I

The University of

Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

|
.

Preparation of Microcellular Injection
Molded Foams with High Performance

By
Minghui Wu, BEng.

A thesis submitted to the University of Nottingham Ningbo China

for the degree of Doctor of Philosophy

April 2024






Abstract

Microcellular plastic foams are applied in a wide range of applications due to their
enhanced toughness, good sound insulation properties and electrical properties. It is
well known that cell structure would strongly influence the properties of polymer
foams. However, there are still fewer studies related to the effect of cell size on the
properties of polymer foams under a constant void fraction (VF). To achieve foams
with high performance, the effect of cell structure on the impact strength, electrical
properties and sound insulation properties was studied systematically in this
research.

(a) Effect of cell structure on impact strength:

First, the cell structure and impact strength of poly(lactic acid)/poly(butylene
adipate-co-terephthalate) (PLA/PBAT) blend foams under different content of
compatibilizer were compared. The obtained PLA blend foams displayed a super
high impact strength of 49.1 kJ/m?, 9.3 and 6.4 times that of the unmodified
PLA/PBAT blend and its corresponding foam, respectively. It proved that enhancing
interfacial adhesion and reducing cell size could improve the impact strength of
PLA/PBAT foams.

Then, to explore the relationship between cell size and impact toughness,
PLA/PBAT foams with different cell sizes but a constant VVF were prepared. When
the cell size was smaller than a critical value, the foam would be tough; when the
cell size was greater than the critical value, the foam would be brittle. In other words,

there was a brittle-tough transition at the critical cell size. For foams with cell sizes



below the critical value, the proximity of the cells facilitated a robust interaction of
stress fields generated by adjacent cells, coupled with the beneficial role of rubber
particles in hindering the progression of cell-induced crazes to cracks, absorbing
significant energy. For foams with cell sizes above the critical value, however, the
cell-induced crazes could directly develop into cracks due to the negligible
interaction, leading to a low impact strength.

Finally, the combined effects of the PLA crystallinity and cell size on the impact
strength of PLA/PBAT foams were studied. The PLA crystallinity was tailored by
carbon dioxide (CO2) treatment and cell size was well controlled by changing
processing parameters. As expected, the brittle-tough transition can be found by
reducing cell size regardless of the degree of PLA crystallinity. When the cell size
was above 12 um, the impact strength was almost unchanged by varying cell size,
since those foams were all fractured through crazing. When cell size was below 12
um, the impact strength was significantly enhanced by improving the PLA
crystallinity due to the transformation of the fracture mechanism from multiple
crazing to shear yielding.

(b) Effect of cell structure on electrical properties:

Polypropylene/carbon nanostructure (PP/CNS) nanocomposite foams with a fixed
VF were produced using core-back foaming injection molding (FIM) technique, and
their cell sizes were well-controlled by modifying the nitrogen (N2) content. The
results revealed that as the cell size increased from 71 to 317 um, the EC and EMI
shielding effectiveness (SE) increased from 1.43x107 to 5.07x10 S/cm and from

48.51059.2 dB, respectively. The enhanced EC was attributed to the slightly aligned



CNS and the shorter actual conductive paths.

(c) Effect of cell structure on sound insulation properties:

PP/mica composite foams with different VFs and cell sizes were obtained using
core-back FIM. The results showed that increasing the VF (the sample thickness
increased but the sample density remained constant) could enhance the sound
transmission loss (STL) from 16.8 dB for PP solid to 29.9 dB for PP foam with 75%
VF. In addition, reducing the cell size and adding mica could also improve the STL
due to the increase in reflection and scattering of sound waves in cells.

In summary, it has been demonstrated that polymer foams with high performance in
terms of impact toughness, electrical properties and soundproofing properties can
be achieved by tailoring cell size. This study provided a deeper understanding of the

cell structure-properties relationship for polymer foams.
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Chapter 1: Introduction

1.1. Background

Microcellular plastic foams, which were first invented by Suh et al. of
Massachusetts Institute of Technology (MIT) in 1979, refer to any polymer with
small cells ranging from 0.1 to 10 um and a high cell density in the range of 10°-
10% cells/cm®[1]. The target behind the invention of microcellular plastic foams was
to prepare a plastic material consuming less polymer without sacrificing mechanical
properties. Unexpectedly, microcellular plastic foams also show additional
advantages, such as enhanced toughness, good thermal insulation, and sound
insulation properties in comparison to their solid samples[2]. Thus, microcellular
plastic foams are applied in a wide range of applications, including packaging,
automobile, sporting equipment, thermal and sound insulators[3]. Besides, adding
conductive fillers can further augment the functionality of microcellular plastic
foams. It has been proved that the introduction of cell structure into conductive
polymer composites (CPC) can offer substantial advantages in electromagnetic
interference (EMI) shielding applications[4].

In recent years, commonly used semicrystalline polymers, such as PP and polylactic
acid (PLA), have been widely used to prepare foam materials due to their excellent
properties, including high stiffness and strength. However, the inherent low
toughness hinders their foams’ wide applications. Thus, many methods such as
blending rubber or soft thermoplastics (e.g. polyethylene (PE) and poly(3-
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hydroxybutyrate-co-3-hydroxy-valerate) (PHBV)), compounding inorganic fillers
(e.g. talc and clay), and tailoring crystallization (e.g. crystal NA), were applied to
improve the toughness of foams [2, 5-7]. However, those methods would also
influence the crystallization and the foaming process of polymer, since the
modifications could accelerate the crystallization behavior, improve the melt
strength, and thus enhance the cell nucleation and reduce the cell size [8, 9]. As a
result, the toughness of polymer foams was influenced by several factors, including
cell structure and the added filler.

CPC foam, as a kind of electromagnetic shielding material, has became a hotspot in
recent years due to its advantageous attributes, including lightweight, corrosion
resistance and good processability, compared with metal-based material[10].
Frequently used conductive fillers include carbon black (CB), carbon fiber (CF),
carbon nanotubes (CNT), graphene, carbon nanofibers (CNF) and Mxene[11].
Generally, electrical conductivity (EC) greatly affects EMI shielding. Increasing
conductive filler content in CPC foams was an effective way to enhance EC.
However, a high content of conductive filler would seriously impair the
processability of CPCs. Tailoring the cell structure could also promote the EC of
CPC foams. For example, Hamidinejad et al[12] proved that foaming can greatly
improve the EC and lower the percolation threshold of high-density
polyethylene/graphene nanoplatelet (HDPE/GNP) composite foams. Furthermore,
Wang et al[13-15] investigated the effect of VF on the EC of CPC foams, and found
that increasing VF (below 20%) improved EC, while further increase in VF (>30%)

led to a decrease in the EC. Besides, the model prediction results were in good



agreement with the experimental data for CPC foams. It should be noticed that cell
size would vary with VVF. However, the effect of cell size on EC was not discussed
in the reported literature.

Compared with the traditional devices adopted for soundproofing (e.g. metallic and
inorganic materials), polymeric foams have gotten much attention due to their
advantages including low density and good processability[16]. Adding inorganic
fillers has been frequently applied to enhance the sound insulation properties of
polymer and polymeric foams since it could improve the stiffness and density of
samples[17, 18]. Besides, regulating the cell structure could also improve the sound
insulation properties of polymeric foams. Generally, the sound insulation properties
improved with the increase of VVF, since the thickness of the tested samples was also
increased, which would prolong the transmission pathway of sound waves[19, 20].
It is indicated by many reports that the soundproofing performance can be improved
by decreasing the cell size of foams[18, 20]. However, the reduced cell size was
caused by adding additional filler, and the VF was also varied simultaneously in
some cases.

Obviously, cell structure parameters including cell size, cell density and density (or
VF) would strongly influence the properties of polymeric foams, such as toughness,
electrical properties and sound insulation properties. However, the research about

the relationship between cell size and properties is still in its infancy.

1.2. Aims and objectives

This research aims to investigate the effect of cell size on the impact strength,
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electrical and sound insulation properties, when the VF is fixed. The corresponding
enhancement mechanisms are to be further discussed. There are 3 specific objectives
as follows:

(a) To investigate the relationship between cell size and impact strength when
the VF is consistent. Furthermore, the effect of polymer crystallization on
impact toughness is also considered.

(b) To study the influence of cell size on electrical properties (e.g. EC and
EMI shielding property) of CPC foams at a fixed VF.

(c) To investigate the effect of cell size on sound insulation properties of

polymer composite foams while keeping the VF constant.

1.3. Thesis structure

Chapter 1 describes the background of this research, aim and objectives, and the

structure of the thesis.

Chapter 2 covers the development of foaming injection molding technology.
Literature reviews of the methods for improving impact toughness, electrical and

sound insulation properties of polymeric foams are also included in this chapter.

Chapter 3 illustrates the characteristics of PLA/PBAT foams with different chain
extender content, such as cell morphology, crystallinity and mechanical properties.
The effect of chain extender content on the cell structure and mechanical properties

of PLA/PBAT foams is investigated.



Chapter 4 compares the impact strength of PLA/PBAT foams with various cell sizes
while keeping the VF constant. The toughening mechanism is proposed based on
the characterization of impact-fractured surfaces and single-edge notched three-

point bending (SENTB) technique.

Chapter 5 investigates the combined effects of cell size and matrix crystallization
on the impact strength of PLA/PBAT foams. Comparisons of cell size-impact
strength changing patterns under different PLA crystallinity are conducted to study
the difference in terms of impact strength and impact-fractured surface. The
synergistic toughening mechanism of cell size and matrix crystallinity for

PLA/PBAT foams is proposed.

Chapter 6 illustrates the effect of cell size on the electrical properties of PP/CNS
foams. According to the observation of the dispersion of CNS in PP/CNS foams
with various cell size, the mechanism of cell size-induced conductivity enhancement

IS proposed.

Chapter 7 comprehensively studies the effect of VF, mica content and cell size on
sound insulation properties of PP/mica composite foams. The mechanism of
improving the sound insulation performance is discussed through the

characterization of cell structure, and mica dispersion in the PP matrix.



Chapter 8 includes the main conclusions of the thesis and further perspectives.

