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Abstract:

Films of poly(aryl ether ketone) containing naphthalene pendants on the side chains (NA-PAEK) with different
crosslinking degrees were prepared by thermal crosslinking and foamed using a two-stage batch foaming process.
The effects of the crosslinking degree on the sorption of CO, and foam morphology were investigated. The
nucleation rate and foam morphology of the highly elastic polymer was found to depend on the stored elastic
energy (SE). Therefore, SE could not be neglected in our system. In addition, the effects of processing parameters
such as soaking pressure, soaking time, transferring time, foaming temperature, and foaming time on the foam
morphology were investigated. By controlling the crosslinking degree and optimizing the processing parameters,

nanocellular poly (aryl ether ketone) foam with a cell size of 86 nm (+11 nm) was successfully fabricated.

1. Introduction

Cellular plastics are polymeric nanoporous materials with average cell sizes below 1 pm. These materials have
attracted great interest in recent years, since they can be used in a variety of applications as templates, low-k
materials, sensors, tissue engineering scaffolds, filtration membranes, catalysts, and thermal insulation materials.'™
Compared to traditional materials used in these applications, cellular plastics are more lightweight. Supercritical
foaming, which usually involves a foaming agent (typically a gas under supercritical conditions) dissolved in the
polymer, is the most attractive method for producing these materials. The foaming agent used in the supercritical
foaming process induces phase separation upon heating or pressure quenching. The phase separation is followed
by nucleation and cell growth, which occurs until the temperature of the heterogeneous solution drops below the
glass transition temperature (7g) of the plasticised polymer and the pore cells become immobilized within the
vitrified polymer matrix.’ Supercritical carbon oxide (scCO,), which is a versatile compressible solvent, has
received attention as a physical blowing agent that could be used in polymer foaming, since it is environmentally

benign, naturally abundant, and relatively inexpensive.’
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The simplest method for producing nanocellular materials is to adjust the foam morphology by systematically
changing the saturation pressure, saturation time, transferring time, foaming temperature, or depressurization rate.
However, decreasing the cell size using this method leads to large increases in the surface energy, which makes the
process challenging. Miller et al. produced nanocellular polyetherimide (PEI) foam with cell size between 30 and
120 nm by saturating PEI specimens at a pressure of 5 MPa for 300 h, and foaming in the temperature range of
110-145 °C.” However, the long saturation time required renders this method inconvenient. Alternately,
heterogeneous nucleating agents can be added to produce nanocellular materials. Costeux et al. investigated the
foaming behaviour of silica particles and POSS-filled polymethyl methacrylate and styrene acrylonitrile
copolymers.® They found that adding less than 0.5 wt. % of a nanoscale additive allowed the production of
nanofoams with average cell size of 100 nm, relative density of 0.15 (85% porosity), and cell density exceeding
10'® cells/cm’. However, for the successful use of this method, excellent dispersion and exfoliation of the additive
are necessary, which is not easy to achieve. Selective swelling of block copolymers using supercritical fluids is
another effective method for producing nanocellular materials. By making the dispersed phase more CO,-philic
compared to the surrounding polymer matrix, Yokoyama et al. successfully produced nanocellular
polystyrene-block-poly(perfluorooctylethyl methacrylate) (PSPFMA) foam.” However, this foaming method is
strongly dependent on the properties of the CO,-philic blocks in the block copolymer, which often limits the
choice of blocks to siloxanes and fluoro compounds. This restricts further application of this method.

In this work, a new method for restricting the cell size of nanocellular foams has been proposed. Poly(aryl ether
ketone) (PAEK) with naphthalene pendants on the side chains was chosen as the matrix polymer to obtain
nanocellular foam under high-temperature conditions.'®" By crosslinking at different temperatures, PAEKs with
different crosslinking degrees and gel contents were prepared. Crosslinking is an ideal method for increasing the
elasticity of nanocellular foams and changing the foam morphology. The effect of crosslinking degree on CO,

sorption and the foam morphology was investigated.

