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ABSTRACT: In recent years, degradable materials to replace petroleum-based materials in preparing high-
performance foams have received much research attention. Degradable polymer foaming mostly uses supercritical
fluids, especially carbon dioxide (Sc-CO,). The main reason is that the foams obtained by Sc-CO, foaming have
excellent performance, and the foaming agent is green and pollution-free. In current research, Poly (butylene adipate-
co-terephthalate) (PBAT), poly (lactic acid) (PLA), and other degradable polymers are generally used as the main
foaming materials, but the foaming performance of these degradable polyesters is poor and requires modification.
In this work, 10% PLA was added to PBAT to enhance the melt strength and improve the foaming performance.
To improve the foaming properties of the PBAT/PLA composites, two kinds of nano-filler (nano-Fe;O4 and carbon
nanotubes (CNTs)) were innovatively introduced for foaming modification. There was a synergistic effect between
the two nano-fillers to enhance the foaming properties significantly. When 6 wt% CNTs and 4 wt% nano-Fe; O, were
added, the 4Fe;O04/6CNT foam had the best comprehensive performance. Its foaming rate reached 14.8 times, which
was 2.8 and 2.1 times that after adding 10 wt% CNTs or 10 wt% nano-Fe; Oy alone. The combined action could adjust
the melt elasticity of different PBAT/PLA composites to the optimum. The nanofillers also served as skeleton structures
to support the foam cells, significantly improving the foaming performance. The density and foaming ratio did not
change significantly at 14 days after foaming. The compressive strength of the composite foam reached up to 0.27 MPa
and the water contact angle reached 120.1°. The synergistic foaming effect of nano-Fe;O4 and CNTs could significantly
improve the Sc-CO, foaming performances of the composites, providing a new method for degradable materials to
replace petroleum-based materials.
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1 Introduction

The porous architecture of foams endows them with excellent thermal insulation, sound absorption,
shock resistance, and other functional properties, rendering them indispensable in packaging, automotive
interiors, construction, and various industrial applications [1]. Current foaming materials primarily rely
on non-degradable polymer matrices such as polyethylene (PE) and polystyrene (PS) [2]. However, the
non-biodegradable nature of these polymers has triggered severe environmental challenges, most notably
persistent white pollution. The accumulation of microplastic residues poses long-term risks to human
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health and ecological systems [3]. To mitigate these issues, biodegradable polymers are increasingly being
explored as sustainable alternatives. Among them, poly(butylene adipate-co-terephthalate) (PBAT) stands
out as a flexible biodegradable polymer [4] with substantial potential to replace conventional non-degradable
foams across multiple sectors. Its degradability, combined with favorable mechanical properties, positions
PBAT-based foams as a promising solution for addressing environmental concerns while maintaining
functional performance.

The foaming of polymers can be roughly divided into physical foaming and chemical foaming methods,
but the foaming agents used are usually chemicals, which pose a certain pollution to the environment.
In recent years, supercritical fluid foaming has been studied because of its use of green foaming agents
such as nitrogen (N,) and carbon dioxide (CO,), and supercritical fluid foaming can form excellent cell
structures [5,6]. At present, the foaming technology of PBAT mainly uses supercritical fluid CO, foaming
(Sc-CO,). However, the strength of PBAT melt is low, and it is difficult for Sc-CO, to form good cell structures
under high pressure, and even a large number of vacuoles will appear [7]. In addition, the dimensional
stability of PBAT after Sc-CO, foaming is poor, and the volume shrinkage can reach more than 50%, which
seriously limits the use of PBAT foams [8].

