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ABSTRACT

Polylactid-based (PLA) copolymer foams show a high potential for tissue engineering applications. However, tailored foam prop-
erties are required for these applications. As medical authorization is challenging for foams containing chemical modifiers or
nucleating agents, tailored foam properties must be achieved by varying process parameters. Employing mixtures of supercritical
CO, and supercritical N, as blowing agents is a promising approach to achieve tailored properties. In this study, the influence of
CO,:N, blowing agent mixtures on density, average cell size, open cell content, and storage stability is evaluated for PLA-based
copolymer foams suitable for tissue engineering applications. Porosities higher than 90%, which are essential for sufficient cell
ingrowth, could be achieved for all blowing agent mixtures. A decreasing average cell size was found for mixtures with low CO,
content. Improved storage stability and increased open cell contents were achieved for a CO, to N, volume ratio of 80:20.

1 | Introduction For scaffold materials, foam properties must be highly tailored.

To enable optimized cell ingrowth and fast resorption of the

Polymeric foams have become increasingly important in ev-
eryday life, and new applications are constantly emerging. The
advantages of foamed products are undeniable and are not
only reflected in weight and material savings compared to non-
expanded materials. Moreover, tailoring foam morphologies
enables specific material properties such as excellent energy ab-
sorption, as well as thermal or acoustic insulation [1]. Besides
technical applications, foams based on biomaterials, such as
Polylactic acid (PLA), play a crucial role in tissue engineering
[2]. Depending on the material and its morphology, foams can
act as scaffolds for nerve generation, bone tissue restoration, and
skin tissue repair, respectively [2].

scaffold, a porosity of 90%, high open cell contents (OCC), and
cell sizes between 90 and 310 um are recommended [3-6]. To
ensure product usability, a storage stability of several days has
to be achieved [4, 5].

Regarding the material, due to their biocompatibility, their ben-
eficial effects on wound healing, and their resorption ability,
PLA-based polymers are ideally suited for resorbable soft tissue
restoration scaffolds [7, 8]. However, the low melt strength of
PLA prevents stable cell growth and thus uniform foam mor-
phologies [9-11]. This low melt strength is also observed for the
PLA-based copolymer in this study. Previous studies reported
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improved morphologies for PLA-based foams via chemical
modification or incorporation of nucleating agents [9, 11-19].
However, the addition of modifiers or additives is challenging
for medical approval and might impede residue-free resorp-
tion of the scaffold. Instead, desired foam properties must be
achieved by varying the foaming parameters.

For material-efficient screening studies, the batch autoclave pro-
cess is particularly suitable due to its minimal material consump-
tion [20, 21]. Thus, foaming in this study is performed via the
pressure drop method in a high-pressure batch autoclave [12].

For this process, crucial parameters are saturation pressure,
time, temperature, and the choice of supercritical physical blow-
ing agent (PBA).

Suitable saturation temperatures are essential for low-density
foams with desirable morphology. Extreme temperatures lead
to unsuitable viscosity and melt strength, preventing expan-
sion or leading to cell coalescence and collapse of the foam
structure [19, 22, 23]. For CO, and N, as PBA, higher pressures
increase the dissolved PBA content as well as the nucleation
rate while decreasing the viscosity. This results in a decreased
foam density and average cell size [12, 24-26]. Foams with
similar density but finer cellular morphology exhibit improved
dimensional stability, as present stresses on the foam structure
are distributed between an increased cell wall surface area
[27]. Additionally, foam morphology is influenced by the initial
pressure drop rate (PDR) within the first milliseconds upon de-
pressurization of the autoclave [16]. Higher PDRs reduce the
energy barrier for nucleation, resulting in a decrease in foam
density as well as a decrease in average cell size [16, 28, 29].

Regarding the choice of PBA, predominantly supercritical CO,
and N, have been used in recent years. Both are nonflammable,
nontoxic, economical, and environmentally friendly.

CO, exhibits a strong plasticizing effect on polymers containing
carbonyl groups. This leads to high solubility of the PBA and
enables foams with densities below 100kgm= [12, 20, 24, 30].
Additionally, the glass transition temperature (Tg) is depressed
upon sorption of CO,. This leads to reduced viscosity and melt
strength. Consequently, low densities are achieved at reduced
temperatures [31, 32]. For CO,, a wide range of cell sizes rang-
ing from 10pm to 1mm is reported [12]. Due to a synergism
between the high diffusivity of CO, and its plasticizing effect,
pronounced shrinkage is found for the foams during storage
[24, 25, 30, 31, 33].