2. Experimental

2.1 Materials

4,4 -Difluoro  benzophenone (99%, Yanji Chemical Plant) was used after recrystallization.
4,4’ -Bis(4-hydroxyphenyl)pentanoic acid (98%, TCI Chemicals), dicyclohexylcarbodiimide (99%, TCI
Chemicals), 4-dimethylaminopyridine (99%, TCI Chemicals), dimethyl sulfoxide (99%, Beijing Chemical

Reagent), 1-naphthol (99%, Tianjin Chemical Reagent), and toluene (99%, Beijing Chemical Reagent) were used
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as-received. Tetrahydrofuran (Beijing Chemical Reagent) was used after drying and distillation. CO, gas with
purity greater than 99.99% was obtained from Beijing Analytical Gas Factory, China. The other chemicals used in
the experiments were obtained from Beijing Chemical Reagent or Tianjin Chemical Reagent, and used without
further purification, unless stated otherwise.

2.2 Sample preparation

2.2.1 Synthesis of PAEK with naphthalene pendants on the side chains (NA-PAEK)

NA-PAEK was synthesized according to the method described in a previous report from our group. 12 The synthesis

route and the details of procedure are shown in Scheme 1 and supporting information, respectively.
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Scheme 1 Synthesis route for NA-PAEK
2.2.2 Preparation of NA-PAEK films
NA-PAEK solution was prepared by dissolving NA-PAEK (1 g) in dimethylacetamide (DMAC; 10 mL). The
solution was then cast on glass plates to prepare thin NA-PAEK films. The casted films were dried successively in
a vacuum oven at 60, 80, 100, and 120 °C for 12, 12, 8, and 4 h, respectively and then removed from the glass
plates using a small amount of water. Finally, the films were thermally crosslinked at temperatures of 170, 200,
and 250 °C for 2 h under ambient conditions.
2.2.3 Fabrication of NA-PAEK foam
The NA-PAEK foam was prepared using a two-stage batch foaming process. The thermally crosslinked NA-PAEK
film was first saturated with CO, in a high-pressure vessel at room temperature. The pressure was then suddenly
released and the samples were removed from the vessel. The samples were then foamed in an oil bath at a certain
foaming temperature for a predetermined length of time, following which the samples were quenched in cold water
and washed in ethanol for 1 h. All the foamed samples were dried in a vacuum oven at 60 °C for 24 h prior to
measurements.

2.3 Characterization
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2.3.1 Measurement of gel content

The gel contents of the thermally crosslinked NA-PAEK films were measured and the crosslinking degree of
thermally crosslinked NA-PAEK films was determined using the data. The sample was continuous extracted with
THF under reflux for 48 h, then dried in a vacuum oven successively at 80 and 200 °C for 24 and 2 h, respectively.
The gel content was expressed by the change in the weight of the NA-PAEK films, and the detailed testing
procedure was shown in Fig.SI4.
2.3.2 Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) was carried out with a TA Instruments DMA Q800 in the tensile mode. All
the measurements were performed in the linear with the strain of 0.03%. Storage modulus and tand of each
sample were recorded at a frequency of 1 Hz and a heating rate of 5 °C/min.
2.3.3 Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) was carried out under N, atmosphere at a heating rate of 10 °C/min. Samples
of 3-5 mg were contained within open platinum pans of a PerkinElmer TGA-7 instrument.
2.3.4 Examination of CO, sorption
The gravimetric method, which was reported previously by our group, was applied to study the amounts of CO,
absorbed and desorbed."After saturating the sample with CO, at a given pressure and temperature, the sample was
quickly removed from the high-pressure vessel and placed on the pan of an electronic digital balance (Mettler
AS265S). Using a computerized data acquisition system, the weights of the samples during desorption were
recorded at short intervals after venting the vessel. The amount of CO, absorbed (q) is given by Eq. 1.

q = (mg —mg)/myg 1

where my is the initial weight of the film and my is the weight recorded during desorption.
Fickian diffusion was assumed, in order to eliminate the effect of fluid escape during the transfer of the samples

from the pressure vessel to the balance, which was given by the following equation.'

