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Abstract 

The interest in polyurethane rigid (“PUR”) foams as potent thermally insulating materials for a 

wide range of applications continues to grow as the minimization of CO2 emissions has become 

a global issue. Controlling the thermal insulation efficiency of PUR foams starts with the 

control of their morphology. Although the presence of micrometric air bubbles originating from 

air entrainment during the blending of the PU reactive mixture has been shown to influence the 

final PUR foam morphology, detailed experimental investigations on how exactly they affect 

the final PUR foam pore size are still lacking. To fill this gap, we use a double-syringe mixing 

device, which allows to control the number of air bubbles generated during a first air 

entrainment step, before using the same device to blend the reactive components in a sealed 

environment avoiding further air entrainment. Keeping all experimental parameters except for 

the air bubble density in the reactive mixture constant, we can correlate changes of the final 

PUR foam morphology with the variation of the air bubble density in the initially liquid reactive 

mixture. Our results confirm recent findings which suggest the presence of two different 

regimes of bubble nucleation and growth depending on the presence or absence of dispersed air 

bubbles in the liquid reactive mixture. Our study pushes those insights further by demonstrating 

an inverse relation between the air bubble density in the liquid reactive mixture and the final 

pore volume of the PUR foam. For example, at constant chemical formulation and blending 

conditions, we could vary the final pore size between 400-1600 µm simply by controlling the 

amount of pre-dispersed air bubbles within the system. We are confident that the presented 

approach may not only provide a valuable model experiment to scan formulations in R&D 

laboratories, but it may also provide suggestions for the optimization of industrial processes.  

Keywords: PUR foam, air bubbles, nucleation, pore size, morphology, double-syringe mixing 
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Introduction 

In the wake of increasing environmental awareness, reducing carbon dioxide emission has 

become a major declared goal of politics and society. Among others, heating and refrigeration 

significantly contribute to the global annual carbon dioxide output.1,2 In this context, efficient 

thermal insulation of buildings, refrigerators, storage tanks etc. has become an important topic 

for both academic research and industry. As a consequence, interest in the optimization of 

polyurethane rigid (PUR) foams for thermal insulation applications has been revived in the last 

years,3–11 since they excel with very low thermal conductivities.12,13 Key to successful 

optimization of the physical properties of PUR foams for thermal insulation is their porous 

morphology14–16. For thermally insulating rigid foams in particular, a desirable foam 

morphology is characterized by small, closed pores with a narrow pore size distribution.15–18 

To develop strategies allowing for efficient control over the porous foam morphology, it is 

crucial to understand the main mechanisms involved in PUR foam formation. In general, 

formulations for the preparation of PUR foams consist of two components. The so-called “A-

component” consists mainly of polyols but typically also contains additives such as surfactants, 

catalysts, and blowing agents.19,20 The “B-component” usually only consists of (poly-

)isocyanates. Shortly after both components are mixed, a crosslinked PU network via the 

polyaddition21 of polyols and (poly-)isocyanates starts to form. In parallel, foam blowing takes 

place as inert low boiling point blowing agents evaporate due to the strongly exothermic nature 

of the polyaddition reaction. Besides physical blowing agent evaporation, additional blowing 

is achieved chemically by adding water which reacts with isocyanates to liberate CO2.
19 Once 

the urethane network formation has sufficiently progressed, the initially liquid matrix becomes 

solid, hence “freezing” the cellular structure of the blown liquid foam. 

Before the onset of PU network formation and foam blowing, micrometric air bubbles are 

entrapped into the system due to the (pre-)processing procedure, e.g. during the homogenization 

of the A-component and particularly during the vigorous mixing of the A- and B-component, 

which results in a bubbly, reactive mixture that eventually forms the PUR foam. The importance 

of these pre-dispersed air bubbles in fixing the final foam morphology was predicted decades 

ago.22,23 It was suggested by Kanner et al.22 that these dispersed air bubbles may serve as 

“precursors” for the pores of the final PUR foam, since the released blowing agent vapors may 

diffuse into them without any energy barrier to overcome (type IV non-classical nucleation24) 

and that there are typically sufficient air bubbles to account for all the pores found in the final 

PUR foam.22 Peculiarly, this topic has received little experimental coverage for a long time and 
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related studies were published only in the past few years.4,6,7 For instance, Merillas et al.7 

demonstrated very recently that the addition of solid nanoclay particles as nucleating agents 

hardly affects PUR foam morphology if they are dispersed within the system under vacuum. 