1.4. References

[1] N.P. Suh, Impact of microcellular plastics on industrial practice and academic research, Macromol.
Symp. 201(1) (2003) 187-202. https://doi.org/10.1002/masy.200351122

[2] L. Wang, Y. Hikima, S. Ishihara, M. Ohshima, Fabrication of lightweight microcellular foams in
injection-molded polypropylene using the synergy of long-chain branches and crystal
nucleating agents, Polymer 12 (2017) 119-127. https://doi.org/10.1016/j.polymer.2017.09.025

[3] M. Antunes, J.I. Velasco, Multifunctional polymer foams with carbon nanoparticles, Prog. Polym.
Sci. 39(3) (2014) 486-509. https://doi.org/10.1016/j.progpolymsci.2013.11.002

[4] X. Jia, Y. Li, B. Shen, W. Zheng, Evaluation, fabrication and dynamic performance regulation of
green EMI-shielding materials with low reflectivity: A review, Composites, Part B 233 (2022)
109652. https://doi.org/10.1016/j.compositesh.2022.109652

[5] X. Sun, H. Kharbas, J. Peng, L.-S. Turng, Fabrication of super ductile polymeric blends using
microcellular injection molding, Manuf. Lett. 2(2) (2014) 64-68.
https://doi.org/10.1016/j.mfglet.2014.02.002

[6] X. Sun, H. Kharbas, J. Peng, L.-S. Turng, A novel method of producing lightweight microcellular
injection molded parts with improved ductility and toughness, Polymer 56 (2015) 102-110.
https://doi.org/10.1016/j.polymer.2014.09.066

[7] J. Zhao, Y. Qiao, G. Wang, C. Wang, C.B. Park, Lightweight and tough PP/talc composite foam
with bimodal nanoporous structure achieved by microcellular injection molding, Mater. Des.
195 (2020) 109051. https://doi.org/10.1016/j.matdes.2020.109051

[8] M.-H. Wu, C.-C. Wang, C.-Y. Chen, Preparation of high melt strength polypropylene by addition
of an ionically modified polypropylene, Polymer 202 (2020) 122743.
https://doi.org/10.1016/j.polymer.2020.122743

[9] A. Rizvi, A. Tabatabaei, M.R. Barzegari, S.H. Mahmood, C.B. Park, In situ fibrillation of CO2-
philic polymers: Sustainable route to polymer foams in a continuous process, Polymer 54(17)
(2013) 4645-4652. https://doi.org/10.1016/j.polymer.2013.06.023

[10] G. Sang, P. Xu, T. Yan, V. Murugadoss, N. Naik, Y. Ding, Z. Guo, Interface Engineered
Microcellular Magnetic Conductive Polyurethane Nanocomposite Foams for Electromagnetic
Interference Shielding, Nano-Micro Lett. 13(1) (2021) 153. https://doi.org/10.1007/s40820-
021-00677-5

[11] B. Zhao, M. Hamidinejad, S. Wang, PW. Bai, R.C. Che, R. Zhang, C.B. Park, Advances in

6



electromagnetic shielding properties of composite foams, J. Mater. Chem. A 9(14) (2021) 8896-
8949. https://doi.org/10.1039/d1ta00417d

[12] M. Hamidinejad, B. Zhao, A. Zandieh, N. Moghimian, T. Filleter, C.B. Park, Enhanced
Electrical and Electromagnetic Interference Shielding Properties of Polymer—Graphene
Nanoplatelet Composites Fabricated via Supercritical-Fluid Treatment and Physical Foaming,
ACS Appl. Mater. Interfaces 10(36) (2018) 30752-30761.
https://doi.org/10.1021/acsami.8b10745

[13] S. Wang, A. Ameli, V. Shaayegan, Y. Kazemi, Y. Huang, H.E. Naguib, C.B. Park, Modelling of
Rod-Like Fillers’ Rotation and Translation near Two Growing Cells in Conductive Polymer
Composite Foam Processing, Polymers 10(3) (2018) 261.
https://doi.org/10.3390/polym10030261

[14] S. Wang, Y. Huang, E. Chang, C. Zhao, A. Ameli, H.E. Naguib, C.B. Park, Evaluation and
modeling of electrical conductivity in conductive polymer nanocomposite foams with
multiwalled carbon nanotube networks, Chem. Eng. J. 411 (2021) 128382.
https://doi.org/10.1016/j.cej.2020.128382

[15] S. Wang, Y. Huang, C. Zhao, E. Chang, A. Ameli, H.E. Naguib, C.B. Park, Theoretical modeling
and experimental verification of percolation threshold with MWCNTS’ rotation and translation
around a growing bubble in conductive polymer composite foams, Compos. Sci. Technol. 199
(2020) 108345. https://doi.org/10.1016/j.compscitech.2020.108345

[16] S. Hu, J. Cai, G. Liao, Q. Fu, Preparation and Sound Insulation Performance of Superfine Metal
Powder/Nitrile-Butadiene Rubber-Polyvinyl Chloride Microcellular Foaming Material, Adv.
Polym. Technol. 2019 (2019) 7608641. https://doi.org/10.1155/2019/7608641

[17] J.-Z. Liang, X.-H. Jiang, Soundproofing effect of polypropylene/inorganic particle composites,
Composites, Part B 43(4) (2012) 1995-1998.
https://doi.org/10.1016/j.compositesb.2012.02.020

[18] L. Xu, T. Han, J. Li, Y. Xiong, S. Guo, The cell growth-induced orientation of mica in
lightweight flexible poly (vinyl chloride) foams and its enhancement on sound insulation,
Compos. Sci. Technol. 145 (2017) 78-88. https://doi.org/10.1016/j.compscitech.2017.03.037

[19] D. Jahani, A. Ameli, M. Saniei, W. Ding, C.B. Park, H.E. Naguib, Characterization of the
Structure, Acoustic Property, Thermal Conductivity, and Mechanical Property of Highly
Expanded Open-Cell Polycarbonate Foams, Macromol. Mater. Eng. 300(1) (2015) 48-56.
https://doi.org/10.1002/mame.201400125

[20] J. Zhao, G. Wang, Z. Chen, Y. Huang, C. Wang, A. Zhang, C.B. Park, Microcellular injection
molded outstanding oleophilic and sound-insulating PP/PTFE nanocomposite foam,
Composites, Part B 215 (2021) 108786. https://doi.org/10.1016/j.compositesh.2021.108786



Chapter 2: Literature review

2.1. Foam-processing methods

The traditional foam-processing techniques used for microcellular polymer foam
preparation include batch foaming, extrusion foaming, and foam injection molding
(FIM). Generally, batch foaming is just used for research purposes, and extrusion
foaming and FIM are mainly used for foam production. The most commonly used
physical blowing agents are COz and Nz, in the supercritical fluid (SCF) state. This
is because the SCF state provides the fluid with increased diffusivity and
solubility[1].

2.1.1. Batch foaming

Batch foaming is a batch-wise process conducted in a closed vessel. It is a non-
continuous foam-processing technique since the saturation and foaming of polymer
samples occur separately. The batch foaming is usually classified as pressure-

induced (one-step) and temperature-induced (two-step).

2.1.1.1. Pressure-induced (one-step) method

In this method, a polymer sample is placed in an autoclave and saturated with a
blowing agent. Once the sample is completely saturated, the autoclave depressurizes
rapidly at a high pressure reduction rate, leading to the occurrence of cell nucleation
and its following growth. Finally, the sample is cooled in water to stabilize the cell

structure[2, 3]. Fig. 2-1 shows a schematic of pressure-induced batch foaming.
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Fig. 2-1. Schematic of pressure-induced batch foaming][3].

2.1.1.2. Temperature-induced (two-step) method

In the temperature-induced method, the polymer sample is usually saturated at a
temperature below the glass transition temperature of the polymer matrix. The
sample is taken out from the autoclave once the sample is completely saturated.
Then, the saturated sample is dipped in a hot oil bath to induce cell nucleation and
cell growth due to the high temperature gradient[3, 4]. The bath temperature is
usually above the glass transition temperature of the sample. Fig. 2-2 shows a

schematic of temperature-induced batch foaming.
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Fig. 2-2. Schematic of temperature-induced batch foaming[3].

2.1.2. Extrusion foaming

Extrusion foaming is a continuous process, consisting of an extruding unit, gas
injection unit and die-shaping unit[5]. The tandem foam extrusion lines (Fig. 2-3)
are mostly used in industries. The polymer pellets are added into the first barrel
through hopper and get melted due to the high temperature. Then, the blowing agent
is injected into the melt and a homogenous polymer/gas mixture is formed due to
the shearing action of the screw. In the second barrel, the temperature of the
polymer/gas mixture is reduced to suppress the cell coalescence. The melt pump
regulates the melt flow rate of the mixture. As the homogenous molten mixture
leaves the die, the rapid pressure drop leads to the occurrence of cell nucleation and

growth.
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Fig. 2-3. Schematic of tandem extrusion foaming][6].

2.1.3. FIM

FIM is one of the most promising available technologies since it can be applied to
prepare lightweight foams with three-dimensional geometries in rapid production
cycles[7]. FIM is an extension of the traditional injection molding but with the
addition of a gas injection unit. It consists of the injection unit and the clamping unit,
as Fig. 2-4 shows[6]. There are two major approaches to conducting FIM

experiments including low-pressure FIM and core-back (or mold-opening) FIM.
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Fig. 2-4. Schematic of FIM[6].
2.1.3.1. Low-pressure FIM

In low-pressure FIM[8-10], a short-shot, which means the melt/gas mixture cannot
completely fill the mold cavity, is injected into the mold cavity, and the cell
nucleation occurs at the gate due to the low pressure of mold cavity. Fig. 2-5 shows
the schematic of low-pressure[11]. As depicted, gate-nucleated cells grow, become
elongated, and coalesce during their travel along the cavity, leading to a non-uniform

cell structure.

Fig. 2-5. Schematic of low-pressure FIM[11].

2.1.3.2. Core-back FIM

In core-back FIM or mold-opening FIM[12-14], surprisingly, a well uniform cell
structure can be achieved. Fig. 2-6 illustrates the schematic of core-back FIM[15].
Usually, core-back FIM process is composed of four stages, including injection,
dwelling, core-back (or mold-opening) and cooling. First, a full-shot is used to fill
the entire cavity and cell nucleation occurs at the gate (Fig. 2-6a and b). The gate-
nucleated cells will dissolve back into the melt due to the high packing pressure
during the dwelling stage (Fig. 2-6¢ and d). Then, the cell nucleation is induced by
core-back (mold-opening) operation, and a very uniform cell structure can be

achieved after cooling(Fig. 2-6e and f).
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Fig. 2-6. Schematic of core-back FIM: (a) mold filling and the formation of gate-
nucleated cells due to pressure drop over the gate; (b) full-shot; (c) collapse and
dissolution of gate-nucleated nucleated cells, (d) complete disappearance of nucleated
cells (formation of one-phase melt/gas solution); (e) nucleation of secondary cells due to
the core-back (or mold-opening) operation; (f) cell growth. (The hatched area shows the

formed skin layer).[15]

Compared with batch foaming and extrusion foaming, FIM shows great advantages
in the preparation of foams with precise dimensions, especially for core-back FIM.
By controlling the core-back distance during the core-back FIM process, foams with
the desired expansion ratio can be easily obtained. Therefore, in this study, core-
back FIM technique was applied to prepare foams and to study the relationship
between cell size and properties of polymer foams.

2.1.4. Cell structure regulation in core-back FIM

2.1.4.1. Cell structure parameters
The properties of foams are directly related to the cell structure of foam: open-cell
content (OCC), cell size, cell size distribution, cell density, VF or expansion ratio,

and cell wall thickness.
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(@) OCC: Two distinct structures can be observed in foamed samples,
including closed-cell structure and open-cell structure, as shown in Fig. 2-7.
Closed-cell structure consists of cells that isolated from each other, while the
cells are connected with each other. In this content, OCC is proposed. It is
defined as the ratio of open volume to total volume for a foam, and is determined

using the following equation:
OCC = (1_Vclosed /Vgeometric ) (2-1)

where Veiosed 1S the closed volume that cannot be penetrated by the pressurized

nitrogen and Vgeometric the geometric volume of the sample.

CLOSED CELL

OPEN CELL

Fig. 2-7. (a) Open and (b) closed cell structure[16].

(b) Cell size and cell density: Cell density No defined as the number of cells
per unit volume of unfoamed polymer, is determined according to the following

equation.:
N, = ()2 (2-2)
A

where n is the number of cells in the micrograph, A the area of the selected
micrograph, @ the expansion ratio of the foamed sample. Generally, cell size

and cell density are inversely correlated for foams with a fixed density.
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(c) Expansion ratio and VF: The @ is calculated using equation:

o=r (2-3)
Ps

where p. and p, are the density of the solid and its foamed sample,

respectively. The VF, which is defined as the ratio of the volume of voids in the

foam to the total volume of the foam, is determined using equation:

_Pr
Ps

VF (2-4)

2.1.4.2. Effect of process parameters on cell structure

The cell structure (e.g. cell size and VF) can be well controlled by tailoring the
process parameters (e.g. gas content, packing pressure, dwelling time and core-back
distance) in core-back FIM process. According to the traditional cell nucleation
theory[17-20] in polymer foaming, improving physical blowing agent is an effective
ways to accelerate cell nucleation. In specific, driving force for cell nucleation
increases with a higher blowing agent content, and the number of nucleated cells
increase, resulting a higher cell density [15, 17, 21]. Wang et al.[12] investigated the
effect of N2 content on the cell structure of polyether block amide (PEBA) foams,
and found that with the increase of N2 content from 0.3 to 0.8 wt%, the cell size

greatly reduced from 162 to 39 um (Fig. 2-8).
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Fig. 2-8. The cell structure of the PEBA foams fabricated by core-back FIM using a same
core-back distance but different gas concentrations: (a) 0.3 wt%, (b) 0.6 wt%, and (c) 0.8

Wt%[12].

