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Abstract
One-step solid-state batch scCO, foaming is used with the target of achieving acrylic polymer micro-

nano foams. Foaming is triggered by an average pressure drop (APDR), covering two decades, from
0.3 to 30 MPa.s™. This study principally addresses the combined beneficial effects of block copolymer
addition (BCP, here denoted as MAM) and high APDR. Numerous subtle kinetic parameters actually
interplay and compete in the production of the final foams. In particular, the material effective
temperature, the effective glass transition temperature of the plasticized system and the
instantaneous PDR are physical quantities each having their own kinetics during foaming. The
resulting foam morphologies are quantified by SEM microscopy and image analysis. A high APDR and
the presence of BCP are shown to play a key role in the final structure of the foams. Over the
scrutinized range of saturation temperature (40 °C to 60 °C i.e. rather ‘low’ temperatures in the CO;
supercritical state), the APDR is the main factor for significantly reducing cell size and increasing
nuclei density in foams from neat PMMA. In the block copolymer approach, increasing the APDR is of
secondary importance as the targeted reduction of the porosity dimensions and augmentation of
nuclei density are mostly the consequence of MAM presence. In this latter case, increasing the APDR
still promotes the ‘efficiency’ of the BCP nucleants. A real efficient nucleation activity of MAM
additive is observed at a very high APDR (30 MPa.s?), leading to monomodal homogeneous
distribution of tiny pores in nearly nanosized foams. At lower APDR, an interesting reproducible
double porosity (foams containing intra-wall and inter-cell pores) is detected in PMMA/MAM
systems. In such double porosity foams, benefits from the Knudsen effect achieved within well
expanded local domains (showing micron-sized pores) may remain meaningful thanks to a locally
poorly expanded nanoporous thick solid skeleton encapsulating these local domains. Thereby, the
radiative thermal conduction can be minimized and does not override the conductive component at
the sample scale. This work provides further insight on acrylic polymer BCP foams influenced by

different kinetics.
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1. Introduction
In recent years, polymer foams, and especially micro-nano foams obtained by a blowing (or foaming)

agent, have raised the interest of industrials and academics due to their expected unusual
combination of properties. Indeed, reducing the foam porosity dimensions from micro to nano range
can lead to improved mechanical and thermal insulation properties (e.g. due to the Knudsen effect
for the latter) [1],[2], or even filtration properties. However, when a blowing agent is used, the
desired porosity size reduction is not easy to reach and requires optimization of the foaming process
conditions (e.g. saturation pressure, temperature, and time, pressure drop rate) for each foaming
agent — material — process combination.

The foaming agent is either chemical or physical. Chemical foaming requires use of a chemical
blowing agent to generate a gas by thermal decomposition or by chemical reaction [3]. On the
contrary, a physical blowing agent (e.g. an inert gas) is directly injected in the process [4],[5],[6]. In
both cases, a thermodynamic instability is required to induce a phase separation between the gas
and the material. At that point, foaming is initiated and the nucleation, growth and coalescence steps
ensue. Depending on the foaming conditions, all three steps may, or not, partially overlap over time.
In order to propose a more environmental responsible alternative than chemical foaming, carbon
dioxide (CO,) is selected as the physical blowing agent. This non-toxic and low-cost blowing agent
enters the supercritical state (scCO;) in rather easy conditions, with a critical point at P, = 7.38 MPa
and T. = 31°C. In these specific conditions, CO, offers a combination of liquid and gaseous
properties i.e. good solubility and diffusivity in polymers (in comparison with other physical blowing
agents, e.g. nitrogen) [7]. The supercritical specificities are thus favorable for polymer saturation and
to some extent for polymer foaming (as pressure is released, the blowing agent leaves rapidly the
supercritical state).

Considering the high CO,-philicity and the ability to foam with reduced porosity dimensions of acrylic
polymers, they are good candidates for scCO,-assisted saturation/foaming [8],[9]. Both neat
poly(methyl methacrylate) (PMMA) and blends of PMMA + MAM - the so-called MAM is a triblock
copolymer PMMA-PBA-PMMA (where PBA is poly(butyl acrylate)) — have been largely studied in the
literature and were selected for this study. In a 90/10 PMMA/MAM weight ratio solid precursor
blend, MAM structures are typically nano micellar-like objects dispersed in the PMMA matrix. Due to
the higher CO;-philicity of the soft PBA block, the micellar objects concentrate the CO, and act as

CO»-reservoirs during saturation and foaming. In the foaming process, the micellar objects are
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deemed to act as effective nucleation sites (as other additives [10]) and to improve PMMA foaming
(foam homogeneity and cell size reduction) [6],[11],[12],[13].

Acrylic polymers can be saturated and foamed using various processes assisted with scCO3; one can
quote extrusion [4],[14], injection [5],[15] and batch foaming (either one-step or two-step)
[6],[11],[16]. So far, batch foaming (or autoclave foaming) is preferred over the other processes to
produce foams with small porosities [12],[16]. Indeed, contrary to other processes, all batch
saturation conditions (i.e. saturation pressure, temperature and time), are independently controlled
[8]. In view of solid-state one-step batch foaming with reduced porosity dimensions, the roles of the
saturation pressure and temperature upon acrylic polymers-foaming are well known [17],[18]. On the
one hand, saturation pressure (P5%) has to be maximized to improve the sample saturation by
increasing the CO,-solubility [9]. On the other hand, saturation temperature (T°%) has to be
minimized to optimize the saturation step, while complying with the supercritical state, which also
contributes to optimize the saturation step due to an advantageous combination of liquid and
gaseous properties. The relation between T5% and the speed at which the foam vitrifies (or
stabilizes) is a complex issue, certainly overlooked in the literature. Indeed, as foaming is triggered
e.g. by an adiabatic pressure quench, the effective temperature (T¢/) of the plasticized system
{polymer + CO5} is lower than T5* and generally unknown. The vitrification speed is therefore
determined, among others, by the interplay between i) the evolution of T¢/ towards room

temperature and ii) the rising kinetics of the effective glass transition temperature (Tgef). Once the

sample is vitrified (Tge

UES T¢f), cell growth and coalescence are stopped and one can expect to
produce a foam with small cell dimensions.

At the beginning of foaming, another important parameter acts on the foam structure: the pressure
drop rate (PDR). The pressure drop rate is typically defined as AP/At, where AP = pSat — pambient
and At is the time to return to ambient pressure upon pressure release [19]. Several studies have
shown that increasing the pressure drop rate is a relevant way to minimize foam cell size thereby
improving the mechanical and thermal properties [19],{20],[21]. This trend has been observed using
adapted devices (e.g. PP batch-foaming fitted with a window linked to a camera [22]) allowing
observation of the foaming process from the early stages of cell growth. A PDR increase induces an
increase of the nuclei formation rate [23]. At a certain stage, nucleation and growth may compete.
More precisely, when cell nucleation and growth overlap, the later penalizes the former. When the

PDR is increased, the nucleation rate is favored while growth is limited. Increasing the PDR also

prevents coalescence by increasing the speed at which the effective glass temperature of the

plasticized system {polymer + CO,} (Tgef) is overcome (i.e. T¢ < T;f) [23],[24]. So, because of its
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action upon the different foaming steps, the PDR has an influence upon both cell size and cell density
[24],[25],[26],[27].

