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Poly(lactic acid) (PLA) foaming is divided into physical foaming and chemical foaming; in contrast with the latter,
the use of a physical foaming agent for PLA foaming has the characteristic of being green and non-polluting in line
with the current carbon-neutral development plan. At the same time, the foam obtained by physical foaming has the
properties of lightweight, low density, and more stable. Common physical blowing agents are CO, and N,. Due to
the plasticizing effect of CO,, and its high solubility in PLA, which can promote the crystallization of PLA, the
current research on the supercritical foaming of PLA, especially intermittent foaming, mainly uses CO, as the
preferred foaming agent. However, due to the fast diffusion rate of N,, smaller bubbles can be obtained in
microcellular injection foaming using N,. Therefore, N, is commonly used as a blowing agent in the microcellular
injection foaming process. In the supercritical foaming process, foaming parameters, such as saturation
temperature, saturation pressure, and saturation time have a great influence on the structure and properties of the
bubble pores. The cell diameter, cell density, and foam volume expansion ratio are three fundamental parameters
for characterizing the cell structure. The variation in the three parameters has a great influence on the cell structure
and the performance of the foam. Cell diameter generally refers to the average diameter of at least 100 cell units in
the foaming image obtained from electron microscopy. Cell density refers to the number of cells per cubic
centimeter of the foamed sample. Volume expansion ratio refers to the density ratio of the unfoamed sample to the

foamed sample.

foaming poly(lactic acid) carbon dioxide modification

| 1. Batch Foaming Technology

Batch foaming involves saturating the polymer with a supercritical fluid in an autoclave for a while and then
inducing polymer cell nucleation with rapid pressure reduction or rapid temperature increase, resulting in cell
growth by gas diffusion. A sudden drop in pressure or a sudden temperature rise causes the system to change
from a homogeneous system to a thermodynamically unstable state, thus inducing cell nucleation. Before
saturation is generally low-pressure purging of the reactor, after foaming to ensure the stability of the bubble pore
structure requires the operation of cooling the foam. Batch foaming is mainly divided into the pressure-induced

foaming method and temperature-induced foaming method.

Pressure-induced foaming refers to the foaming method in which the polymer is saturated in a reaction kettle at a
certain temperature and pressure for a certain time and then the pressure is quickly released to form microporous

directly.
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Wang et al. [ prepared polycaprolactone (PCL)/PLA composites using pressure-induced foaming at different
foaming temperatures (foaming temperatures: 45 °C, 50 °C, 55 °C, and 60 °C). As the foaming temperature
increased, the pore diameter increased, the pore density decreased, and the pore wall became thinner or even
ruptured. The increase in temperature decreased the PLA melt strength and gas solubility, which were insufficient
to support the growth of cells. Then the pores merged or even collapsed, increasing the cell opening rate. Similar
conclusions were obtained by Li et al. . They used a pressure-induced method to prepare PLA/poly(butylene
succinate) (PBS) composite foam. The cell opening rate decreased, and the cell diameter decreased with the

decrease in foaming temperature.

It is noteworthy that the pressure-induced foaming method is the primary foaming means of PLA foams studied so
far in the last three years. Some researchers have optimized the one-step method mentioned above and
implemented a two-step foaming method. Li et al. (B! prepared PLA foams by combining pre-melting and pressure-
induced foaming. They investigated the effects of different foaming temperatures and pressures on the pore
morphology and material properties. The pre-melt treatment can ensure the CO, adsorption equilibrium. The
results show that closed or open cell foam can be obtained under different foaming processes by optimizing the
intermittent foaming process, which provides a theoretical basis for applying functional PLA foams. The effect of
foaming temperature on the morphology of the foam pores was similar to the results of the above article 12, As
the saturation pressure increases, the cell size gradually decreases, and the cell density increases. This result is
thought to be caused by the increased solubility of CO, in PLA. In this article, the authors also pointed out that the
saturation pressure of the foaming process has a more significant effect on the morphology of the pores than the

foaming temperature.