Generally, the gate-nucleated cells would dissolve back into the melt during
dwelling step, and then the secondary foaming initiated by the core-back operation.
Obviously, a higher pressure drop rate could be achieved by increasing packing
pressure, which is favorable to the cell nucleation and thus reduces the cell size and
increases the cell density of foam[22, 23]. For instance, Wang et al.[12] reported
that the cell size of reduced from 83 to 40 um by improving the packing pressure

from 15 to 25 MPa, as shown in Fig. 2-9.

/D =83 pm
/ %107 nuclei/em*

Fig. 2-9. The cellular morphology of the PEBA foams fabricated by core-back FIM using

various packing pressures: (a) 15 MPa, (b) 20 MPa, and (c) 25 MPa[12].

During the dwelling step, the temperature of polymer/gas mixture in the mold cavity
will drop rapidly and approach the mold temperature. Thus, the foaming temperature
as well as the melt strength in the polymer can be controlled. If the used polymer is
semicrystalline polymer, the non-isothermal crystallization would occur
simultaneously. The formation of crystals could act as heterogeneous NA to offer a

large number of nucleation sites during foaming[4, 24, 25]. Thus, changing the
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dwelling time is a common method to control the cell structure[26, 27]. Wang et
al.[27] investigated the influence of dwelling time on the cell structure of PP/NA
foams. They found that by increasing the dwelling time from 3.4 s to 4.2 s, the
foaming temperature (the polymer/gas mixture temperature after dwelling stage, the
mold temperature was set as 40 °C) decreased from 101 °C to 90 °C (measured by a
temperature sensor), leading to the distinct improvement of cell structure (the cell

density increased from 1.1x10° to 4.2x10% cells/cm?®), as depicted in Fig. 2-10.

Fig. 2-10. SEM micrographs of PP/NA foams fabricated at a foaming temperature of (a,
a') 101 °C, (b, b" 95 °C, and (c, c") 90 °C, respectively. (a—c), and (a'-c') are taken from

the views parallel and perpendicular to the core-back direction, respectively[27].

The VF or expansion ratio can be precisely controlled by changing the core-back
distance. However, the other cell structure parameters such as cell size and OCC
would also change with the increase of expansion ratio. Wang et al.[28] studied the
cell structure of long-chain branched polypropylene (LCBPP) under different

expansion ratios, as shown in Fig. 2-11. 2-fold expansion foams showed a spherical
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cell shape. When the expansion ratio increased to 5-fold, elliptical cells could be
found. With the further increase of expansion ratio, cells were greatly elongated
along the core-back direction due to the extensional stress induced by the core-back
operation. Increasing the expansion ratio would also lead to the transition of cell
structure from closed cell structure to open cell structure. Jahani et al.[29] reported
that the OCC improved to about 70%, when the expansion ratio increased to 4.5-

fold (Fig. 2-12).

Fig. 2-11. SEM micrographs of the cross-section of LCBPP foams in the core layer at
expansion ratios of (a, a') 2-fold, (b, b") 5-fold, (c, ¢') 7-fold, and (d, d") 10-fold at a fixed
dwelling time of 3 s (foaming temperature = 109 °C). (a—d) and (a'—d') are taken from

the views parallel and perpendicular to the core-back direction, respectively[28].
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Fig. 2-12. (a) SEM images of foam with expansion ratio of 4.5-fold (PP3). (b) OCC and

the expansion ratio of PP foams[29].
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2.2. Polymeric foam toughening technology

In recent years, PP and PLA have been extensively used to fabricate foams. However,
their inherent brittleness hampers their foams’ wide applications. Up to now,
sufficient articles published just focused on the modification of cell structure, and
only a few attempts have conducted to improve the toughness of foams. The major
methods can be divided into four kinds: blending, adding inorganic fillers, tailoring
crystallization, and adjusting cell structure.

2.2.1. Blending

It is well known that incorporating rubber particles into the polymer matrix is
effective in toughening polymer[30, 31]. Sun et al.[32, 33] proved that this method
can be used to toughen foams. PP/HDPE blend foams with different HDPE content
(0, 25, 50, 75, 100 wt%) were prepared, and the tensile test results showed that
PP/HDPE (75/25) exhibited the highest elongation at break of 690%, as shown in
Fig. 2-13. Further investigation about the morphology under different elongation
showed that the PP/HDPE (75/25) foams were greatly fibrillated along the tensile
load direction in the necking region (Fig. 2-14a). The authors proposed that a
microcellular structure (cell size < 100 um) with a sub-micron scale immiscible
secondary phase (HDPE phases with cell size below 1 um) was the key to increase
toughness (Fig. 2-14b). Under loading, the debonding of the second phases were
beneficial to the interconnection of micro-sized cells to form channels, so that the

stretched part became a bundle of fibrils, leading to a significant improvement in
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toughness. Furthermore, similar results can be found in PP/low-density

polyethylene (LDPE) and PP/PHBYV blend foams[33].
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Fig. 2-13. (a) Elongation at break, (b) Young’s modulus, and (c) tensile toughness for
PP/HDPE blends at various composition ratios. (d) Examples of injection molded parts
before and after tensile test to demonstrate the significant ductility improvement of

microcellular 75/25 PP/HDPE blend[32].

20



(a)

Tensile Load

h VAR !

5z ; 300% 690%
0% Elongation Elongation Elongation

(b)

Secondary
Phase ¢~
Cavities

l"omﬂ"
Bubbles -

Fig. 2-14. (a) SEM images of the 75/25 PP/HDPE foamed part at different elongations.

(b) Schematic of the ductility enhancing mechanism by microcellular foam structure[32].

It has been reported that in situ fibrillation method based on polymer blending of a
second-phase polymer can enhance the impact toughness of foams[34, 35]. Zhao et
al.[34] found that the in-situ fibrillated PP/polytetrafluoroethylene (PTFE)
composites can be simply prepared through a co-rotating twin-screw extruder (Fig.
2-15). The well dispersed PTFE fibrils significantly enhanced crystallization and
melt strength of PP, leading to the refined cell structure and enhanced impact
strength (Fig. 2-16). By adding 5 wt% PTFE, the impact strength increased by more
than 250%. The enhancement in toughness was attributed to the three reasons. First,

the introduction of PTFE fibrils could refine the crystals and thus improve the
21



roughness of PP matrix. Second, the existing of PTFE fibrils reduced the cell size,
which could prevent the foams from crack initiation and propagation during the
impact test. Third, the weak cohesive forces between PTFE chains was favorable

for the sliding of PP crystals, especially for high PTFE content. Wang et al.[35]

prepared nanofibrillar PLA/polyethylene terephthalate (PET) by using core-back
FIM, and found that the Izod impact strength increased by more than 6 times
compared with PLA foam obtained by regular foaming injection mold. The
combined effects of the existing of the tough PET nanofibrils, refined crystals and

reduced cell size leaded to the improvement of impact strength.

Fig. 2-15. SEM micrograph of PP/PTFE composites with (a) 1 wt% and (b) 5 wt% PTFE

after etching PP matrix using xylene[34].
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Fig. 2-16. Foam structure comparisons of the injection molded PP/PTFE composite
foams: (a) cell size and (b) cell density. (c) Gardner impact strength of the prepared

foams[34].

2.2.2. Adding inorganic fillers
The introduction of inorganic fillers into polymer can effectively promote the

foamability of polymer since it could not only enhance melt strength but also act as
cell NAs during foaming process[36, 37]. For semicrystalline polymers such PP and
PLA, inorganic fillers could also accelerate the crystallization behavior, and further
improve the foamability[38]. Thus, a uniform cell structure with small cell size can
be obtained, which may be beneficial to the improvement of impact strength.

Najafi et al.[39] added nanoclay into linear PLA and long chain branched (LCB)

PLA, and investigated their effects on cell structure and impact strength. The results
23



showed that PLA/clay nanocomposite foams showed a lower specific impact
strength than that of solid counterparts, due to the poor cell structure (Fig. 2-17).
However, The specific impact strength of LCB-PLA/clay nanocomposite foams
improved after adding clay, and the LCB-PLA foam containing 0.5 wt% clay
presented the highest impact strength of 19.1 (kJ m?)/(kg m™), exhibiting an
increase of 37% in comparison to LCB-PLA foam. The underlying toughening
mechanism was that the uniform distributed smaller-sized cells could improve the
energy dissipation. Wang et al.[40] investigated the effect of particle size on the
impact toughness of PP/talc composites foams. The PP/nano-talc composite foam
depicted a significantly improved impact strength compared with he PP/micro-talc
composite foam, even they had a similar cell structure. It may be attributed to the
fact that nano talc can reduce the crystal size of PP and strengthen shear slipping of

polymer chains, leading to the enhancement of energy absorption.

Fig. 2-17. Representative SEM micrographs of (a) neat PLA (b) PLA-0.25 wt% clay, (c)
PLA-0.5 wt% clay, (d) PLA-1 wt% clay, (e) LCB-PLA, (f) LCB-PLA-0.25 wt% clay, (g)

LCB-PLA-0.5 wt% clay, and (h) LCB-PLA-1 wt% clay[39].
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2.2.3. Tailoring crystallization
For semicrystalline polymer foams, the transition of crystal structure from spherulite

to oriented microfiber structure could significantly promote the impact strength. Mi
et al.[41] first prepared highly oriented PP samples with shish-kebab crystalline
structure using a self-developed loop oscillating push-pull molding (LOPPM)
device. The shish-kebab crystal has highly oriented chains of polymer molecules
(shish) surrounded by plate-like lamellar crystals with periodic distances
(kebabs)[42]. Then, the LOPPM-PP was foamed through batch foaming, resulting
in the formation of nano cells with cell size of 55.3 nm. LOPPM-PP foam showed
impact strength of 23.9 kj/m?, which was 7.5 and 1.6 times that of solid PP and
LOPPM-PP, respectively. Fig. 2-18 shows the schematic of shish-kebab structure
formation in LOPPM processing and nanoscale cells formation during foaming. The
enhanced toughness was attributed to the shish-kebab structure as well as the nano
sized cells. Xiang et al.[43] prepared strong tough PLA foams by using pressure-
induced-flow (PIF) processing followed by supercritical CO2 foaming (Fig. 2-19).
Due to the oriented crystals as well as the presence of both micron and nano cells,

the PLA foam obtained at 40 °C showed a great impact strength of 32.3 kJ/m?,
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Fig. 2-18. Schematic of shish-kebab structure formation in LOPPM processing and
nanoscale cells formation during foaming[41].
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Fig. 2-19. Schematic of the preparation process. (a) PIF processing and (b) supercritical

CO; foaming[43].