In literature, N, is considered less than CO, as PBA for PLA-
based polymers. For the same amount of solved PBA, N, is distin-
guished by its nucleating effect. This results in an increased cell
population density compared to CO, [30, 31, 34, 35]. However,
due to its significantly reduced solubility, polymer-N, systems
exhibit high surface tensions, creating a high energy barrier for
nucleation and impeding cell growth. Therefore, lower average
cell sizes, but higher foam densities are found for N, [30, 34-36].
High saturation pressures can help to avoid large non-foamed
areas [25, 30]. Due to its lower permeability and absent plasti-
cizing effect, dimensional stability is increased for N, compared
to CO, [25].

To exploit the advantages and compensate for the drawbacks
of both PBAs, mixtures of CO, and N, have been used pre-
viously [30, 31, 37]. The solubilities of these mixtures are be-
tween the solubilities of the neat PBAs [38]. For the mixtures,
significantly lower foam densities compared to N, can be real-
ized [12, 30, 33]. Regarding morphology, different results are
obtained. For poly(butylene adipate-co-terephthalate) (PBAT)
Wang et al. reported lower average cell sizes and narrower cell
size distributions for higher shares of N, [30]. In contrast, for
polystyrene (PS) Wong et al. reported the highest cell popula-
tion density for a mixture of 75:25% CO,:N, [34]. Compared to
N,, a broader processing window, though without explanation,
is reported [34]. Studies on PBAT and thermoplastic polyure-
thane report improved dimensional stability compared to neat
CO,. This was ascribed to a decreased diffusivity as well as a
decreased plasticizing effect of the mixture [30, 33].

Compared to neat PBAs, literature on COZ:N2 mixtures is scarce.
Especially, the influence of PBA composition on the OCC is not
reported. Additionally, morphological results vary across liter-
ature, and most studies focus on semicrystalline polymers or
polymers with their T, well above room temperature. Therefore,
this study aims to understand the influence of CO,:N, mixtures
on the foaming of low T, PLA-based polymers by evaluating
density, average cell size, open cell content, and storage stability
for different CO,:N, mixtures.

By tuning process parameters, that is, temperature, pressure,
and PBA composition, foams suitable for tissue engineering
applications are targeted. In particular, the aim is to achieve a
porosity of over 90%, which corresponds to a density of less than
124kgm™3, while simultaneously aiming for an average cell size
of between 90 and 310 um, high OCC values, and a storage sta-
bility of 35days.

2 | Materials and Methods

2.1 | Materials

An amorphous lactide-based copolymer with a reduced glass
transition temperature (Tg) was supplied by Polymedics

Innovations GmbH (Kirchheim u. Teck, Germany). Further
determined material properties are shown in Table 1.

TABLE 1 | Material properties of the supplied copolymer measured
as stated in Sections 2.2.2 and 2.2.3.

Journal of Polymer Science, 2025

Material property Value
Weight average molecular weight M /g 2.37*10°
mol™!
Polydispersity index 1.87
Glass transition temperature/°C 341
Melt strength/N 0.039+0.015
Zero shear viscosity/Pa s 8.2*10°
Bulk density/kg m—3 1244
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As physical blowing agents, neat CO, (purity 99.9%), neat
N, (purity 99.999%), and CO,:N, mixtures of 60:40 vol% (pu-
rity 99.9%) and 80:20 vol% (purity 99.9%) were employed,
which were supplied by Riessner-Gase GmbH (Lichtenfels,
Germany).

2.2 | Methods
2.21 | Autoclave Foaming

Foaming was conducted by employing the pressure-drop
method on a custom-built autoclave. Depending on the PBA,
different setups were chosen (Figure 1). Test specimens with a
thickness of 1 mm were produced by hot pressing at 90°C. For
foaming, the specimens were placed inside the electrically pre-
heated autoclave, subsequently applying a constant pressure of
supercritical PBA. For CO, as well as 80:20 and 60:40 CO,:N,
mixtures, the pressure was generated by a twin setup of 260D
syringe pumps from Teledyne Isco (Thousand Oaks, CA, USA)
in constant pressure delivery mode. For the experiments with
N,, the pressure was achieved using a pressure reducer attached
to a nitrogen bottle at 200bar. The PBA was injected into the
autoclave chamber by opening valve V1. Saturation pressure
and autoclave temperature were varied in an experimental
array for all PBA. A saturation time of 30 min was determined
by preliminary tests. The foamed samples were stored at room
temperature.

