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Solidification of Polyurethane Model Foams via Catalyst

Drainage from a Secondary Foam

Manon Jouanlanne, Antoine Egelé, Wiebke Drenckhan, Jean Farago,

and Aurélie Hourlier-Fargette*

Due to their unique mechanical and thermal properties, polyurethane foams
are widely used in multiple fields of applications, including cushioning,
thermal insulation or biomedical engineering. However, the way polyurethane
foams are usually manufactured - via chemical foaming - produces samples
where blowing and gelling occur at the same time, resulting in a morphology
control achieved by trial and error processes. Here, a novel strategy is
introduced to build model homogeneous polyurethane foams of controlled
density with millimetric bubbles from liquid templates. By producing a
polyurethane foam via physical bubbling without a catalyst and gently
depositing a secondary foam containing catalyst on the top of this first foam,
it is possible to take advantage of drainage mechanisms to trigger the
solidification of the bottom foam. The characterization of the samples
performed by X-ray microtomography allows to study quantitatively the
structure of the final solid foam, at the global and at the local scale. Using the
tomographic 3D images of the foam architectures, the superimposed foam
technique introduced in this article is shown to be promising to produce

have been investigated,?! including various
hydrogels®! but also polyurethanes.

More precisely, in the pioneering work
towards templated polyurethane foams of
Aouatef Testouri et al.[® the use of mi-
crofluidics decouples the foaming and the
solidification of the foam by a progres-
sive introduction of the different com-
pounds (polyol, surfactant, catalyst, and iso-
cyanate) in a microfluidic chip. The chip
comprises mixing units and takes advan-
tage of the presence of the bubbles to en-
hance mixing. This strategy is very different
from the classical foaming techniques of
polyurethane,!”#! which rely on two chemi-
cal reactions: the reaction of isocyanate with
polyol (gelling reaction, that builds ure-
thane bonds) and the reaction of water with
isocyanate (blowing reaction, that produces
CO, that feeds the bubbles). Such chem-

foams with a good homogeneity along the vertical direction, with a density
controlled by varying the concentration of catalyst in the secondary foam.

1. Introduction

Tailoring solid foam architectures by controlling the structure
of their liquid foam precursors is a field that has been attract-
ing a growing interest over the past decade,!'?! referred to as
liquid foam templating. Such techniques allow to produce model
foams by a control of the bubble sizes (as well as of their
polydispersity>*) and of the key parameters that influence pore
opening mechanisms and set the liquid fraction - and thus the
density of the resulting solid cellular systems. Multiple materials
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ical foaming is widely used in the indus-
try for multiple applications,[®! associated to
interesting mechanical, thermal and acous-
tic properties that are directly linked to
the structure of those cellular materials.1!
However, the development of a fundamental understanding of
the mechanisms determining the evolution of the foam mor-
phology during such chemical foaming processes is still in
progress.l"!l With chemical foaming, the growth of bubbles and
the solidification occur at the same time, leading, for instance, to
anisotropy of the resulting cellular materials.['?!

Within the liquid foam templating framework, working with
a bottom up approach (rather than with a top down approach,
as in classical chemical foaming) allows to reach a high level of
control on foam architectures. Bubbles are produced one by one
in the liquid state, and most of the general morphology param-
eters of the foam are determined when the foam is still liquid,
before solidification occurs. This allows to decouple the genera-
tion and solidification steps, to reach very monodisperse foams,
with no anisotropy in terms of cell shapes, and to access a wide
range of bubble sizes through a relevant choice of physical bub-
bling mechanisms. This decoupling allows a better understand-
ing and control of the resulting morphologies than in chemical
foaming, where a whole range of complex mechanisms occurs at
the same time.