mg _ 4 [Datq
Memo le T @

Where my is the weight of sample recorded during desorption, m;— is the weight when polymer/gas system reach

equilibrium, / is the thickness of the sample, D, is the diffusion coefficient of carbon dioxide, t; is the recording
time.
According to the above equation, if we plot the mass uptake of carbon dioxide with the square root of time, a

straight line should be obtained. However, a curve was acquired instead of a straight line because of the swelling
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effect. To estimate the CO, uptake at t=0, a simple mathematic method was used, the square root of CO,
concentration was plotted as a function of the logarithm of time, and then a straight line was got and the intercept
of the plot allowed us to determine the amount of CO, absorbed at zero time.

2.3.5 Examination of the foam morphology

The morphologies of the foam samples were analysed using a SSX-550 SHIMADZU scanning electron
microscope (SEM). The samples were freeze-fractured in liquid nitrogen and sputter-coated with gold at an argon
pressure of 0.1 Torr for 2 min at a current of 20 mA.

The volume expansion ratio, average cell size and cell density is determined according to the method descripted by
Kumer and Weller. *

The volume expansion ratio (P) is given by the following equation.

=P
®=7 3

Where pj, is the density of sample before foaming, whereas py is the density of the sample after foaming.
The average cell size and the number of cells in the SEM image are calculated by Image J.
The cell size was obtained by measuring the maximum diameter of each cell perpendicular to the skin.

The cell density (Ny) is given by the following equation.
2
No= ()2 xe (4
Where n is the number of cells in the SEM image, M is the magnification of the picture, and @ is the volume

expansion ratio, A is the area of the SEM image.

3. Results and discussion

3.1 Gel content of the NA-PAEK films

The crosslinking mechanism of NA-PAEK is displayed in Scheme SI1, and the gel contents of the NA-PAEK
films crosslinked at various temperatures are listed in Table 1. As evident from Table 1, after crosslinking the gel
content of the NA-PAEK films increased with an increase in the crosslinking temperature. These films will be
referred to hereafter as Gel 0%, Gel 18%, Gel 48%, and Gel 95%, according to the measured gel content values.

Table 1 Gel contents of NA-PAEK films crosslinked at different temperature

Crosslinking Temperature (°C) Untreated 170 200 250

Gel Content (wt. %) 0 18 48 95

3.2 Dynamic mechanical analysis
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Fig.1 displays the storage modulus and loss tangent (Tand) of NA-PAEK films with different gel content. From
Fig.1, it can be found that the storage modulus of NA-PAEK films gradually increases with the increase in the gel
content or the degree of crosslinking. This means that the elasticity of NA-PAEK films gradually enhances with
increasing the degree of crosslinking. In addition, the peak value of Tand also increases with the increase in the gel
content or the degree of crosslinking. This further proves the effective formation of the crosslinking network to

limit the segment motion of NA-PAEK.

(a) a: Gel 0% (b) — a: Gel 0%
— b o
2000 b: Gel 1806 —— b: Gel 18%
—c: Gel 48% ab — c: Gel 48%
—d: Gel 95% —— d: Gel 95%

2000

Tan (delta)

1000

Storage Modulus (MPa)

50 100 150 50 100 150 200 250
Temperature (°C) Temperature ("C)

Fig.1 Storage modulus (a) and Tan$ (b) of NA-PAEK films with different gel content.

3.3 Thermal stability
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Fig.2 (a). TGA curve of sample with gel content 0% heated in air for 2 h at 250°C. (b) TGA curves for samples with
different gel content heated in N, from 100°C to 800°C.

TGA data of o NA-PAEK films with different gel content are displayed in Fig.2. First NA-PAEK film with gel

content 0% was heated in air for 2 h at 250 °C to make sure if there was degradation during the crosslinking process.

