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Abstract

Removing the solid skin of polymer foams is a challenging approach for
supercritical carbon dioxide (scCO,) foaming. Herein, a surface-constrained foaming
method was used to fabricate skinless cellular poly (vinylidene fluoride) (PVDF) films.

The use of organosilicone and nature latex as gas barrier layers resulted in low CO;



diffusion rates of 2.16x10™ m?s and 4.73x10™ m?s, and trigger heterogeneous
nucleation of cells on the PVVDF/barrier layer interface. The skin layer and the cell size
gradient in the region close to the surface were successfully eliminated, and the surface
cell density and cell size could be controlled in the range of 7.2x10° cells/cm®, and 13~41
um, respectively. Moreover, the fabricated skinless cellular PVDF films exhibited an
enhanced melting temperature and crystallinity due to the plasticizing effect of scCO,.
The present study provides new thoughts for the fabrication of skinless polymer films

using surface-constrained scCO, foaming.

Keywords: Poly (vinylidene fluoride); Supercritical CO, foaming; Skin layer; Porous

structure; Thermal property.

1. Introduction

Fabrication of polymer foams using supercritical fluids such as supercritical carbon
dioxide (scCO,) and nitrogen (N>) as blowing agents is an efficient and environmentally
friendly technique that has been increasingly used in the production of foams for various
applications, including electromagnetic interference shielding [1, 2], oil absorbents [3-5],
triboelectric nanogenerator [6, 7], and thermal insulation [8, 9]. Polymer films with
highly porous structures have shown tremendous potential in advanced novel techniques
such as gas sensors [10, 11], on-skin electrons devices [12, 13], flow batteries [14, 15],
radiative cooling [16], and biomedicine [17-19]. Cellular polymer films are normally
prepared via phase separation [20], controlled etching [21], particulate leaching [22], and
fiber bonding [23]. Most of these methods require a large amount of organic solvent and

water, which are energy inefficient and may cause potential water pollution [24, 25].
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ScCO;, foaming could be a feasible solution to realize low-cost green fabrication of
cellular polymer films. In gas foaming process, the polymer matrix is saturated with
scCO, under high pressure and temperature. The cells are formed in the depressurization
stage due to thermodynamic instability caused by the transformation of carbon dioxide
(CO,) from a supercritical state to a gas state [26]. However, CO, dissolved in the region
close to the surface of the polymer would escape from the polymer matrix when the
pressure is suddenly reduced, thus, led to the formation of a solid skin layer on the
polymer foams [27, 28]. Furthermore, the rapid escape of CO, can make it difficult to
produce cellular polymer films with high porosity [29]. Therefore, eliminating the skin
layer can be a challenging approach for scCO, foaming to extend their applicable fields.

Blade trimming is a typical approach used in the industrial production of polymer
foams to remove solid skin layers. It not only requires an additional process but also
increases the waste material and the total cost. Using a co-blowing agent of CO, and
water has shown the ability to greatly reduce the thickness of the skin layer for
thermoplastic polyurethane (TPU) foams by plasticizing the molecular chains [30].
However, the number of cells formed on the surface of the foamed sample has been low.
Another approach to create cells on the foam surface is by introducing a water-soluble
immiscible phase in the polymer matrix followed by CO, foaming and leaching of the
sacrificial phase [31]. Although the etched water-soluble phase would leave out channels
on the foam surface, the major areas on the surface could still be solid.

Surface-constrained foaming is an approach that uses gas barrier films to limit the
diffusion rate of CO, from polymer matrix. Siripurapu et al. [32] developed a surface-

mediated foaming process by using stainless-steel plates to regulate CO, diffusion only in



