software
for automated pore detec-

tion and evaluation provided
0.020

uoinenjeAs pue
uoipoe)ep 8104

by the PORE!SCAN unit. d) . — —
Pore radius distribution (gray d) Tech mfal‘ system
histogram) obtained upon sta- 2 0.015} 0%FC

= 0.
tistical analysis of the detected S 5 (ry= (114 £ 45) ym
pore sizes as well as a Weibull o - r. =107 um
distribution (red line) fitted to ET 0.010F ,\Tak - 1695
the histogram _(E fotel

2 0.005} —— Weibull fit]

0.000
0 100 200

with pore sizes ranging from several tens to a few hundred
micrometers. One notices that foams prepared using the
technical system (Fig. 3a) have smaller pores in general
than those prepared with the scientific system (Fig. 3b).
All SEM micrographs exhibit a predominantly closed pore
foam morphology independent of both the chosen PUR foam
system and the FC concentration. Furthermore, increasing
the FC concentration does not seem to cause fundamental
changes to the nature of the morphology (pore connectivity),
except for the expected decrease of the average pore size.
To evaluate this FC-driven pore size reduction more
quantitatively, full pore size statistics of the cup foam
samples were prepared using the PORE!SCAN technique
(“Methods”). These statistics were used to produce detailed
pore radius distributions, examples of which are shown in
Fig. 4. Empirically, we found that Weibull distributions [19]
(red curves in Fig. 4) most accurately fitted the obtained his-
tograms numerically for both systems and all FC concentra-
tions. Note that an extended overview of all measured pore
size distributions and the respective Weibull distribution
fits is provided in the supporting information (SI Figs. S1
and S2). These distributions have also proven useful in the
preceding literature for the description of both bubble size
distribution in liquid aqueous foams [20, 21] as well as pore
size distribution in PU foams [22]. One of the main rea-
sons why Weibull distribution are well-suited for describ-
ing bubble/pore size distributions of many foam systems is
that they take into account that the probability of bubble/

300 Q 400
Pore radius r/ ym

statistical analysis

pore extinction depends on an intricate coupling of the age
and size of the bubbles/pores. Furthermore, these distribu-
tions allow to capture well the slight asymmetry of most
of the obtained distributions. One needs to keep in mind
that the presented distributions are obtained from 2D cuts
of 3D foam samples. Therefore, the characteristic pore size
of the 2D cut will appear smaller than the actual 3D pore
size, since, statistically spoken, most pores are cut above
or below the equator. In principle, one can account for this
discrepancy by applying a geometrical correction factor [23,
24] of ~1.27 to the characteristic pore size irrespective of
the pore polydispersity. Moreover, the 2D characterization
of 3D pores also convolutes the actual pore size distribution
with the distribution of where a pore is cut with respect
to its equator [23]. Hence, even a perfectly monodisperse
PUR foam would have a symmetric distribution around a
peak corresponding to the pore size due to the chosen char-
acterization approach. Unfortunately, disentangling these
two distributions is not trivial and was therefore beyond
of the scope of this study. As a consequence, we decided
not to apply corrections to the pore size data obtained from
PORE!SCAN analysis and work with the data as acquired.
However, we emphasize that we are not primarily interested
in obtaining precise absolute values but in investigating how
both the characteristic pore size and the pore size distribu-
tion evolve with increasing FC concentrations. Thus, the
chosen 2D characterization technique remains a reasonable
approach despite the mentioned drawbacks.

@ Springer
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Fig.3 SEM images of PUR cup
foams prepared with different
fluorocarbon concentrations

for a) the technical system and
b) the scientific system. Note
that the FC concentrations cor-
respond to mass concentrations
with respect to 100 wt.% of the
A-component

a) Technical system

b) Scientific system

To understand how the FC concentration influences the
pore size distribution of PUR foams, diagrams containing all
the distributions from the technical and scientific systems with
increasing FC concentrations are presented in Fig. 5. Note that
for the sake of clarity, only the Weibull distribution curves fitted
to the experimental data obtained upon PORE!SCAN analysis
are shown in Fig. 5a and b. Moreover, note that an overview of
all experimental pore size distributions obtained in the scope
of this study as well as the respective Weibull distribution fits
are provided in the supporting information (Figs. S1 and S2).