From Fig.2a, it can be seen that the weight loss of the above treated film is very small, which proves that almost no

degradation occurred during the crosslinking process. Then samples with different gel content were heated in N,
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from 100°C to 800°C to measure the thermal stability of the crosslinked samples. Obviously, the thermal stability of
samples increased with increasing the gel content in Fig.2b.

3.4 Absorption and desorption of CO,

The amount of CO, absorbed by the sample is a critical factor that determines the foam morphology during the
supercritical foaming process. In fact, high CO, absorption is expected to increase the number of nucleation sites in
the sample, and consequently, the cell density, which is an important characteristic of the nanocellular foam, will
increase. Therefore, a detailed investigation was conducted to understand the influence of gel content, soaking

pressure, and soaking time on the CO, uptake.
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Fig. 3 (a) The relationship between soaking pressure and CO, uptake for NA-PAEK films with different gel
contents and; (b) the relationship between soaking time and CO, uptake for NA-PAEK films with different gel
contents
Experiments were carried out to determine the relationship CO, uptake in the NA-PAEK films with different gel
content with soaking pressure. The films was saturated with CO; in the high pressure vessel for 2 h at room
temperature, and the pressure chosen was 10, 20, and 30 MPa. The CO, uptake as a function of the soaking
pressure is shown in Fig. 3a. As evident from the figure, the weight percentage of CO, uptake increases with the
increase of soaking pressure for all the samples. That means high saturating pressure is in favor for absorbing more

C0,.'6

The effect of soaking time on the CO, uptake was investigated next and the results are shown in Fig. 3b and Fig. 4.
The pressure was set at 30 MPa and soaking times of 2, 4, and 6 h were studied in Fig. 3b. The NA-PAEK films
with gel contents of 0, 18, and 48% exhibited only a slightly increase in the CO, uptake with increase in soaking
time, while the sample with a gel content of 95% presented a sudden increase in CO, uptake when soaking time
was increased from 2 to 4 h. This phenomenon can be attributed to the occurrence of crosslinking increased the

tortuosity of the pathway when CO, entering the polymer, thus resulting in a longer time for the polymer/gas
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system to reach equilibrium. It should be noted that the amount of CO, absorbed at zero time was determined by
the intercept of straight line in Fig. 4.

Additionally, we can find from Fig. 3 that the CO, uptake by the NA-PAEK films decreased as the gel content
increased, which should be ascribed that the occurrence of crosslinking reduces the free volume of NA-PAEK, and

restricts the movement of polymer segments, which are both adverse to the dissolving of CO,.

o0— Gel 0%
—0—Gel 18%

y=-0.0461x+0.4962

Int

Fig.4 The square root of CO, concentration as a function of the logarithm of time for NA-PAEK films with Gel 0 %
and Gel 18 %

3.5 Influence of gel content and foaming conditions on foam morphology

Besides optimizing the characteristics of the polymers, processing parameters at each stage of the discontinuous

foaming method also need be optimized for the successful fabrication of nanocellular polymeric foams. Various

factors such as soaking pressure, soaking time, transferring time, foaming temperature, and foaming time affect the

foam morphology and the effects of these parameters on the foam morphology were studied.

3.5.1 Gel content and soaking pressure

The influence of gel content and soaking pressure on the foam morphology was first investigated. NA-PAEK films

with different gel contents were saturated with CO, in a high-pressure vessel for 2 h at pressures of 10, 20, and 30

MPa. The films were then foamed in a glycerol bath at 140 °C for 60 s. The transferring time was set at 40 s. As

shown previously, high soaking pressures are conducive for the absorption of CO,. As evident from Fig. 5 and Fig.