The methods to improve the Sc-CO, foaming performance of PBAT have been studied a lot, including
chemical modification. However, chemical modification will destroy the complete degradability of PBAT,
which goes against the purpose of use. There are also some studies by adding some rigid degradable polymer
chains such as poly (butylene succinate) (PBS) or poly (lactic acid) (PLA) to improve the melt strength
of the blend [9] and to obtain better foaming properties [10]. Due to the compatibility problem between
these biodegradable polymers, additional interface modifiers need to be added to obtain a good foaming
effect [11]. Although the addition of compatibilizers may improve the compatibility of the composites, the
effective compatibilizers are non-degradable materials, which will destroy the complete degradability of the
composite foam. Another way to improve the melt strength of PBAT is to add some inorganic fillers [12].
Rigid inorganic fillers will inhibit the movement of PBAT molecular chains, thereby improving the strength
of the melt [13]. The study on the foaming properties of PBAT enhanced by inorganic fillers has not obtained
much research. Since inorganic fillers do not affect the degradability of PBAT and can also effectively improve
the melt strength of PBAT, their effects on the foaming properties of PBAT still need to be further studied.
Nanofillers such as nano-Fe;O4 and carbon nanotubes (CNTs) are common nano-inorganic fillers [14,15].
The morphologies of the two fillers are different, and the influence of blending of the two on PBAT molecular
chains is not clear, which needs further exploration.

In this work, only 10% PLA was added to improve the melt strength of PBAT, and then the effect of
the addition ratios of two kinds of nano-fillers with different morphologies on the foaming properties of
PBAT/PLA composite was studied. The purpose of this study was to study the effect of two kinds of nano-
fillers on the foaming properties of PBAT/PLA composites. Under the premise of ensuring the complete
degradation of the composite foams, the most suitable method to promote PBAT to improve the Sc-CO,
foaming performance was found, to broaden the scope of application of PBAT composite foam.

2 Materials and Methods
2.1 Materials

PBAT THS801T was purchased from Lanshan Tunhe Chemical Co. Ltd. (Xinjiang, China), with a density
of 1.25 g/cm’. PLA 4032D was purchased from NatureWorks (USA), with a density of 1.24 g/cm’. The nano-
Fe; O, with an average particle size of 80 nm was purchased from Yuande New Materials Co., Ltd. (Suzhou,
China), and CNTs with a purity of 95% were purchased from Suiheng Graphene Technology Co., Ltd.
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(Shenzhen, China), with an outer diameter of 8-15 nm. All the raw materials were dried at 80°C for 12 h to
remove the water.

2.2 Sc-CO, Foaming Process

The raw materials were weighed 50 g according to the proportions shown in Table 1. Then raw materials
were put into the torque rheometer (Polylab OS, Thermo Fisher Co., Ltd., Waltham, MA, USA), and mixed
at 180°C and 50 r/min for 5 min to obtain the composite pellets. The composite pellets were placed in a hot
press at a temperature of 175°C and 3 MPa for 5 min to prepare composite plates.

Table 1: The composition percentage of different PBAT/PLA composite

Sample PLA (wt%) PBAT (wt%) Fe,O, (Wwt%) CNT (wt%)

10Fe;O4/0CNT 9 81 10 —
8Fe;04/2CNT 9 81 8 2
6Fe;04/4CNT 9 81 6 4
4Fe;0,/6CNT 9 81 4 6
2Fe;04/8CNT 9 81 2 8
0Fe;0,4/10CNT 9 81 — 10

PBAT/PLA 10 90 — —

The composite plates were cut to the size of 20 mm x 20 mm x 3.6 mm, and the Sc-CO, foaming process
was carried out. The composite plate was placed in a reaction kettle at 180°C for 25 min to ensure that the
plate completely melted. CO, was then added to the reactor and the pressure in the reactor was raised to
15 MPa to ensure that the gas CO, was transformed into a supercritical fluid state and filled with the melted
plate, resulting in volume expansion. After holding the pressure for 20 min, the temperature was reduced the
temperature to 100°C for 60 min to ensure that the foam could be obtained after the pressure relief. Finally,
PBAT/PLA foams with different nano-filler ratios were obtained. The CO, with 99.9% purity was purchased
from Qinghua Industrial Gases Co., Ltd. (Harbin, China)

2.3 Composite Foam Appearance Characterization

The mass, volume, density, and foaming rate of the composite before and after foaming was measured
using a high-precision solid density meter (JHY-120Y, Yuemang Intelligent Equipment Co., Ltd., Shenzhen
China). Three experiments were conducted for each foam to ensure the accuracy of the data, and the
tests were conducted at 48, 72, 168, and 336 h intervals to compare the shrinkage properties of different
composite foams.