In the present work, we develop an experimental approach
towards the generation of polyurethane model foams with milli-
metric bubbles from a mixture of polyol, surfactant, catalyst, and

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 1. Experimental setup: a) Bubbles are generated by blowing nitrogen through nozzles at constant pressure into a precursor blend of polyurethane,
first without catalyst for the first foam, labelled (1) on the schematic, then with catalyst for the secondary foam, labelled (2) on the schematic. The catalyst
then drains from the top foam into the bottom foam, triggering the solidification of the bottom foam. b) All foams analysed in this article are extracted
from the bottom foam (in blue), which is solidified by drainage of the catalyst from the top foam.

isocyanate, to match the two following criteria: we aim for foams
(i) which are homogeneous in terms of bubble sizes and struc-
ture thicknesses, and (ii) with architectures dictated by capillarity
(i-e., which follow Plateau’s rules!'*'*]) in the liquid state, that are
conserved upon solidification. We are specifically interested in
the way the catalyst is introduced to trigger the solidification of
the structures once they have reached mechanical equilibrium.
While catalysis strategies have been largely studied from a
chemical point of view,'] we propose here an alternate method
based on a physical approach, taking advantage of one of the key
mechanisms in foam ageing: drainage of liquid foams, corre-
sponding to a downward flow of liquid in the continuous matrix,
caused by gravity.['*16] This usually results in a gradient in lig-
uid fraction, which is well understood both experimentally and
theoretically,'*l and has also been investigated in the context of
complex fluids.['”! To go further and consider stationary drainage,
the concept of forced drainagel™! consists in reinjecting liquid
at the top of a foam, and studying the resulting liquid fraction
profile. Here we propose a strategy of solidification inspired by
this forced drainage technique (Figure 1) and based on the prop-
agation of the catalyst from a secondary foam - with catalyst -
placed on top of a first foam which is produced without catalyst.
Drainage, rather than diffusion, is the key mechanism underly-
ing the propagation of the catalyst. The advantage of introducing
the draining material as a secondary foam, rather than as a bulk
liquid, is to avoid an inhomogeneous drainage and ensure a bet-
ter homogeneity of the samples: if a dense liquid was superim-
posed directly onto the light foam, the liquid would flow mainly
through preferred channels (this inhomogeneity of the flow is
similar to what is observed in the case of a Rayleigh-Taylor insta-
bility). We show that the superimposed foam technique triggers
the solidification successfully, and that a fine control of the exper-
imental parameters allows to produce foams with no significant
gradient of thicknesses of the structures due to gravity, and with a
density controlled by the concentration of catalyst in the top foam.
Figure S1 (Supporting Information) presents images of a foam
obtained with a single foaming step, to emphasize by compari-
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son the interest of the strategy shown in the current work (super-
imposed foam technique) in improving the vertical homogeneity
and allowing to retain a structure following Plateau’s laws.

2. Experimental Section

2.1. Polyurethane Precursor Solutions

The precursor solution of polyurethane was composed of polyols,
isocyanate, surfactant—and catalyst for the secondary foam—
with a formulation inspired from ref. [6]. Part A of the precursor
comprises polyols, surfactant, and catalyst, and Part B the iso-
cyanate only. The mixing of Part A and Part B was performed just
before foaming. To reduce the viscosity of the foaming solution,
a mixture of two polyols was used, as a little proportion of low
viscosity polyol induced a drastic change in the viscosity of the
mixturel!?l: the low molecular polyol tripropylene glycol (TPG,
97% by Sigma—Aldrich) (10 wt.% of Part A) was mixed with a
trifunctional polyether polyol Lupranol 2090 (provided by BASF
Polyurethanes GmbH) (base of Part A). The surfactant used was a
PDMS-PEO block-co-polymer surfactant Tegostab B8002 (Evonik
Industries) (5 wt.% of Part A), and the catalyst was a tertiary-
amine based catalyst, Jeffcat ZR50 (Huntsmann Corporation)
(0 wt.% to 0.1 wt.% of Part A). Part B was an oligomeric form
of methylene diphenyldiisocyanate (MDI) Lupranat M20S (pro-
vided by BASF Polyurethanes GmbH), and the ratio between
Part B and Part A was 0.288(B):1(A). In some cases, 0.05 g of
polyurethane black dye (Smooth-On SO-Strong Black) was added
to visualize the flow.