6a, an increase in the soaking pressure from 10 to 30 MPa induced a considerable decrease in the cell size for all

the NA-PAEK foam samples. In the case of the Gel 0% sample, the average pore size decreased from 4.13 to 2.5

pm when the soaking pressure was increased from 10 to 20 MPa. However, further increase in the soaking pressure

to 30 MPa resulted in cell coalescence and the absence of a foamed structure. This was attributed to the high CO,

uptake, which strongly plasticised the polymer and greatly lowered its elasticity, rendering the polymer incapable of

supporting cell formation. For the Gel 18%, Gel 48%, and Gel 95% films, the cell sizes decreased continuously
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with increase in the soaking pressure.'” It may be noted that the cell size for the Gel 18% sample decreased from
2.08 um at 10 MPa to 320 nm at 30 MPa, thereby transforming from microcellular to nanocellular foam as the
soaking pressure was increased from 10 to 30 MPa. On the other hand, the opposite trend was observed in the cases
of cell density and volume expansion ratio (Fig. 6b and Fig. 6¢), which increased continuously as the soaking
pressure was increased from 10 to 30 MPa, for all the NA-PAEK foam samples. It is worth noting that among the
NA-PAEK samples with various gel contents, the cell density of the Gel 18% increased most significantly, from

7.08x10" at a soaking pressure of 10 MPa to 1.29x10'* at a soaking pressure of 30 MPa.

Gel 0% Gel 18%

'miv,';\g_\’ g

T

»
o

_:,
%

20 MPa 10 MPa

30 MPa

Fig. 5 SEM images of NA-PAEK foam samples with different gel contents prepared at soaking pressures of 10, 20,

and 30 MPa (soaking time: 2 h, transferring time: 40 s, foaming temperature: 140 °C, and foaming time: 60 s).
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Fig. 6 The effect of soaking pressure on (a) cell size, (b) cell density, and (c) volume expansion ratio for NA-PAEK
foams with different gel contents (soaking time: 2 h, transferring time: 40 s, foaming temperature: 140 °C, and

foaming time: 60 s).
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The elasticity of the polymer is expected to increase with increase in the gel content of NA-PAEK and the
enhancement in elasticity is likely to limit the cell growth. As seen in Fig. 5 and Fig. 6¢, the volume expansion ratio
decreased with increasing gel content at all soaking pressure values. At a soaking pressure of 10 MPa, the volume
expansion ratio decreased from 5.69 for the Gel 0% sample to 1.34 for the Gel 95% sample. A similar tendency was
seen at soaking pressures of 20 and 30 MPa.
In contrast, the cell density initially increased with increase in the gel content from 0 to 18%, beyond which it
decreased steadily between gel contents of 18% and 95%, at all soaking pressure values (Fig. 6b). The change in
the cell size with gel content was in the opposite direction as the change in the cell density with gel content (Fig.
6a). In other words, the cell size first decreased as the gel content was increased from 0 to 18%, following which
the cell size continuously increased from gel contents of 18% to 95%. When the gel content was increased from 0%
to 18%, the increase in the cell density was mainly due to the suppression of cell coalescence as a result of the
increase in the elasticity of the polymer's. The change in the cell density and cell size with increase in the gel
content from 18 to 95% can be explained by the nucleation theory.
As described by Youn er al.,' the free energy required for the polymer/gas system to form nucleated bubbles is
given by Eq. 5:

F=3%,u;N; + X ;Ajy; — PV + SE %)
where u; is the chemical potential of component i, N; is the mole number, v; is the interfacial energy of component j,
A is the interfacial area, P is the pressure, V is the volume, and SE is the stored elastic energy in the system.
Since the volume of the bubble nucleus is very small, the change in the chemical potential can be neglected. In the
system considered by Youn, SE was also negligible, since the matrix was in the liquid state when nucleation
occurred. However, SE cannot be neglected in our experiments, since the matrix polymer is in a temporary
high-elastic state and the elasticity of the matrix polymer increased with an increase in the crosslinking degree.
Therefore, in our case, the minimum work required for homogeneous nucleation may be expressed by Eq. 6:

amr3

AF = Fy — Fy = 4mr?y — AP + ASE (©)

where r is the cell radius, Ap is the pressure difference between the supersaturation pressure and the environmental
pressure, and ASE represents the change in the elastic energy stored in the system.