the edge of polymethyl methacrylate (PMMA) films, which resulted in the formation of
porous structure in PMMA thin film. However, the morphology of the film surface was
not reported. Ge et al. [33, 34] prepared foamed TPU membranes with perforation or
holes by introducing two polyimide (P1) films on both sides of a thin TPU film and
realized that the formation of uniform cells on the surface of TPU film was due to an
enhanced cell nucleation at the PI/TPU interface. Li et al. [35] investigated the influence
of surface-constrained layers on the foaming behavior of TPU film using Pl and poly
(ethylene terephthalate) (PET) as the gas barrier layers. The hydrogen bonding between
TPU and PI resulted in tight adhesion and effectively removed the skin layer, while the
PET film was disassociated during the foaming process because of low adhesion.
Although P1 film seems to be a good gas barrier material with high adhesion to TPU, it is
limited to the expansion of TPU foam in the direction parallel to PI film due to its high
stiffness. In addition, it may be unsuitable for surface-constrained foaming of other
polymers that have low surface energy such as polyvinylidene fluoride (PVDF).

Cellular PVDF films are widely used in the applications of oil/water separation [36],
filtration [37], heat insulating [38], and dielectric membranes [39]. They are typically
produced by phase inversion using organic solvents. Green fabrication of cellular PVDF
films using surface-constrained scCO, foaming is highly desired for practical production.
Zhao et al. [38] prepared foamed PVDF with tailored microcellular structures by batch-
foaming to obtain ultra-low dielectric constant and thermal conductivity. Lee et al. [40]
abricated microcellular PVDF/multiwalled carbon nanotube (MWCNT) nanocomposite
foam by scCO; bead foaming. Wong et al. [41] demonstrated PVDF with high porosity

(49~95 %) and closed or interconnected pores using liquid foams stabilized by polymeric



particles. Yang et al. [42] prepared a three-dimensional porous PVDF with improved
piezoelectric output by a facile strategy coupling selective laser sintering (SLS) and
scCO, foaming. However, there are rare previous studies that reported the formation of
cells on surface of PVDF and techniques to eliminate the skin layer of PVDF foams.

In this study, to realize the foaming of PVDF film and the elimination of solid skin
layer, two barrier materials including organosilicone and nature latex were used as the
gas barrier materials in addition to Pl. Both organosilicone and nature latex are elastic
materials that can be in situ synthesized on the surface of PVDF film, which may have
tight adhesion to PVDF and can be expanded during the PVDF foaming. The effects of
surface-constrained material on the foaming behavior of PVDF film were investigated in
detail. The morphologies on the surface and in the cross-section of different foams were
also compared. The elastic gas barrier layers outperformed the PI film in removing the
skin layer and created a porous structure on the film surface. The underlying mechanism
was analyzed and elaborated to provide general guidance. In addition, the skinless
cellular PVDF films exhibited superior thermal properties than the conventional PVDF

foam.

2. Experimental Procedure
Materials

PVDF (Kynar 720) with a purity of 99.9% was supplied from Aohua Plastics Co.,
Ltd. (Shanghai, China). The physical property of PVDF is shown in Table S1. Polyimide
(P1) films with a thickness of 100 um were supplied by Shanghai Feilbo Co., Ltd, China.

Organosilicone with a Shore hardness of 50 A was purchased from Fanhe Trading Co.,



Ltd. (Shanghai, China). Nature latex was purchased from Dongguan Yonghe Rubber Co.,
Ltd, China. The CO, with a purity of 99.9% was obtained from Zhengzhou Yumeng Gas,

Co., China, and used as the physical blowing agent.

Preparation of surface-constrained PVDF films

PVDF pellets were dried at 60 °C in a vacuum oven for 6 h to remove moisture.
Sandwich structured PI/PVDF/PI films with a thinness of 500 um were prepared by
vacuum-assisted hot compression. Briefly, PVVDF pellets were evenly dispersed onto a Pl
film (1.5 cm x 3 cm) and covered with another PI film followed by compression molding
at 220 °C under 10 MPa for 10 min and cooling at 70 °C under pressure.

Organosilicone enclosed PVDF (OS/PVDF/OS) films were prepared by coating
PVDF films with organosilicone solution which comprised of the silicone base (part A)
and crosslinker (part B) followed by curing at room temperature for 3 h. The thickness of
the organosilicone layer was about 100 pm.