Interestingly, for unmodified PLA, spherical crystals appear at low-temperature foaming and disappear as the
foaming temperature increases, foaming in an amorphous state. Another paper from the same research group (!
reported the preparation of unmodified PLA foams by pre-crystallization combined with pressure-induced foaming.
In the pre-crystallization process, PLA can form lamellar structures at low temperatures and transform into non-
lamellar structures at higher temperatures. Therefore, different foam morphology can be obtained at different
foaming temperatures. As the saturation pressure increases, the migration rate of amorphous molecular chains
increases and crystallization decreases, leading to interfacial surface tension and melt strength being insufficient to

support the growth of cells, and cell walls become thinner. Cells merge to form high open-cell rate foams.

As shown, temperature-induced foaming means that the polymer is first saturated in the reactor at low temperature
and low pressure and then removed from the reactor and quickly put into a certain temperature medium (usually
hot water, oil and so on) for heat bath-induced foaming. When choosing water bath-induced foaming, the ease of
hydrolysis of PLA should be taken into account, which may impact the performance of the foamed material,
although temperature-induced foaming is a relatively short process. Sun et al. [4 prepared PLLA/PBS/PDLA
composite foam by temperature-induced intermittent foaming. The effects of the introduction of poly(butylene
succinate) (PBS) and PDLA on the crystallization behavior and cellular structure of PLLA were investigated. It was
found that the introduction of both polymers resulted in the formation of stereo-complex crystals in the PLLA matrix.

This stereo-complex structure, while limiting the movement of molecular chains, reduced the nucleation rate of
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PBS. However, it improves the compatibility of PLLA/PBS composites, plays a positive role in foaming, refines the
micropore size, and provides the idea of using PLA stereo-crystals to improve the foaming behavior of PLA. Zhang
et al. @ prepared CA/PLA composite foams using a temperature-induced intermittent foaming method to
investigate cellulose acetate foam’s properties (CA). The results illustrated that the addition of PLA reduced the
system’s storage modulus and complex viscosity, increased the loss factor, and improved the rheological
properties of CA. The cell size increased, and the impact strength of the foam slightly decreased with the increase
of PLA content.

| 2. Extrusion Foaming Technology

The principle of polymer extrusion foaming was shown. Extrusion foaming enters polymer particles through the
feed port and melting plasticization through the screw. When passing through the homogenizing section of the
screw with a physical blowing agent (supercritical CO, on the figure), molten PLA and supercritical fluid form a
homogeneous system, and the extrusion process has a sudden pressure drop, which puts the homogeneous
system in a thermodynamically unstable state and induces bubbles to generate. After extrusion, the cells grow.
Finally, a cooling device is provided to stabilize the cell structure. For the better dissolution of the gas in the
polymer, an oil bath can be used for a static mixing process prior to extrusion. Since extrusion foaming is a
continuous process, it is currently one of the primary methods for the industrial production of PLA foams, the other

being microporous injection molding.

In the extrusion foaming process, extrusion process parameters such as processing temperature, extrusion outlet
die pressure and screw speed are essential factors affecting the structure and properties of the bubbles. Chauvet
et al. @ obtained PLA/thermoplastic starch (TPS) composite foams using the extrusion foaming process and
investigated the effect of die temperature on the bubble morphology of the composite foams. The results showed
that the composite foams with 20 wt% TPS content showed a decrease in nucleation rate, a decrease in cell size,
and an uneven distribution of bubbles as the die temperature increased. The increase in die temperature
decreases the melt strength of the system and generates gas escape, which can cause the cells to merge and
collapse in severe cases. In addition, due to the amorphous nature of thermoplastic starch, the lower glass
transition temperature is also conducive to gas escape. The uneven distribution of the TPS structure at high
temperatures can cause uneven distribution of the final vesicles. The authors also confirmed the poor compatibility
between pure thermoplastic starch and PLA/TPS composites containing 50 wt% TPS by studying the bubble
morphology.