If E is the value of the stress per unit area caused by the elasticity of polymer when nucleating took place, then
ASE can be given by the following equation:

4mr3

ASE=ZTF  (7)
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Then the minimum work required for homogeneous nucleation (AF) becomes:

4nrs anr3

AP+

AF = 4mr?y — E 8)

The critical radius (r.) is reached when the free energy change with respect to the bubble size becomes zero.

dAF
=0 O

At this point, the free energy reaches a maximum, and nuclei with radius larger than r, remain stable and continue

to grow. From this equation we can get that:

2
== (10)

Therefore, in our experiments, the energy barrier required for nucleation may be given by Eq. 11:

_ 1émy?
AGe = 3(AP-E)?

an

In addition, the rate of homogeneous nucleation may be given by Eq. 12:

—AG __temy®
Npom = Cofoe” " /KT = Cofye @E7RT  (12)

Where C, is the gas concentration and fj is the frequency factor of the gas molecules.

The CO, uptake was shown to decrease with increasing gel content in the NA-PAEK films. Consequently, the gas
concentration (Cp) in the supersaturated polymer/gas system will correspondingly decrease and ASE will
simultaneously increase with increasing gel content in the NA-PAEK films. According to Eq. 12, the rate of
nucleation will decrease with increasing gel content in the NA-PAEK films. With a lower rate of nucleation, the gas
in the supersaturated system will continue to diffuse into the few available nucleated cells, allowing the cells to
grow larger. This explains the decrease in the cell density and the increase in the cell size of the NA-PAEK foam
with an increase in the gel content from 18 to 95%, observed in our previous experiments.

3.5.2 Foaming temperature

To investigate the influence of foaming temperature on the foam morphology, NA-PAEK film with a gel content of
18% was foamed in a glycerol bath in the temperature range of 100-160 °C. The soaking pressure, soaking time,
transferring time, and foaming time were set at 30 MPa, 2 h, 40s, and 60 s, respectively.

As evident from Fig. 7 and Fig. 8a, the volume expansion ratio initially increased with an increase in the
temperature from 100 to 140 °C, following which it decreased with an increase in the temperature from 140 to
160 °C.* As shown in Fig. 8b, the cell density also increased with an increase in the foaming temperature from 100
to 120 °C, beyond which it decreased as the temperature was increased from 120 to 160 °C. In contrast, the cell size
first decreased with an increase in the temperature to 120 °C, following which it increased as the temperature was

increased from 140 to 160 °C, as shown in Fig. 8c. This can be explained by considering the influence of
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temperature on the elasticity of the matrix polymer. Since the elasticity is expected to decrease with an increase in
the foaming temperature, the nucleation rate is likely to increase with an increase in the temperature, as evident
from Eq. 12. With an increase in the nucleation rate, cell density and volume expansion ratio will increase, whereas
the cell size will decrease. However, as the temperature continues to increase, the decreased elasticity will become
incapable of supporting all the cells. Therefore, cell coalescence will occur, leading to an increase in the cell size.
On the other hand, the volume expansion ratio and cell density will decrease with further increase in the

temperature.
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Fig. 7 SEM images of NA-PAEK foams with gel content 18% prepared at foaming temperatures of
(a) 100 °C, (b) 110 °C, (c) 120 °C, (d) 130 °C, (e) 140 °C, (f) 150°C, and (g) 160 °C.

(soaking pressure: 30 MPa, soaking time: 2 h, transferring time: 40 s, and foaming time: 60 s).
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Fig. 8 The effect of foaming temperature on (a) volume expansion ratio, (b) cell density, and (c) cell size for
NA-PAEK foam with a gel content of 18% (soaking pressure: 30 MPa, soaking time: 2 h, transferring time: 40 s,

and foaming time: 60 s)

3.5.3 Soaking time

It is already known that longer soaking time is beneficial for CO, absorption. To investigate the effect of soaking
time on the foam morphology of NA-PAEK films, NA-PAEK film with a gel content of 18% was saturated with

CO, in the high-pressure vessel at a soaking pressure of 30 MPa for 2, 4, and 6 h. The sample was then foamed in
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a glycerol bath. The transferring time, foaming temperature, and foaming time were 40 s, 120 °C, and 60 s,
respectively.