Similarly, nature latex enclosed PVDF (NL/PVDF/NL) films were prepared by
coating PVDF films with latex solution which comprised of nature latex solution and
curing agent for few seconds. The thickness of the latex layer was controlled to about 100

um by repetitive coating.

Preparation of skinless cellular PVDF films
To prepare cellular PVDF films, PI/PVDF/PI, OS/PVDF/QOS, and NL/PVDF/NL
films with a size of 1.5 cm x 3 cm were sealed in a stainless steel chamber and flushed

with low-pressure CO, for 2 min to eliminate the air in the chamber. Then, the



temperature was raised to different levels (163 °C and 166 °C) followed by charging with
high-pressure scCO, to different pressures (16 MPa and 20 MPa). Samples were
saturated with scCO; for 2 h to reach solubility equilibrium followed by rapidly reducing
the pressure to atmospheric pressure in 3 s to allow the foaming of PVDF. Samples were
taken out from the chamber rapidly and naturally cooled to room temperature. The
constrained layers (PI film, organosilicone film, and nature latex film) were slowly
peeled off from the foamed samples to obtain skinless cellular PVDF thin films. The
foaming temperatures of 163 °C and 166 °C were studied because of the small foaming
window of PVDF. When the temperature is too low (e.g., 160 °C) or too high (e.g.,
169 °C), the PVDF would be either solid or dominated by collapsed cells as shown in

Figure S1.

Characterizations

Scanning electron microscopy (SEM, JEOL, Japan) was used to observe the surface
morphology and porous structure of different samples at an operating voltage of 20 kV.
The films were frozen in liquid nitrogen for 20 min and fractured using clamps, followed
by coating with a thin film of gold before observation. The cell size and cell density were
measured from the SEM images using Image-Pro Plus software. The average cells size
was obtained by averaging the diameters of at least 100 cells of the SEM images and the

cells density was calculated by using Equation (1),

N, =[”“f\2} o

Where, n is the number of cells in a micrograph with the area of A (cm?) and M is the

magnification factor.



Differential scanning calorimeter (DSC) measurements were performed via a DSC
Q2000 instrument to evaluate the thermal behavior of raw PVDF and cellular PVDF
films. Approximately 5 mg samples were encapsulated in a standard aluminum pan and
heated to 250 °C at the heating rate of 10 °C/min in a nitrogen atmosphere. After keeping
the temperature at 250 °C for two minutes to remove the thermal history, the samples
were cooled to ambient temperature at the same rate. The sample of raw PVVDF films was
heated to 250 °C, again at the same scanning rate of 10 °C/min. The melting temperatures

(Tm) were measured from the endothermic peak in the heating curves. The corresponding

degree of the crystallinity ( x.) was calculated according to Equation (2),

AH,
7o ="y ¥100% 2)

i
Where, 4H; is the melting enthalpy of the measured PVDF sample, AH ¢ represents the
melting enthalpy of PVDF with 100% crystallinity, which is about 104.5 J/g [43].

3D Super Depth Digital Microscope (Leica DVMG6) was used to observe the cross-
sectional morphology. Sandwiched samples were fractured in cross-section and the
interfacial bonding between PVDF and constrained layers were analyzed.

Labthink BTY-B2P was used to measure the CO, permeability of constrained
layers (PI film, organosilicone film, and nature latex film) by measuring the mass of CO;
passed within 24 h at a pressure of 0.1 MPa under ambient conditions. The samples of
constrained layers were circular films with a thickness of 1 mm and a diameter of 30 mm.
The permeability coefficient was calculated according to the time—pressure curve. The

diffusivity (D) was calculated by using Equation (3).

|2
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Where, [ represents the membrane thickness, @ is the time lag, intercept of the asymptotic
line of the time—pressure curve to the time axis.

The adhesion strength between PI, organosilicone, nature latex, and PVDF layers
was evaluated in terms of T-peel force. The test was carried out by tensile mode using a
test machine (UTM2203, Shenzhen Suns Technology Stock Co., Ltd., China). To obtain
accurate data, the sample was cut into strips with a size of 15 mm x 30 mm and an
effective bonding length longer than 5 mm. The average value of the stable data during
the plateau-like period is used to represent the peel strength. The peeling speed was

4 mm/min, and the data used was the average of three results.