2.4 Rotational Rheometer Analysis

The AR 2000ex rotational rheometer (TA Instruments, New Castle, DE, USA) was used to evaluate the
rheometer properties of different composite foams. The test temperature was 180°C, and the test frequency
was 0.1 to 628.3 rad/s.

2.5 Structure Analysis of Composite Foam

The Fourier transform infrared spectroscopy (FTIR, Tensor II, Bruker, Hong Kong, China) analysis:

The scanning range of different composite foam samples was 500-4000 cm™! with a resolution of 4 cm™

using the Tensor II FTIR spectrometer.
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X-ray diffraction (XRD, D/max 220, Rigaku Corporation, Tokyo, Japan): X-ray diffraction analysis of
the foams was performed in the range of 20 = 5°-80° and the scanning rate was 8°/min. The measured
voltage and current were 40 kV and 30 mA, respectively. The characteristic diffraction peaks of PLA, PBAT,
nano-Fe;Oy4, and CNTs were characterized and analyzed.

2.6 Scanning Electron Microscope (SEM) Analysis

SEM (JSM-7500 E, JEOL) was used to observe the cell diameter of different composite foams under 5 kV
acceleration voltage, and the cell diameter distribution was analyzed.

2.7 Compression Property and Resilience Analysis

The composite foam was cut into a cube with a size of 8 mm x 8 mm x 8 mm, and then the compressive
strength of the foam was tested with a universal mechanical testing machine (TestPilot X10A, Wance
Technologies Ltd., Shenzhen, China) at a rate of 1 mm/min. The compressive strain of the test was 50%. Ten
tests were performed and the relevant stress-strain curves were collected. Three samples of each foam were
selected for testing, and the compressive strength obtained was averaged and the variance calculated.

2.8 Contact Angle Test

A contact angle tester (Theta, Biolin Scientific, Goteborg, Sweden) was used to test the water contact
of different PBAT/PLA composite boards and foams. The test was performed at room temperature using
distilled water, the volume of which was about 1.5 pL per drop, and the size was recorded by the instrument
camera. Each sample was tested three times and averaged the data.

2.9 Differential Scanning Calorimetry (DSC) Analysis

A differential calorimetric scanner (DSC204, Netzsch, Selb, Germany) was used to analyze the thermal
properties of different PBAT/PLA composite foams. The foam was heated to 210°C at 10°C/min and held for
5 min to eliminate the thermal history. Then the temperature was rapidly lowered to 25°C at 10°C/min and
then heated to 210°C at 10°C/min. The curve of the second heating was recorded and the crystallinity of the
sample was calculated according to the following formula:

AHpy piendfilm

(094H® ,, ,+01AH"

Xc (%) =
m,PLA m,PBAT)

x 100

2.10 Thermogravimetric (TG) Analysis

The thermal decomposition stability of the foams was tested by a TG analyzer (TG209, Netzsch,
Germany) at a temperature range of 30°C-700°C with a heating rate of 10°C/min. Nitrogen was used as the
purging atmosphere.

2.11 Thermal Conductivity Test

The thermal conductivity of different foams was using the TPS method (TPS 2500S, SETARAM,
Caluire-et-Cuire, France).
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3 Results and Discussions
3.1 Foaming Properties of Composite Foams

The foaming properties of different PBAT/PLA composites are shown in Fig. 1. The main problem of
PBAT Sc-CO, foaming was that the molecular chain strength was low, and it was easy to form a large void
under high pressure, resulting in foaming failure. Adding some rigid molecular chains into PBAT was helpful
in improving the Sc-CO, foaming performance, and adding PLA was a good method. The content of PLA
should not be too high, because the compatibility of PLA and PBAT was poor [16]. The general addition
amount was between 5 wt%-20 wt%, and 10 wt% PLA was chosen in this work [17]. However, the foaming
performance of PBAT/PLA composite foam after adding 10 wt% PLA was still poor (Fig. 1a No. 7). This
phenomenon was also confirmed by other studies, so additional enhancement phases needed to be added.