2.2.2 | Rheotens

The melt strength was determined using a Rheotens 71.97 device
from Gottfert (Buchen, Germany). Prior to the measurement,
the copolymer was dried in vacuo at 40°C. After a melting time
of 5min, the melt strand was ejected using an electrically con-
trolled piston (L/D ratio of 26) built in an extensional rheometer

<

V2

-----

Heating

RS

Pressure
Reducer

%"

FIGURE 1 | High-pressure autoclave system used for CO,, CO,:N,
mixtures (top) and N, (bottom).
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from Gottfert (Buchen, Germany), equipped with a round die
(L/D ratio of 30mm/2mm). The temperature of the extruder
was set to 130°C. The measurement wheels exhibited a constant
acceleration of 2.4mms~2 starting from a speed of 15mms™!
with a strain rate of 30s~!. The measurement was repeated five
times. The melt strength was obtained from the mean force of
the last 50 measurement points.

2.2.3 | Shear Rheology

Oscillatory shear rheology was conducted with a plate-plate rhe-
ometer RDA III from TA Instruments (New Castle, DE, USA)
at 130°C with a diameter of 25mm and a gap of 1 mm under a
nitrogen atmosphere. Frequency sweeps were performed from
0.02 to 500rads~! (Figure S1). Preceding strain sweeps indicated
that a strain of 1% is within the linear viscoelastic range. The
hot-pressed samples were dried in vacuo at 40°C before testing.
The zero shear viscosity was obtained by fitting data according
to the Carreau-Yasuda model [39].

2.2.4 | Differential Scanning Calorimetry (DSC)

To obtain the T,, DSC measurements were conducted on a DSC
1 from Mettler Toledo (Columbus, OH, USA). Two heating cy-
cles and one cooling cycle with heating rates and cooling rates of
10K min~! and a nitrogen flow of 50 mLmin~! were performed.
The holding time between the cycles was 5min. The data gen-
erated in the second heating cycle was used. The experimental
temperature ranged from —40°C to 180°C. The analysis was per-
formed threefold.

2.2.5 | Density Evaluation

The initial density of the foams p was obtained according to
the Archimedes principle on an AG245 balance from Mettler
Toledo (Columbus, OH, USA). The measurement was conducted
2h after foaming. To calculate p in kg*m=3, Equation (1) was
utilized.

m(in air)
= H,O
P (m(in air) — m(in H,0)) *p(H,0) @

With m(in air) and m(in H,O) as the weights of the foam in air
and in de-ionized water, respectively, and p(H,O) as the density
of de-ionized water at the measuring temperature.

The porosity @ was obtained from Equation (2).

p
d=1-— 'foam (2)

Pbulk

With p, , =1244kgm™ as the density of the unfoamed copolymer
and p, , as the density of the foam according to Equation (1).

To investigate the long-term stability of the foams, density mea-
surements were conducted multiple times during storage. For
further evaluation, p,. as the density of the foam after 35days of
storage at room temperature was employed.
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2.2.6 | Nitrogen Pycnometry

The open-cell content of the samples was evaluated from nitro-
gen pycnometry on an Ultrafoam 1000 Model UPY-15F from
Quantachrome Instruments (Boynton Beach, FL, USA). Since
per foaming trial, only one sample is generated, the OCC could
not be measured directly. This is because density must be de-
termined beforehand with the Archimedes method, leading to
remaining water inside the foam that distorts pycnometry re-
sults. Instead, the initial density p was measured according to
Equation (1). On the following day, the dried sample was used
for pycnometry, wherefore sample mass and volume must be
set. The sample mass m was obtained before the measurement.
For the sample volume, the initial volume V, ; in cm® was used,
which is calculated according to Equation (3).