Figure 5a and b demonstrate that increasing the FC con-
centration leads to a shift of the pore size distributions towards
smaller pores as was already suggested by the SEM micro-
graphs shown in Fig. 3. While for the technical system the
peak pore radii 7, of the distributions range from 110 um
for the FC-free sample to 70 um at the highest FC concen-
tration (¢ =10 wt.% with respect to the A-component),
the peak pore radii range from 180 pm (no FC) to 110 um
(c=10 wt.% FC) for the scientific system. To highlight how
the pore size evolves with the FC concentration, we plot the

@ Springer

peak pore radius ?p as a function of FC concentration ¢ in
Fig. 6a. Note that we chose the peak pore radius ’fp as a char-
acteristic pore size instead of the arithmetic mean, since the
obtained distributions are not necessarily symmetric such that
the arithmetic mean may not always be very representative for
the pore size distribution. The fact that foams prepared with
the technical system exhibit smaller pores is most probably
owed to the A-component of the technical system being ~85
times more viscous than that of the scientific system, since
highly viscous systems are known to favor the formation of
finer pores [25]. Figure 6a also demonstrates that the reduction
of the peak pore radius ?p with increasing FC concentration ¢
progresses very similarly for both systems. To be more precise,
in both cases, a steady decrease of the peak pore radius ?p is
observed up to an FC concentration of ¢ ~ 3 wt.% before a
plateau is reached. Further increasing the FC concentration
does not seem to give rise to PUR foams with considerably
smaller pores. Since both curves behave that remarkably simi-
lar, we normalized both curves shown in Fig. 6a using the
peak pore radii /’\‘p,O of the corresponding FC-free foams. The
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b) Scientific system

Fig.4 Experimentally obtained pore size distributions (histograms) of PUR cup foams prepared with different FC concentration for both a) the
technical system and b) the scientific system. The continuous red curves represent Weibull distributions fitted to the experimental data

resulting diagram is shown in Fig. 6b. In fact, both normalized
curves clearly collapse onto one single master curve, which
demonstrates that the relative extent of the pore size reduction
with increasing FC concentration is actually the same for both
systems. Interestingly, this finding suggests that the physico-
chemical mechanism(s) directing the FC-driven pore size
could be independent of the PUR foam system. However, we
emphasize that future studies need to confirm this hypothesis
for a wider range of PUR foam formulations.

Lastly, we analyze how the overall shapes of the pore
size distributions change with increasing FC concentration,
as the shape of the distributions may give an indication of
different aging phenomena [20, 26, 27] acting in the lig-
uid foam state during PUR foam blowing. To efficiently
compare the shapes of the different pore size distributions
shown in Fig. 5a and b, we normalized all distributions
by their respective peak pore radius ?p. The normalized
distribution obtained for the technical system are shown in
Fig. 5c, while those obtained for the scientific system are
shown in Fig. 5d.

Inspecting the normalized distribution of the tech-
nical system (Fig. 5c), we can capture that for low FC

concentrations, the normalized distributions appear wid-
ened with respect to the FC-free reference while for FC
concentrations higher than ¢ =3-4 wt.%, the normalized
distributions are narrower than that of the FC-free ref-
erence. In contrast, the trend is basically inverse for the
scientific system (Fig. 5d). Here, a certain tightening of
the normalized distributions with respect to the FC-free
reference foam can be registered for low FC concentrations
of ¢ =1-2 wt.%, whereas the normalized distributions
corresponding to higher FC concentrations are widened.
Generally spoken, however, the changes of the normal-
ized distributions are small, as all distributions are rather
similar irrespective of the chosen PUR foam system or the
FC concentration. This is also confirmed by plotting the
normalized full width at half maximum (FWHM) which is
shown as a function of the FC concentration c in Fig. 6c¢.

FWHM
£E=——

7, ’ (D

This factor € can be understood as a measure for the pore
polydispersity. As can be taken from Fig. 6, the resulting
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values range between 0.7 and 1.2 for both PUR foam sys-
tems. Although they tend to slightly decrease with increas-
ing FC concentration ¢ for the technical system, while they
slightly increase for the scientific system, a systematic
impact of the FC concentration on the pore polydispersity
cannot be recognized.

Since the impact of the different foam aging effects on
the bubble size distribution of liquid foams is by now well
understood [28, 29], we reason as follows: Although the FC
may indeed interfere with foam aging phenomena during
PUR foam blowing and solidification, we argue that this
effect is only subtle and may not even always be in favor of
the formation of smaller pores. Globally, two main aging
phenomena that can occur are the coalescence of bubbles
and gas exchange between bubbles (coarsening) [30]. The
former is known to lead to the formation of much larger bub-
bles/pores via the rupture of films separating two neighbor-
ing bubbles/pores in close contact and would therefore be
associated with the appearance of exceptionally large pores
in the distributions [26, 31]. This is certainly not observed,
which is why we can omit coalescence as relevant aging fac-
tor in all tested formulations, including those with high FC
concentration. This is an important first conclusion, since
the strongly hydrophobic FC droplets could easily serve as
anti-foaming agents [32] at high concentrations. The latter