In batch foaming, a classical PDR value may be considered as 0.5 MPa.s [11]; other PDR values have
been studied (30 MPa.s? [19]; 8.3 MPa.s? [24]; 0.4 MPa.s? [28]) by using vessels with a smaller
capacity and/or by increasing the outlet pipe diameter to facilitate gas evacuation during foaming.
Experimentally, the number of nucleated bubbles per unit volume of unfoamed material (Ny) has
been shown to depend linearly upon pressure drop rate in a bi logarithmic scale [24]. A classical PDR
(~ 0.5 MPa.s) is generally not sufficient to reach a very small pore size as it does not induce a
sufficient number of nuclei or do not freeze the structure by a rapid enough thermal quench
(consecutive to pressure quench). Simulations of PDR were carried out at an extremely high PDR
(250 MPa.s?) [20],[26]. As a matter of fact, both theoretical and experimental studies show that a
PDR increment can increase the cell number density by 1 or 2 decades while cell size decreases by a
moderate factor of 2 or 3. Furthermore, most of the systems studied in the literature are probably in
a molten state (flowing state), and do not undergo a solid-state (non-flowing) foaming. Thus we may
expect a greater influence of the PDR value when the system is solid (solid-state CO,foaming).

No work actually states clearly if the mere fact to increase the pressure release rate can increase the
cell density (cells.cm®) up to 10% cell.cm®, reduce cell size in the nanometer range and
simultaneously lower the overall material density (pf) near or below 0.2 g.cm3. However, in a one-
step solid-state batch foaming, appropriate combinations of factors (high PDR, low saturation
temperature and introduction of nucleating nano particles) may be beneficial. Such combinations are
investigated in this work for neat PMMA and for PMMA/10 wt% MAM blend foams. PMMA and
PMMA/10 wt% MAM are CO,-saturated at temperatures (40 °C and 60 °C) and saturation pressures
(20 MPa and 30 MPa) complying with the supercritical state before being foamed (one-step solid-
state foaming) over a broad PDR range (from 0.3 MPa.s? to 30 MPa.s). Porous structures are

investigated through a quantitative analysis of SEM images at different scales.

2. Materials and Methods
2.1 Materials
Neat poly(methyl methacrylate) (PMMA commercialized as V825T 101 Clear PMMA by Arkema)

pellets and neat MAM (M53 grade commercialized by Arkema) triblock copolymer (poly(methyl
methacrylate)-co-poly(butyl acrylate)-co-poly(methyl methacrylate)) pellets were supplied by
Arkema (Lacq, France). The characteristics of these materials are well documented in literature

[12],[18],[29].

2.2 Unfoamed blend compounding
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To produce PMMA/10 wt% MAM blend, neat PMMA and MAM pellets were first dried at 80 °C for
4 h in an oven. Then, the blend was compounded by CANOE (Pau, France) using a corotative twin-
screw extruder (Labtech, @ = 26 mm, L/D = 40) with a temperature profile ranging from 250 °C to
230 °C at a screw speed of 300 rpm. At the end of the extruder line, the blend was pelletized with a
continuous cutting machine.

Neat PMMA and PMMA/10 wt% MAM pellets were dried again at 80 °C for 4 hin an oven. Then,
transparent tensile test bars (ISO 180/U 80 x 10 x 4 mm3) of neat PMMA and PMMA/10 wt% MAM
were injected with a classical injection-molding device (ENGEL ES 200-45 HL-V). The acrylic polymer
and blend were injected at 230 °C at a screw speed of 300 rpm in a mold heated at 90 °C. All injected

bulk bars were perfectly transparent.

2.3 One-step batch foaming
PMMA and PMMA/10 wt% MAM were foamed through scCO,-assisted one-step batch process at

LCPO and ICMCB laboratories (Bordeaux, France). Varying the PDR over a wide range of values
typically requires use of vessels of different capacities and/or outlet pipe diameter [19], [24], [28]. In
this study, two vessels were used to vary the PDR by two order of magnitude (Table 1). These two
vessels were especially necessary to be able to work with sufficiently large samples; and the bigger-

sized vessel could in no way allow reaching 30 MPa.s™.

The samples foamed at « low PDR » (0.3 MPa.s* and 0.5 MPa. s!) were produced in a high-pressure
vessel provided by TOP Industrie (Vaux-le-Pénil, France). The vessel was filled with CO; at the desired
pressure with a syringe pump Teledyne ISCO model 260 (Lincoln, USA). Because the outlet pipe
diameter was fixed, the saturation pressure was set to 20 MPa or 30 MPa to enforce the target PDRs
of 0.3 and 0.5 MPa.s (values in the range of low PDR). The saturation temperature (40 °C or 60 °C)
was controlled with a heating collar. The CO, uptake (wt%) was measured in situ using a FTIR (Fourier
Transform Infrared) microscope combined to a CO; high-pressure cell [9]; scCO; uptake was found to
the same at 20 MPa and 30 MPa (the samples are already fully saturated at 20 MPa at both
temperatures) [9]. Therefore, a saturation pressure spread of 10 MPa (20 vs. 30 MPa) had no impact
upon the final foam structures. After saturation (during 24 h to ensure full saturation of the samples),
the pressure was released with an on/off discharge valve model 910.10.00 provided by TOP Industrie
(Vaux-le-Pénil, France).

Samples foamed at higher PDR (4 MPa.s? and 30 MPa.s!) were produced in a smaller-sized vessel
(0.057 L) provided by Swagelok (Lyon, France). In this vessel, the PDR could be varied by adapting the
geometry of the vessel (outlet pipe diameter; Table 1). After saturation (24 h), the pressure was

released with an on/off discharge valve model SS-AFSS12 provided by Swagelok (Lyon, France).