Sadeghi et al. [ added hydrophilic cellulose nanofibers (CNF) to PLA and prepared microporous foams by twin-
screw extrusion foaming and found that the addition of CNF promoted cell nucleation and increased cell density.
The molecular weight of pure PLA was reduced by about 25% after extrusion, probably due to the hydrolysis of
ester groups that occurred during the melting process. The higher the extrusion outlet die pressure, the more
significant the pressure difference in the extrusion process and the higher the pressure plunge, which favors the

nucleation rate. It has been shown that higher levels of CO, promote foaming during the extrusion process [,
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| 3. Microporous Injection Molding Foaming Technology

Microporous injection molding (MIM) foam technology was first patented by Trexel Corporation in 1997 and applied
to industrial production. The molding principle is similar to the polymer injection molding process. The difference is
that a supercritical fluid module is added to the MIM injection process that is mixed by a screw to form a molten
polymer/supercritical fluid homogeneous system that is then injected into the mold. Depending on the mold, it can
be divided into low-pressure and high-pressure injection molding. When the gas/polymer melt enters the mold, it
immediately undergoes a pressure drop. Foaming occurs instantaneously and expands in the mold cavity, called
low-pressure injection molding (a short shot). The mold is filled with the gas/polymer melt at high pressure, and
during the mold opening process, the rapid pressure relief induces bubble formation, followed by the growth of the
gas-filled cell, which is called high-pressure injection molding (full shot). The foam obtained by injection foaming
has sandwich structure characteristics, as shown; its microscopic bubble structure consists of a harmful foaming
effect epidermal layer and a foaming core layer composed of different bubbles . In the process of injection
molding, the pressure, holding time 19111 opening speed and mold opening distance (for high pressure injection

foam) have great influence on the foam structure after molding.

Li et al. 22 used chemical injection foaming technique to prepare PLA/random terpolymer (ethylene, acrylate, and
glycidyl methacrylate) composite foams with improved foam morphology. Wang et al. 23 explored a new in situ
fiber reinforcement combined with high-pressure microporous injection molding (HPMIM) technique for the
preparation of PLA composite foams. Herein, in situ nanofibrillation plays the role of chain expansion/cross-linking,
and nanofiber poly(ethylene terephthalate) (PET) with 10 wt% content acts as reinforcement and CO, as blowing
agent to prepare a composite foam with high impact strength and tensile strength and good thermal insulation. The
differences between the morphology and properties of foams obtained by HPMIM and regular microporous
injection molding (RMIM) methods were compared under the same injection foaming parameters (melt
temperature, mold temperature, injection speed, gas dosage), and the results showed that the improved cell
morphology made by HPMIM was attributed to the decoupling of the melt filling process and the enhanced melt
strength under high pressure conditions. The high-pressure holding time affects the cell morphology and the
PLA/PET composite foam cell morphology prepared by HPMIM is significantly improved compared to that of pure
PLA, which is shown to be the result of the action of nanofiber PET. It is of interest that the PLA/PET foam made by
this newly developed process has an expansion multiplicity (26.2) that is the maximum obtained by foam injection

molding at that time.

In a similar study, Zhao et al. 24! prepared PLA/ethylene-propylene terpolymer (EPDM) composites using in situ
nanofibrillation combined with ultraviolet (UV) crosslinking. The experimental procedure was to construct a
PLA/EPDM fibrillar structure by melt blow molding and curing the EPDM fibrillar structure using UV crosslinking.
The PLA/PEPDM composite foam was obtained using a high-pressure injection molding technique. UV crosslinking
acted as a curing agent to further enhance PLA crystallization and melt strength. The authors also investigated the
effect of mold opening distance on the bubble morphology, and the mold opening distance had a small effect on the
expansion multiplicity of pure PLA foam. As the opening distance increased (at 5 mm to 35 mm), the cell stretching

along the opening direction increased, affecting the cell growth orientation. Like the results of the previous study,
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microcellular injection foaming combined with in-situ fibrillation resulted in high expansion multiplicity PLA/EPDM
composite foams (maximum expansion multiplicity up to 28 times). Meanwhile, in situ fibrillation can obtain
microporous materials with high toughness and high impact strength, which has great potential for commercial

application.