3. Results and discussion
3.1 Surface morphology of skinless cellular PVVDF films

Aiming to eliminate the skin layer of cellular PVDF films, it is desired to restrict
the escaping CO, and the rupture of cells on the film surface. Here, Pl film,
organosilicone, and nature latex were chosen as gas barriers in the scCO, foaming
process to constrain the CO; dissipation. As illustrated in Figure 1, sandwich structured
PI/PVDF/PI, OS/PVDF/OS, NL/PVDF/NL preform films were prepared by hot
compression or surface coating methods followed by scCO, foaming at different
temperatures and pressure. Constrained materials were removed from the foamed
samples to obtain the skinless cellular PVDF films. The effects of the surface-constrained
materials and the processing conditions on the morphology of cellular PVDF films as

well as the underlying mechanism were investigated in detail.
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Figure 1. Schematic illustration of the fabrication process of skinless cellular PVDF

films using PI, organosilicone, and nature latex as surface-constrained materials.

The surface morphology and the morphology in the side view of different cellular
PVDF films were investigated using SEM. When foamed at 163 °C under 16 MPa, it was
found from Figure 2 that neat PVDF (Figure 2a) and PI/PVDF/PI (Figure 2b) films
displayed solid skin layers and few voids were observed on the surface of PI/PVDF/PI
film. Spare shallow cells were observed on the surface of OS/PVDF/OS film (Figure 2c),
while substantial cells were presented on the surface of NL/PVDF/NL film as shown in
Figure 2d. From the side view, it is evident that the neat PVDF was barely foamed
(Figure 2e), the PI/PVDF/PI film (Figure 2f) had a skin layer thickness of 25 pm with
smaller cells close to the skin layer, the OS/PVDF/OS film (Figure 2g) showed a skin
layer thickness of 15 um with a large solid area on the surface, and the skin layer of the
NL/PVDF/NL film (Figure 2h) was hard to distinguish. In addition, the cells on the

surface were not interconnected with the cells inside.
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Figure 2. SEM micrographs (a-d) on the surface and (e-h) from the side view of (a, €)
Neat PVDF, cellular (b, f) PI/PVDF/PI, (c, g) OS/PVDF/OS, (d, h) NL/PVDF/NL films

fabricated at foaming condition of 163 °C and 16 MPa.

Figure 3 shows the SEM images of cellular PVDF films prepared at an increased
pressure of 20 MPa while maintaining the same temperature at 163 °C. When foamed
under elevated pressure, neat PVDF (Figure 3a) and PI/PVDF/PI (Figure 3b) still
displayed solid skin layers with skin layer thicknesses of 44 um and 10 um, respectively.
Remarkably, OS/PVDF/OS film exhibited a highly porous surface morphology with the
skin layer completely removed (Figures 3c and 3g). In the case of NL/PVDF/NL film, the
cells formed on the surface were highly connected, and cell merging was also observed
(Figure 3d). In addition, the cells on the surface were mostly connected with the cells
inside (Figure 3h). These results suggested that high foaming pressure is favorable for
triggering the nucleation and formation of cells on the constrained surface, and the gas

barrier materials had a great influence on the cellular structure on the surface.
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Figure 3. SEM micrographs (a-d) on the surface and (e-h) from the side view of (a, e)
Neat PVDF, cellular (b, f) PI/PVDF/PI, (c, g) OS/PVDF/OS, (d, h) NL/PVDF/NL films

fabricated at foaming conditions of 163 °C and 20 MPa.