2.2.4. Adjusting cell structure

Usually, the dependence between density and the physical properties of porous

materials can be well formulated by the Gibson and Ashby equation [44]:

P, =C-P, (ﬂ] (2-5)
P

where Pr and Ps are the properties of a porous material and the corresponding solid
material, respectively. C and n usually take values of about 1 and 2, respectively.
Thus, the trend of reducing impact toughness as a function of decreased density (or
increased VF) has been extensively reported in PET, polyvinyl chloride (PVC),
polycarbonate (PC), polystyrene (PS) microcellular foams[45-48]. However, Bao et
al. [49] prepared PP foams with different cell sizes (1-50 um) and relative densities
(0.04-0.86) and found that with the decrease in relative density, the impact strength
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first improved before a relative density of about 0.6 and then reduced. Those PP
foams with enhanced impact strength all presented small cell sizes (< 10 um), which
could initiate plastic deformation and thus absorb a lot of energy. Fig. 2-20 shows
the SEM images of the impact-fractured surfaces of the solid PP and PP foams. It
indicated that except for relative density, cell size would also influence the impact
strength. Thus, it is necessary to decouple the contributions of relative density and

cell size on the impact strength of foams.
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Fig. 2-20. SEM images of the impact-fractured surfaces of the solid PP (PP1) and PP
foams (PP6-PP9). The relative density of PP6. PP7, PP8, and PP9 were 0.67, 0.62, 0.38
and 0.04. The scale bar in PP1 is 100 um; the scale bar in PP6-PP8 is 30 um; and the

scale bar in PP9 is 500 um[49].

May be due to the difficulty of preparing foams with various cell sizes for a constant
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density through bath foaming, the researches about the relationship between cell
size and impact strength are still rare. Notario et al.[50] fabricated several
polymethyl methacrylate (PMMA) foams with cell sizes ranging from 200 nm to 11
um and relative densities of about 0.5, and proved that the nanocellular foams
presented a higher impact strength in comparison with micro cellular foams, as
shown in Fig. 2-21. Similar result was reported by Miler et al.[51] for
polyetherimide (PEI) foams. They observed that the impact strength of nanocellular
foams were higher than microcellular ones at the same relative density. However,
contradictory results have emerged regarding the effect of cell size on impact
strength for microcellular foams. Barlow et al[52] prepared PC foams with different
cell sizes (6-18 um) while maintaining a constant relative density (0.7), and found
that the impact strength enhanced with the increase of cell size. Conversely, Bao et
al compared the impact strength of PS foams with different cell sizes and the same
relative density, revealing a decline in impact strength with the enlargement of cell
size at the same relative density (0.3 or 0.56). In a word, no conclusive results in the

relation between cell size and impact strength were found and more work is needed.
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Fig. 2-21. Mechanical behavior at high strain rates divided by the square of the relative

density for both PMMA solid and for PMMA microcellular and nanocellular foams[50].

2.3. Methods for improving EC of CPC foams

In recent years, the popularity of wireless communication equipment and electronic
components has led to serious electromagnetic pollution, threatening the function of
electronic devices and the health of human being[53, 54]. Therefore, there is an
urgent need for electromagnetic shielding materials to attenuate electromagnetic
waves and reduce electromagnetic radiation. Compared to the traditional metal-
based materials, CPC foams have gained special attention, owing to their advantages
of light weight, chemical corrosion resistance, easy processability and low cost[55,

56]. To obtain desirable EMI shielding properties, it is important to fabricate CPC
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foams with an effective conductive network at low filler loading. Generally, several
methods have been developed to increase EC of CPC foams, including polymer
modification and cell structure modification.

2.3.1. Polymer modification

The polymer modification methods are referring to the introduction of conductive
fillers into the polymer matrix. When the conductive filler content reaches a critical
value, the interconnected network of conductive fillers is built up, and thus the
insulating polymer becomes a CPC. This mechanism can be explained by electrical
percolation threshold theory. The commonly used conductive fillers include CB, CF,
CNT, graphene, CNF and MXene. Generally, the higher length-to width aspect ratio
leads to a low electrical percolation threshold[57, 58]. Thus, adding CNT into
polymer always has a lower electrical percolation threshold in comparison with the
introduction of graphene.

The incorporation of other conductive fillers into original carbon networks has been
dominated as an effective method to improve EC. Safdari et al.[59] compared the
electrical properties of epoxy/CNT, epoxy/GNP, and bybrid epoxy/GNP/CNT
composites, and both experimental and computational results suggested that adding
a small amount of nanofiller could greatly increase the EC of the hybrid composites
by several orders of magnitudes. Fig. 2-22 shows that CNTs could connect with
sounding GNPs to form a percolation network. Ma et al.[60] prepared
polyvinylidene fluoride/multiwalled carbon nanotubes/graphene
(PVDF/MWCNT/graphene) foam via a new water vapor-induced phase separation

method. With a filler content of 16 wt%, the EC of PVDF/WMCNT/graphene foam
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was as high as 20.8 S/m, while that of PVDF/graphene foam and PVDF/WMCNT
foam was just 5.6 and 8.9 S/m. Owing to the effective conductive network of hybrid
fillers, PVDF/WMCNT/graphene foam with a thickness of 2 mm depicted an EMI
SE of 28.5 dB. Similar results also can be found in poly(acrylonitrile-co-butadiene-
co-styrene) (ABS)/CB/WMCNT, PVDF/graphene/silicon carbide nanowire (SiCnw)

and PDMS/MWCNT/cotton fibers composites[61-63].

Fig. 2-22. SEM images from hybrid nanocomposite specimen with 5.0%wt GNPs and
0.5%wt CNTs. (a) Flexible CNTs connecting large two-dimensional (2D) GNPs (b) A

CNT cluster connecting three GNPs[59].

2.3.2. Cell structure modification
It has been widely accepted that foaming could improve electrical properties of

CPCs owning to the excluded volume effect[64]. Li et al.[65] fabricated
epoxy/functionalized MWCNT (F-MWCNT) microcellular foams through a
supercritical CO2 foaming method, and found that the electrical percolation
threshold reduced from 0.32 to 0.21 vol% after foaming, as shown in Fig. 2-23. This
is because foaming can orient the conductive fillers around cells, promoting the
formation of a more impactful conductive path in CPCs, leading to the improvement

of EC and EMI SE. Hamidinejad et al.[66] studied the effect of foaming on the
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electrical properties of HDPE/GNP foams, and the results showed that the EC was
increased by up to 9 orders of magnitude and the electrical percolation threshold are
reduced by 62%. The highest EMI SE of 31.6 dB was obtained for HDPE/GNP (19

vol%) composite foam, while that of solid counterparts was just 21.8 dB.
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Fig. 2-23. EC for solid EP/F-MWCNT composites and foamed composites with various F-

MWCNT content[65].

The electrical properties are also influenced by the relative density (or VF) of CPC
foams. Ameli et al.[67] prepared PP/MWCNT foams with various relative density
(0.1-1) and investigated the evolution of electrical properties with relative density.
The results (Fig. 2-24) showed that as the relative density decreased from 1 (solid)
to 0.8, the EC initially increased due the slight orientation of MWCNTSs around the

cells, which were favorable for the MWCNT interconnections. However, with the
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further decrease of relative density, the EC gradually decreased due to the full
orientation of MWCNTs perpendicular to the radial direction, resulting in a
reduction in MWCNT interconnections. Fig. 2-25 shows the evolution of the
MWCNT dispersion with foaming. In foaming process, the biaxial stretching leaded
to the slight orientation of MWCNTs around the cells while the cell-to cell
compression made them close to each other, increasing the interconnections of
WMCNT and the EC. When the relative density below an optimum value, the
MWCNTs were fully oriented perpendicular to the cell radius, leading to the
destruction of conductive path. Thus, the EC became to decrease. Similar results
have been reported in PS/WMCNT and Polyurethane (PU)/MWCNT composite
foams[68, 69]. Considering the effect of location and orientation of conductive filler
on the EC of CPC foams, Monte Carlo simulations were applied to investigate the
EC under various VFs[69-71]. The model predictions were in good agreement with
the experimental results. Therefore, choosing the optimum relative density (or VF)

is one of the key factors to obtain CPC foams with enhanced electrical properties.
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Fig. 2-25. (1) TEM images illustrating MWCNT alignment in solid and foamed
PP/MWCNT (1.28 vol.%) nanocomposites. The relative density of (a), (b) and (c) are 1,
0.7 and 0.2, respectively. (11) 2-D conceptualization of the evolution of MWCNT
interconnection with foaming. The relative density of (a), (b) and (c) are 1, 0.7 and 0.2,

respectively[67].

2.4. Methods for improving sound insulation properties of

polymer foams

In recent years, noise pollution has become one of the major concerns of

environmental issues and personal unhealthiness, and polymeric soundproofing
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materials have been extensively used in noise control applications[30]. Sound
insulation properties of the samples are characterized by STL, which defined as the
logarithmic ratio of the incident acoustic power (Ei) to transmitted acoustic power

(Et) as illustrated in EqQ.:

STL =10log,, % (2-6)

t
where Ei and E: are the incident sound energy and transmitted sound energy,
respectively. For certain incident sound waves, the bigger the STL value, the better
the sound insulation properties.
The general variation of the STL with frequency for a homogeneous material is
depicted in Fig. 2-26. It is noticed that there are three general regions and two special
frequencies[72, 73]:
(@) Region I: stiffness-controlled region. The STL is controlled mainly by the
stiffness of the panel. For a given frequency, a higher stiffness will lead to a
higher STL.

(b) Resonant frequency (fr): It is calculated using equation:

Bh E
= e \ p(1-v*) &)

where B=10.4; h, a, b, E, p, v are the thickness, length, wideth, elastic

modulus, density and Poisson ratio of panel, respectively.
(c) Region II: mass-controlled region. The STL is determined by the mass of
the panel. The STL for normal incidence (STLn) is determined by equation:

STL, =20Ig(p, - f)—43 (2-8)
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where m and f are the surface density of panel and frequency. The STL for
random incidence can be calculated through the following expression:
STL=STL, -5 (2-9)

In this region, if the frequency is doubled the STL will increase by 6 dB/octave.
(d) Critical frequency: When the frequency of the sound wave improves in the
mass-controlled region, the wavelength of bending waves in the material will
get close to that in the air. The occurrence of the equality of both wavelengths
will lead to the panel vibrating, resulting the significant decrease in STL.

(e) Region III: damping-controlled region. The STL is strongly related to the

frequency of the incident sound waves and the internal damping of the panel

material.
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Fig. 2-26. General variation of the transmission loss with frequency for a homogeneous
material[72].
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Compared with the solid polymers, polymer foams depicted the reduced density and
enhanced sound insulation properties [74]. For polymer foams, the acoustic
impedance mismatch between air and polymer leads to the partial reflection of
sound waves at the interface and prolongs the sound propagation path (Fig. 2-27),
enhancing the dissipation of sound energy[75]. The main approaches for increasing
sound insulation properties of polymer foams involve adding fillers, adjusting cell

structure and multilayer structure design.

(a) Ea (b) 1

E, E,

Fig. 2-27. Schematic of sound transmission in (a) solid and (b) foamed samples.

2.4.1. Adding fillers

Filling inorganic fillers, including mica, glass bead, calcium carbonate (CaCOs3),
hollow glass bead (HGB), CNT, and clay, into polymer materials can enhance the
sound insulation properties of polymer foams by increasing their density and
stiffness[76-78]. Xu et al.[77] studied the effect of mica content on the sound
insulation performance of PVC/mica composite foams. By adding 10 wt% mica, the
STL of PVC/mica composite foams increased from 23 to 28 dB. Liao et al.[79]
reported that the STL of nitrile tubber/PVVC/heavy metal particles composite foams
improved from 21 to 30 dB when the content of heavy metal particles increased

from 0 to 30 phr. Except for inorganic fillers, organic fillers can also be added in
39



polymer foams to improve the STL. Chen et al. found that the PU foam containing
8 wt% bamboo chips showed a high STL of 18.9 dB, an increase of 80% in
comparison with PU foam.