Mixing steps were performed either by hand (samples with
0.0125, 0.05 and 0.1 wt.% of catalyst) or with an IKA Ultra-Turrax
disperser to increase reproducibility and test the influence of
the mixing (samples with 0.025 wt.% of catalyst). With the IKA
Ultra-Turrax disperser, first, the polyols were mixed at speed 2
(=1000 rpm) for 5 min, then degassed overnight in a vacuum
oven (30 °C, —90 kPa). Next, the surfactant and catalyst were
added and mixed for 1 min at speed 2. Finally, the isocyanate was
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Figure 2. Tomographic images of primary (bottom) foams obtained with different catalyst concentrations in the secondary (top) foams: foams with four
different formulations are produced as described in the Experimental section. The bottom foam has no catalyst and the secondary foam is prepared with,
from left to right, a concentration of Jeffcat ZR50 of 0.0125, 0.025, 0.05, and 0.1 wt.% of Part A. The structure thicknesses are extracted with VG Studio
MAX software, and shown here with the color code presented at the left of the image. Those tomographic images highlight the increase in thickness
and thus in density of the foams when the catalyst concentration of the secondary foam is increased — at constant bubble size.

added and mixed for 5 min at speed 2. Note that experiments
involving isocyanates required to be carried out carefully in a
fume hood, with samples left under the fume hood for several
days until full reaction of the isocyanates with either the polyols
or the ambient humidity. The viscosity of Part A was measured
at 20 °C using a DHR3 rheometer from TA Instruments with
a cone-plate geometry and found to be 1.02 + 0.01 Pa-s over a
range of shear rates going from 0.1 to 1000 s~!.

2.2. Foaming Protocol

Nitrogen was blown into 40 mL of foaming solution at constant
pressure (100 mbar) using an Elveflow OB1 MK3+ pressure con-
troller, via five nozzles of inner diameter 150 um connected to an
aluminium tank under pressure (Figure 1a). The produced foam
flowed down along a ramp made of a PVC sheet with a U-shaped
cross-section before dripping into a container. The production
of the foam was divided into two steps. The first step consisted
in producing a foam without catalyst, which was placed at the
bottom of the container. The second step consisted of replacing
the foaming solution by a solution with catalyst (from 0.0125 to
0.1 wt.%), and producing a second foam that was gently poured
onto the first one using also a PVC sheet as a ramp. The time of
introduction of the second foam was comprised between 5 and
13 min after the end of the preparation of the first foam in all the
experiments. The production time for each foam was of the or-
der of 10 min, the foam was generated by bubbling and continu-
ously deposited in the container via the PVC ramp. The temporal
aspects may be important to control even better, as they deter-
mine the initial state of the bottom foam, as well as the viscosity
of the secondary foam containing catalyst (that increased as the
solidification process was initiated). It was noticed that temper-
ature and humidity may also affect the results, as a change in
temperature affects the viscosity of both foams, and a change in
humidity may induce a reaction between isocyanates and water
coming from the environment, resulting in unwanted small bub-
bles in the matrix, and that the stability of the foam seemed to be
affected by the ageing of the chemicals. All those parameters are
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important to control carefully in order to be able to obtain repro-
ducible foams.