To enhance the expansion ratio, different PVDF films were foamed at 166 °C under
20 MPa. As shown in Figure 4, all foams achieved larger cell sizes when foamed at
elevated temperatures. Nevertheless, the neat PVDF remained a solid skin layer with a
thickness of 24 um (Figures 4a and 4e). Although few cells appeared on the surface of
PI/PVDF/PI film as shown in Figure 4b, the skin layer is still obvious when observed
from the side view (Figure 4f). The cells on the surface of OS/PVDF/OS film displayed
polygon shapes with thin cell walls, and many of them were interconnected with each
other as shown in Figure 4c. The NL/PVDF/NL film showed a porous surface
morphology with a high cell density (Figure 4d). The skin layer was absent on both
OS/PVDF/OS and NL/PVDF/NL films. Therefore, the organosilicone rubber and nature
latex are preferred gas barrier materials for the foaming of PVDF films to eliminate the

solid skin layer.
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Figure 4. SEM micrographs (a-d) on the surface and (e-h) from the side view of (a, €)
Neat PVDF, cellular (b, f) PI/PVDF/PI, (c, g) OS/PVDF/OS, (d, h) NL/PVDF/NL films

fabricated at foaming conditions of 166 °C and 20 MPa.

The average cell size and cell density results on the surfaces of cellular
OS/PVDF/OS and NL/PVDF/NL films were measured and compared (Figure 5) to
analyze the effect of surface constrained material and foaming conditions. It was found
that both cell size and cell density had the same trend for OS/PVDF/OS and
NL/PVDF/NL films with changes in foaming conditions. When the foaming pressure was
increased from 16 to 20 MPa with the temperature kept at 163 °C, the cell size was
increased along with the decrease of cell density. However, when the foaming
temperature was enhanced from 163 °C to 166 °C, the average cell size was reduced, and
the cell density was greatly increased. By comparing cellular OS/PVDF/OS and
NL/PVDF/NL films, it was obvious that cellular OS/PVDF/OS film had greater cell size

and smaller cell density than cellular NL/PVDF/NL film.
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Figure 5. (a) Average cell size and (b) cell density on the surface of skinless cellular
PVDF films prepared by using organosilicone or nature latex as constrained layers under

different foaming conditions.

3.2. Cross-sectional morphology of skinless cellular P\VDF films

Figure 6 shows the cross-sectional morphology of different cellular PVDF films
foamed under different conditions. When foamed at 163 °C under 16 MPa, it was found
that neat PVDF (Figure 6a) film displayed a solid core without visible cells. Conversely,
all surface-constrained films displayed cellular morphology when foamed under the same
condition. The average cell size and cell density results are shown in Figure 7. It was
found that NL/PVDF/NL film had the largest cell size and lowest cell density, while
PI/PVDF/PI film had a much higher cell density and smaller cells than the other cellular
films. When the foaming pressure was increased to 20 MPa (Figure 6a,-d,), neat PVDF
film was foamed and displayed a uniform cellular structure with a larger cell size and
smaller cell density than other surface-constrained cellular PVDF films. Among the
surface-constrained cellular PVDF films, NL/PVDF/NL still had the largest cell size and
lowest cell density, and PI/PVDF/PI film had the smallest cell size and highest cell

density. When the foaming temperature was increased to 166 °C (Figure 6as-ds), the
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trend of cell size and cell density were the same. Therefore, high foaming pressure is
favorable for enhancing the cell density, and increasing foaming temperature is beneficial
for improving the cell size [44]. The basic conclusions are the same in the surface-
constrained foaming process. When comparing different surface-constrained cellular
PVDF films, it was found that the nature latex constrained layer is favorable for the
formation of large cells in the cross-section, while cellular films with PI constrained
layers tend to form smaller cells with high cell density. The cell size and density of

cellular films with organosilicone constrained layers were located between them.

_NPVDF PI/PVDF/PI OS/PVDF/OS  NL/PVDF/NL
S O SRR S e (. Tee N

Figure 6. Cross-sectional SEM micrographs of (a) neat PVDF, cellular (b) PI/PVDF/PI,
(c) OS/PVDF/OS, and (d) NL/PVDF/NL films foamed under different conditions:
(subscript 1) 16 MPa, 163 °C, (subscript 2) 20 MPa, 163 °C, and (subscript 3) 20 MPa,

166 °C.
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Figure 7. (a) Average cell size and (b) cell density statistical results of different cellular

PVDF films prepared under different foaming conditions in the cross-section.