Table 1. Batch set-up dimensions versus PDR
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PDR Vessel capacity Outlet pipe internal diameter

(MPa.s?) (cm3) (cm)
0.3 300 0.2
0.5 300 0.2

4 57 2.36
30 57 13.51

2.4 Characterization techniques
i. Water pychometer
Unfoamed materials density (ps) and foams density (py) were determined with a water pycnometer

following the water displacement method, based on Archimedes’ principle. Three measurements

were performed for each sample.

ii. Electron microscopy observations and image analysis
e PMMA/10 wt% MAM dense precursor blend: TEM observations

The structure of the solid PMMA/10 wt% MAM blend precursor was observed through TEM. Before
observation, the solid blend was cut into a cryo-ultramicrotome LEICA EM UC7-FC7 (Wetzlar,
Germany) at - 75 °C with a diamond knife at the Bordeaux Imaging Center (BIC, Bordeaux, France).
The thin cuts (80 — 100 nm thick) were collected on copper grids before being contrasted with an
aqueous solution containing 2 wt% phosphotungstic acid (PTA) + 2 wt% benzyl alcohol at ambient
temperature. As reported in the literature, PTA preferentially colors at ambient temperature the
CO,-philic PBA soft block (in black or dark grey on TEM images) over the PMMA more rigid block
(white or light grey on TEM images) [6],[11]. Benzyl alcohol acts as a dyeing assistant and helps PTA
coloration of PBA. TEM observations were performed at 80 kV at magnifications ranging from
X15 000 to X200 000 (Figure 1.A). The exhibited nanostructures can be qualified as micellar objects or
micelle-like objects.
e Image analysis of TEM micrographs

TEM images captured at several magnifications were analyzed in order to quantify the micellar
objects and determine automatically their characteristics. To further improve the level of contrast
permitted by staining (Figure 1.A) and facilitate the subsequent segmentation of the micellar objects
(Figure 1.C), we adopted a multiscale (multiresolution) description of electronic images (thereafter
electronic images are denoted by u(x), where u is the grey level intensity function at every pixel x =
(x1,x, ) ). Descriptions that depend on scale (or resolution) may be computed in several ways. We
retained the so-called scale-space filtering [30],[31]. In this approach, the original image u(x) (Figure
1.A) is embedded in a family of images u(X, t) at coarser resolutions (larger scale levels) cf e.g. Figure
1.B. Such family of images u(x,t) is obtained by filtering u(X) over increasing scales whose size is
parametrized by the increasing time t of a diffusion equation [32]. The resulting family of images

u(x,t) produced by varying continuously the scale-space parameter t is called the scale-space image.

6
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Because information content decreases towards higher levels (at coarser resolutions), edges or
boundaries (the zero-crossings of the Laplacian of the image) are moved when sweeping out the
scale-space image. In this sense, we can say that the material is virtually reconstructed as illustrated
in Figure 1.B. With this multiscale (multiresolution) description, we could detect more readily image
features at different resolutions (e.g. Figure 1.B). In this approach, the key point is that images have
by nature a hierarchical organization composed of a small number of levels or scales [33]. There is a
natural range of resolutions, in other words intervals of the scale-space parameter t, corresponding
to each of these semantic levels of description, where the interphases and/or interfaces of interest
are better perceived and even reconstructed (Figure 1.B). As illustrated in Figure 1.B, the
reconstructed image tends to a piecewise constant solution representing a simplified image with
sharper boundaries, permitting to easily segment interphases e.g. by direct thresholding without
recourse to any complex treatment of image analysis. To achieve this, we followed the route paved
by Perona and Malik [34]. We relied on a nonlinear scale space, where blurring is locally adaptive to

image data: the diffusion process (blurring) mainly takes place in flat regions (PMMA matrix) where

the magnitude of the gradient <V() = (@ @)> of the grey level intensity ||Vu|| is low. On the

dx, Oy,
other hand, blurring does not affect region boundaries (micellar object boundaries), where ||Vu|| is
larger. Furthermore, in the neighborhood of marked discontinuities (boundaries), where ||Vu|| is
high across the level curve of the intensity u, the diffusion process is running locally backwards,
normal to the isoline of u i.e. normal to the boundary, which is thereby steepened (contrast

enhancement; Figure 1.B).
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Figure 1. lllustration of the segmentation of micellar objects. A) Local close up in a TEM micrograph (X20 000)
showing dispersed micellar objects formed by MAM tri-block copolymers in a 90/10 PMMA/MAM solid blend
precursor. B) Enhanced image after applying to Figure 1.A a nonlinear directional diffusive filter. In this filtering
procedure, Gaussian blurring applies selectively to flat regions, which are dissipated, while the boundaries and
the contrast of the nanostructures of interest are clearly enhanced. C) Binarized (0 -1) counterpart of the grey
level image in Figure 1.B. In this display, the contours of the segmented nanostructures (labeled with a 1 value)
are displayed in cyan, superimposed upon the original image (Figure 1.A) rather than leaving in transparency
the 0-valued background matrix.

Before segmentation, the filtered image u(X,t) was, when necessary, corrected for shading (uneven

background matrix). Touching/overlapping micellar objects were automatically separated before size
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and shape measurements. To do so, we assumed, as others e.g. Canseco et al. [35], a systematic
region growing approach [36]. After disconnection of overlapping objects, the binary image (e.g.
Figure 1.C) was perfectly suited to the automatic measurement of the object size statistical
distribution (Figure 2). The effective diameter D of every micellar object was derived from the object
perimeter P measured by integrating for all affine lines in the plane the Euler-Poincaré characteristic

of the intersection of the line with the object [37].

The rather large distribution of the micellar objects diameter (Figure 2) suggests that the system is
not at equilibrium (a liquid micellar system would show a mono modal distribution). The non-
equilibrium state comes from several reasons: i) the macromolecular nature and chain polydispersity
of MAM, ii) the high viscosity and temperature quenching of the blend during the extrusion stage,

where the blend is sheared and cooled at the end of the die.

0 25 50 75 100 125 150 175 200
Micellar objects diameter (nm)

Figure 2. Nanostructure size distribution automatically determined from segmented objects (Figure 1.C). In this
display, the finite size interval bins of the original discrete frequency histogram of the object diameters are
schematically represented as a continuous distribution of the object percentile as a function of cell size. The
vertical full scale is set to the highest nanostructure percentile of the original frequency histogram.

Some of the characteristics derived from the nanostructure size distribution of the 10 wt% MAM
solid precursor (Figure 2) are listed in Table 2, namely the nanostructure number density Ng
(objects.cm™), the nanostructure average diameter D, and the aggregation number Ngggregation
(number of copolymer molecules per nanostructure). Assuming that all the copolymer lies inside the

micellar objects, an upper bound of the aggregation number was estimated as:

w Ng ps

Naggregation= M. N Eq.1
n Vs

where w is the amount of copolymer (wt%) and N, = 6.02 1023 mol~? the Avogadro’s number, M,

number average molar mass.

Table 2. Characteristics of PMMA/10 wt% MAM solid precursors.