Vini = (3)

With m and V,,;, as well as the calculations mentioned in the
ASTM standard D6226, the pycnometer calculates an OCC
value, which here is referred to as OCChyp.
For each sample, a maximum of seven runs was performed for
the OCC measurement, whereby the output value complied with
the average of the last three runs. Alternatively, if the standard
deviation reached 0.005%, the measurement was terminated
early. To obtain the true OCC, the density was measured once
more, obtaining the true foam density p,,,, and consequently the

true sample volume present during pycnometry V,, .. The true
OCC in % was calculated by Equation (4).
Vini ¥ (0CC,, — 1) + 7V
0CC = ( ini ( hyp ) true) (4)
V[VME
with
m
Vtrue = m (5)

2.2.7 | Scanning Electron Microscopy (SEM)

Foam morphology was evaluated by scanning electron micros-
copy (SEM) on a Zeiss Leo 1530 from Carl Zeiss AG (Oberkochen,
Germany), which is equipped with a tungsten cathode and a SE1
detector. The samples were cut in half and sputtered with gold.
Average cell size and cell size distribution were determined from
SEM images. Nucleation density N in cells*cm™ was evaluated
by Equation (6).

N= <IE)E*VER (6)
A

with N, as the number of cells in a specified area A and VER as
the volume expansion ratio.

VER is calculated according to Equation (7).

VER = Pbulk )
pfoam

2.2.8 | Gel Permeation Chromatography (GPC)

The weight average molecular weight M,/ was determined uti-
lizing a Tosoh EcoSEC pump from Tosoh Bioscience (Tokyo,
Japan) at 23°C in a PSS SDV Linear XL gel column with a par-
ticle size of 5um and a porosity of 100A. Chloroform was used
as the mobile phase with a sample concentration of 1gL~!. A
flow rate of 0.5mLmin~! was applied. Conventional calibration
against polystyrene standards was used.

3 | Results and Discussion
3.1 | Foaming With CO,

Foam density over a wide parameter range is depicted in Figure 2.
Anideal processing window, describing densities below 124kgm=3,
was obtained for temperatures between 35°C and 70°C and pres-
sures between 80 and 140bar. Temperature and pressure limits of
the processing window are known in the literature and described
elsewhere [19, 22, 23, 25, 29, 30, 40, 41]. Densities below 25kgm™3
could be achieved at 55°C to 65°C and 80 to 120bar.

OCC over the same parameter range is depicted in Figure 3.
Mostly, OCC below 25% was realized within the above-described
processing window. OCC values between 25% and 75% were re-
alized outside the processing window and for temperatures of
65°C. The OCC is dependent on viscosity, melt strength, cell
density, as well as VER of a given polymer. As seen in Figures 2
and 3 a high VER, equaling low densities, and a high OCC are
mostly mutually exclusive for the given copolymer. Further, low
OCC values are present for parameters leading to high cell den-
sity (Table 2). Thus, thin cell walls resulting from high expan-
sion or a high cell density do not lead to cell wall rupture for this
copolymer. Instead, viscosity and melt strength that are adjusted
by the saturation temperature seem to be the most crucial factors
influencing the OCC. For elevated temperatures, increased OCC
values are found, as the melt strength of the polymer is reduced
until cell walls cannot withstand the stress during stretching
and rupture occurs. As this phenomenon is often accompanied

160

Density / kg m™

1401

p—

[\

(=]
!

(=]
(=]
L

Pressure / bar

80

60

30 40 50 60 70 80 90
Temperature / °C
FIGURE 2 | Contour plot of density against temperature and

pressure; Measured data shown as points; Density limits of 124 and
25kgm™3 shown as lines.
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FIGURE 3 | Contour plot of OCC against temperature and pres-
sure; Measured data shown as points; OCC limits of 25% and 50%
shown as lines.

TABLE 2 | Foam characteristics for foaming with CO, at 65°C at 80,
100, and 120bar.

80bar 100bar  120bar
Initial density/kg m=3 19 19 22
Density after 35days/ 129 66 47
kg m~3
Average cell size/um 13630 62+14 48+11
Volume expansion ratio 66 64 56
Nucleation density/10° 26 246 410
cells cm=3
OCC/% 83 65 28

by a coarsened, non-uniform morphology, this mechanism of
cell opening is not desired. Alternatively, for low temperatures
in combination with high pressures, severe pressure-induced
cooling takes place during the autoclave depressurization. This
results in a fast increase in viscosity that leads to brittle cell wall
fracture and high OCC. Simultaneously, improved foam mor-
phologies are realized under these conditions as the high viscos-
ity and melt strength stabilize the foam structure.