2.3. X-Ray Tomography Characterization

For each experiment, after solidification, a cubic sample with
sides of 32 + 3 mm was cut from the bottom foam (highlighted
in blue in Figure 1b) using a thermocut (Proxxon). Each sample
was scanned with the X-ray microtomograph EasyTom 150/160
from RX Solutions to provide a 3D characterization, and stacks
of images were transferred into Xact software to reconstruct 3D
structures, that were then imported into VG Studio MAX 2023.1
software for visualization and analysis (Figure 2). All tomogra-
phies were performed at a resolution of 25 um (average scanning
time of ~2 h). Extraction of bubble sizes was performed using
the Foam/powder analysis tool from VG Studio, with a sensibility
threshold of 35 % for the detection of boundaries between bub-
bles. Extraction of strut and vertex thicknesses was performed
using the same Foam/powder analysis module, followed by the
process illustrated in Figure 3 to extract the strut thickness w;,
and the vertex thickness w,, for which additional details are given
in Section 3. Figure 3 shows the Probability Density Function
(PDF) of the structure thickness normalized by the mean struc-
ture thickness, defined as the histogram of w/(w) where each bin
count was divided by (N,.,,*6n), where N, is the total number of
counts and 6n is the bin width. This definition ensures that a nu-
merical integration gives always one whatever the choice of 6n.
The raw structure thickness data were obtained from the VG Stu-
dio analysis tool, using a method based on growing spheres in-
side the polyurethane matrix. Additional images from the bubble
size/thickness analysis are shown in the Figure S2 (Supporting
Information).

In addition to the information extracted from VG Studio,
the topological network of struts was extracted via a purpose-
designed Matlab program, inspired by refs. [20, 21]. This home-
made program performed a skeletonisation of the 3D images,
found the nodes of the foam and created a skeleton composed
of straight line struts linking those nodes. From the extracted
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Figure 3. Distribution of the thicknesses in the foam architecture: Ex-
ample of the Probability Density Function (PDF) normalized distribution
function of the structure thicknesses measured on the tomographic im-
ages with the software VG Studio MAX, for a polyurethane bottom foam
produced using a secondary (top) foam with a catalyst concentration of
0.025 wt.%. We observe two peaks in the distribution, corresponding re-
spectively to the vertex and to the strut thicknesses. The inset shows a
zoom on a cell, with thin structures highlighted in blue and thicker struc-
tures in green. The histogram is divided (manually) in two parts to dis-
tinguish those two objects, with the separation highlighted by a dashed
black line in the figure. The average thickness of the struts w is then cal-
culated as the mean thickness of the left side of the black line (dashed blue
line) and the average thickness of the vertices w, is calculated as the mean
thickness of the right side of the black line (dashed green line).

network of struts, the values of the angles between two adja-
cent straight struts were computed, to analyze the difference be-
tween the structural features of the solid samples and Plateau’s
laws,['*] the latter being constraints imposed by capillarity in the
liquid state. More details about the procedures can be found in
ref. [22].

3. Results and Discussion

To analyze the influence of the concentration of catalyst of the sec-
ondary foam, we produce identical bottom foams, and add differ-
ent secondary foams with catalyst concentrations ranging from
0.0125 to 0.1 wt.%, following the protocol described in the Exper-
imental section. We choose to focus on one single bubble size for
all foams (bottom and top foams), of 4.0 + 0.3 mm which is fixed
by the pressure and geometrical parameters of our setup,!?}l and
does not vary significantly upon the presence of catalyst.

Figure 2 shows the 3D reconstruction of four bottom foams,
obtained with the superimposed foam technique with respec-
tively 0.0125, 0.025, 0.05, and 0.1 wt.% of catalyst. The thickness
of the architectures is highlighted with the color code on the left
of the figure: we can already observe with this representation a
strong influence of the concentration of catalyst on the struc-
ture thickness, especially at low catalyst concentrations, as well
as an homogeneity of the samples along the z axis. We are inter-
ested in quantifying those two main features: i) the influence of
the catalyst concentration on the global parameters (average strut
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Figure 4. Structural characterisation of thicknesses and density: Left axis
in blue: Strut thicknesses w; and vertex thicknesses w, as a function of
the catalyst concentration in wt.%. Right axis in red: relative density of the
foam as a function of catalyst concentration, extracted by weighing and
measuring the volume of the cubic samples. Error bars correspond to the
standard deviations of the strut and vertex thickness measured across one
sample for each point.

thickness and vertex thickness), as well as ii) the details of the ho-
mogeneity along the z axis aligned with gravity. Both aspects are
detailed in the subsections below.