The authors argued that the vacuum prevents the particles from incorporating tiny air bubbles 

into the liquid reactive mixture while being dispersed and that only the air bubbles affect PUR 

foam morphology, not the nanoclay particles themselves. This is in line with findings by Brondi 

et al.6 who showed that there are two types of bubble nucleation regimes in nascent PUR foam 

systems depending on whether dispersed air bubbles are present in the reactive mixture or not. 

Without dispersed bubbles, classical homogeneous bubble nucleation caused by gas 

supersaturation of the liquid phase is observed, while in the presence of dispersed bubbles, the 

existing bubbles take up all the released vapor of the blowing agent and the CO2 without the 

nucleation of new bubbles. 

If pore formation in PUR foams is in fact mostly driven by the inflation of entrapped air bubbles, 

the air bubble density within the initially liquid reactive mixture should dictate the pore size of 

the final PUR foam. To prove this hypothesis, we developed a new double-syringe processing 

technique which not only allows for controlling the number of micrometric air bubbles that are 

entrapped into the reactive mixture (Figure 1a and SI Figure S1), but also prevents further air 

entrainment during the blending step of the A- and B-component. Additionally, the loss of 

volatile blowing agents during processing is inhibited, since the setup is sealed. The double-

syringe mixing technique as such has already been reported in the literature for the generation 

of liquid- and solid foams25,26 as well as emulsions27–29. However, to the best of our knowledge, 

this study is the first report on the exploitation of this technique in connection with PUR foam 

systems. Employing this processing and mixing technique together with a simplified model 

PUR foam formulation, we show that dispersed micrometric air bubbles indeed affect PUR 

foam morphology crucially and, most importantly, that there is a direct relation between the 

initial air bubble density in the reactive mixture forming the PUR foam and the mean pore size 

of the final PUR foam. 
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Experimental approach, results and discussion 

 

Air entrainment 

The first step of our process is the controlled generation of bubbles via air entrainment into the 

A-component only. For all experiments conducted in this study, the A-component consists of 

tripropylene glycol (TPG; 93.95 wt%), an amine-based reaction catalyst (1.55 wt% of the A-

component), a polysiloxane-based surfactant (2.00 wt% of the A-component), water (2.50 wt% 

of the A-component) as chemical blowing agent, and cyclopentane as physical blowing agent 

(13.5 wt% with respect to 100% A-component added on top). Detailed information on the PUR 

foam formulation and preparation is provided in the supporting information (SI, Section 1). As 

sketched in Figure 1a, 17 ml of the A-component are poured into a 60 ml plastic syringe and 

attached to another 60 ml plastic syringe filled with 17 ml of air via a narrow silicone tubing 

(internal diameter dint = 3.2 mm ; external diameter dext = 4.8 mm) and a three-way valve. Then, 

the connected syringes are fixed within a home-built double-syringe mixing device26 which 

drives a periodical motion of a two-armed crankshaft to push the pistons of the connected 

syringes in an alternating fashion. Thus, the content of both syringes is pushed repeatedly 

through the narrow tubing which leads to the formation of air bubbles via air entrainment into 

the polyol-based A-component. A more detailed description of the setup is provided in the 

supporting information (SI, Section 2). This polyol-based A-component containing air bubbles 

is what we refer to as “premix” in the following. The double-syringe technique allows for an 

explicit control of the premix generation for several reasons:  

1. The ratio between liquid and gas in the syringes can be set precisely. 

2. The velocity of the crankshaft movement, i.e. the energy input, can be varied. 

3. The number of mixing cycles, i.e. the mixing time, can be varied. 

4. The system is sealed. Thus, uncontrolled air entrainment from the environment 

into the system is prevented as well as loss of volatile blowing agents due to 

evaporation. 
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Figure 1: (a) Schematic drawing of the double-syringe device used for bubble generation via 

air entrainment and blending of reactive PUR foam formulations. (b) Three-step process used 

to generate the premix and the liquid reactive mixture with a controlled number of micrometric 

air bubbles before foam blowing.  