To investigate and verify the influence of pressure on the foam
morphology, cross-sections of the foams obtained at a constant
temperature of 65°C but varying pressures were compared via SEM
(Figure 4). While foam density is only influenced slightly by pres-
sure (Table 2), morphology is highly dependent on it (Figure 4). For
higher pressures, significantly increased nucleation densities re-
sulting in a reduced average cell size and a narrower cell size distri-
bution were observed. This results from higher pressures leading
to a higher sorption of CO, and a decreased PBA-polymer interface
tension. Thus, homogeneous nucleation is promoted [25, 29, 30].
From pycnometry, a reduction in the OCC was visible for higher
pressures (Table 2). However, comparison to SEM images suggests
that especially for the foam obtained at 80bar, the high OCC value
from pycnometry seems to overestimate the number of truly open

E
s
= 1 100 bar]
=]
g .
-
1 Elu . . (i AT
g 0 50 100 150 200 250 e ——
é I 120 bar|
0 50 100 150 200 250 ST —
Cell size /um

FIGURE 4 | Histograms (left) and corresponding SEM images
(right) for foaming with CO, at 65°C and 80bar (top), 100bar (middle),
and 120bar (bottom).

FIGURE 5 | Higher magnification SEM image of the foam achieved
at 65°C and 80bar. Small intercellular openings marked in red circles.

cells. However, in higher magnification SEM images, small cell-
interconnecting holes (Figure 5) are visible, which lead to the high
OCC number in pycnometry.

As anext step, the influence of saturation pressure on the dimen-
sional stability of the foams was examined (Table 2, Figure 6).

As evident from Figure 6, a density increase was observed for all
foams during storage. The increase within the first day was the high-
est. After 35days, the further change in density was only minor. As
35days is a sufficient storage time for foams in tissue engineering,
the percental density increase after 35days was examined in more
detail. There, the shrinkage effect is more pronounced for lower
saturation pressures. This phenomenon is attributed to the reduced
average cell size at higher saturation pressures, allowing stresses on
the foam structure to be distributed between a higher number of
cell walls and an increased cell wall surface area [27].

3.2 | Foaming With CO,:N, Mixtures
3.2.1 | Influence on Processing Window

The influence of the PBA mixture on the processing window is
shown in Figure 7.

For temperatures below 160°C, no sufficient expansion was found
for N,. For higher temperatures, foams with densities as low as
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200kgm~3 but coarse morphology were realized (Figure S1). This
can be attributed to the low solubility and the absent plasticizing
effect of N,. N, exhibits a greater nucleating effect and expansion
ratio for the same amount of PBA dissolved compared to CO,
[30, 35]. However, this advantage is overruled by its significantly
lower solubility, which decreases the nucleation density substan-
tially. As a result, only a few bubble nuclei are formed. Regarding
saturation temperature and plasticizing effect, for CO,, satura-
tion takes place at lower temperatures, and the foam structure
is rapidly stabilized during depressurization. This stabilization
occurs as the outward diffusion of CO, reduces the plasticizing
effect on the polymer, rapidly increasing both T, and viscosity.

175

80 bar
100 bar
1504 a- 120 bar

ks 1251
100
75

kg

=

Densi

=i [ SR Accamaann A

25 1 A

0 10 20 30 40 50 60 70
Time / d

FIGURE 6 | Influence of saturation pressure on density increase for
foaming with CO, at 65°C.

Consequently, cell coalescence and collapse of the foam structure
are prevented effectively. In contrast, this stabilization mecha-
nism does not occur with N,. Instead, the low viscosity induced
by high saturation temperatures leads to an undesired morphol-
ogy as observed in this study. Therefore, foaming with 100% N, is
not expedient for the present copolymer.

For both CO,:N, mixtures, stable processing windows were
observed. For the mixtures, the processing windows are not
linearly narrowed for lower CO, shares, as for 80:20 CO,:N,
it is widened. In contrast, for 60:40 CO,:N,, the window be-
comes smaller as expansion is hindered at temperatures below
50°C. This hindrance is due to the decreased solubility of this
PBA mixture, which results from the high share of N,. For
80:20 CO,:N,, the widened processing window results from
successful expansion at low temperatures and high pres-
sures. This originates from two factors: a small decrease in
the above-mentioned stabilizing effect, which is caused by the
share of N, in the PBA mixture, and a decreased cooling effect
during depressurization. Both factors allow viscosities to re-
main low, thus increasing expansion times and consequently
leading to low densities.