3.3. Mechanism of the surface-constrained foaming process

The surface-constrained foaming process has demonstrated prominent effects on
cellular morphology both on the surface and in the cross-section. The underlying
mechanism could be attributed to the interfacial cell nucleation on the interface of PVDF
and the confined layer dominated by heterogeneous nucleation effect, as well as the
homogeneous nucleation that occurred in the core region [45]. According to the classical
nucleation theory, the cell nucleation in polymer foaming involves volume energy change
(AG,) and the surface energy change (AGs) [46-48], from which one could derive the
activation energy barrier of cell nucleation in a heterogeneous system as shown in

Equation (4),

1677°.5(0)

AG:. =AG’ S= >
3(AP)

het hom

(4)

Where, AP represents the pressures of the gas in the bubble, and y,. is the surface

tension of the polymer-cell interface, S (6) depends on the contact angle () between the

polymer and the third phase.
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Hence, the cell nucleation rates in homogeneous and heterogeneous systems can be
expressed as follows:

7AGI:0m
kT

N, = Cfe[ ()

7AG;e!
kT

N, = Cfe[ (6)

Where, Nnom IS homogeneous nucleation rate, Nyt IS heterogeneous nucleation rate, C is
the concentration of gas molecules in the polymer, f is a frequency factor for nucleation.

During the CO, foaming process, the CO, concentration would gradually decrease
as it approaches the PVDF film surface due to the rapid escaping of CO, molecules in the
depressurization stage [32]. The surface-constrained foaming utilizes gas barrier layers to
restrict the diffusion of CO, and, thereby, enhance the cell nucleation rate.

The CO, diffusivity results (Figure 8a) showed that the PVDF had a relatively high

diffusion rate of 9.95X 10 m%s, and the CO, diffusion rates of Pl and organosilicone

were in the same order of magnitude. However, the nature latex had the lowest diffusion

rate of 4.73 X 10™ m?/s. It has been reported that the diffusivity is affected by

temperature and pressure, and it increases with increasing temperature and pressure [49,
50]. The CO; diffusion coefficient depends strongly on the temperature but weakly on the
pressure [51]. The positive effect of constrained layers with low diffusivity has been
verified in previous studies [35, 52]. It is expected that NL/PVDF/NL film would have
the slowest CO; diffusion and the largest C value, especially in the region close to the
surface, which resulted in the largest cell density of the cellular NL/PVDF/NL film.
Regarding PI/PVDF/PI film, although it had a similar CO, diffusion rate, the high

stiffness of Pl barrier film led to the dissociation of Pl film from PVDF film. On the
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contrary, both organosilicone and latex films are highly elastic and in situ synthesized on
the surface of PVDF film, which resulted in tight adhesion. As shown in Figure 9, the
interface between PVDF and PI films were distinct in the PI/PVDF/PI sample with some
micro gaps presented, while OS/PVDF/ OS and NL/PVDF/NL samples displayed tight
bonding between the PVDF and constrained layers, which ensured high efficiency in
preventing the escape of CO, during foaming. In addition, the peeling test showed that
the adhesion of nature latex to PVDF was stronger than that of organosilicone and Pl
(Figure 9d), which was agreed with the microscope observations. Furthermore, the elastic
nature of organosilicone and nature latex made it possible for them to expand with the
PVDF film, which is desired to obtain skinless cellular PVDF films with uniform cell

morphology on the whole surface.

—_
QO
—
=
o
)

; CO, slow diffusion ? CO, slow diffusion ?

D Fast 3= PI/PVDF/PI “COQT_OSIPVDFIOS_’COZ.‘_—_ NL/PVDF/NL— Fast
£ diffusion * : diffusion
>
s g0
ct HEE S R
S 1 | T M s

o A

Homogeneous nucleation Heterogeneous nucleation
Figure 8. (a) CO, diffusivity of neat PVDF, PI, organosilicone, and nature latex films. (b)
Schematic diagram of the mechanism for interfacial nucleation and diffusion-constrained

cell growth in surface-constrained foaming using different gas barrier layers.
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Figure 9. Optical images at the cross-section of (a) PI/PVDF/PI, (b) OS/PVDF/OS, and
(c) NL/PVDF/NL showing the interfaces between the PVDF and constrained layers; (d)

peeling strength of PI, OS, and NL adhered on PVDF before foaming.