 

To alter the number of air bubbles formed during the air entrainment step (see step I in Figure 

1b), we varied the number of mixing cycles Nc between air and the A-component while keeping 

the average speed of the crankshaft arms constant at 〈v〉 = 9 cm s-1. To be more precise, we 

chose six different conditions of the air entrainment step with Nc being [0 ; 1 ; 2 ; 5 ; 10 ; 50]. 

For each Nc, a sample of the premix is collected directly after the air entrainment step and 

analyzed using transmitted light microscopy. Automatic image analysis via ImageJ is used to 

measure the number of entrained air bubbles per unit volume of the premix, i.e. the bubble 

density ωpre, and the mean bubble radius 〈Rb〉. For detailed information on the microscopy 

analysis, the reader is referred to the supporting information (SI, Section 3.1). An overview 

over the observed bubble densities ωpre and the mean bubble radii 〈Rb〉 obtained in the premix 

directly after the air entrainment step for different numbers of air entrainment cycles Nc is 

provided in Figure 2. Note that for each cycle number Nc, the air entrainment experiments were 

repeated and analyzed at least three times.  
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Figure 2: (a) Transmitted light microscopy photographs of bubbly, polyol-based A-

components (premix) directly after the air entrainment step for different numbers of air 

entrainment cycles Nc. (b) Measured air bubble density in the premix ωpre after air entrainment 

(green diamonds) and the corresponding mean bubble radii 〈Rb〉 (blue circles) for different 

numbers of air entrainment cycles Nc in the double-syringe device. 

 

The microscopy images (Figure 2a) as well as the diagram in Figure 2b reveal that increasing 

the number of air entrainment cycles Nc leads to a steady increase of the air bubble density ωpre 

in the premix. Premixes with air bubble densities ωpre ranging between 0 and roughly 4000 

bubbles per mm3 can hence be obtained in a highly reproducible manner. In contrast, the mean 

bubble radius 〈Rb〉 is hardly affected by the number of air entrainment cycles Nc since 〈Rb〉 

remains constant between 13 – 15 µm. These findings confirm that the chosen double-syringe 

process is very well-suited for studying the relationship between the air bubble density ωpre in 

the premix (and therefore also in the reactive mixture) prior to PUR foam formation and the 
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final PUR foam morphology, as it provides good control over the bubble formation during air 

entrainment.  

PUR foam preparation 

Directly after the air entrainment step, the whole premix is collected in only one of the two 

syringes (step II in Figure 1b), while the opposite empty syringe is replaced as quickly as 

possible (typically 40-50 seconds) by a syringe filled with the B-component (oligomeric 

methylene diphenyl diisocyanate, 198 wt% with respect to A-component; NCO-Index = 120). 

Blending of the reactive components, i.e. the now bubbly A-component (premix) and the B-

component, is then conducted using three cycles of pushing back and forth both components 

through the connecting constriction with the double-syringe device. Note that three blending 

cycles proved to be appropriate to obtain sufficiently homogeneously dispersed “reactive 

mixtures” of the A-and B-component (see supporting information, Section 3.2), while being 

short enough to prevent premature foam blowing, i.e. foam blowing inside the syringes during 

the blending step. As the system is sealed, additional air entrainment and evaporation of volatile 

components during the blending step of the reactive components is avoided. This is another 

major advantage of the double-syringe technique, since for most other blending approaches 

uncontrolled evaporation takes place and air is trapped into the matrix arbitrarily while the 

reactive compounds are being blended.23 The double-syringe process therefore allows to trace 

back potential changes in PUR foam morphology exclusively to variations of the initial air 

bubble density ω in the liquid reactive mixture, given that all other process parameters are kept 

constant (e.g. PUR foam formulation, blending step conditions). After blending, the liquid 

reactive mixture is ejected via the outlet channel of the three-way valve into a paper cup (V = 

735 ml) where foam blowing and solidification take place. Finally, 3-5 days after complete 

foam solidification, photographs of the whole foam and of cubes cut out of the center of the 

foam are taken. Moreover, the porous morphology is analyzed via scanning electron 

microscopy (SEM) (see SI, Section 4). Photographs and SEM images of the PUR foams that 

were obtained using reactive mixtures of different air bubble density ω are provided in Figure 

3.  Note that “ω” refers  to the air bubble density in the reactive mixture, while “ωpre” refers to 

the bubble density of the premix. To obtain ω from ωpre, we consider the volumetric dilution of 

the bubble density in the premix upon addition of the B-component during the blending step, 

i.e. 