2.4.2. Adjusting cell structure

Generally, the sound insulation properties improved with the increase of VF, since
the thickness of the tested samples was also increased, which would prolong the
transmission pathway of sound waves[80-82]. Jahani et al.[80] prepared PC foams
with different expansion rate by using core-back FIM. The foams exhibited the same
weigh, and their thickness was increased with increasing expansion ratio. The results
showed that the STL improved with the increase of expansion ratio. It could be
attributed to the elongation of the propagation path of sound waves. Wu et al.[82]
reported that the STL of PP foams improved from 18 to 35 dB by increasing the
expansion ratio from 1 to 4.5-fold. Xue et al.[83] fabricated epoxy foams with
different density using non-traditional expandable microspheres. When the foam
density reduced from 0.97 to 0.66 g/cm?, the STL greatly improved from 16 to 28
dB. With the further reduction of foam density from 0.66 to 0.59 g/cm?, however,
the STL gradually decreased to 22 dB. The impaired sound insulation performance
could be attributed to the breakage of some microspheres at low foam density, which
would extremely shorten the propagation path of sound wave and weaken the sound
reflection.

Zhao et al.[81] prepared PP/PTFE foams with various PTFE content using core-
back FIM. The results showed that at a given expansion ratio, with the increase of

PTFE content, the cell size decreased, leading to the improvement of STL. However,
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it did not reveal the relationship between cell size and STL, since PTFE content was
also a variable. Xu et al. prepared PVC/mica (90/10) composite foams using
chemical foaming method. By increasing the foaming time, the cell size and foam
density of samples reduced, resulting in the enhanced STL. The authors attributed
this to the cell growth-induced orientation of mica in cell walls (caused by the small
cell size). However, the thickness of sample was also increased by increasing
foaming time, and this factor had not been considered. Based on the previous
analysis, the relationship between cell size and STL at a given expansion ratio is still
not clear.
2.4.3. Multilayer structure design
Promoting the sound insolation properties of polymer by structure design has gained
attentions in recent years. Multilayered composites with cell structure may have
great potential in achieving excellent sound insulation properties[74, 84]. It is
because the sound waves would reflect at the interface between two mediums (e.g.
polymer/air, or two different polymers) due to the acoustic impedance mismatch,
prolonging the sound transmission path. Besides, it is well known that partial sound
wave energy dissipates as energy owning to viscous friction between polymer chains
and air friction in cells[85, 86]. Thus, the longer sound transmission path is
beneficial to the consumption of sound wave energy.
The acoustic impedance (Z) of a medium depends on the density (p) and sound
speed (c) of the medium, as illustrated in equation:

Z=pc (2-10)
For solid medium, the longitudinal sound speed is calculated using the following
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equation:

E(1-
c= 1-v) (2-11)
p(1+v)(1-2v)
where v and E are the sound speed and elastic modulus of the sample, respectively.

The impedance ratio of adjacent mediums (y) and the reflection coefficient of sound

energy at the interface (RE) of two mediums can be calculated by the equations:

y:Za/Zb (2'12)
z -7 Y
RE =| =2—=2 (2-13)
Z,+7Z,

where Za and Z» are the acoustic impedance of medium a and medium b, respectively.
Obviously, the bigger the impedance mismatch is, the more repeated reflections of
sound waves at the interfaces are. Repeated reflections can prolong the sound
transmission path, leading to the improvement of air fraction, viscoelastic damping
and sound dissipation.

Han et al.[87] prepared PVC-based foam/film alternating multilayered composites
using multilayered co-extrusion system and studied their sound insulation properties.
They reported that the STL of foam/film multilayered composites were higher than
that of unfoamed film/film multilayered composites. In addition, with the increase
of layer number from 2 tol6 (Fig. 2-28), the STL of the composite gradually
improved from 22.4 to 26.2 dB. It can be attributed to the fact that increasing the
layer and interface number enhanced the sound reflection at interfaces and elongated
the sound propagation path, leading to the improvement of sound dissipation.

However, with the further increase of layer number, the STL of 16-layer composite
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reduced to 24.7 dB due to the reduction of reflection and scattering of sound waves
in the cells, as shown in Fig. 2-29. Du et al.[88] investigated the sound insulation
performance of PP/polyolefin elastomer (POE) blend foams with multi-layer-
oriented structure. First, PP/POE blend with multi-layer-oriented structure (Fig. 2-
30e) was obtained through pressure induced flow (PIF) process (Fig. 2-30a). Then,
cell structure was introduced into PP/POE blend using supercritical CO2 foaming
process (Fig. 2-30b). The multi-layer-oriented structure of PP/POE foam (Fig. 2-
30g and h) significantly improved the reflection of sound waves and thus led to
enhanced STL. The resulting PIF PP/POE foam showed a super high STL of 103.6

dB, which was 67.2 dB higher than PP/POE foam.
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Fig. 2-28. Laminar morphologies of PVC composites with different layer numbers. A: 2-
layer; B: 4-layer; C: 8-layer; D: 16-layer[87].
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Fig. 2-29. Schematic of sound transmission path in PVC multilayered composite. A: 8-

layer; B: 16-layer; C: close-up image of A; D: close-up image of B[87].
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Fig. 2-30. (a) Schematic of the apparatus for PIF processing; (b) Schematic illustration of
PIF PP/POE foam preparation. The SEM image of the cross-section of PP/POE(c),
PP/POE foam(d), PP/POE foam at high magnification (e), PIF PP/POE (f), PIF PP/POE

foam (g), PIF PP/POE foam at high magnification(h)[88].
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2.5. Conclusions

The demand for the development of functional foams are emphasized in terms of
toughness, electrical and sound insulation properties. The requisite introduction of
toughening, electrical and sound insulation properties have been discussed, together
with detailed reviews of various improvement methods.

The properties of polymer foams are strongly related to the cell structure, such as
cell size, cell density, and VF. However, the relationship between cell size and
properties is still imprecise. Since the cell structure can be accurately controlled
using core-back FIM process, it is possible to study the effect of cell size on
properties at a given void friction. This facilitates the preparation of high-

performance foams and broadens their range of applications.
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Chapter 3: Super toughened blends of
PLA and PBAT injection-molded foams
via enhancing interfacial compatibility

and cellular structure

As the first step of this study, a preliminary feasibility study of toughening PLA
blend foams is depicted in this chapter. Polymer foams and toughening methods are
first briefly described to emphasize the motivation. Inspired by the concept of
blending toughening strategies for solid PLA, we have explored the toughening of
PLA foams by incorporating PBAT and a chain extender (ADR). The effect of ADR
content on cell structure and mechanical properties was investigated. Discussion on

the toughening mechanism of PLA blend foams is also presented.
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3.1. Abstract

Biodegradable PLA foams have drawn increasing attention due to environmental
challenges and petroleum crisis. However, it still remains a challenge to prepare
PLA foams with fine cellular structures and high impact property, which
significantly hinders its widespread application. Herein, phase interface-enhanced
PLA/PBAT blend foam, modified by a reactive compatibilizer through a simple
reactive extrusion, was produced via a core-back FIM technique. The obtained PLA
blend foams displayed an impact strength as high as 49.1 kJ/m?, which was 9.3 and
6.4 times that of the unmodified PLA/PBAT blend and its corresponding foam,
respectively. It proved that the interfacial adhesion and cell size both strongly
affected the impact strength of injection-molded PLA/PBAT foams, and two major
conclusions were proposed. First, enhancing interfacial adhesion could cause a
brittle-tough transition of PLA/PBAT foams. Additionally, for foams with high
interfacial adhesion, small cell size (<12 um) was more favorable for the stretching
of cells and extension of the whitened region in comparison with big cell size (cell
size > 60 um), leading to the drastic toughening of PLA blends. This study provides
a feasible, industrially scalable and practical strategy to prepare super toughened

and fully biodegradable PLA materials.

3.2. Introduction

PLA, as a vital kind of bio-based and biodegradable polymer, has attracted increased
attention due to the resource shortage crisis and serious environmental pollution
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caused by the extensive use of petroleum-based polymers[1l, 2]. Besides, the
advantages of excellent biocompatibility, high strength, and good processability,
have promoted its applications in many fields including biomedical devices, textiles,
and packaging[3-8]. Nevertheless, compared with commercial PP and PE resins, the
inherent brittleness, high density, and high cost of PLA resin suppress its wide
application where light weight and good toughness are required[2, 9].

Foaming is a feasible method to obviously reduce the weight of polymeric products
as well as offer many benefits [10]. Compared with solid counterparts, microcellular
plastic foams usually exhibit good impact strength, excellent thermal and sound
insulation properties, and thus have been applied in many fields, including
packaging, automobiles, safety equipment and construction industries[11, 12].
However, the extremely low melt strength of PLA is the biggest problem for
foaming[13, 14]. Cell coalescence and cell collapse are easy to occur due to the
weak resistance of cell walls during cell growth, which inevitably leads to open cells
and nonuniform bubble size distribution. So far, extensive effective approaches have
been applied, including chain extension[15, 16], blending[17-19], compounding[20,
21], and cross-linking[22, 23] to improve the foaming ability of PLA. Among these
methods, blending is a simple, cost-effective, and feasible approach for industrial
production. For instance, Liu et al.[17] studied the influence of PBAT on the
crystallization and foamability of PLA, and found that with the increase in PBAT
content from 0 to 7%, the cell density of PLA increased from 2.01x10° cells/cm? to
1.74x107 cells/cm?, and the expansion ratio increased from 4.87 to 10.94.

Besides the poor foamability of PLA, the low toughness is another major challenge
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that hinders its broad application. Substantial attempts have been made to enhance
the toughness of PLA[24-28]. Blending with other polymers, such as PU,
poly(ethylene-co-octene) (POE), poly(ethylene-co-glycidyl methacrylate) (EGMA),
poly(ethylene) (PE), and ethylene-co-vinyl acetate (EVA), is regarded as the most
efficient and economic approach to improve the toughness of PLA[29]. Furthermore,
toughening PLA by blending PBAT has become a hotspot due to the high toughness
of PBAT together with the biodegradable property of the final blend[30]. To obtain
a ductile PLA blend, the compatibilization between the PLA and PBAT should be
improved due to the complete phase separation between PLA and PBAT. Several
approaches, such as adding reactive compatibilizers[31, 32], catalysts[22], and
initiators[33], could be applied to improve the compatibility between PLA and
PBAT, leading to the obvious toughening of PLA. For example, Wang et al.[32]
prepared a PLA/PBAT (60/40) blend with improved elongation at break (579.9%)
and impact strength (29.6 kJ/m?) by using multifunctional epoxide (Joncryl ADR
4370S) as a reactive compatibilizer. Wu et al.[34] developed a super-tough
PLA/PBAT blend through reactive melt blending, which displayed an outstanding
impact strength of 61.9 kJ/m? and elongation at break of 278%.

However, few investigations had been conducted to improve the toughness of PLA
foams[35-37]. Najafi et al.[36] evaluated the effect of long-chain branched (LCB)
structure and nanoclay on the PLA foaming and its mechanical properties. It
revealed that the LCB-PLA with 0.5 wt% clay exhibited an improved cell structure
and enhanced specific impact strength compared with pure PLA. However, the

absolute impact strength of LCB-PLA with 0.5 wt% clay (13.3 kJ/m?) was still lower
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than the corresponding solid sample (13.8 kJ/m?). Lee et al.[37] reported that adding
polyhydroxyalkanoate (PHA) and nano-fibrillated PTFE led to the improvement of
the specific impact strength, while the absolute impact strength was reduced in
comparison with the corresponding solid sample. It looks increasingly urgent to
enhance the toughness of PLA foam from the perspective of industrial application.
Based on the previous analysis, the inclusion of PBAT and reactive compatibilizers
could enhance the melt strength, and further improve the foamability of PLA. To
our best knowledge, however, there is no reported literature using PBAT and ADR
to toughen PLA foams.