Solid sample ID Nanostructure density ~ Nanostructure average Density of the solid Predicted aggregation
Ny (objects.cm3) diameter blend number
55 (nm) ps (g.cm3) Naggregation
PMMA/10 wt% MAM 2.410%+0.2 104 68+8 1.19+0.07 3700
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Compared to the literature, the micellar objects average diameter is consistent with previous
determinations. Nevertheless, the number density of 2.4 10 objects.cm™ seems an insufficient
nucleating density to provide true nano foams (requiring an order of magnitude of 10 to

10 objects.cm™ [38]).

e PMMA and PMMA/10 wt% MAM foams: SEM observation
PMMA and PMMA/10 wt% MAM foam structures were observed on micrographs acquired with an
environmental scanning electron microscope (E-SEM), a Quanta FEG 250 from FEI/ThermoFisher.
Before observation, the foamed samples were frozen in liquid nitrogen, fractured (perpendicularly to
the height) and sputter-coated with a thin layer of gold. All samples were imaged at low acceleration
voltage (< 5 keV) and current (a few pA to a few tens of pA) (not to damage the foam structure with
the primary electron beam). Images were formed by collecting the secondary electron (SE) emission.
In this situation, contrast is said topographical and is made of three contributions: the inclination
contrast, the shading contrast and the ridge contrast. Each sample was imaged at several
magnifications (from X100 to X100 000). Figure 3.A illustrates over a local area the structure of a
foam sample produced from the 90/10 PMMA/MAM blend at a saturation temperature of 60 °C, and

a pressure drop rate of 0.3 MPa.s™.

e Image analysis of SEM image
In micrographs formed in secondary electron mode, both shading and ridge contrasts promote
darker foam cells than the polymeric background solid lattice. Yet, dependence of the secondary
emission upon the incident angle of the primary electron beam (inclination contrast) may work
locally the other way around, depending on the local geometry of the sample. Thus, there is again a
need to further increase contrast in order to develop a sound automatic method for the
determination of the cell size distribution. We took again advantage of the nonlinear directional
diffusive filter described earlier to reach a suitable level of (enhanced) contrast. After this contrast
augmentation, the segmentation of smooth and darker foam cells standing out from a brighter solid
lattice could be accomplished via a simple threshold. The object sets segmented thereby, like the one
illustrated in Figure 3.B, were suited for the automatic determination of the object diameter
statistical distribution (Figure 4), the diameter of every object being derived from measurement of its

perimeter.
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Figure 3. A) Cellular structure produced from a PMMA/10 wt% MAM blend saturated with scCO; at 60 °C and
then foamed in one-step batch-foaming with a pressure release rate of 0.3 MPa.s™. B) The segmented object set
(cell set) includes inter skeletal pores (in cyan) and intra skeletal pores (in magenta).

20 MPa, 60°C Inter-wall cell mode
b7 i O
PDR = 0.3 MPa/s 0 250 500 750 1000 1250 1500 1750

Diameter (nm)

(\‘ Intra-wall cell mode

0 250 500 750 1000 1250 1500 1750
Diameter (nm)

0 250 500 750 1000 1250 1500 1750
B) Diameter (nm)

Figure 4. Cell size distribution of the foam sample locally illustrated in Figure 3. The vertical full scale is set to
the highest cell % of the frequency histogram. The foam sample shows two scales of porosity (Figure 3). The
intra- and inter-wall cell size modes of the global (bimodal) size distribution (lower curve) were further specified
by filtering the segmented object set (cell set). Filtering consisted in removing those objects from an object set
whose filter size attribute (e.g. object diameter or area) fell outside a specified range. The chosen object size
attribute threshold value was that one which partitioned unequivocally the cell set in two classes of porosity:
small-sized intra-wall cells (in magenta) versus much larger inter-wall cells (in cyan) (Figure 3).

Several important characteristics were derived from the cell size distributions including the cell
number density (N, cell.cm?3), the cell nucleation density (N,, nuclei.cm?®) and the mean cell size
(D,ey)- The cell number density in the porous material (N;;) was calculated using Equation (2).
my\>*/2
Neey = (Z)

where m is the number of cells segmented in an image (collection of images) and A is the area of the

Eq.2

digital image (collection of digital images) in cm?.

The cell nucleation density in the foamed material (Ny) represents the number of pores formed per
cubic centimeter of the unfoamed dense blend precursor making implicitly the hypothesis that there

is no coalescence during the stabilization of the foam structure. Ny was calculated using Equation (3).

10
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Ny can be paralleled to the micellar objects density (Ng) measured in the dense blend precursor.

Those values should be ideally as close as possible.

SEM images at different scales and their quantitative analysis revealed two scales of pores in several
of the foams produced from the 90/10 PMMA/MAM blend cf e.g. Figure 3 namely, inter-skeletal
micropores (voids separated by cell walls as defined by Kaneko et al. in a general review on solid
porous materials [39]) and intra-skeletal much smaller nanopores, located inside the cell walls. In this
instance three average diameters were calculated: D..; the global mean cell diameter,
Dinter—waii cen the inter skeletal pore mean diameter and Dj,trqg—wail cenr the intra skeletal pore
mean diameter. When intra skeletal pores are present, D,,; contains information (weighted
average) from Dinter—wau cett ad Dintra—wait cer; While Deeyy = Dinter—wau ceu When there is no
intra skeletal pores. The size distributions (including the inter wall and intra wall cell modes in case of
bimodal distribution cf e.g. Figure 4) of all studied foam samples are provided and discussed in the

next section.

3. Results and discussion

3.1 Porous structures after one-step batch foaming (SEM Imaging)
This section (3.1) describes qualitatively the different morphologies observed on SEM micrographs
and outlines general trends. The next section (3.2) deals with the quantification of the structural

information contained in the SEM micrographs.

3.1.1 PMMA foam structures
Neat PMMA samples were foamed at PDR ranging from 0.3 MPa.s? to 30 MPa.s. The influence of
the saturation temperature and the PDR on the structure of the final PMMA foams is illustrated in

Figure 5.
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Figure 5. SEM images of neat PMMA saturated at either 40 °C or 60 °C (P5%* = 20 MPa or 30 MPa) at a PDR
ranging from 0.3 MPa.s™ to 30 MPa.s™ (in a one-step batch foaming process)

At a fixed saturation temperature (either 40 °C or 60 °C), PMMA foamed at low to moderate PDR (i.e.
between 0.3 MPa.s® and 4 MPa.s) are comparable. In other words, at a given temperature, the
foam cell size is not significantly influenced by the PDR value (Figure 5). Although the foam cells of
the samples scCO;-saturated at 40°C appear a little smaller than those of the samples saturated at
60 °C, the cell dimension remains in the same order of magnitude at low to moderate PDR.

Only a high PDR of 30 MPa.s? induces a true change towards much smaller cells. Moreover, the
sample foamed at 30 MPa.s after a saturation at 60 °C contains two types of porosities, while the
sample saturated at 40 °C is monomodal (only small pores).

As a first global summary for PMMA foams, the cell dimension is mainly governed by the saturation
temperature at low to moderate PDR, while cell dimension is principally governed by PDR at

30 MPa.s™.

3.1.2 PMMA/10 wt% MAM foam structures
PMMA/10 wt% MAM blend samples were foamed in the same conditions as for neat PMMA (Figure
6). As observed in the case of PMMA, saturation temperature and PDR are competing to determine

the PMMA/10 wt% MAM final foam structure.
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Figure 6. SEM images of PMMA/10 wt% MAM blend foamed after saturation at 40 °C and 60 °C (P*** = 20 MPa
or 30 MPa) using a PDR ranging from 0.3 MPa.s to 30 MPa.s™ (in one-step batch foaming process).