The low CO, diffusion rate of latex resulted in a high cell nucleation rate, cell
density, and small cell size on the surface of cellular NL/PVDF/NL film. However, the
cell size and cell density in the cross-section of the cellular NL/PVDF/NL film showed
the opposite trend among all surface-constrained films. This was because the
heterogeneous nucleation on the interface had a much lower energy barrier than the
homogenous nucleation in the core region, and the initially nucleated cells on the
interface would trigger the diffusion of CO, towards the surface. The NL/PVDF/NL film
had the strongest cell nucleation on the surface which resulted in the decrease of
homogenous nucleation rate and the formation of fewer and larger cells in the core region.
Therefore, the foaming behavior on the PVDF and barrier layer interface would affect the
cellular structure in the core region, which resulted in different morphology changes of
the skinless cellular PVDF films on the surface and the core region under different
foaming conditions. When the foaming pressure was enhanced from 16 MPa to 20 MPa,
the cell size in the core region was reduced by a significant increase of cell density due to
the decrease of energy barrier (AG hom) [44]. However, the cell size was greatly increased

19




on the surface of cellular OS/PVDF/OS and NL/PVDF/NL films. This was because the
higher gas concentration at high pressure effectively increased the area that had been
foamed on the PVDF surface. When the foaming temperature was increased from 163 °C
to 166 °C, the cells in the core region became larger since the reduced surface tension of
the polymer-cell interface would facilitate cell expansion and coalescence [44, 53].

In addition, the CO; diffusion at high temperature would be enhanced which may
lead to an increase of C value at the interface of PVDF, and the barrier layer resulting in
the further increase of cell nucleation rate. As demonstrated in the surface morphology
evolvement of cellular OS/PVDF/OS and NL/PVDF/NL films, the foamed area on the
film surface was greatly increased with an increase of foaming pressure and temperature
(c.f. Figure 2-4). Moreover, conventional cellular PVDF film and cellular OS/PVDF/OS
film not only displayed solid skin layers but also had a distinct cell size variation close to
the surface as shown in Figures 10a and 10b, which was because of the CO, gas gradient
in the region close to the surface caused by CO; escaping. Noticeably, both cellular
OS/PVDF/OS (Figure 10c) and NL/PVDF/NL (Figure 10d) films had negligible cell size
gradients across the region close to the surface, which could be attributed to the excellent

gas barrier effect of organosilicone and nature latex layers.

Figure 10. Cross-sectional SEM micrographs of (a) neat PVDF, cellular (b) PI/PVDF/PI,
(c) OS/PVDF/OS, and (d) NL/PVDF/NL films foamed under 20 MPa at 166 °C showing

the cell size gradient close to the surface.
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3.4. Thermal properties of different cellular PVDF films

It is known that scCO, has a distinct plasticizing effect on polymer molecules and
may affect their thermal properties [54, 55]. The sorption of CO, into polymers results in
swelling and changes in the mechanical and physical properties of those polymers. The
most important effect is the reduction of the glass transition temperature (Tg) of glassy
polymers subjected to scCO,, often simply called plasticization [56]. The plasticization of
polymers is characterized by an increase in segmental and chain mobility. The
plasticizing effect of CO; is the result of the ability of CO, molecules to interact with the
sites in polymer molecules. It has also been shown experimentally that scCO, can interact
with the C—F bond of PVDF, facilitating the dissolution of CO, as a blowing agent [42].
The melting and crystallization behaviors of different cellular PVDF films were analyzed
using DSC. As shown in Figure 11a, all samples had two melting peaks that were
assigned to the two major PVDF crystal phases, and both peaks were shifted to a higher
temperature when processed with CO, foaming. Two endothermic peaks were observed
after heating (labeled as Ty and Ty in the order of temperature from low to high). By
analyzing Ty and T (Figure 11Db), it was found that the cellular PVDF films with
surface-constrained layers had much higher melting temperatures than conventional
foamed films with the T, of NL/PVDF/NL film been the highest. The crystallinity (yc)
calculated from the heating curves (Figure 11c) showed that y. of the cellular films with
surface-constrained layers was also higher than the unfoamed and conventional foamed
PVDF. These results indicated that the scCO, molecules have interacted with the groups