2.8Fe,0,2CNT  3.6Fe;04CNT  4.4Fe,0/6CNT  52Fe;0/8CNT  6.0Fe,O/10CNT 7.PBAT/PLA

1.10Fe,0,/0CNT

Figure 1: (a) The appearances of different proportions of Fe;O, and CNT modified PBAT/PLA foam after Sc-CO,
foaming, (b) the weight display of 4Fe; O,/6CNT composite foam, (c) the weight display of the unframed 4Fe; O4/6CNT
composite

To improve the foaming properties of PABT/PLA composites, nano-Fe; O, and CNTs were added with
different proportions. From samples Nos. 1-6 (Fig. 1a), the Sc-CO, foaming performances of the composite
foams were significantly improved after the nanofillers were added. Every sample could form a good
foaming structure. The foaming properties of 6Fe;O04/4CNT composite and 4Fe;O,/6CNT composite was
significantly improved. The modification ability of mixed Fe;O4 and CNT fillers on foaming properties was
significantly stronger than that of the single fillers, which indicated that there was a synergistic effect between
nano-Fe;O4 and CNTs. Compared with Fig. 1b and Fig. 1c, the density of the 6Fe; O,/4CNT composite foam
was significantly reduced under the combined action of nano-Fe;O4 and CNTs [18].

Another major disadvantage of PBAT Sc-CO, foaming was that the shrinkage rate of the foam was
very high. Due to the high molecular chain flexibility, PBAT foam was difficult to maintain the shape.
The shrinkage rate even exceeded 50%, which seriously hindered the promotion and use of PBAT foam.
After the addition of nano-Fe;O, and CNTs, the foaming performance of PBAT/PLA composites were
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significantly improved. The 6Fe;O,/4CNT foam showed the highest foaming ratio, reaching about 20 times.
And with the increasing storage time, the stability of the PBAT/PLA composite foams after the addition
of nano-Fe;O, and CNTs was greatly improved (Fig. 2a). Taking 4Fe;O0,/6CNT foam as an example, the
shrinkage rate was only 2% after 14 storage days, indicating that the addition of nano-Fe;O4 and CNTs could
effectively inhibit the contraction of the foams. The slight foaming ratio increase of 6Fe;O4/4CNT foam was
mainly caused by the instrument measurement error [19]. The density of the 6Fe;O,/4CNT foam decreased
from 0.066 to 0.059 g/cm? after 14 storage days (Fig. 2b), indicating that the 6Fe;0,/4CNT foam remained
stable. The 8Fe;04/2CNT and 2Fe;04/8CNT foam showed better Sc-CO, foaming performances, and the
foaming properties did increase linearly, which indicated that nano-Fe;O, and CNTs had the advantage of
synergistically enhancing foaming. Further research was needed [20].
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Figure 2: (a) The expansion ratio and (b) the density of different PBAT/PLA composite foams

3.2 The Rheological Properties of PBAT/PLA Composites

The rheological properties of PBAT/PLA composites with different proportions of nano-Fe;O4 and
CNTs were shown in Fig. 3. The relationship between the storage modulus (G’), loss modulus (G”) and melt
viscosity (1*) of PBAT/PLA composites with frequency changes after the addition of different ratios of nano-
Fe;O, and CNTs were studied, respectively [21]. After the addition of nano-Fe;O,, the G’ and G” of the
PBAT/PLA composite did not change much, which was mainly due to the small size of rare surface groups
of nano-Fe; Oy, resulting in a limited effect on the obstruction of molecular chain movements [22].

With the increase of the content of CNTs, the value of G ‘gradually increased, thus improving the melt
elasticity of PBAT/PLA composites. It was obvious that the value changes of G’ and G” were not linear
changes, which might be that nano-Fe; O, and CNTs worked together to ensure that the molecular chains of
PBAT/PLA composites presented the best melting elasticity. This was the main reason why the best foaming
performance of the 4Fe;0,/6CNT foam reached 19.6 times. Moreover, with the good supporting effect of
nanofillers, the foam shrinkage was little after Sc-CO, foaming (Fig. 2a).