 𝜔 =
𝑉A

𝑉A+𝑉B
𝜔pre = 0.38 𝜔pre. [1] 
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Figure 3: Overview of PUR foams obtained using the double-syringe process with increasing number of air entrainment cycles. (a) Images of the 

entire cup foams. (b) Images of cubic foam samples cut out of the center of the cup foams. (c) Scanning electron microscopy (SEM) images of 

slices cut out of the cubic foam samples. Note that for the foams corresponding to Nc = 0 and 1, the SEM images are missing, since the pores were 

too large. For the case of Nc = 0 and 1, the photographs shown in (b1) and (b2) were used to determine the mean pore size.
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Figure 3 demonstrates that with increasing number of air entrainment cycles Nc, i.e. with 

increasing air bubble density ωpre in the premix and, as a consequence, in the liquid reactive 

mixture, the mean pore radius 〈Rp〉 of the corresponding PUR foam decreases. This is supported 

by Figure 4a, which plots the mean pore radius 〈Rp〉 as a function of air bubble density ω in the 

liquid reactive mixture.  

Correlation between entrained air bubble density and PUR foam pore size 

For small ω, the mean pore radius remains close to 1600 µm (colored zone in Figure 4a), 

whereas it decreases rapidly beyond an air bubble density of ω  250 - 300 mm-3 (blank zone 

in Figure 4a). This behavior is in good agreement with recent findings of Brondi et al.6 which 

can be summarized as follows: without dispersed air bubbles in the premix, nucleation and 

growth in reactive PUR foam systems can be described by type I classical homogeneous 

nucleation, where gas bubbles nucleate only due to high levels of gas supersaturation in the 

liquid phase.24 Thus, the size of the nucleated bubbles and their growth are determined by 

physico-chemical properties of the system such as reaction heat and gas supersaturation. In 

contrast, in the presence of pre-dispersed air bubbles, the released blowing agent vapor has no 

energy barrier to be overcome in order to nucleate a gas bubble and can therefore readily diffuse 

into the pre-existing air bubbles (type IV non-classical nucleation).24 In analogy, we argue that 

mostly classical homogeneous nucleation due to gas supersaturation (type I) is observed for 

very low ω (colored zone in Figure 4a). Increasing the air bubble density ω, type I classical 

nucleation and type IV non-classical nucleation are likely to happen in parallel.  However, 

surpassing this “transition regime”, type IV non-classical nucleation becomes the dominating 

mechanism (blank zone in Figure 4a). In this regime, where the pre-dispersed air bubbles 

dominate pore formation, a direct link between the air bubble density ω in the liquid reactive 

mixture and the final PUR foam size is conceivable. Assuming that all the bubbles entrained 

into the liquid reactive mixture are preserved during PUR foam blowing and take up the 

liberated blowing agent volume quantitatively to form the pores of the PUR foam, a minimum 

possible pore size should therefore be accessible. Thus, to estimate a lower bound for the final 

pore size, we propose a model based on the following approximations: 

 

 

 



 

10 

 

1. All the released blowing agent volume (cyclopentane vapor + CO2) is taken up 

quantitatively by the pre-dispersed air bubbles. 

2. The total volume of the pre-dispersed air bubbles is negligible with respect to the total 

liberated blowing agent volume, i.e. the mean volume 〈Vb〉  of entrained bubbles is 

negligible with respect to final, mean pore volume 〈Vp〉 of the foam (〈Vb〉 ≪ 〈Vp〉). 

3. The number of air bubbles is preserved as soon as PU foam blowing and PU network 

formation begin (Nb = const).  

4. The density of the initially liquid reactive mixture is approximately the same as the 

density of the polyurethane polymer that forms the solid continuousphase of the foam. 