At fixed temperature, PMMA/10 wt% MAM samples foamed at low PDR (0.3 to 0.5 MPa.s™) are not
significantly affected by the PDR value (Figure 6). But, over that PDR range, the scCO, saturation
temperature plays a more important role upon the inter-wall cell size: the lower the saturation
temperature is, the smaller is the inter-wall cell size.

At the moderate PDR of 4 MPa.s?, both the saturation temperature and the PDR impact cell size. At
40 °C, the 4 MPa.s* PDR leads to a much smaller cell size than at lower PDR, while at 60 °C, the inter-
wall cell size is still comparable to that observed at lower PDR.

Samples foamed at the highest PDR (30 MPa.s) contain small cells of the same size independently of
the saturation temperature, which no longer impacts the final foam structure.

Whatever the thermodynamic conditions are (P54, TSt 53t pPDR), the addition of MAM in PMMA
systematically induces smaller porosity dimensions than in neat PMMA foams (note that Figure 6 is
shown at a scale ten times smaller than in Figure 5). This trend of cell size reduction, already
reported in the literature, can be explained in terms of CO, local concentration, heterogeneous
nucleation and increased cell density [7],[8],[9],[10],[11].

As a first conclusion, in a one-step solid-state foaming, if the material formulation always influences
the foam structure, a high PDR acts as a supplementary beneficial variable to efficiently achieve the

targeted cell size reduction as observed by SEM imaging.

3.2 Structural quantification by image analysis
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This section presents the structural quantification of PMMA and PMMA/10 wt% MAM foams by
image analysis. For each foam sample, several SEM images captured at various magnifications were
automatically segmented according to the procedure presented in Section 2.4 in order to determine

a representative cell size statistical distribution cf e.g. Figure 7 for neat PMMA.
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Figure 7. Cell size distributions of the foams produced from neat PMMA. As discussed further below, the sample
saturated at 60°C and foamed using a PDR of 30 MPa.s™ is bimodal (see Figure 5). The two modes (small vs.
large size) of the cell size distribution were specified relying on a filtering procedure similar to that described in
the legend of Figure 4.

Morphological characteristics of the foams from neat PMMA including average cell size, cell number
density and nuclei number density were derived from the calculated cell size distributions in Figure 7.

These characteristics are compiled in Table 3.

Table 3. Neat PMMA foams morphological characteristics determined by quantitative image analysis.

PMMA Foam Foam Average Cell density Nuclei density
density cell size Neey (cells.cm?) No=Nox
B = ps/p
prlgemd)  Deey (nm) * (nudetemd
Psat = 20 MPa
Tst=40°C 0.78 £0.05 1900+46 3.2x1009+0.6x10° 4.8x100+1.2x10%

PDR =0.3 MPa.s*
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398
399
400
401
402
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404
405
406

Psat=20 MPa

Tsat=60 °C 0.81+0.03 4340%+119 4.2 x10°+0.3 x 10° 6.1x10°+0.7 x 10°
PDR =0.3 MPa.s?

Psat=30 MPa

Tsat=40°C 0.76 £0.09 2070+43 33x109+0.1x10° 51x100+0.8x 100
PDR =0.5 MPa.s?

Psat=30 MPa

Tsat=60 °C 0.6+0.02 2892 £ 60 1.6x100+0.2x 100 3.1x10%9+0.5x 100
PDR=0.5 MPa.s?

Ps2t=20 MPa

Tsat=40°C 0.64+0.01 1867 £ 61 59x100+2,0x 10 1.1x101+0.4x 101
PDR =4 MPa.s*

Psat=20 MPa

Tsat=60 °C 0.52+0.003 4373+299 49x10°+2.0x10° 1.1 x100+0.5 x 1010
PDR =4 MPa.s!

Psat=30 MPa

Tsat=40°C 0.53+£0.003 231+10 21x108+0.2x 108 4.6x1013+0.5x 1013
PDR =30 MPa.s?

Psat=30 MPa

Tsat=60 °C 0.6+0.01 250+8 1.8x108+0.1x108 3.5x103+0.1x 108
PDR =30 MPa.s1

The PMMA foams imaged in Figure 5 are essentially « homogeneous » i.e. their cell size distributions
(Figure 7) are monomodal, apart from one sample saturated at 60 °C and foamed at 30 MPa.s*. This
sample shows two porosity populations: numerous small-sized cells and far less numerous much
larger cells, both dispersed in the solid lattice. For this foam, the mean cell size listed in Table 3 (last
row) is the weighted average of the two populations. Aided by the marked difference in size of the
two populations, the average size and number density of the larger cells were assessed (Figure 8) by
applying a connected filter (an opening by reconstruction) to the segmented/binarized image. More
precisely, a large-sized morphological erosion followed by a geodesic dilation of infinite size, was
used to discard the small cell population (Figure 8.B). This discrete (in number) large cell population
shall be paralleled to the systematic large cells observed at 60 °C at lower PDR (0.3 to 4 MPa.s}). In
other words, in the case of homogenous nucleation, a PDR as high as 30 MPa.s is not high enough
to suppress totally the impact of temperature upon the final foam structure. As mentioned earlier,
the situation is different in the case of heterogeneous nucleation, where the saturation temperature

no longer influences the final foam structure, which is only controlled by such a high PDR (30 MPa.s

y,
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Figure 8. Local illustration of the segmentation (binarization) of the large cell population of the PMMA foam
saturated at 60 °C and foamed at a high PDR of 30 MPa.s™.

Quite interestingly, PMMA/10 wt% MAM foams reveal a cell size bimodality in the majority of the
samples up to a PDR of 4 MPa.s™. The cell size distributions (Figure 9) and associated morphological
characteristics (Table 4) were first determined considering all cells with no distinction.
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Figure 9. Cell size distributions of the foams produced from 90/10 PMMA/MAM blends. Refer to Figure 4 for a
more complete legend.

Then, for bimodal samples, small porosities, referred to as intra skeletal pores, localized within locally
thicker struts and inter-cell walls were distinguished from inter skeletal pores. Using the image
analysis procedures described in Section 2.4 cf e.g. Figure 3.B, the two modes of the global cell size
distributions were determined (Figure 9). The mean diameter of each cell mode is given in Table 5

along with the inter-wall cell fraction (%).

Table 4. PMMA 10 wt% MAM foams morphological characteristics determined by quantitative image analysis.

PMMA/10 wt% MAM  Foam density Average Cell density Nuclei density Number of
Foam py (g.cm?3) _cell size Ne¢ey (cells.cm) No = Neeux ps/ps

d
Deyp (nm) (nuclei.cm?3) modes

Psat=20 MPa

Tsat=40°C 0.85+0.002 228+3 1.2 x1083+0.1 x 103 1.7 x1083+0.2 x 1083
PDR =0.3 MPa.s!