When the CNTs content was less than 2%, the composites exhibited typical Newtonian fluid behavior. As
the content of CN'Ts continued to increase, the #* of the composites gradually increased due to the enhanced
blocking effect of CNTs on the molecular chain movement of PBAT/PLA. The advantage of this change was
that CNTs significantly increased the melt strength of PBAT/PLA composites, thus significantly improving
the foaming properties of 4Fe; O,/6CNT and 6Fe;O4/4CNT composites. High melt strength ensured that the
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foam cells did not collapse and thus formed a good cell foaming structure, which was also the main reason for
the best foaming properties of these two composites. However, as the content of CNTs continued to increase,
the melt strength of the composites was too high to foam, so the foaming properties of the composites with
higher CNTs contents gradually declined.
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Figure 3: (a) The storage modulus (G’), (b) the loss modulus (G”), and (c) the melt viscosity (#*) of PBAT/PLA

composites

3.3 The Chemical and Crystal Structure of PBAT/PLA Foams

The types of functional groups in different PBAT/PLA foams were studied by FTIR analysis. PBAT and
PLA were both degradable polyesters, so two typical ester bond stretching vibration peaks appeared in the
FTIR spectrum (Fig. 4a). Due to the different addition ratios of PBAT and PLA in the composite foams, the
corresponding ester bonds were easily distinguished. The peak at 1710 cm™ belonged to the easter bonds of
PBAT, and that of PLA was at 1758 cm™'. This indicated that the molecular chains of PBAT and PLA were
entangled to some extent after processing, thus forming a blend structure.

The crystal structures of different PBAT/PLA composite foams were shown in Fig. 4c, and the crystal
structures of nano-Fe;O; and CNTs were shown in Fig. 4d as reference. The crystal structure of PBAT
in the foams did not change significantly after the addition of nanofillers with different contents. There
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were five diffraction peaks corresponding to five crystal surfaces of PBAT successively (16.8°-011, 17.6°-010,
20.1°-101, 23.1°-100 and 24.6°-111) [23]. For PLA, a wider diffraction peak appeared between 17° and 25°.
When different proportions of nano-fillers were added, the characteristic peak strength of nano-Fe;O4 and
CNTs changed obviously with the proportion of fillers. The crystal characteristic peaks corresponding to
PBAT and PLA decreased to a certain extent with the addition of nano fillers [24]. This might be due to
the restriction of PBAT/PLA molecular chain movement after the addition of nano-Fe;O4 and CNTs, thus
inhibiting the crystallization of the composite foams [25]. In order to better explore the effect of nano-fillers
on the crystallization properties of molecular chains, it was necessary to use DSC to analyze the molecular
crystallinity of different PBAT/PLA foam.
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Figure 4: (a) The FTIR spectrum, (b) the DSC curve, (c) and (d) the crystal structures of PBAT/PLA foams

The DSC curve of different PBAT/PLA foam was shown in Fig. 4b. The results were consistent with
those of XRD analysis that the crystallization of the composite foams was decreased after the addition of
nanofillers. The addition of nanofillers would restrict the movement of molecular chains of PBAT/PLA
composites, so that the crystallinity would decrease to a certain extent (Table 2). For the 10Fe;O4/0CNT
composite foam, even though the viscosity did not increase significantly after nano-Fe;O, was added, it
hindered the movement of molecular chain to a certain extent [26], resulting in a decrease in the crystallinity
of the 10Fe;04/0CNT composite foam, which also explained the foaming performance increased than pure

PBAT/PLA foam.
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Table 2: Different DSC parameters of PBAT/PLA foams

Sample T.. (°C) T, (°C) AH,(/g) AH(/g) X, X.