Hence, we neglect the expansion or shrinkage of the fcontinuous phase of the foam 

during polymerization (Vlrm ≈ Vpol). We estimate that this introduces an error of 

maximally 10%, which is of the order of other experimental errors. 

We can then establish the relationship  

 1

〈𝑅p
3〉

= 𝑐 ∙ 𝜔, 
 [2] 

with c being 

 
𝑐 =

4

3
𝜋 ∙

1 − 𝜑

𝜑
 . 

 [3] 

where 〈Rp
3〉 is a measure of the mean pore volume and φ is the porosity of the PUR foam. Note 

that a detailed derivation of Equations [2] and [3] is provided in the supporting information (SI 

Section 5). This simple model predicts an inverse relation between the final pore volume 〈Rp
3〉 

and the initial air bubble density ω in the liquid reactive premix. 
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Figure 4: (a) Mean pore radius 〈Rp〉 of the obtained solid PUR foams versus initial air bubble 

density ω in the liquid reactive mixture. The green labels represent the number of cycles that 

was used for the air entrainment step respectively. The colored area represents the regime of 

homogeneous bubble nucleation, whereas the clear area stands for the non-classical nuclearion 

regime dominated by the pre-dispersed air bubbles. (b) Mean inverse pore volume 1/〈Rp
3〉 of 

solid PUR foams versus the initial air bubble density ω in the corresponding reactive mixture. 

The blue points correspond to the raw data, whereas the pink diamonds take into account a 

correction for bubble ageing during the blending step. The red line represents the proposed 

model given in Eq. [2]. 

 

To check the validity of the model introduced in Eq. [2], we replotted Figure 4a using 1/〈Rp
3〉. 

The resulting diagram is shown in Figure 4b. The red line represents Eq. [2], while the blue 

data points correspond to the raw experimental data. While both show the same trend predicted 

by Eq. [2], i.e. 1/〈Rp
3〉 ~ ω, they also show a strong discrepancy in the pre-factor. However, this 

first comparison overlooks a crucial issue: rapid bubble aging through bubble dissolution and 

Ostwald ripening is affecting the bubble density ω as soon as the air entrainment step is stopped 

until foam blowing is triggered. Coalescence between air bubbles in the premix is considered 

negligible at this stage due to the small probability of bubble/bubble encounters thanks to their 
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low density. Using microscopy of the bubbly premix, we established quantitative estimations 

of the bubble ageing, which are presented in more detail in the Supplementary Information (SI, 

Figure S4 and S5). We found that roughly 39% of the air bubbles present in the premix directly 

after the air entrainment step (see Figure 2) vanish within first 100 seconds due bubble 

dissolution and gas exchange, 100 s being approximately the delay between the air entrainment 

step and the beginning of PU foam blowing. We therefore apply this correction for bubble 

ageing to all the experimental raw data, leading to the pink diamonds shown in Figure 4b.  

As can be seen, the slope of the line fitted through the ageing-corrected data in the bubble-

dominated regime is closer to the slope of the red line representing the model proposed in Eq. 

[2]. However, the difference in slope remains a factor of 5: while the slope of Eq. [2] is predicted 

as  11 x 10-11 µm-3/mm-3, we find 2.2 x 10-11 µm-3/mm-3 for the experiment. An explanation for 

this result could be that we underestimated the extent of bubble ageing prior to the onset of PU 

foam blowing. This may be due to the fact that the bubble ageing was studied in the premix, 

i.e. in the A-component only, while the full bubbly reactive mixture also contains 62 vol% of 

B-component into which air can dissolve. Unfortunately, studying this bubbly reactive mixture 

via transmitted light microscopy is complicated due to fast reaction kinetics. Moreover, our 

bubble ageing studies were conducted under static conditions in a quasi-two-dimensional setup 

(SI Section 3.1) which is very different from the situation present in the double-syringe device. 

Measuring the air bubble density in-situ during double-syringe processing remains a challenge 

that we have yet to address.  

Other than that, our proposed model is based on simple, idealized approximations that may not 

fully match with the experimental reality. For instance, we calculated that the volume of the 

reactive system should expand by a factor of ~ 40 upon PUR foam blowing given that the 

blowing agent vapor and CO2 are quantitatively integrated into the PUR foam. However, 

experimentally we find expansion factors between 35 – 37 in our obtained foams (SI Table S2). 