| 4. Other Foaming Technologies

3D printing foaming has been introduced as a foaming technology for the future 13, 3D printing’s high degree of
freedom in design enables the design of complex and diverse porous structures to meet the characteristics of
lightweight porous materials 8. PLA 3D printing foaming technology LZIEEILA which generally uses fused
deposition printing (FDM) foaming, is based on the principle of introducing supercritical fluid at the nozzle of FDM
to induce foaming during printing. However, this process is still in its embryonic stage. In the FDM printing process,
a systematic solution has not yet been established for how to introduce gas into the nozzle in a stable manner or
how to saturate the gas in a small diameter wire and not to escape as well as for the bonding between layers
during the printing process. The current application of 3D printing technology for foaming generally means that the
sample is printed and processed first and then foamed using intermittent foaming methods, which is only applicable

to scientific research and challenging to produce [22[21],

References

1. Wang, L.; Wang, C.; Zhou, L.; Bi, Z.; Shi, M.; Wang, D.; Li, Q. Fabrication of a novel Three-
Dimensional porous PCL/PLA tissue engineering scaffold with high connectivity for endothelial
cell migration. Eur. Polym. J. 2021, 161, 110834.

2. Li, B.; Zhao, G.; Wang, G.; Zhang, L.; Gong, J.; Shi, Z. Biodegradable PLA/PBS open-cell foam
fabricated by supercritical CO2 foaming for selective oil-adsorption. Sep. Purif. Technol. 2021,
257, 117949.

3. Li, B.; Zhao, G.; Wang, G.; Zhang, L.; Gong, J.; Shi, Z. Super High-Expansion Poly(Lactic Acid)
Foams with Excellent Oil-Adsorption and Thermal-Insulation Properties Fabricated by
Supercritical CO2 Foaming. Adv. Sustain. Syst. 2021, 5, 2000295.

4. Sun, Z.; Wang, L.; Zhou, J.; Fan, X.; Xie, H.; Zhang, H.; Zhang, G.; Shi, X. Influence of Polylactide
(PLA) Stereocomplexation on the Microstructure of PLA/PBS Blends and the Cell Morphology of
Their Microcellular Foams. Polymers 2020, 12, 2362.

5. Zhang, C.; Wan, L.; Gu, H.; Hu, Q.; Ding, Y.; Ying, S. Preparation and properties of foamed
cellulose acetate/polylactic acid blends. Polym. Eng. Sci. 2021, 61, 3069—-3081.

6. Chauvet, M.; Sauceau, M.; Baillon, F.; Fages, J. Blending and foaming thermoplastic starch with
poly (lactic acid) by CO2-aided hot melt extrusion. J. Appl. Polym. Sci. 2021, 138, 50150.

https://encyclopedia.pub/entry/33912 5/7



Supercritical CO, Foaming Technologies | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Sadeghi, B.; Sadeghi, P.; Marfavi, Y.; Kowsari, E.; Zareiyazd, A.A.; Ramakrishna, S. Impacts of

cellulose nanofibers on the morphological behavior and dynamic mechanical thermal properties of
extruded polylactic acid/cellulose nanofibril nanocomposite foam. J. Appl. Polym. Sci. 2022, 139,
51673.

. Chauvet, M.; Sauceau, M.; Fages, J. Extrusion assisted by supercritical CO2: A review on its

application to biopolymers. J. Supercrit. Fluids 2017, 120, 408-420.

. Ameli, A.; Nofar, M.; Jahani, D.; Rizvi, G.; Park, C.B. Development of high void fraction polylactide

composite foams using injection molding: Crystallization and foaming behaviors. Chem. Eng. J.
2015, 262, 78-87.

Zhao, J.; Zhao, Q.; Wang, L.; Wang, C.; Guo, B.; Park, C.B.; Wang, G. Development of high
thermal insulation and compressive strength BPP foams using mold-opening foam injection
molding with in-situ fibrillated PTFE fibers. Eur. Polym. J. 2018, 98, 1-10.