PLA —_ 166.6 11.22 —  11.72%
PBAT 122.9 —_— 6.526 E— 6.82% ——

10Fe;04/0CNT 130.1 1675 5.429 2.535 5.67% 2.65%
8Fe;04/2CNT 123.0 168.7 3.350 1.683 3.50% 1.76%
6Fe;04/4CNT 101.8 168.0 3.554 2.146 3.71%  2.24%
4Fe;04/6CNT 117.0 168.1 2.483 1.156 2.59% 1.21%
2Fe;0,4/8CNT 115.8 168.0 3.090 1.303 3.23% 1.36%
0Fe;04/10CNT 113.4 168.1 4.343 2.650 4.54% 2.77%

3.4 The SEM Analysis of Different PBAT/PLA Foams

The cell structure of different PBAT/PLA composite foams was analyzed by SEM analysis (Fig. 5). As
shown in Fig. 6, after Sc-CO, foaming of PBAT/PLA, huge vacuoles formed inside the foam, which resulted
in extremely irregular internal shape of the PBAT/PLA foam. With the addition of nano-Fe;O4 and CNT5,
the composite foam showed a regular structure. Because the melt strength of the PBAT/PLA composite was
too low, it was difficult to form a complete cell structure after Sc-CO, foaming (Fig. 5b1), and the inside of
the PBAT/PLA foam was fractured PBAT/PLA fibers.
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Figure 5: (a) The interior structure of the PBAT/PLA and 4Fe;O,/6CNT foam, (bl) the SEM image of the PBAT/PLA
foam, (b2) the cell diameter of the PBAT/PLA foam, (c1) the SEM image of the 10Fe;04/0CNT foam, (c2) the cell
diameter of the 10Fe;O04/0CNT foam, (d1) the SEM image of the 8Fe;04/2CNT foam, (d2) the cell diameter of the
8Fe;0,4/2CNT foam, (el) the SEM image of the 2Fe;04/8CNT foam, (e2) the cell diameter of the 2Fe;O4/8CNT foam,
(f1) the SEM image of the 0Fe; O4/10CNT foam, and (f2) the cell diameter of the 0Fe;O4/10CNT foam
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Figure 6: (al) the SEM image of the 6Fe;04/4CNT foam, (a2) the cell diameter of the 6Fe;O4/4CNT foam, (bl) the
SEM image of the 4Fe;0,/6CNT foam, (b2) the cell diameter of the 4Fe;0,/6CNT foam

With the addition of nanofillers, the foaming performance began to improve, and the foam diameter
of the 10Fe;0,/0CNT foam remained basically the same as that of PBAT (Fig. 5cl), reaching 80.0 +
13.4 um (Fig. 5¢2). Due to the strengthening effect of nano-Fe;O, on the molecular chains, the cells of the
10Fe;04/0CNT foam did not burst. The irregular shape of the cells indicated that the use of nano-Fe; O, alone
was limited in enhancing the foaming ability of PBAT/PLA foam [27].

With the synergistic effect of nano-Fe; O, and CNTs (Fig. 5d1-12), the Sc-CO, foaming performance of
different PBAT/PLA composites was gradually enhanced. When the content of CNTs was different from that
of nano-Fe; Oy, the cell diameters of the PBAT/PLA composite foam were stable at about 110 um. The size
of the 0Fe;04/10CNT foam was only 116. 9 + 23.6 um, which indicated that nano-Fe;O, and CNTs showed
synergistic effects to ensure the good foaming effect of the PBAT/PLA foams.

When the contents of nano-Fe;O, and CNTs in the foams were similar (Fig. 6al-b2), the foaming
properties of the composite foams were obviously improved. The cell diameter of the 10Fe;O,/0CNT foam
was increased to 1872 + 23.6 um. When the CNT content was increased to 6%, the cell shape of the
4Fe;04/6CNT foam was the most regular, and the cell diameter was between 80 and 240 um. This once again
proved that the good foaming performance of the PBAT/PLA composite under Sc-CO, was guaranteed due
to the synergistic promotion of nano-Fe;O, and CNTs during Sc-CO, foaming.