3.1. Influence of the Catalyst Concentration on the Global Foam
Parameters

To obtain quantitative data on the structure thickness from the X-
ray images, we extract the probability distribution function of the
thicknesses obtained with the Foam/powder analysis tool of VG
Studio MAX 2023.1 software. This PDF is shown in Figure 3in a
normalized way for one sample with 0.025 wt.% of catalyst, taken
as an example. We observe a distribution with two peaks, one
corresponding to the struts (highlighted in blue in the figure),
and one corresponding to the vertices (highlighted in green in
the figure). Such separation between strut and node thicknesses
has already been observed in the literature on images analyzed
with the same software VG Studio MAX.[2*] For each sample, we
extract an average strut thickness w, calculated as the average of
all thicknesses on the left of the dashed black line (separating
the two peaks arbitrarily, with a placement of this dashed line
performed by visual inspection of each histogram) and an average
vertex thickness w, calculated as the average of all thicknesses on
the right of the dashed black line.

The structure thicknesses w, and w, are extracted for foams
built with secondary foams of different catalyst concentrations,
and represented in blue (left axis) in Figure 4. These measure-
ments confirm the visual inspection performed on tomographic
images in Figure 2, showing that the catalyst concentration has
an impact on the thicknesses. We can easily understand this
trend: the lower the catalyst concentration, the more time the
liquid has to drain toward the bottom of the sample, result-
ing in a thinning of the structure. Another global parameter,
the relative density of the foam, was quantified on the same
samples by weighing them and measuring their volume, show-
ing again an increase in the density with increasing catalyst

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 5. Evaluation of the homogeneity of the primary (bottom) polyurethane foams as a function of the altitude z: a) Definition of the four regions of
interest studied on the primary (bottom) foams. b) Evolution of the equivalent mean bubble diameter (defined as the diameter of a sphere of the same
volume as the bubble) as a function of z. Each group of points corresponds to the average over the corresponding region of interest. Four different catalyst
concentrations for the secondary foam are investigated. c) Evolution of the vertex thickness (defined following the procedure described in Figure 3) as
a function of z. d) Evolution of the strut thickness (defined following the procedure described in Figure 3) as a function of z. The color code in (c) and
(d) is the same as in (b), and each group of points corresponds to the average over the corresponding region of interest. The error bars correspond to
the standard deviations of the bubble diameter and the structure thicknesses over the corresponding region of interest. The dashed lines are guides for

the eye.

concentration (right axis in red in Figure 4). Note that for high
catalyst concentrations (0.05 and 0.1 wt.%) we noticed local-
ized inhomogeneities, that may lead to small errors in the den-
sity and thicknesses which are averaged over the whole sample.
Figure S3 (Supporting Information) illustrates the limits of this
technique at high catalyst concentrations due to an inhomoge-
neous drainage because of a too fast solidification. At low cata-
lyst concentrations, the homogeneity in the xy plane (perpendic-
ular to the z axis along which gravity is acting) is better, but is
sometimes affected by preferential drainage paths of the liquid,
certainly due to an imperfect deposition of the secondary foam
or the creation of preferred channels for the liquid (similar to a
Rayleigh-Taylor instability). We show here a proof of concept of
the technique but an improvement of some details could even
reinforce homogeneity, such as an optimization of the way the
secondary foam is introduced.