Wang, G.; Zhao, G.; Dong, G.; Mu, Y.; Park, C.B.; Wang, G. Lightweight, super-elastic, and
thermal-sound insulation bio-based PEBA foams fabricated by high-pressure foam injection
molding with mold-opening. Eur. Polym. J. 2018, 103, 68-79.

Li, M.; Li, S.; Liu, B.; Jiang, T.; Zhang, D.; Cao, L.; He, L.; Gong, W. Rheological behavior,
crystallization properties, and foaming performance of chain-extended poly (lactic acid) by
functionalized epoxy. RSC Adv. 2021, 11, 32799-328009.

Wang, G.; Zhao, J.; Wang, G.; Zhao, H.; Lin, J.; Zhao, G.; Park, C.B. Strong and super thermally
insulating in-situ nanofibrillar PLA/PET composite foam fabricated by high-pressure microcellular
injection molding. Chem. Eng. J. 2020, 390, 124520.

Zhao, J.; Wang, G.; Chai, J.; Chang, E.; Wang, S.; Zhang, A.; Park, C.B. Polylactic acid/UV-
crosslinked in-situ ethylene-propylene-diene terpolymer nanofibril composites with outstanding
mechanical and foaming performance. Chem. Eng. J. 2022, 447, 137509.

Nofar, M.; Utz, J.; Geis, N.; Altstadt, V.; Ruckdaschel, H. Foam 3D Printing of Thermoplastics: A
Symbiosis of Additive Manufacturing and Foaming Technology. Adv. Sci. 2022, 9, 2105701.

Valino, A.D.; Dizon, J.R.C.; Espera, A.H.; Chen, Q.Y.; Messman, J.; Advincula, R.C. Advances in
3D printing of thermoplastic polymer composites and nanocomposites. Prog. Polym. Sci. 2019,
98, 101162.

Chizari, K.; Arjmand, M.; Liu, Z.; Sundararaj, U.; Therriault, D. Three-dimensional printing of highly
conductive polymer nanocomposites for EMI shielding applications. Mater. Today Commun. 2017,
11, 112-118.

Corcione, C.E.; Gervaso, F.; Scalera, F.; Padmanabhan, S.K.; Madaghiele, M.; Montagna, F.;
Sannino, A.; Licciulli, A.; Maffezzoli, A. Highly loaded hydroxyapatite microsphere/PLA porous
scaffolds obtained by fused deposition modelling. Ceram. Int. 2019, 45, 2803-2810.

https://encyclopedia.pub/entry/33912 6/7



Supercritical CO, Foaming Technologies | Encyclopedia.pub

19. Shi, S.; Peng, Z.; Jing, J.; Yang, L.; Chen, Y. 3D Printing of Delicately Controllable Cellular
Nanocomposites Based on Polylactic Acid Incorporating Graphene/Carbon Nanotube Hybrids for
Efficient Electromagnetic Interference Shielding. ACS Sustain. Chem. Eng. 2020, 8, 7962—-7972.

20. Choi, W.J.; Hwang, K.S.; Kwon, H.J.; Lee, C.; Kim, C.H.; Kim, T.H.; Heo, S.W.; Kim, J.-H.; Lee, J.-
Y. Rapid development of dual porous poly(lactic acid) foam using fused deposition modeling
(FDM) 3D printing for medical scaffold application. Mater. Sci. Eng. C-Mater. Biol. Appl. 2020,
110, 110693.

21. Lepcio, P.; Svatik, J.; Reznakova, E.; Zicha, D.; Lesser, A.J.; Ondreas, F. Anisotropic solid-state
PLA foaming templated by crystal phase pre-oriented with 3D printing: Cell supporting structures
with directional capillary transfer function. J. Mater. Chem. B 2022, 10, 2889-2898.

Retrieved from https://encyclopedia.pub/entry/history/show/78431

https://encyclopedia.pub/entry/33912 717