From Fig. 9 and Table 2, it can be seen that the volume expansion ratio and cell density increased with an increase
in the soaking time. However, the cell size decreased with an increase in the soaking time. When the soaking time

was 6 h, nanocellular foam with a cell size of 86 nm (+11nm) was produced.

Fig. 9 SEM images of NA-PAEK foams with a gel content of 18% prepared with soaking times of (a) (d) 2 h, (b)
(e) 4 h, and (¢) (f) 6 h (soaking pressure: 30 MPa, transferring time: 40 s, foaming temperature: 120 °C, and

foaming time: 60 s)

Table 2 Volume expansion ratio, cell size, and cell density of NA-PAEK foams with a gel content of 18% prepared
with different soaking times at a soaking pressure of 30 MPa, transferring time of 40 s, foaming temperature of

120 °C, and foaming time of 60 s

Soaking time 2h 4h 6h
Volume expansion ratio 2.01 2.12 2.22
Cell density (cells/cm™) 8.91x10" 1.14x10" 1.5x10"
Cell size (nm) 172 166 86
Standard deviation 16 23 11

3.5.4 Transferring Time
The escape of gases during the transfer process is unavoidable. Therefore, it is important to understand the effect

of transferring time on the foam morphology. For this purpose, Gel 18% NA-PAEK films with transferring times
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of 40 s, 2 min, and 5 min were foamed in a glycerol bath and the samples were examined using SEM (Fig. 10).
The soaking pressure, soaking time, foaming temperature, and foaming time were set at 30 MPa, 6 h, 120 °C, and
60 s, respectively. Fig. 10 shows that the cell size increased with an increase in the transferring time because of the

gas escaping from the film.'¢

'4‘{“ -' xv =N
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Fig. 10 SEM images of Na-PAEK foams with a gel content of 18% prepared with transferring times of (a) 40 s, (b)

2 min, and (c) 5 min (soaking pressure: 30 MPa, soaking time: 6 h, foaming temperature: 120 °C, and foaming
time: 60 s)

3.5.5 Foaming time
To investigate the influence of foaming time on the foam morphology, Gel 18% Na-PAEK film was foamed in the
glycerol bath for 10 s, 30 s, 1 min, 2 min, and 5 min and the samples were examined using SEM (Fig. 11). The
soaking pressure, soaking time, transferring time, and foaming temperature were set at 30 MPa, 6 h, 40 s, and
120 °C, respectively. It can be seen from Fig. 11 that the foam morphology did not change much as a function of
foaming time, implying that the foaming process was complete within 10s, as a result of which longer foaming

times had little influence on the foam morphology.

Fig. 11 SEM images of NA-PAEK foams with a gel content of 18% prepared with foaming times of (a) 10 s, (b) 30
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s, (¢) 60 s, (d) 2 min, and () 5 min (soaking pressure: 30 MPa, soaking time: 6 h, transferring time: 40 s, and

foaming temperature: 120 °C)

4. Conclusion

NA-PAEK films with different crosslinking degrees were foamed using a two-stage batch foaming process. The
crosslinking degree of the film was found to significantly influence the absorption of CO, and the foam
morphology. It was first discovered that for a highly elastic polymer matrix, the stored elastic energy in the system
(SE) during nucleation cannot be neglected, and it is a key factor influencing the nucleation rate and foam
morphology. Experiments showed that the slight increase of crosslinking degree decreased the cell size and
amplified the cell density because it successfully suppressed the cell coalescence. However, further increase of
crosslinking degree increased the cell size and lowered the cell density because of the reduction of nucleation rate.
By controlling the crosslinking degree and optimizing the processing parameters, nanocellular foam with a cell
size of 86 nm (+11 nm) was successfully fabricated, which is suitable for application as low-k and thermal
insulation materials under high temperatures.
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