3.5 Cyclic Compressive Strength

The compressive strength and resilience of different PBAT/PLA foams were very important. For this
reason, the compressive strength and resilience were tested by ten times compression, and the compression
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strain was 50% each time. The stress-strain curves of each type of foams were shown in Fig. 7a—f. The melt
strength of the PBAT/PLA composite was too low, so the PBAT/PLA foam produced a large number of
vacuums, which was difficult to test the compression strength. The foaming properties of the composites
were improved after the addition of nano-fillers, and all of them had certain compressive resilience [24].
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Figure 7: The stress-strain curves of different PBAT/PLA foams: (a) 10Fe; O,/0CNT foam, (b) 8Fe;04/2CNT foam, (c)
6Fe30,4/4CNT foam, (d) 4Fe;O4/6CNT foam, (e) 2Fe30,/8CNT foam, (f) 0Fe;O4/10CNT foam

The compressive strength of the foam was directly related to the strength of the foam cells. The
PBAT/PLA foams with different proportions and types of nano-fillers had different compressive strength,
which was mainly related to their foaming rates and cell structures [28]. The compressive strength of all
foams was 0.05-0.27 MPa. The 6Fe;O04/4CNT foam had the best foaming properties, but the compressive
strength was only 0.05 MPa. According to SEM analysis, the 6Fe; O,/4CNT foam had the largest cell diameter
(120-260 um) and the highest foaming ratio, which lead to low cell strength and low compression strength.
Because the size of different PBAT/PLA composites for foaming was the same, the foaming ratio was
negatively correlated with the compression performance.

The 4Fe;04/6CNT foam showed the best overall performance. The compressive strength of the
4Fe;0,4/6CNT foam reached 0.17 MPa, and it had good dimensional recovery. After 10 cycles of compression,
the compressive strength of the 4Fe;04/6CNT foam was only reduced by 13.2%. The compression recovery
performance was lower than that of the 0Fe; O,/I0CNT foam, but its foaming rate was 2.10 times that of the
0Fe;04/10CNT foam. This was mainly due to the fact that the 4Fe;O04/6CNT foam had a better cell structure,
as shown by SEM analysis, the foam had very regular cell diameters mainly distributed 145.1 + 26.9 pm.

3.6 The TG and DTG Analysis of Composite Foams

The thermal decomposition performances of different PBAT/PLA foams were shown in Fig. 8. The main
decomposition interval of the PBAT/PLA foam was between 260°C-500°C, which was divided into three
main stages. The first stage was 260°C-343°C. because the thermal decomposition temperature of PLA was
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lower than that of PBAT, so the decomposition of PLA mainly occurred in this stage. The second stage was
343°C-420°C, where the decomposition of PBAT in this stage. And the final stage was the decomposition
of remaining carbon materials.
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Figure 8: (a) The TG curve and (b) DTG curve of different PBAT/PLA composites, and (c) the TG curve and (d) DTG
curve of different before and after Sc-CO, foaming

When the nano-filler was added, the decomposition temperature of different PBAT/PLA foams was
advanced to a certain extent. This was mainly due to the high thermal conductivity of nano-Fe;O, and
CNTs [29], which promoted the decomposition of the composite foams after absorbing a lot of heat.
For example, the main highest decomposition rate temperature of 4Fe;04/6CNT foam was advanced to
366°C. However, the main decomposition interval of foams did not change significantly, and the main
decomposition interval remained between 343°C-420°C. The higher decomposition temperature would not
show significant impacts on the use of foams.

3.7 The Comprehensive Analysis of Composite Foams Properties

The contact angle changes of different PBAT/PLA composites before and after foaming were shown
in Fig. 9. Even if nano-Fe;O, and CNTs were added, the contact angle of unfoamed composites was still
around 70°, showing hydrophilicity. The contact angle of different PBAT/PLA foam increased to about 120.1°
with the addition of nano-Fe; O, between 2% and 6%. Taking the 4Fe;04/6CNT foam with the best foaming
performance as an example, its water contact angle reached 117.9°, which was 70.4% higher than that of the
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unfoamed PBAT/PLA composite. The main reason for the increase of the contact angle was that the bubble
provided an uneven surface after foaming, which effectively broaden the application of composite foams in
packaging, automotive interior and other fields.