The decreased cooling effect can be proven by comparing the
time-dependent temperature profiles during depressurization
(Figure 8). It must be noted that for the present autoclave sys-
tem, the measurement of the built-in thermometer is delayed.
Hence, no quantitative temperature data can be obtained, as
the measured temperature drop is significantly lower than
the actual one. As a reference, solid CO, was found in the
autoclave after depressurization for 100% CO,, which high-
lights temperatures below —56.4°C [40, 42]. Nevertheless, the

160 160
140+
3 $
55 ~ 1201
g =
Z Z
g ¢ 100+
e o
L Density / kg m™
300
60 r T T T T 60 - - . - . 250
30 40 50 60 70 80 90 30 40 50 60 70 80 90 260
Temperature / °C’ Temperature / °C 150
160 160 100
50
140+ 1404 0
~ 1201 < 1204
g g
B 8
H 100+ ¢ 1001
-9 &
80+ 80+
C D
60 + - T - r I— 60-+— r r r
30 40 50 60 70 80 90 50 100 150 200

Temperature / °C’

Temperature / °C

FIGURE 7 | Contour plots of density against temperature and pressure for CO, (A), 80:20 (B) and 60:40 CO,:N, (C), and N, (D); Measured data
shown as points; Density limits of 124 and 25kg/m? shown as lines.
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relative temperature differences between the PBA mixtures
can be analyzed. It is evident that with an increasing share of
N,, the temperature drop is reduced. Thus, the temperature of
the system remains above the T, of the copolymer for a longer
period. This allows for continued expansion, and lower densi-
ties are realized.

Additionally, the pressure limits of the processing window shift
towards higher values. While sufficiently low densities can be
achieved at 60bar for CO,, a minimum of 80 and 100bar is re-
quired for 80:20 and 60:40 CO,:N,, respectively, as higher pres-
sures are necessary to compensate for the reduced solubility of
the PBA mixtures compared to CO, [35].

40 100:0 CO, N,
— 80:20 CO,:N,
60:40 CO,N,
& 301
~
)
-
&
= 20 -
=
b5)
(="
g
= 10
0

0.00 250 5.00 7.50 10.00 12.50

Time /s

FIGURE 8 | Pressure-drop-induced temperature profile of the auto-
clave system for saturation conditions of 35°C and 120bar.

3.2.2 | Influence on Morphology

As no decent expansion was generated for N,, this PBA is not
considered for the following investigations. For the remaining
blowing agents, the effect of the PBA ratio on the OCC was eval-
uated (Figure 9).

Similar to the foams produced with neat CO,, low density and high
OCC are mostly mutually exclusive for 60:40 CO,:N,. Further, for
none of the PBA mixtures, high OCC values were obtained at low
temperatures in combination with high pressures. The reason for
this is the reduced pressure-drop-induced cooling for the PBA
mixtures (Figure 8) that prevents brittle cell wall fracture.

When foamed outside the ideal processing window, all PBA
mixtures lead to cell wall fracture due to low viscosity and
melt strength, resulting in high OCC and high foam density. It
is noteworthy that for 80:20 CO,:N, within a broad parameter
range, high OCC values were obtained, while simultaneously
maintaining low densities. This effect is caused by a slightly de-
creased stabilization effect in combination with a low pressure-
drop-induced cooling at small saturation pressures (see also
Section 3.2.1). Thus, prolonged expansion is possible during
depressurization, and cell wall rupture occurs. Nevertheless,
the foam is still stabilized. Consequently, although this cell
wall opening is not due to brittle fracture, a narrow cell size
distribution and suitable morphology were realized (Figure 10).

Regarding foam morphology, for identical saturation condi-
tions, an increased share of N, results in decreased nucleation
density as well as increased average cell size and foam density
(Table 3). Additionally, the cell size distribution was broadened,
especially for 60:40 CO,:N, (Figure 10).
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FIGURE9 | Contour plots of OCC against temperature and pressure for CO, (A), 80:20 (B) and 60:40 CO,:N, (C); Measured data shown as points;

OCC limits of 25%, 50%, and 75% shown as lines.
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Regarding average cell size, results deviate from literature,
where either smaller cell sizes exist increase of the N, share, or
a synergistic effect of CO, and N, is proclaimed, which leads
to the lowest average cell sizes for a mixture of 75:25% CO,:N,

[1100:0 CO,N,|

S0 200 400 600 800
: [ 80:20 CO,N,

=)

g

; ﬂl\v

S

L

Z - - -

=0 200 400 600 800
é [ 60:40 CO,N,|

1

0 200 400 600 800 inm
Cell size /um

FIGURE 10 | Histograms (left) and corresponding SEM images
(right) for CO, (top), 80:20 (middle), and 60:40 CO,:N, (bottom) at 65°C
and 100bar.