Psat =20 MPa

Tsat=60 °C 0.67+0.01 206 £5 1.0x1083+0.2 x 1083 1.8x1083+0.5 x 1083 Bimodal
PDR=0.3 MPa.s!

Psat=30 MPa

Tsat=40°C 0.66£0.01 193+4 3.6x1013+0.2x1018% 6.5x1013+0.8x 108 Bimodal
PDR=0.5 MPa.s?

psat= 30 MPa

Tsat= 60 °C 0.53+0.01 239457  15x10B8+05x108 3.4x103+14x108  Bimodal
PDR =0.5 MPa.s?

psat=20 MPa

Tsat=40°C 0.59+0.01 126 +4 5.2x1013+2.1x 1083 1.0x10%+0.5%x 10 Monomodal
PDR =4 MPa.s!

psat= 20 MPa

Tsat=60°C 0.52+0.02 260+20 14x108+04x108 32x10183+1.2x108 Bimodal
PDR =4 MPa.s?

Psat=30 MPa

Tsat=40 °C 0.52 +£0.004 152+6 7.9x1013+0.6 x 1083 1.8x10¥+0.3x10“ Monomodal
PDR =30 MPa.s

Psat=30 MPa

Tsat=60°C 0.51+0.001 143+3 9.3x1018+1.3x108 2.2x10%¥+0.4x10% Monomodal
PDR =30 MPa.s1

Very slightly
bimodal*

*Foam samples produced at 40 °C and at the lowest pressure drop (0.3 MPa.s™) were very locally typified by thick walls and struts
showing a discrete nano-scaled porosity. Such local areas being so few, those samples were considered as (essentially) monomodal.

Table 5. Some of the foams produced from 90/10 PMMA/MAM solid blend showed clearly two scales of
porosity i.e. nano-sized intra-wall cells versus micro-sized inter-wall cells. The inter-wall cell fraction was
calculated as the inter-cell number to total cell number.

PMMA/10 wt% MAM Average intra-wall cell size  Average inter-wall cell size Inter-wall cell fraction (%)

Foam Dintra-wait ceut (M) Dinter—-wali cerr (NM)
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Psat=20 MPa
Tsat = 60 °C 76 £4 572+t6 24+1

PDR =0.3 MPa.s?

psat=30 MPa

Tsat =40 °C 65+5 27743 60+1
PDR =0.5 MPa.s!

pset = 30 MPa 95+4 671+18 25+9
Tst=60°C

PDR =0.5 MPa.s!

psat = 20 MPa 95+4 658 +21 29+2
Tt =60 °C

PDR =4 MPa.s!

To the authors’ knowledge, this is the first time such a double porosity is mentioned and quantified
in PMMA/MAM acrylic micro-nano foams. The intra-skeletal pores appear as a reproducible sub
population of nano pores with an average diameter ranging from 65 to 95 nm (Table 5). One
candidate explanation may be that bimodal foams are formed by a twofold separation process i.e. two
successive nucleation growth (N-G) processes. The first to occur is the expected or « classical » N-G process.
The second N-G process would occur during a subsequent second foaming step inside still CO-filled MAM
micellar objects within the walls. In other words, residual CO, in micellar objects enables a second
foaming and therefore, an intra skeletal true nano porosity. The reason for this may be that the PDR
at which the pressure is released is actually uncontrolled and shall be regarded as an average PDR. To
be more precise, a PDR of 0.5 MPa.s! shall read as an average PDR (APDR) of 0.5 MPa.s. Using an
APDR of 0.5 MPa.s%, Pinto et al. [40] have measured the evolution of the instantaneous pressure and
temperature during the depressurization stage (see Figure 8 of their paper). During the early stages
(in the first seconds) of the depressurization, the system temperature stays around T3¢, while
pressure decreases abruptly at an instantaneous rate far higher (by almost one order of magnitude)
than the APDR (Figure 10). These early stages, typified by a high temperature and a high
instantaneous PDR, originate the aforementioned first expected N-G process (whereby MAM
nanostructures act as effective nucleants) responsible for the inter-skeletal cell population. After
these early stages, the depressurization stage continues with a regular drop of the vessel
temperature (down to values below RT), while instantaneous pressure decreases (towards ambient
pressure) at a much slower instantaneous rate, say one order of magnitude lower than the APDR
(Figure 10). Where the first N-G process occurred, the effective glass transition temperature of the
PMMA matrix Tgef has rapidly raised (due to CO; release during the first N-G process) and the system
is the therefore locally vitrified. The second N-G process responsible for the intra-skeletal nano-cell
population is going to develop independently of the first N-G process, in local areas where residual
CO; is still available. The slow instantaneous PDR, the effective temperature and the effective glass

temperature are less favorable. Cell growth is thus minimized. Due to the very low effective
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(instantaneous) PDR (Figure 10), only MAM nanostructures still concentrating the blowing agent can
nucleate [8]. Recall that using scCO, Arora et al. [41] produced bimodal foams from a polystyrene
precursor by reducing the pressure in stages. The marked slope change in instantaneous pressure
decrease that typifies the pressure release in our study (i.e. steep decrease during the early stage of
the depressurization followed by an almost asymptotic behavior down to ambient pressure (Figure

10)) shall be paralleled to a pressure reduction in stages.

As always, the depressurization step most likely induces local temperature and pressure gradients.
The information recorded by punctual pressure and temperature sensors, as schematically
represented in Figure 10, is by definition sensitive to such gradients. Yet, the main trends discussed

in this work i.e. i) a first regime typified by a nearly constant effective temperature T¢/(t) and an

instantaneous PDR dl;—(tt) one order of magnitude higher than the APDR and ii) a second regime

characterized by a regular drop of T¢/(t) and a pressure decrease dZ—(tt) one order of magnitude

smaller than the APDR, remain true at the sample-scale, irrespective of local gradients.

As the APDR is increased, the first N-G process implies more and more MAM nanostructures so that

ultimately (at 30 MPa.s™ in our work) there is no MAM nucleants left for a second N-G process.