@ Springer

aging phenomenon, coarsening, is more progressive. It typi-
cally leads to log-normal distributions with an asymmetry
towards larger bubbles [33, 34]. The presence of FCs in the
gas phase is known to inhibit coarsening in aqueous foams
[35, 36] due to its insolubility in water and the associated
osmotic pressure differences its vapor creates between bub-
bles. Much of the existing literature [16, 18] claims that an
important part of the effect of FCs on the pore size reduction
in PUR foams can be explained by the very same effect.
However, the distributions of Fig. 5c and d do not support
this hypothesis, since all distributions, irrespective of the
FC concentration, are rather symmetric indicating that the
PUR foams solidified quickly, leaving little time for coarsen-
ing to act. Moreover, as already mentioned, increasing the
FC concentration does not necessarily tighten the distribu-
tions, which would be expected if the FC indeed reliably
suppressed foam coarsening. One should also keep in mind
that even at low FC concentrations, both the liquid and the
gas phases of the foam are fully saturated with FC, making
any osmotic argument implausible. Moreover, since the main
foaming gases (CP and FC) are badly soluble in the liquid
matrix, the characteristic time required for coarsening to
have a measurable impact is much longer than the short-time
window offered before solidification. In contrast, we claim
that the FC-driven pore size reduction is predominantly due
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Fig.6 a) Peak pore radii 7, of the distribution curves shown in
Fig. 5a) and b) as a function of the FC concentration. The error bars
correspond to the half width at half maximum (= HWHM) of the dis-
tributions. b) Peak pore radii ?p normalized by the peak pore radii ?p,ﬂ
of the FC-free reference samples as a function of the FC concentra-
tion. ¢) Pore size polydispersity factors ¢ of the distributions shown in

Fig. 5a) and b) as a function of the FC concentration

to the higher amounts of air bubbles being entrained into
the system while blending the reactive components in the
presence of FC, as was also recognized by Brondi et al. [16]
and by ourselves [17]. In this context, we recently put in evi-
dence a quantitative correlation between the characteristic
pore size of PUR foams and the number of pre-dispersed air
bubbles within the initially liquid reactive mixture. Further-
more, we will show in a follow-up study [35] (which goes
beyond the scope of the paper at hand) that foams prepared
without and with FCs obey the same correlation between air
bubble density and foam pore size.

Summary and conclusion

In summary, we conducted a cup foam study to establish
a quantitative correlation between the FC concentration
used in PUR foam formulations and the resulting extent of
the FC-driven pore size reduction. Furthermore, we inves-
tigated if the extent of this pore size reduction depends on
the choice of the PUR foam system. For this purpose, we
concepted a technically relevant PUR foam model system as
well a simplified scientific model system. For both systems,
PUR cup foams were prepared with different FC concentra-
tions, whereas all other formulation parameters remained
unchanged to highlight the impact of the FC on morpho-
logical changes of the obtained PUR foams. Scanning
electron microscopy (SEM) revealed that for both systems
macroporous PUR foams were obtained. However, the foams
prepared with the technical system showed smaller pores
in general, which is most probably due to the much higher
viscosity of the technical system. Moreover, SEM analysis
demonstrated that apart from a significant pore size reduc-
tion, increasing the FC concentration did not fundamentally
affect the nature of the porous morphology.

Next, statistical analysis of the data obtained from the
PORE!SCAN characterization complemented the observa-
tions made with SEM. While the characteristic pore radius
decreased from 110 to 70 um with increasing FC concen-
tration for the technical system, characteristic pore radii
between 180 and 110 pm were found for the scientific
system depending on the FC concentration. More inter-
estingly, the statistical analysis revealed that a limit of the
pore size reducing effect is met at an FC concentration of
¢ = 3 wt.%—for both systems. However, the most striking
finding is that the relative extent of the pore size reduction
is equivalent for both systems for all of the investigated FC
concentrations, as shown by the master curve of Fig. 6a.
This finding suggests that the FC-driven pore size reduc-
tion is very likely a general effect that is independent of
the chosen PUR foam system and that there must be dis-
tinct mechanisms governing this effect. Future studies with
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a wider range of PUR foam formulations are needed to
unambiguously confirm this hypothesis.

Lastly, we compared the shapes of normalized pore
radius distributions of PUR foams prepared with different
systems and different FC concentrations to study a poten-
tial impact of the FC on aging phenomena during PUR
foam blowing and solidification. We show that the peak
pore size is the only morphological parameter significantly
affected by the FC content, since the pore size distribution
remains largely constant within the measurement errors.
Moreover, the pore size distribution is fairly symmetrical,
even in the absence of FC, suggesting that aging phenom-
ena such as coalescence and diffusional coarsening are
negligible during the foaming process and little affected
by the presence of FC. This statement seems surprising
in contrast to much of the previous literature [16, 18] that
assumes the FC to act as a coarsening inhibitor, which
is known from aqueous foams [35, 36]. However, we
believe that the liquid matrix being saturated with FC
droplets prohibits the creation of osmotic pressure gradi-
ents, which is required to suppress coarsening. Even though
the FC droplets evaporate upon foam formation, the foam
matrix is quickly too solid to allow for a significant impact
of coarsening.

We therefore argue that the main impact of the FC on the
pore size is not due to its impact on foam aging. In contrast,
as recently shown and by Brondi et al. [16] and by our own
work [17], we argue that the predominant pore size reducing
effect of FCs is to facilitate the entrainment of air bubbles
into the reactive PUR foam system which serve as precursors
for the foam pores. This will be addressed systematically in
upcoming studies.
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