TABLE3 | Foam characteristics for CO,, 80:20, and 60:40 CO,:N, at
65°C and 100bar.

80:20 60:40
100% CO, CO,N, CO,N,
Initial density/kg m=3 18 32 61
Density after 35days/ 74 78 283
kg m3
Average cell size/um 62 138 387
Volume expansion 69 40 20
ratio
Nucleation 246 224 0.23
density/10° cells cm™3
OCC/% 65 60 21
120 100:0 CO,N,
——180:20 CO,N,
1004, 60:40 CO, N,
< ‘
S 80
™~
£ 60
4
£ 40
20 1
A
0 T T T T
0.0 0.50 1.00 150 2.00
Time /s

[30, 34]. The positive correlation between N, share and average
cell size, as well as the inverse correlation between N, share and
nucleation density observed in this study, may be attributed to
multiple factors. These include decreased solubility, decreased
stabilization effect, decreased pressure-drop-induced cooling,
and alower PDR of the PBA mixture compared to 100% CO,. The
review of these factors reveals that, regarding the latter factor,
the total time until depressurization is significantly longer for
60:40 CO,:N, compared to CO, and 80:20 CO,:N, (Figure 11A).

However, the initial PDR within the first milliseconds is equal
for all PBA mixtures. Since cell nucleation is reported [16] to
occur within this first timeframe, it is likely not affected by the
variation of the PBA mixture at these saturation conditions.
Additionally, the pressure-induced cooling effect is similar for
these process conditions for all PBA mixtures (Figure 11B).

This leads to the conclusion that a decreased stabilization effect and
a decreased solubility of the PBA mixtures are the driving factors
for morphology development. Due to the decreased stabilization
effect, viscosity increases more slowly for the PBA mixtures during
depressurization, and consequently, expansion ratio and cell co-
alescence increase. Additionally, the solubility of the PBA mixtures
is reduced compared to CO, [38]. This results in a decreased nucle-
ation density, leading to fewer larger cells. However, the exact solu-
bility limits of the neat PBA and their mixtures cannot be measured
in this study. Solubility is typically measured by loading the poly-
mer with gas in an autoclave and measuring the weight increase of
the sample after it is removed. However, this is only applicable to
polymers that do not foam at room temperature [9].

3.2.3 | Influence on Stability

No linear correlation between stability and PBA composition was
found (Figure 12). However, the influence of the PBA mixture can-
not be assessed in isolation as a change of the PBA causes a vari-
ation in foam morphology. To achieve comparable morphology,
saturation conditions must be altered for the respective PBA mix-
tures. Since the influence of deviating morphology on dimensional
stability can be more accurately predicted than the influence of
differing saturation pressures, foams obtained at the same satura-
tion conditions were compared. For the foams produced with CO,
and 80:20 CO,:N,, the average cell size and OCC are comparable.

90 100:0 CO,:N,
——80:20 CO,N,
80+ 60:40 CO,N,
© 70,
~
s w
5 60
=
8 50+
(=%
E» 40
301
20 ’?
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Time /s

FIGURE 11 | Pressure drop rates (A) and cooling effect (B) upon depressurization with different PBA mixtures at 65°C, 100 bar.
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In contrast, a significantly increased average cell size and reduced
OCC were observed for 60:40 CO,:N,. These morphology devia-
tions influence the dimensional stability of the foam. Regarding
the effect of cell size on dimensional stability, its impact remains
a topic of discussion in the literature. Some studies report that di-
mensional stability decreases as average cell size increases, while
others suggest the opposite effect [27, 43]. In this study, decreased
stability was found for the foam with highly increased average cell
size and decreased OCC. We attribute this to a combination of sev-
eral factors. Due to the low OCC, many cells are isolated from the
outside and experience negative pressure as residual PBA diffuses
outward post-foaming. As the average cell size is high, few cell
walls are present to withstand the stress induced by the outward
diffusion of the PBA. Additionally, the proximity of the T, of co-
polymer to the storage temperature results in softened cell walls.
Thus, under these conditions, large, closed-cell structures exhibit
reduced dimensional stability.