In this work, PLA/PBAT blend foam with a superior impact strength of 49.1 kJ/m?
was obtained by using core-back FIM. In specific, chain extender ADR was used to
improve the compatibility of biodegradable PLA and PBAT. The effect of ADR
content on compatibility, rheological behavior, cell structure and mechanical
properties of PLA/PBAT blend was comprehensively investigated. The toughening
mechanism was also discussed and analyzed. Except for the compatibility between
PLA and PBAT, the cell size would strongly influence the impact strength of
PLA/PBAT blend foams. The existence of small cells would improve the impact
strength and vice versa. This study offered a feasible method to fabricate fully
biobased PLA foams with high ductility, promoting its widespread application in

areas like packaging and construction.
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3.3. Experimental section

3.3.1. Materials
PLA (4032D) with a density of 1.24 g/cm?® was kindly provided by Natureworks

LLC. The D-LA content is approximately 2%. PBAT (TH801T) was purchased from
Xinjiang Blue Ridge Tunhe Sci. &Tech. Co., Ltd. Joncryl ADR-4468 (ADR) was
obtained from BASF, with a molecular weight of 7250 g/mol and an epoxy
equivalent weight of 310 g/mol. The chemical structure of PLA, PBAT and ADR
was depicted in Fig. 3-1. N2 with a purity of 99%, supplied by Ningbo Huayu Gas

Inc, was used as the physical blowing agent in FIM experiments.

o]
|
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. n 4 m
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Fig. 3-1. Structure of PBAT, PLA and ADR, where R1-R5 are H, CH3, a higher alkyl
group, or combinations of them; R6 is an alkyl group, and X, y, and z are each between 1

and 20.

3.3.2. Blend preparation

PLA and PBAT pellets were first dried at 80 °C overnight to remove any moisture.

The dried PLA and PBAT pellets were melt blended by using a corotating twin-
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screw extruder (SHL-52, Nanjing Haili Extrusion Equipment Co. Ltd., China) with
a rotary speed of 40 rpm The screw diameter and length/diameter ratio were 52 mm
and 44, respectively. The temperature profile was set as 150-200 °C from the feed
zone to the die. The weight ratio of PLA/PBAT was fixed at 70/30. Various amounts
of ADR (0, 0.5, 1, and 1.5 phr) were added into the mixture during the melting
blending process, and the resulting blends were marked as B, B0.5, B1 and B1.5,
respectively. To evaluate the effect of ADR content on the rheological behavior of
PLA and PBAT, PLA and PBAT with different ADR contents (0, 0.5, 1, and 1.5 phr)
were prepared through the same extrusion process. Each extrudate was quenched in

a water bath and pelletized by the cutting chamber.
3.3.3. Core-back FIM process

PLA/PBAT blend foams were prepared by using a 100-ton FIM machine (Systec
100/420-310C, Demag Plastics Group, Germany), equipped with a Mucell SCF
delivery system, T100, Trexel Inc., USA. Generally, core-back FIM process consists
of four stages, including injection, dwelling, core-back and cooling[38]. In the
foaming process, the uniformly mixed polymer/gas solution is injected to fill the
entire mold cavity, and cell nucleation occurs at the gate. The gate-nucleated cells
will dissolve back into the melt due to the high packing pressure during the dwelling
stage. Then, the cell nucleation is induced by core-back (mold-opening) operation,
and a very uniform cell structure can be achieved. A tensile test bar mold was used
in this study. Except for the thickness (3 mm), other dimensions of this mold are in
line with the Standard GB/T 1040. Other detailed processing parameters are shown

in Table 3-1. Then, the density and VVFs of injection molded unfoamed and foamed
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samples were measured and shown in Table 3-2.

Table 3-1. Processing parameters used for the FIM experiments.

PARAMETERS SOLID FOAM
Melt temperature (°C) 200 200
Mold temperature (°C) 80 80
Injection speed (mm/s) 100 100
Injection pressure (MPa) 150 150
Back pressure (MPa) 20 20
Packing pressure (MPa) 60 60
Dwelling time (sec) 10 25
Core-back distance (mm) N/A 1

N content (wt%) N/A 0.8

Table 3-2. Density and VF of the unfoamed and foamed samples

Solid Density(g/cm®) | Foam Density(g/cm3) VF

B 1.239 +0.003 B foam 0.878 +0.004  0.29
B0.5 1.239+0.004 | BO.5foam 0.871+0.003 0.30
Bl 1.240 + 0.002 B1 foam 0.875+0.012 0.29
B1.5 1.239+0.001 B1.5 foam 0.909+0.001 0.27

3.3.4. Fourier transform infrared spectrometry (FTIR) and ‘H
nuclear magnetic resonance (NMR)

To prove that ADR reacted with PLA and PBAT completely, PLA, PBAT, ADR and
B1.5 were dissolved in dichloromethane (CH2Cl2), dropped onto the tableted
potassium bromide, and were evaluated through FTIR (NICOLET 6700, Thermo
Fisher Scientific, USA). The detailed process could be found in the reference[32].
To further investigate the interactions between PLA/PBAT blend and ADR, the PLA
blends were heat pressed into disk-shaped samples in a hot-press. The disks with

thickness of 1 mm were then characterized on an FTIR (Cary660 + 620, Agilent,
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USA) with ATR mode at a resolution of 2 cm™ and an accumulation of 32 scans.
'H NMR spectra were collected on a spectrometer (AVANCE NEO 600, Bruker,
Switzerland) using CDCls as the solvent. The operating frequency was 600 MHz.
3.3.5. Gel permeation chromatography (GPC)

Molecular weight and polydispersity index (PDI) were studied using a GPC (PL-
GPC 220, Polymer Laboratories, UK) at room temperature, using chloroform as
solvent and a PS standard as reference. The solutions were filtered before
measurement.

3.3.6. Extraction in chloroform

The gel content of PLA/PBAT blends with different ADR content was measured
using a Soxhlet extractor. About 0.3 g of samples were wrapped in filter paper and
extracted in boiling chloroform for 24 h. Then, the extracted samples were dried to
a constant weight and the gel fraction was calculated using equation (1):

Gel fraction =(m,/m,)x100% (3-1)
where m, and m, were the original and extracted weight of samples.

3.3.7. PLA/PBAT blend morphology analysis

A Hitachi-S4800 scanning electron microscopy (SEM) was used to investigate
samples’ morphology. The injection molded PLA/PBAT samples with various ADR
content were cryofractured in liquid nitrogen. Both the cryofractured and impact-

fractured surfaces were coated with a layer of platinum before observation.
3.3.8. Rheological behavior analysis

The extruded PLA/PBAT blends with various ADR content were first compressed
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into disks of 1 mm in thickness with a diameter of 25 mm at 190 °C and 10 MPa.
Rheological behaviors of PLA/PBAT blends with various ADR contents under
oscillatory shear flow were conducted with an ARES rotational rheometer (HR-3,
TA, USA) under a nitrogen atmosphere. The frequency sweep was performed in the
frequency range of 0.01—100 rad/s with a strain of 1%, at a temperature of 190 °C.
Then, the dynamic temperature step testing was applied to evaluate the rheological
behavior of PLA and PBAT with various ADR contents in the temperature range of
190-80 °C with a constant strain of 1%.

3.3.9. Foam morphology characterization

A SEM (EVO18, Zeiss Group, Germany) was used to investigate the cell structure
of PLA/PBAT blends with various ADR content. Specimens cut from the central
part of the injection molded foams were cryogenically fractured and coated with a
layer of platinum before observation. The quantitative information of cell structure
was evaluated thought ImageJ software (National Institutes of Health, USA). The

cell density, No (cells/cm?®), was determined according to the following equation
(2):[39]
Ny = ()2 (3-2)
A
where n is the number of cells in the micrograph, A the area of the selected

micrograph, @ the expansion ratio of the foamed sample. The ® was calculated

using equation (3):

o= (3-3)
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where p, and p, are the density of the solid and its foamed sample, respectively.

Water displacement method (ISO 1183-1987) was applied to determine p, and

P .
The VF, which is defined as the ratio of the volume of voids in the foam to the total

volume of the foam, was determined using equation (4): [39]

_Pr
Py

VF (3-4)

3.3.10. Thermal analysis

Thermal properties were investigated with a differential scanning calorimeter (DSC,
DSC/TGAL, Mettler-Toledo) under a nitrogen atmosphere. All samples (about 5-8
mg) cut from the core (foamed) layer of the injection molded foams were sealed in
an aluminum pan and heated from 25 to 190 °C at a heating rate of 10 °C/min.
3.3.11. Mechanical test

Tensile properties of the injection-molded samples were evaluated using an Instron
5567 universal testing instrument (Instron, USA) with a crosshead speed of 20
mm/min. lzod impact tests were conducted according to the GB/T 1843-2008
standard on an impact tester (GT-7045-HML, Gotech Testing Machines Inc.). At

least five specimens were tested for each condition to get an average value.

3.4. Results and discussion

3.4.1. Reaction between PLA/PBAT and ADR
In order to study the reaction between PLA/PBAT and ADR, FTIR spectroscopy
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was applied to characterize the structures of pure PLA, PBAT, ADR, PLA/PBAT
blend and PLA/PBAT/ADR blends, which is shown in Fig. 3-2. The characteristic
absorption peaks at 908 and 850 cm™ (Fig. 3-2a), corresponding to the C-O
stretching vibration of epoxy group in ADR. These peaks disappeared in the B1.5
blend, indicating that ADR had reacted with PLA and PBAT completely. According
to the results previously reported[31, 32], the epoxy group of ADR could easily react
with the terminal hydroxyl and carboxyl groups of PLA and PBAT. This could be
proved by the results depicted in Fig. 3-2b. The sharp absorption peaks at 1749 and
1714 cm™ were assigned to the C=0 stretching vibrations in PLA and PBAT,
respectively. The weaker peaks at 1250—-1050 cm™ were caused by the stretching
vibration of C-O-C and the vibration of C-O from carboxyl groups. The intensity of
these peaks was enhanced by adding ADR, which suggested the reaction between

carboxyl/hydroxyl groups and epoxy groups.
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Fig. 3-2. FTIR spectra of samples: (a) ADR, PBAT, PLA and B1.5; (b) B, B0.5, B1 and

B1.5.

The result was also confirmed by *H NMR measure. Fig. 3-3 shows the *H NMR
spectra of pure PBAT, pure PLA, ADR, B0 and B1.5. The main peaks of PBAT, PLA
and ADR were consistent with the literature[7, 8]. For example, the peak at 8.1 ppm
(peak a in Fig. 3-3a) corresponded to the benzene ring of PBAT. The peaks at 1.57
(h) and 5.15 (i) ppm were assigned to the CH and CHs of PLA. The peaks at 6.5-7.2
(j) and 2.3-3.1 (k+1) ppm belonged to the benzene ring and the epoxy group of ADR.
The spectrum of B1.5 was similar to B1, as shown in Fig. 3-3d. However, the weak
peak at 7.1 (j in Fig. 3-3d") ppm proved the existence of the benzene ring of ADR.

This behavior can be attributed to the low ADR content. This result confirmed the
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reaction between ADR and PLA/PBAT. The possible reaction process between

PLA/PBAT and ADR during reactive extrusion is described in Fig. 3-4.
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Fig. 3-3. 'H NMR spectra for (a) pure PBAT, (b) pure PLA, (c) pure ADR, and (d, d') BO

and B1.5.
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Fig. 3-4. Possible reactions between PLA/PBAT and ADR during reactive extrusion.