~ 10 % depressurization

duration
l ;
P30 =i\ 40 «— T
N\
N\
i \-\\ -30 Average PDR of 0.5 MPa.s?
\ —
© \) -20 g —=== |nstantaneous temperature
% 20 + \\ ° evolution (average PDR: 0.5
= \ (10 S MPa.s)
s 1 ‘\ & | == Instantaneous pressure drop
ﬁ \\\ 0 3 (average PDR: 0.5 MPa.s™)
e ! \N\ -
a 10 RRALLRHMHMUIMKT --10 O Regime 1: 1t N-G process
responsible for the micro-sized
] --20 inter-wall porosity
-30 Regime 2: 2" N-G process
0 . : T : T T responsible for the micro-sized
0 10 20 30 40 50 60 inter-wall porosity
Time (s)
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Figure 10. Schematic representation of the instantaneous (true) pressure and temperature evolution during a
depressurization process of average PDR (APDR) equal to 0.5 MP.s™. Modified from original experimental work
by Pinto et al. [40] using the same high-pressure vessel and the same operating conditions than in this study.
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In our view, the bimodal blend foams observed in this study essentially when using an average PDR in
the range 0.3 — 4 MPa.s! shall not be designated as « heterogeneous ». They should rather be
described as « doubly homogeneous ». Indeed, the dynamics of the vessel pressure and temperature
evolution during the depressurization step produces two N-G processes that develop in two
successive stages, independently of one another. In each N-G process, the block copolymer (BCP)
does homogenize the foam structure.

NO Inter—wall

In Figure 11, the inter-wall nuclei density, noted (see the legend of Figure 11), is plotted

Inter=wall i, reases as the

as a function of the average PDR (APDR) using a bi logarithmic scale. N,
APDR is incremented with a threshold effect at 4 Mpa.s . The threshold effect is less marked in the
foams from 90/10 PMMA/MAM blend saturated at 40°C. The rise of N,™*¢" W335 the APDR is
increased is much smoother in the foams from PMMA/MAM than in the foams from neat PMMA.
This demonstrates again the homogenizing role of an organic BCP such as MAM, which triggers high
inter-wall nuclei densities even at low APDR. Using PS or PS/talc systems, Tammaro et al. [24] made
similar log-log plots in which the nuclei density linearly increases with APDR. The smoothing effect
observed with MAM organic additive is less pronounced with talc inorganic additive. This may be

related to the fact that in Tammaro et al. [24], the PS or PS/talc systems are in molten (flowing) state,

while our PMMA and PMMA/MAM systems are in a true (non-flowing) solid state.

1E15 5
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3 1E14 4 - O~ PMMA, (60 °C)™
> ® : —A— PMMA/10 wt% MAM, (40 °C)sat
-‘é o 1E13+ - A- PMMA/10 wt% MAM, (60 °C)s
o 2 ]
© -
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Ry ]
2 § 1E115
= I’J) 1
g g 1E10+
O <~ ]
E %" 1E9—
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Pressure drop rate (PDR, MPa.s™)

Figure 11. Inter-wall nuclei density (noted N,'"*¢"~"%") as a function of average PDR (APDR) over 2 decades
ranging from 0.3 MPa.s to 30 MPa.s) in a bi logarithmic scale. In monomodal samples, the inter-wall nuclei
density is the usual nuclei density referred to as N, in Table 3 and Table 4. In bimodal foam samples (produced
from 90/10 PMMA/MAM blend), N,™¢"~"%js equal to N, multiplied by the Inter-wall cell fraction (Table 5).
Saturation temperature is 40 °C or 60°C.
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As for the inter-wall nuclei density, the inter-wall cell mean diameter (Dinter—wai cerr) (Figure 12) is

discriminated by APDR, saturation temperature and MAM presence.
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Figure 12. Mean inter-wall cell size as a function of average PDR (APDR); saturation temperature 40 °C or 60 °C,
PMMA and PMMA/10 wt% MAM. In monomodal foam samples, the inter-wall cell mean diameter
D inter—wail cert IS the average cell diameter D ., listed in Table 3 and Table 4.

Over low to intermediate APDR (0.3 to 4 MPa.s), MAM enables a gain of 3 decades in N,/™t¢"~wall
and a gain of one decade in Djpsor—wan cen at fixed saturation temperature (read from the bottom
up Figures 11 and 12). Without MAM addition, the APDR is the main factor (the driving force)
explaining the reduction by two orders of magnitude of the inter-wall cell diameter (read from left to
right Figure 12). With MAM, the APDR appears of secondary importance in the reduction of the
porosity dimensions (at a fixed temperature, the inter-wall cell diameter being reduced no more than

by a factor two or three; read from left to right Figure 12).

At very high APDR (30 MPa.s?), the inter-wall nuclei density (Figure 11) and the inter-wall cell
diameter (Figure 12) both tend towards similar values without and with MAM addition. This
convergence actually expresses different physical phenomena in the case of neat PMMA and in the
case of the PMMA/MAM blend. In the former instance, the nuclei density is augmented by a physical
phenomenon i.e. a steep pressure drop. In the latter case, nucleation is essentially promoted by the

concentrating effect of MAM on scCO..
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To our knowledge, the above influence of the APDR upon the final foam structure has been only
reported in foaming experiments from the molten state, and not from the solid state as is the case

here.

As the APDR is increased, the density (ps) of our acrylic foams also decreases moderately in a
comparable manner regardless of the system and the saturation temperature (Figure 13). Although
the density remains rather high for foams (> 0.5 g.cm?3), the concomitant decrease of cell diameter
(Figure 12) and py (Figure 13) in a one-step solid-state foaming of amorphous acrylics may be viewed

as a novelty to the best of our knowledge.
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Figure 13. Evolution of the foam density with the average pressure drop rate (APDR) for neat PMMA and
PMMA/10 wt% MAM at two saturation temperatures (40°C and 60 °C).

Altogether, the trends contained in Figure 11, Figure 12 and Figure 13 can be attributed to the
interplay of several kinetics or kinetic factors whose respective effects cannot be unraveled:
evolution with time of T¢/ and that of T;f. More precisely, in a one-step procedure, foaming occurs
inside the autoclave and the sample effective temperature (T¢f) is not controlled right after foaming
is triggered. Indeed, depressurization induces a rapid decrease of the sample temperature (T¢), the
kinetics of which is not controlled [6],[42],[43] (Figure 10). However, at a certain time of cells

development, the actual temperature (T¢f) crosses inevitably the effective glass transition
temperature of the system (T;f), either up or down. At foaming, Tgef can be much lower than that of

neat PMMA before saturation [44]. When T¢/ < T;f, the cells are stabilized, this is the vitrification

kinetics. Other kinetics may be interfering: phase separation and growth kinetics, kinetics of gas
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diffusion (either through the bulk matrix phase, but also through interfaces, once MAM nodules are
created).

Among the above described numerous triggers for one-step foaming, a «low » CO, saturation
temperature complying with the supercritical state (7% = 40°C or 60°C), a PMMA/MAM

combination material formulation and a high APDR should be obviously preferred.

3.3 Implications for high thermal insulation

Microsized and nanosized porous polymer foams, in particular those produced using scCO, as physical
foaming agent, are promising thermal insulation green materials [1],[2],[45],[46],[44],[47],(48] and fer a

large variety of applications, including clothing and footwear industries.