Last but not least, our model does not take into account potential coarsening of the bubbles 

while the reactive system expands due to foam blowing. In the same context, coalescence of 

inflating air bubbles being pushed against each other during foam blowing cannot be ruled out. 

The monitoring and quantification of both coarsening and coalescence in-situ in reacting 

systems is a delicate challenge that needs further investigation. 

Another interesting observations is that the experimentally found line shows an offset on the 

bubble density-axis unlike the model proposed in Eq. [2]. We hypothesize that this is due to the 

physical dissolution of a fixed amount of air bubbles in the isocyanate during the blending step 
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of the premix and the B-component since air is highly soluble in isocyanate. Again, quantifying 

the actual extent of air bubble dissolution in the B-component during blending remains a 

challenge due to the hazardous nature of the isocyanate and the fast reaction kinetics. Moreover, 

a certain proportion of the liberated blowing agent vapor volume might be unavailable for air 

bubble inflation since a certain solubility of cyclopentane vapor and CO2 in both the A- and the 

B-component cannot be denied30,31.  

Due to these different deviations between the experimental reality and the idealized 

assumptions made in our model, Eq. [2] should therefore be taken as a lower limit for the 

estimation of the final pore size. However, we emphasize that our data shows that the air bubble 

density ω in the liquid reactive mixture can in fact be used to alter the mean pore radius 〈Rp〉 of 

PUR foams and that, as in the model, there is an inverse relation between the mean pore volume 

1/〈Rp
3〉 and the air bubble density ω in the air bubble-dominated nucleation regime.  

 

Conclusion 

In summary, we describe for the first time the use of a double-syringe mixing device for the 

preparation of PUR foams. The main advantage of this processing approach is that the 

entrainment of micrometric air bubbles and the mixing of the reactive components can be 

systematically decoupled. Moreover, the double-syringe processing technique allows for a 

controlled variation of the air bubble density in the liquid reactive mixture prior to the onset of 

foam blowing and PU network formation. We profit from these advantages to analyze the 

relationship between the air bubble density in the initially liquid reactive mixture and the pore 

size of the final PUR foam. Our results confirm that the bubble nucleation and growth 

mechanisms fundamentally depend on the amount of pre-existing air bubbles in the reacting 

PUR foam system. In absence of dispersed air bubbles (and for very low air bubble densities) 

in the liquid reactive mixture, bubble nucleation and growth are dominated by supersaturation 

of the liquid phase with released blowing agent vapor (type I classical homogeneous 

nucleation). In this case very coarse PUR foams are obtained and the pore size is independent 

of the initial air bubble density. For high air bubble densities in the liquid reactive mixture, 

bubble growth is dominated by the inflation of pre-existing air bubbles which serve as reservoirs 

for released blowing agent vapor which can diffuse into the reservoirs without surpassing any 

energy barrier (type IV non-classical nucleation). We demonstrated that in the air bubble-

dominated regime, there is indeed a distinct correlation between the air bubble density in the 
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liquid reactive mixture and the mean pore radius of the final PUR foam. For instance, we could 

reduce the mean pore radius of the foam from 1600 µm to 400 µm only by increasing the amount 

of pre-dispersed air bubbles within the system. Moreover, we proposed a simple model which 

predicts the experimentally observed inverse proportionality between the mean pore volume 

and the air bubble density in the liquid reactive mixture. However, to reach full quantitative 

agreement between the model and the experiment, all contributions that lead to air bubble and 

foam ageing need to be addressed quantitatively in future studies. To conclude, we demonstrate 

how the pore size of PUR foams can be controlled simply via air bubble inclusion into the 

system prior to foam blowing and PU network formation. These insights highlight the crucial 

impact of pre-dispersed air bubbles on PUR foam morphology and suggest a new path for foam 

optimization that focusses primarily on maximizing air bubble entrainment – rather than on the 

formulation – to reduce the final pore size for optimized thermal insulation. We are confident 

that the presented approach may not only provide a valuable model experiment to scan 

formulations in R&D laboratories, but it may also provide concrete suggestions as to how to 

improve current industrial processes to reach smaller pore sizes at identical formulation for 

better thermal insulation. 
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