The occurrence of chain extension reactions preliminarily confirmed by FTIR
spectra and *H NMR spectra would lead to a change in chemical structure and
molecular weight. Thus, GPC was applied to further investigate the molecular
weight and molecular weight distribution of samples, as shown in Table 3-3. It is
obviously shown that after adding ADR, the Mw significantly improved from
144849 g/mol for B to 285155 g/mol for B1, and the corresponding PDI increased
from 1.58 to 2.37. When ADR content increased to 1.5 phr, the molecular weight of
B1.5 blend was somewhat lower than that of B1 blend, but the PDI was further
increased to 2.57. It may be attributed to the slightly cross-linking of B1.5 blend.
The extraction result depicted that only B1.5 had a gel fraction of about 5 wt%. Thus,

the insoluble macromolecules (with high molecular weight) would be removed
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during the filtering stage before GPC analysis. These results strongly proved that
the added ADR could react with PLA/PBAT to improve the Mw of PLA/PBAT

blends.

Table 3-3. Molecular weight of PLA/PBAT blends with different ADR content.

Sample Mn Mw PDI
B 91152 144849 1.59
B0.5 96028 194619 2.03
B1 120210 285155 2.37
B1.5 103905 266574 2.57

3.4.2. Phase morphology of PLA/PBAT blends
Phase morphologies of injection-molded PLA/PBAT blends is shown in Fig. 3-5

From the SEM images perpendicular to the flow direction, B showed a typical “sea-
island” structure where PBAT phases were dispersed in the PLA matrix. The
relatively large size of dispersed phases (0.4—1.2 um) and poor interface indicated
the immiscibility between the pure PLA and PBAT resin. After adding ADR, the size
of PBAT phases was dramatically decreased and the phase interface gradually
became unobvious, especially when the ADR content was over 1 phr. Similar results
have been reported in references[40]. This clearly indicated the formation of PLA-
co-PBAT copolymer during reactive extrusion, which significantly enhanced the

interface adhesion between PLA and PBAT.
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Fig. 3-5. SEM images of the unfoamed specimens (a, a') B, (b, b") B0.5, (c, ¢') B1 and (d,
d") B1.5. (a-d) and (a’-d") were taken from the views perpendicular and parallel to the

flow direction, respectively.

Interestingly, PBAT phases with fibrillar structure, which was arranged towards the
flow direction, were found in the SEM images parallel to the flow direction (the
enlarged images were shown in Fig. 3-6. This phenomenon was strongly related to
the flow field during the injection molding process [41, 42]. SEM images of the B
exhibited PBAT fibrils with high aspect ratios, and the length of some fibrils was
even over 20 um. Compared with B (PLA/PBAT blend), the PLA/PBAT/ADR
blends showed a more refined fibrillar structure, especially for B1.5. This could be
attributed to two facts. First, the formation of PLA-co-PBAT could act as a
compatibilizer and reduce the interfacial tension, leading to the decreasing size of
the dispersed phase (PBAT phase). In addition, the viscosity ratio (ndispersed
phase/Mmatrix phase) Was lower than 1 in this study, which was beneficial to the

fibrillation of the dispersed phase under the flow field[43].
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Fig. 3-6. SEM images of (a) B, (b) B0.5, (c) B1 and (d) B1.5 obtained from the view

parallel to the flow direction.

3.4.3. Rheology behavior of PLA/PBAT blends
Rheological behavior plays a crucial role in the foaming process, and thus dynamic

frequency tests were conducted to study the effect of ADR on the linear viscoelastic
responses of PLA/PBAT blend. Fig. 3-7a shows the evolution of complex viscosity
(n*) as a function of frequency. With the increase in ADR content, the shear-thinning
tendency became more and more stronger. It may be attributed to the chain extension
reaction between PLA/PBAT and ADR[31]. As expected, the increase in ADR
content led to the increment of n* due to the improvement of dispersion and the
enhancement of the interaction between PLA and PBAT (Fig. 3-5). Fig. 3-7b depicts

the variation of storage modulus (G"). At high frequencies, the G' values of B1 and
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B1.5 were higher than that of B and B0.5, indicating that the former owned a higher
entanglement molar mass[44]. At low frequencies, adding ADR dramatically

increased the G' values, confirming the existence of some branched chains.
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Fig. 3-7. The rheological behavior of B, B0.5, B1 and B1.5 specimens as a function of

frequency at 190 °C: (a) complex viscosity (n*), (b) storage modulus (G"), and (c) Han

plot.

To further investigate the impact of the introduction of ADR on the rheology
behavior, the Han plot of B, B0.5, B1 and B1.5 are shown in Fig 3c. Han-plot can
be used to characterize the homogeneity and compatibilization of polymeric
blends[45]. A nonlinear correlation of B was observed (Fig. 3-7¢), meaning that PLA
and PBAT were immiscible. After adding ADR, however, the blends exhibited a

good linear correlation, especially for B1 and B1.5. It could be attributed to the
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formation of PLA-co-PBAT copolymer, and thus leading to the enhancement of the
compatibility between PLA and PBAT. This phenomenon further confirmed the
above result of phase morphology analysis (Fig. 3-5). In addition, with the increase
in ADR content, a transition of liquid-like behavior (G" > G, for B and B0.5) to
solid-like behavior (G' > G", for B1 and B1.5) could be found, which was due to the
long-chain branching and the compatibilization modification of PLA/PBAT blend.
3.4.4. Cellular structure of injection-molded foams

Fig. 3-8 shows the typical SEM images of B, B0.5, B1 and B1.5 foams, and the
corresponding quantitative cell parameters are presented in Fig. 3-9. Interestingly,
even without adding ADR, PLA/PBAT blend foam showed a tiny cell size (~8.6 um)
and high cell density (1.2x10° cells/cm?®). It may be due to the fact that blending
with PBAT greatly increased the interfacial area of disperse phases, which strongly
improved the cell nucleation density during the foaming process[46]. Thus, even
with the significantly enhanced viscoelastic response, compared with B foam, the
cell structure of B1 foam was just slightly improved. Surprisingly, a bimodal cell
structure was found in B1 and B1.5 foams. When the ADR content increased from
1 to 1.5 phr, the big cell size increased from 11.2 to 60.1 um while the small cell
size enlarged from 3.7 to 7.2 um. According to the previous literature, a bimodal
cell structure could be generated in a polymer blend with a large viscosity
difference[47], and thus a more comprehensive evaluation of the difference between

PLA and PBAT at various ADR content was needed.
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Fig. 3-8. Typical SEM images of (a, a") B, (b, b") B0.5, (c, ¢") B1 and (d, d") B1.5 foams.

(a'-d") were the magnified images of (a-d).
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Fig. 3-9. (a) Cell size and (b) cell density of B, B0.5, B1 and B1.5 foams.

Fig. 3-10 shows the complex viscosities of PLA and PBAT separately after reaction-
blending with various ADR content over a temperature range from 190 to 80 °C. As
expected, with the decrease in temperature, the n* of pure PLA or PBAT first
enhanced slowly and then increased rapidly at a certain temperature due to the onset
of crystallization. After adding ADR, the n* was greatly enhanced throughout the

whole temperature range. This could be attributed to the increased molecular weight
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and the formation of branched chains. However, the effect of ADR on the n* of PLA
and PBAT was different, resulting in an increase in the difference of n* between
PLA and PBAT (Ay:) with increasing ADR content. For example, Ay« significantly
increased from 26744 to 61842 Pa-s with the increase in ADR content from 0 to 1.5
phr when the temperature was 120 °C. Thus, it was believed that the formation of
the bimodal cell structure of B1 and B1.5 foams was strongly related to the increased
viscosity difference (Anx).

Based on the above results, a possible formation mechanism of the bimodal cell
structure for the modified PLA/PBAT blend is presented in Fig. 3-11. At the core-
back stage, the movable mold was rapidly opened to induce foaming, and then
numerous cell nuclei were formed, especially at the phase interfacial area (Fig. 3-
11a and a')[48]. During the cell growth stage, as for the PLA/PBAT blends with high
ADR content (i.e., B1 and B1.5), the gas preferred to move to the cells in PBAT
phases or interfacial area. This could be attributed to the fact that PBAT phase
exhibited a lower complex viscosity compared with PLA phase. With the increase
in ADR content, more gas would move to cells in PBAT phase due to the enhanced
Ay« (Fig. 3-10), and these cells would coalesce into one big cell. Consequently, large
cells could be found in PBAT phase, small cells existed in PLA phase, as shown in
Fig. 3-11c'. For PLA/PBAT blends with low ADR content (i.e., B and B0.5), a lower
Ans suggested that the cell size difference of cells in PBAT and PLA phase became
smaller. Thus, cell structure with relatively uniform cell distribution could be

obtained in some extent for the B and B0.5 foams, as shown in Fig. 3-11c.
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3.4.5. Crystallization behaviors
The first melting curves of the core layer of injection-molded B, B0.5, B1, B1.5 and

their corresponding foamed samples are shown in Fig. 3-12. The related thermal
parameters are listed in Table 3-4. It is obvious that all samples showed strong cold
crystallization peaks in temperature range of 92 — 102 °C resulting from the slow
crystallization rate of PLA. For solid samples, notably, the cold crystallization
temperature increased from 96.2 to 102.3 °C while the melt temperature decreased
from 170.0 to 165.5 °C, with the increase in ADR content from 0 to 1.5 phr. This
was caused by the limited mobility of PLA chains after the chain extension reaction
caused between PLA and ADR. Similar results also could be found in foamed
samples. After adding ADR, the degree of crystallinity (Xc) of solid samples was
reduced due to the improved molecular entanglement. For example, the Xc
decreased from 9.6% for B to 6.7% for B1.5. However, for foamed samples, the Xc
seemed independent with ADR content (13.3-16.3%). It could be attributed to the
fact that the introduction of the physical foaming agent (N2) could act as a plasticizer
to increase the mobility of polymer chains[49, 50], which compensated for the
disadvantage induced by adding ADR. Compared with solid samples, the foamed
samples presented lower cold crystallization temperature and melt temperature, but
with a higher degree of crystallinity, indicating that foaming could accelerate the
formation of more crystals. Since both the solid and foamed samples had low
crystallinity, the effect of crystallinity on mechanical properties could be neglected

in the following discussion.
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Fig. 3-12. First heating curves (10 °C/min) of the unfoamed specimens (a) B, B0.5, B1,

and B1.5 and (b) their corresponding foamed samples.

Table 3-4. Thermal parameters of B, B0.5, B1, B1.5 and their corresponding foamed

samples from DSC curves

Solid Tec Tm Xe Foam Tec Tm Xe
(°C) (°C) (%) (°C) (°C) (%)
B 96.2 170.0 9.6 B foam 92.4 167.9 14.4
B0.5 98.8 166.9 6.8 B0.5 foam 93.3 167.9 14.9
Bl 102.2 167.0 3.0 B1 foam 96.5 165.5 13.3
B1.5 102.3 165.5 6.7 B1.5 foam 94.6 163.1 16.3

3.4.6. Tensile properties
Fig. 3-13 shows the yield strength and elongation at break of B, B0.5, B1, B1.5 and

their corresponding foamed samples. The typical stress-strain curves of these
samples are displayed in Fig. 3-14. With the increase in ADR content, the tensile
strength of solid samples gradually decreased from 45.8 to 40.1 MPa. This result
was different from what had been reported in the literature[32]. It may be caused by

the morphology transformation of PLA/PBAT blends after adding ADR[43]. In
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specific, the length of PBAT fibrils significantly reduced with increasing ADR

content (Fig. 3-6). After foaming, however, the cells changed the special phase

morphology of PLA/PBAT blends, leading to a different result that the yield strength

of foamed sample gradually improved from 21.8 to 22.8 MPa.
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Fig. 3-13. (a) Tensile strength and (b) elongation at break of the unfoamed specimens B,

B0.5, B1, B1.5 and their corresponding foamed samples.
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Fig. 3-14. Stress-strain curves of (a) B, B0.5, B1, B1.5 and (b) their corresponding foamed

samples.