The conventional route towards improving thermal insulation of polymer foams (porous materials made of
cells/walls/struts) generally consists in i) reducing cell size to the nanometer range in order to benefit from
the Knudsen effect and ii) increasing the expansion ratio (or porosity) since air conductivity is far lower than
that of the polymeric lattice [46], [47],[2],[49],[50],[51],[48],[52],[53]. This strategy aims at minimizing the
conductive component of the foam effective conductivity k,r. Yet, decreasing cell size and increasing the
expansion ratio requires a high number density of cells leading to very thin struts and cell walls which,
unfortunately, increase ultimately the radiative transmittivity [54],[55],[48],[52]. Such an increase in the
radiative component of the foam effective conductivity k. s often erases the performance gain (reduction of

the conductive component of k. ¢) permitted by the Knudsen effect and a high gas fraction [48],[52].

Therefore, the lowered gas conductivity achieved thanks to the Knudsen effect successfully reduces the
effective conductivity k¢ only in foams showing a relatively high density (e.g ~ 0.3-0.5 g/ecmd) i.e. a rather
low expansion ratio [52]. The monomodal foams produced in this work from PMMA/10 wt% MAM
precursor at high APDR (30 MPa.s?) after scCO, saturation at 40°C or 60°C and at moderate APDR (4 MPa.s)
after saturation at 40°C (Figure 6) exhibit nanosized alveolar cells (D,¢;; < 150 nm) and a somewhat high
density (~ 0.5 g.cm3) (table 4). According to the literature cited above and particularly in the line with

Buahom et al. [48] and Pang et al. [52], these foams shall show a low effective thermal conductivity.

Using a comprehensive predictive model validated by published experimental data in the literature, Buahom
et al. conclude that in low density monomodal foams, the optimal cell-size minimizing the radiative

transmittivity (so that the lowered gas conductivity remains meaningful) lies in the micrometer range.

In our view, the bimodal foams produced in our work at low to moderate APDR (0.3 MPa.s* to 4 MPa.s?)
after scCO, saturation at 40°C and/or 60°C (Figure 6 and table 5) shall represent a potential innovative

solution towards reducing drastically heat transfer. These bimodal samples show locally a porous solid

23



576
577
578
579
580
581
582
583
584
585
586
587

588
589
590
591

592
593

594
595
596

597

598
599

600
601
602
603
604
605
606
607

skeleton made up of thick walls and struts and including numerous well apart intra-skeleton nanopores (of a
size comparable to that of the micellar nanostructures in the precursor). This locally thick skeleton
encapsulates local domains of relatively high-expansion ratio. These local domains are formed either by
several adjacent submicrometer-sized cells or reduce to a single submicrometer-sized cell (referred above as
inter-wall pores). Within these local domains typified by a high porosity, a submicrometer cell size at which
the Knudsen effect starts to take place, the (local) conductive thermal conduction shall be low. At the
immediate periphery of these local domains, the larger amount of matter and the well apart nanopores
within the thick skeleton shall lower transmittivity (radiative conduction) and the conductive solid
conduction?, respectively. Heat transfer shall be further minimized by the higher tortuosity of the thick
skeleton bordering local domains of higher expansion ratio [56],[57],[48]. In addition, the nanosized cells
within the thick nanoporous skeleton shall enhance phonon scattering, which increases the solid thermal

resistance thereby reducing the solid conductivity [58],[59],[60],[61].

Thus, in this series of bimodal acrylic foams, the benefit from the Knudsen effect within well expanded local
domains showing porosity dimensions in the submicrometer range remains meaningful thanks to a locally
poorly expanded nanoporous thick solid skeleton encapsulating these local domains and preventing

radiative thermal conduction from overriding the conductive component at the sample scale.

This suggests that micro-nano bimodal foams may represent better candidates for improved thermal

insulation than « all nanosized » foams.

The next step will be to measure the effective conductivity of these thermal insulator polymeric foams. Yet,
as recently stressed by Sanchez-Calderdn et al. [62], the accurate measurement of the thermal conductivity

of micro-nanocellular polymers is quite a challenge which is beyond the scope of the current contribution.

4. Conclusion
With the target of achieving micro-nano foams, this study principally addresses the combined

beneficial effects of block copolymer (BCP) addition and high average pressure drop rate (APDR) in
one-step solid-state batch scCO; foaming. Producing micro-nano foams is a multi-factorial issue,
where numerous subtle parameters interplay and compete; one can quote the saturation conditions
i.e. P52 and TS, the material effective temperature during foaming T¢/ (t), the effective glass
transition temperature of the plasticized system Tgef(t) , the APDR value, and the presence of block
copolymer.

APDR and BCP are two key triggering factors. Either parameter may become prevalent for ruling the

cell size and the overall density. Over the scrutinized range of saturation temperature (40 °C and 60

1 Heat conduction in the solid is reduced by the significant Knudsen effect in well apart nanopores.
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°C), the APDR is the main factor for significantly reducing cell size and increasing nuclei density in
foams from neat PMMA. In the block copolymer approach, increasing the APDR appears of secondary
importance as the targeted reduction of the porosity dimensions and augmentation of the nuclei
density are essentially the consequence of the MAM presence. Yet, in this latter case, increasing the
APDR still promotes the « efficiency » of BCP nucleants. In particular, a real efficient nucleation
activity of MAM additive is observed at very high average APDR (30 MPa.s), leading to unimodal
homogeneous distribution of tiny pores, typically 150 nm in diameter, in nearly nanosized foams.
Next, in our saturation conditions (‘low’ temperature complying with the supercritical sate for CO,), a
high APDR tends to reduce also foam density (although in a moderate way, 0.8 down to 0.5 g.cm™3).
Let us insist again on the fact that in the block copolymer approach, the average PDR (APDR) plays
only ‘a supporting role’ in the final structure of the foam. More precisely, a APDR increment
promotes the efficiency of the BCP nucleants. This interplay between BCP and APDR, combined with
the underlying instantaneous dynamics dP /dt of the apparent average APDR AP /At, which can be
paralleled to a two-stage pressure reduction, can be used to produce bimodal foams where a truly
intra-wall/intra-strut nanosized porosity is distinguished from the inter-wall micro-sized pores.
Indeed, the evolution with time of the uncontrolled instantaneous depressurization rate dP/dt
(Figure 10) leads to two serial nucleation-growth (N-G) processes. Such two N-G processes develop
independently of one another. As the (apparent) average PDR( AP /At) is higher (as nucleation occurs
over a shorter time interval), the earliest N-G process is all the more important to the detriment of
the second N-G process, which ends by running out at very high APDR 30 (MPa.s}). Last we provide
some arguments in favor of the superiority of these twofold porosity foams (rather than ‘all nano
foams’) in applications requiring thermal insulation. Indeed, in these double porosity foams, benefit
from the Knudsen effect, achieved within well expanded local domains showing submicrometer
pores, would remain meaningful thanks to a locally poorly expanded nanoporous thick solid skeleton
encapsulating these local domains. Such local encapsulation prevents radiative thermal conduction

from overriding the conductive component at the sample scale.
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