For CO, and 80:20 CO,:N,, morphology is comparable. For 80:20
CO,:N,, the relative density increase after 35days was reduced

350
300+
s 2501

S0
<200

100:0 CO,N,
- @- 80:20 CO,N,
60:40 CO,N,

150+
100 -

Density

50 - '.--'

O T T T T T T T T

0 10 20 30 40 50 60 70
Time /d

FIGURE 12 | Influence of PBA ratio on density increase for CO,,
80:20, and 60:40 CO,:N2 at 65°C with 100bar.

Temperature -

Pressure - 0.016

Share CO2 -0.036

Initial Density - 0.42 0.03

OCC- 044 -0.11 -0.25
Average Cell Size
Nucleation Density - 0.47 0.29

Relative Density Increase 35 d m -0.14 ~ -0.33

Temperature
Pressure -
Share CO2 -

from 306% to 146%, which equals a relative reduction of 52% com-
pared to CO,. This effect can be ascribed to two factors. Firstly,
a lower outward diffusion rate is reported for CO,:N, mixtures
compared to CO,. As a consequence, negative cell pressure is
minimized [33]. Secondly, due to the reduced amount of CO,,
the plasticizing effect is reduced. Consequently, cell walls have
more strength and can withstand a greater amount of stress,
leading to improved dimensional stability of the foam structure.

3.3 | Processing—Property Correlations

To confirm the results, the processing parameters temperature,
pressure, and share of CO, (100%, 80%, 60%) were correlated
with the foam properties. Pearson's correlation coefficients R,
were calculated using Python 3.9.12. Further information on
their calculation can be found in the Supporting Information.
The correlation analysis (Figure 13) reveals a moderately nega-
tive correlation between the share of CO, and the initial density
(Rp =-0.63) as well as average cell size (Rp= —0.59). However,
a moderately positive correlation with nucleation density was
found (Rp=0.66). This correlation verifies that increasing the
share of CO, leads to a decrease in average cell size. The nega-
tive correlation with density implies that despite achieving low
densities for all PBA mixtures under certain conditions, only
for 100% CO, were extremely low densities (< 24kgm™~3) found.
This likely overrules other effects such as the wider process-
ing window for 80:20 CO,:N,. Between the share of CO, and
occC (Rp =0.25) as well as the share of CO, and relative density
increase after 35days (R,=—0.33) only weak negative correla-
tions were found. This is due to the non-linearity of correlation,
as the highest OCC and stability were found for 80:20 CO,:N,,.

4 | Conclusion

This study showed that an alteration in process parameters and
physical blowing agents leads to differing foam densities and
morphologies.

0.75
-0.50

-0.25

0.24 -0.00

-—0.25

03 -0.036 I—o.so

—-0.75

Initial Density -
OCC -

Average Cell Size - T
Nucleation Density -

Relative Density Increase 35 d -

FIGURE 13 | Pearson's correlation coefficients of processing parameters and foam properties.
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Regarding the PBA, a change from neat CO, to neat N, led to
limited expansion and non-uniform cell morphologies. For neat
CO,, 80:20 and 60:40 CO,:N,, foams with porosities above 90%
were achieved. Decreased pressure-drop-induced cooling was
found for the CO,:N, mixtures. The lower plasticization of PBA
mixtures, in combination with their decreased stabilizing effect
from the pressure drop, enabled expansion at low temperatures
and high pressures, resulting in a broadened processing window
for 80:20 CO,:N,,.

Regarding OCC for 80:20 CO,:N,, it was possible to achieve high
OCC while maintaining low foam densities. In terms of mor-
phology, average cell size was increased for the PBA mixtures
compared to CO,. For 80:20 CO,:N,, improved stability was
found compared to CO,, which was ascribed to a synergistic ef-
fect between the reduced plasticizing effect and the decreased
diffusivity of the PBA mixture.

Regarding the desired foam characteristics, foam structures
could be generated for 80:20 CO,:N, that simultaneously ex-
hibited porosities above 90%, sufficiently high OCC, sufficient
storage stability as well as cell sizes in the range of 90 to 310 um.
Tuning PBA composition can thus be considered a highly prom-
ising tool to achieve tailored foam structures.
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