Unfoam
10Fe,0, 0CNT

PBAT/PLA

g
[
[]

0Fe;0,/10CNT

Figure 9: The contact angle of different PBAT/PLA composites before and after Sc-CO, foaming

The comprehensive properties of different PBAT/PLA foams were shown in Fig. 10. The PBAT showed
flexible molecular chains, so it was a soft foam after Sc-CO, foaming, which could be mainly used in
packaging, building insulation and other fields. The foaming ratio, cell structure and thermal conductivity of
the foams had important effects on the performance The compressive properties and the retention efficiency
of the foam could be used as reference for the performance parameters.

All combined parameters indicated that the 6Fe;O4/4CNT composite foam and 4Fe;O4/6CNT com-
posite foam had the most outstanding performance. The 6Fe;0,/4CNT had excellent thermal insulation
performance, with a thermal conductivity of only 41.3 mW/mK, which was similar to that of other modified
PBAT-based composite foams [30]. This was mainly due to the excellent synergistic effects between nano-
Fe;04 and CNTs in the 6Fe;O4/4CNT composite foam, which ensured that the composite foam had good
melt elasticity. Because the 6Fe;04/4CNT foam had the largest foaming ratio and cell size, and it contained
the highest air content which was a thermal poor conductor, this made the 6Fe;0,/4CNT foam had the
lowest thermal conductivity [31]. In addition, the nanofillers played a certain supporting role to ensure that
the PBAT/PLA composite material after adding 6% nano-Fe;O4 and 4% CNTs had excellent Sc-CO, foaming
performance. In the radar chart (Fig. 10d), the 6Fe; O,/4CNT composite foam had the largest area, indicating
that its comprehensive performance was the most outstanding [32]. The foaming properties of PBAT/PLA
composites enhanced by nanometer fillers were as follows: Although rigid PLA molecular chains were
incorporated into PBAT, the poor compatibility between these two components still resulted in relatively
low melt strength of the composites, making PBAT/PLA composites remain unfoamable [33]. Rheological
analysis indicated that spherical nano-Fe;O4 nanoparticles dispersed within the PBAT/PLA molecular
chains. Therefore, the viscosity of the PBAT/PLA composite segments did not significantly increase but
partially improved the melt strength. CNTs were served as skeletal structures to support the cell walls of
foams, thereby inhibiting cell collapsed and ruptured. The combined effects of these two components can
significantly enhance the foaming effectiveness of the foams [34].
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and (e) mechanism of enhancing foaming properties by two nano-fillers
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4 Conclusion

Nanofillers nano-Fe;O4 and CNTs had synergistic effects, effectively enhancing the foaming properties
of PBAT/PLA composites. The synergistic effects could significantly regulate the melt elasticity of PBAT/PLA
molecular chains, achieving the highest expansion ratio. Additionally, nano-Fe;O, and CNTs could serve
as a framework structure to support foam cells. The 6Fe;O04/4CNT composite foam had the best foaming
performance, with an expansion ratio of 21.8 times due to its moderate melt strength. The 6Fe;O,/4CNT
composite foam showed no significant shrinkage after 366 h of placement, demonstrating excellent
anti-shrinkage performance. The 6Fe;0,/4CNT composite foam had the largest cell diameter, reaching
1872 + 35.2 um. The good foaming structure ensured that the 6Fe;04/4CNT composite foam had the lowest
thermal conductivity, only 41.26 mW/mK, which was similar to that of PBAT foams in other modification
studies. The cell size of the foam was positively correlated with compressive strength. The 4Fe;04/6CNT
composite foam was outstanding in compressive strength and compressive retention, with a foaming ratio of
14.5 times. After 10 times of 50% strain compressions, the compressive strength was still maintained at 77.6%.
This indicated that when the contents of nano-Fe;O, and CNTs in the foam were similar, their synergistic
effects enhanced the Sc-CO, foaming ability. After Sc-CO, foaming, the hydrophobicity of all composite
foams was significantly improved, from a maximum of 69.0° to 120.1°. This work provided a reference for
preparing PBAT/PLA composite foams with good foaming performance, thereby broadening the related
applications of degradable polyesters in packaging, building insulation, and heat insulation fields.
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