on the PVDF molecular chain and played a plasticizing role [57, 58], which increased the
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free volume of the polymer and facilitated the crystallization of PVDF molecular chains.
Moreover, the highest Ty, and y. of NL/PVDF/NL film suggested that the slow diffusion
of CO, during the foaming stage would give the PVDF molecules more time to rearrange
into crystallites and is beneficial for enhancing the crystallinity. In the cooling curve
(Figure 11d), all scCO, foamed samples had lower crystallization temperatures (T.) than
the unfoamed PVDF although the thermal history has been removed in the heating cycle,
indicating enhanced molecular chain mobility. Since all polymers were heated up to
250 °C, any residual structure information will be lost and residual CO; escapes from the
matrix. With the collapse of the cellular structure in the first heating, the plasticizing
effect of CO, will no longer exist. Compared with unfoamed samples, foamed samples
will form imperfect crystals during cooling due to the loss of CO, in the process of
eliminating porous structure, resulting in lower T.. At the same time, T, will decrease
with an increase of pressure caused by the residual CO; in the sealed crucible with the
temperature increase [59-61]. However, the difference between the conventional foamed
and surface-constrained foamed samples was eliminated. These results revealed that the
surface-constrained foaming of PVDF could be an effective approach to elevate the

crystallinity of cellular PVDF films.
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Figure 11. (@) DSC heating curves, (b) Tmi and Tmn, values measured from the
endothermic peaks of the DSC heating curves, (c) crystallinity measured from the heating
curves, and (d) DSC cooling curves of unfoamed PVDF, conventional foamed PVDF

film, and cellular PVDF films prepared by surface-constrained foaming.

Conclusions

Skinless cellular PVDF films were fabricated via surface-constrained scCO;
foaming technique by using PI, organosilicone, and nature latex as gas barrier layers to
prevent the fast escaping of CO, gas in the depressurization stage. Highly porous surfaces
with uniform cell distribution across the whole film were produced attributing to the high
interfacial adhesion and elasticity of organosilicone and nature latex. The interface
between the PVDF and the barrier layers provided sites for heterogeneous cell nucleation
and restricted the diffusion of CO,, which resulted in the formation of numerous cells on
the PVDF film surface. High cell nucleation rate on the interface would promote CO;

diffusion to the surface region which led to the formation of relatively large cells in the

23



core region. The skin layer and cell size gradient in the region close to the surface were
eliminated under the foaming conditions of 166 °C and 20 MPa using organosilicone and
nature latex as the gas barrier layers. In addition, the lower CO, diffusion rate of nature
latex contributed to higher CO, concentration and more cell nucleation sites on the
interface, which resulted in smaller cell size on the surface compared with cellular PVDF
film using organosilicone as the barrier layer. Moreover, the fabricated skinless cellular
PVDF films exhibited superior thermal properties than the conventional P\VDF foam due
to the plasticizing effect of scCO, and the prolonged CO, diffusion time by the gas
barrier layers. This study provides insights into the mechanism and influential factors of
surface-constrained foaming and gives new thoughts for the fabrication of skinless

polymer films by using scCO, foaming.
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Highlights

e Fabricating skinless PVDF cellular films via surface-constrained scCO, foaming

Organosilicone and nature latex were used as constrained layers

e Low CO, diffusivity and high interfacial adhesion assisted cell nucleation

e Skinless PVDF cellular films have negligible cell size gradient close to surface

e Skinless PVDF cellular films exhibit enhanced cystallinity and melting

temperature
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