Macromol. Rapid Commun. 2024, 2400254 2400254 (5 Ofs)

3.2. Homogeneity of the Obtained Foams Along the Vertical
Direction

At a given catalyst concentration, we are interested in the varia-
tion in bubble size, strut thickness and vertex thickness along the
z direction, which corresponds to the direction of drainage and
gravity. Using VG Studio MAX software, we divide each sample
into four regions of interest (all located on the primary (bottom)
foam), corresponding to the four layers highlighted in Figure 5a.
The same analysis as in the previous subsection is performed on
each region of interest, providing the equivalent mean diameter
(Figure 5b), the vertex thickness (Figure 5c) and the strut thick-
ness (Figure 5d) for the four layers, on samples with four differ-
ent catalyst concentrations for the secondary foam (0.0125, 0.025,
0.05, and 0.1 wt.%). We observe that with the parameters used
in our experiments, we manage to reach a good homogeneity

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 6. Evaluation of the reproducibility of the protocol for a catalyst
concentration of 0.025 wt.%: Four identical foams were produced sepa-
rately to validate that the obtained morphology is reproducible. Left axis:
Mean diameter (of equivalent spheres of volume equal to the volume of
the cells) at different altitudes z in the sample corresponding to the four
different layers (as defined in Figure 5), for the four samples produced.
Right axis: Strut thicknesses w, and vertex thicknesses w, for the four dif-
ferent layers, and for the four samples produced. Error bars correspond to
the standard deviation of the measurements within each sample.

along the z axis for all three parameters. The changes in each
parameter along the z axis are much smaller than the variability
inside each layer, shown in Figure 5b—d with the error bars
representing the standard deviations across each layer.

3.3. Reproducibility of the Process

We quantify the reproducibility of the process on four samples
produced using the same protocol, with 0.025 wt.% concentra-
tion of catalyst in the secondary foam. Figure 6 provides the same
data as Figure 5 for the four samples at 0.025 wt.% catalyst con-
centration, for the mean diameter (Figure 6, left axis) and strut
thicknesses and vertex thicknesses on the same graph (Figure 6,
right axis). This data shows that this innovative process seems
to produce reproducible samples. Figure 7 is obtained using the
extracted network of struts of the foam, and shows the Probabil-
ity Density Function (PDF) of the strut-strut angles observed in
vertices of order 4 (note that this corresponds to strut-strut angles
butnot to local angles, struts being approximated by straight lines
in the extracted skeleton). This PDF is centered around 109.5°,
corresponding to the angles dictated by Plateau’s rules. We can
remark the good reproducibility on those strut-strut angle mea-
surements over the four samples. As a side note, we can also no-
tice that this distribution is much closer to Plateau’s rules than
the samples usually obtained with chemical foaming.[?!]

3.4. Discussion

In Figure S1 (Supporting Information), we are showing a photo-
graph of a foam obtained without superimposition of two foams
(i-e., only a “bottom” foam, but with catalyst inside). In that case,
the drainage of the foam leads to a density profile and an inhomo-
geneity in the z direction. This is well known in the case of liquid
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Figure 7. Distribution of strut angles: Probability Density Function (PDF)
of the angles between pairs of struts for struts which are part of a vertex of
order four, computed from the extracted network of struts in the foams, for
the four samples with a catalyst concentration of 0.025 wt.% presented in
Figure 6. A thin layer at the boundaries has been systematically removed
from the analyses to avoid edge effects coming either from the sample it-
self or from the numerical protocol to extract the strut skeleton from the
microtomographic reconstruction. The number of vertices taken into ac-
count in each case is specified.

foams:[%] the typical characteristic length scale over which a lig-
uid foam is homogeneous after drainage decreases as the bubble
size increases, making it impossible to obtain foams with milli-
metric bubbles with homogeneous thickness over several layers
of bubbles after full drainage of the liquid. It is thus difficult to
obtain homogeneous strut thicknesses by using only “freezing”
of a liquid template after drainage.

The technique that we explore here is based on the follow-
ing principles: (i) The cell size of the foams (top and bottom) is
determined solely by the foaming parameters (pressure, nozzle
diameter, and viscosity of the material, which is assumed to be
unchanged in the initial steps of the process for the amounts
of catalyst added in the formulation. The cell size of the bot-
tom foam does not change upon introduction of the secondary
foam. (ii) The bottom foam has the time to find an equilibrium
(metastable) architecture (i.e., respects Plateau’s laws), and (iii)
when the secondary (top) foam is introduced, within the struts of
the first (bottom) foam, most of the liquid in the initial foam is
replaced by liquid from the secondary foam, due to the drainage
mechanism. The solidification occurs as this liquid with cata-
lyst drains into the bottom foam, and the choice of the different
timescales allows to solidify the foam while this drainage process
is still ongoing. We thus do not rely on the liquid fraction profiles
that would be reached at long times if the foam was liquid at all
times.[?]

The foams obtained have a mechanical response that is typi-
cal of elastomeric foams, with first a linear regime, followed by
a plateau linked to the bending of the struts and a densification
step when the cells are highly compressed.[*%! This is illustrated
in Figure 8, which shows the stress—strain curve under compres-
sion of two rectangular samples extracted from a primary (bot-
tom) foam prepared with 0.025 wt.% of catalyst at two different
locations (upper and lower subparts). The two subparts show a
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Figure 8. Mechanical properties: Compressive behavior of two rectangular
subparts (upper subpart in dark purple and lower subpart in light blue)
of a primary (bottom) foam prepared with 0.025 wt.% of catalyst in the
secondary foam, highlighting the three regimes (linear regime, plateau and
densification) characteristic of elastomeric foams.

similar behavior, with a linear regime up to 10% strain associ-
ated with a Young’s modulus that does not differ much between
the upper and lower subpart, estimated to be 6.1 + 0.7 kPa. The
slight discrepancy between the two curves over the whole range
explored can be explained by imperfections in the process but
also most importantly by the fact that this work focuses on large
bubbles and centimetric samples: this results in a ratio between
the cell size and the sample size that is not ideal for mechanical
characterizations, the sample being too small to be considered as
a representative volume element.[2¢]

The goal of the process described here is to produce centi-
metric samples with a high level of control of the foam architec-
tures, which allows further fundamental studies on the link be-
tween structure and properties. The question of the extension of
such a strategy to industrial processes is relevant but challenging.
For general cushioning materials, chemical foaming is definitely
more efficient. However, to obtain fine-tuned architectures, there
is no intrinsic limitation of the superimposed foam technique in
terms of sample sizes in the xy plane (horizontal direction). In
the z direction, achieving a constant thickness over much larger
samples might be more difficult and require additional work on
the details of the drainage mechanism. In addition, the accessi-
ble density range could be extended even further by also varying
the bubble size, extending the range of potential applications.

4, Conclusion

To go beyond the limitations of classical chemical foaming for
polyurethanes, we have developed in this work a novel strategy to
produce model polyurethane foams that exploits drainage mech-
anisms under gravity, with the advantage of avoiding the creation
of preferred pathways for the liquid (similar to a Rayleigh-Taylor
instability). The careful choice of geometric parameters, formu-
lations, and time scales, leads to the obtention of monodisperse
polyurethane foams with millimetric bubbles with no signifi-
cant thickness variations in the z direction. More precisely, the
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drainage of a secondary foam containing catalyst into a first foam
with no catalyst - that can thus reach its equilibrium architecture
before solidification - is a promising route toward a better control
of important foam parameters. This work focuses on the fabri-
cation of model foams with samples of centimetric sizes, at a lab
(desktop) scale. The main fundamental interest of such model
foams is to reach a better understanding of the link between
structure and properties of such architectured materials. The
adaptability of this technique in terms of industrial processes
(both in terms of preparation efficiency, cost, and sample size)
is certainly challenging and will depend on the level of control
required for the foam architecture for specific applications.

The extension of the process to other bubble size ranges, and
other formulations (e.g., hydrogels) is certainly possible, to pro-
vide additional tools to the foam templating techniques with a
larger range of densities accessible. In addition, polyurethane
foams are also used as sacrificial templates, for instance, for
metallic foams,!?”] which could also benefit from a higher level
of control of the template architectures.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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