When the ADR content was below 1 phr, the enhanced compatibility between PLA

and PBAT could improve the elongation at break for both solid and foamed samples.
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For instance, the elongation at break of solid samples increased from 123 to 170%
when ADR content increased to 0.5 phr, while that of foamed samples increased
from 32 to 82%. With the further increase in ADR, however, the elongation at break
of B1.5 was unexpectedly decreased to 23%. It may be attributed to the fact that the
mobility of polymer chains was significantly confined due to the excessive chain
extension reaction and the cross-linking when ADR content was 1.5 phr[51-53].
Interestingly, B1.5 foam showed an improved elongation at break in tensile testing
compared with the solid B1.5 and foamed samples with lower ADR content. This
may be due to the existence of bimodal cell structure in B1.5 foam, in which the
small cells could induce matrix craze, shear yielding and large plastic zone, while
the big cells could transform crack propagation direction from across the sample
into the tensile direction[54, 55].

3.4.7. Impact properties

Fig. 3-15 shows the impact strength of PLA/PBAT blends samples. With the
increase in ADR content, the impact strength of solid samples first almost
unchanged (~5.3 kJ/m? for both B and B0.5), and then suddenly increased to an
extremely high level (30.8 kJ/m? for B1 and 46.4 kJ/m? for B1.5). It should be
noticed that B1 and B1.5 were not completely fractured during the impact test as
shown in the digital picture of the inset in Fig. 3-15a. As expected, the enhanced
interfacial adhesion could cause this result. This changing trend of the impact
strength was consistent with the results of the phase morphology of PLA/PBAT
blends (Fig. 3-5). Specifically, poor interfacial adhesion usually led to a low impact

strength, and vice versa, as previous literature reported[32]. Interestingly, the impact
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strength of foamed samples first slightly improved from 7.7 kJ/m? for B foam to
12.2 kd/m? for BO.5 foam, and then significantly enhanced to 49.1 kJ/m? for B1 foam,
more than 59.4% higher than that of solid, and 6.4 and 9.3 times that of B foam and
B, respectively. Noticeably, B1 foam belongs to super toughened PLA materials
(notched impact strength>35 kJ/m?[56]). When the ADR content increased to 1.5
phr, however, the impact strength abruptly reduced to 28.7 kJ/m?, which was even
lower than its corresponding solid sample. It should be mentioned that when ADR
content was over 0.5 phr, the foamed samples were not completely fractured during
the impact test as shown in the digital picture of the inset in Fig. 3-15b. Obviously,
except for the interfacial adhesion, the cell structure also strongly affected the final
impact strength of PLA/PBAT blend foams. Considering the fact that the foamed
samples exhibited a higher impact strength than solid samples, except B1.5 foam, it

was reasonable that the existence of big cells (60 um for B1.5 foam) would

extremely damage the toughness, but small cells (<12 um for B, B0.5, B1.5) would

enhance the toughness.
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Fig. 3-15. Impact strength of the unfoamed specimens (a) B, B0.5, B1, B1.5 and (b) their

corresponding foamed samples.

83



To further investigate the fracture mechanism during the impact test, the SEM
images of impact-fractured surfaces of solid (Fig. 3-16) are evaluated. By comparing
Fig. 3-16al1—d1, it is clearly observed that the whole impact-fractured surfaces of B
and BO0.5 were rather smooth. Furthermore, debonding and stretching of PBAT
phase were found in the magnified SEM images of B and B0.5 (Fig. 3-16a2—a4 and
b2—-b4), due to the poor interfacial adhesion. Clearly, B and B0.5 samples showed
brittle fractures during the impact test. However, for B1 and B1.5 samples, attributed
to the enhanced interfacial adhesion, both samples were not completely fractured
and the whole impact-fractured surface became rough. In specific, plastic
deformation was revealed in the magnified SEM images of B1 and B1.5, especially
in the later crack propagation zone (Fig. 3-16c4 and d4). As expected, increasing
interfacial adhesion led to a brittle-tough transition in the solid samples, in which

the impact energy dissipation changed from craze to yielding of the matrix.
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Fig. 3-16. SEM images of impact-fractured surfaces of (a) B, (b) B0.5, (c) B1, (d) B1.5.

Number 1 represent the whole impact-fractured surface morphology at low
magnification. Number 2, 3, and 4 represent the magnified images obtained from the
crack initiation zone (position A), the early crack propagation zone (position B) and the

later crack propagation zone (position C), respectively.

Compared with solid samples, the macro-deformation processes of foamed samples
became more complicated due to the introduction of cell structure, as shown in Fig.
3-17. From the perspective of the whole morphology (Fig. 3-17al-d1), B foam and
B0.5 foam showed the much smoother impact-fractured surface than B1 foam and
B1.5 foam. Interestingly, the unbroken part area of B1 foam was much larger than
that of B1.5 foam, proving the rationality of the big difference in impact strength
between those two samples (Fig. 3-15b). In the initiation zone (position A),

deformed cell structure could be found in all samples due to the huge impact force.
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For B and B0.5 foams with low interfacial adhesion, the cells preserved their
original shape after the impact test in both the early crack propagation zone (position
B) and the later crack propagation zone (position C). In addition, fibrillar PBAT
phases could be found in B and B0.5 foams as shown in Fig. 3-18, which were the
magnified images of the early crack propagation zone (position B). It confirmed that
the PBAT phase was elongated during the impact process due to the poor interfacial
adhesion between PLA and PBAT, but the PLA phase still showed brittle fracture,
leading to the low impact strength. When ADR content increased to high levels (1
or 1.5 phr ADR content), the enhanced interfacial adhesion caused the
disappearance of fibrillar PBAT, and the appearance of plastic deformation is shown
in Fig. 3-18. More interestingly, the cell walls of B1 and B1.5 foams in the later
crack propagation zone were extremely stretched. The obvious plastic deformation
suggested the high fracture resistance, resulting in the enhanced ductility of B1foam
and B1.5 foam in comparison with B foam and B0.5 foam. With the increase in ADR
content from 1 to 1.5 phr, the big cell size increased from 11.2 to 60.2 um, resulting
in a thicker cell wall around the big cells (Fig. 3-17d3). Based on the SEM images
of Fig. 3-17¢3 and d3, it could be induced that the presence of the thicker cell wall
of B1.5 foam would prevent the deformation of the cell wall, leading to the impaired

impact strength compared with B1 foam.
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Fig. 3-17. SEM images of impact-fractured surfaces of (a) B foam, (b) B0.5 foam, (c)
B1foam, (d) B1.5 foam. Number 1 represent the whole impact-fractured surface
morphology at low magnification. Number 2, 3, and 4 represent the magnified images
obtained from the crack initiation zone (position A), the early crack propagation zone

(position B) and the later crack propagation zone (position C), respectively.
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Fig. 3-18. SEM images of (a) B, (b) B0.5, (c) B1, (d) B1.5 foam at the early crack

propagation zone.

Apart from the impact-fractured surfaces, SEM images of B1 foam and B1.5 foam
in whitened region were studied, as shown in Fig. 3-19. Cellular deformation was
clearly observed in the whitened region for B1 foam, and the deformation zone
(marked by red dashed boxes) was much larger than B1.5 foam. This phenomenon
undisputed proved that small cells were favorable to deformation during the impact
test, leading to larger energy dissipation. Based on the previous analysis, the
schematic of the impact-fractured surface morphology of PLA/PBAT blend foams
Is exhibited in Fig. 3-20. There were two main factors that would affect the impact
behavior of PLA/PBAT blend foams, including interfacial adhesion and cell size.
Two main conclusions could be proposed. First, independent of cell size, interfacial
adhesion was the key factor that could lead to the brittle-tough transition of

PLA/PBAT blend foams. Second, for PLA/PBAT blend foams with good interfacial
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adhesion, small cell size (<12 um) was conducive to the development of matrix
yielding (small-scale plastic deformation) into cell stretching (large-scale plastic
deformation), and extended the area of the whitened region (Fig. 3-19), which would

extremely enhance the impact strength of PLA/PBAT blend foams.

Fig. 3-19. (a) Schematic of sample position for SEM. SEM images of (b, d) B1 foam and

(c, €) B1.5 foam in whitened region perpendicular to the impact-fractured surface.
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Fig. 3-20. Schematic of the impact-fractured surface morphology of PLA/PBAT blend

foams.

3.5. Conclusion

In this work, super toughened PLA/PBAT blend foams were successfully obtained
through a reactive extrusion and the followed core-back FIM. When the ADR
content increased to 1 phr, the impact strength of foamed sample reached 49.1 kJ/m?,
which were about 59.4% higher than that of its solid, and 9.3 and 6.4 times than that
of the unmodified PLA/PBAT blend and its foam, respectively. In addition, the
elongation at break of PLA/PBAT/ADR (1 wt%) foam increased to 71%, which was
about 2.2 times that of the unmodified PLA/PBAT foam. FTIR, NMR and GPC
analysis showed that the chain extension reaction between ADR and PLA/PBAT led
to the increase in the molecular weights. SEM and rheological results confirmed that

the formation of PLA-co-PBAT copolymer could significantly improve the
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compatibility between PLA and PBAT. For solid blend samples, the impact strength
was strongly related to the compatibility. In contrast, as for the foamed PLA/PBAT
blends, except for the compatibility, the thin cell walls (the corresponding cell size
< 12 um in this study) were prone to plastic deformation compared with thick cell
walls (the corresponding cell size > 60 um) and absorbed a large amount of energy.
The enhanced compatibility and small cell size were responsible for the super

toughness of injection-molded PLA/PBAT blend foam.
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Chapter 4: Cell structure and adhesion in
polymer blend foams: Cell size-induced

brittle-tough transition

In Chapter 3, a super toughened PLA/PBAT foam was prepared by introducing
PBAT and a chain extender. The enhanced interfacial adhesion could cause a brittle-
tough transition of PLA/PBAT foams. In addition, the existence of big cells (cell
size > 60 um) can damage the impact toughness even for PLA/PBAT foams with
good interfacial adhesion.

Building on the results in Chapter 3, the next step is to figure out the relationship
between cell size and impact strength. Herein, PLA/PBAT blend foams with various
cell sizes but a fixed VF were prepared by using core-back FIM technique. The tests
of impact strength were conducted. Besides, the effect of interfacial adhesion on
impact strength was also considered. Finally, the cell size-induced toughening

mechanism was discussed.
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4.1. Abstract

The mechanical properties of polymeric foams are closely associated with their
cellular structure. However, the study of how cell structure influences the
mechanical behavior of polymeric foams is complicated by the interrelated
variations in cell size and expansion ratio. Herein, we explored the relationship
between cell size and impact strength in PLA/rubber blend foams by controlling the
cell size while keeping the expansion ratio constant. This was achieved using the
core-back FIM technique. Surprisingly, a cell size-induced brittle-tough transition
occurred at a specific critical cell size. Foams exhibited brittleness when the cell
size exceeded this critical threshold, whereas smaller cell sizes resulted in toughness.
Furthermore, we found that enhancing the interfacial adhesion effectively increased
the critical cell size. The fracture behavior of foams across a spectrum of cell sizes
was extensively examined using impact test and SENTB techniques, leading to the
proposal of a cell size-induced toughening mechanism. Below the critical cell size,
the proximity of the cells facilitated a robust interaction of stress fields generated by
adjacent cells, coupled with the beneficial role of rubber particles in hindering the
progression of cell-induced crazes to cracks, thereby absorbing significant energy.
Conversely, when the cell size surpassed the critical value, the diminished
interaction among cells allowed cell-induced crazes to develop directedly into
cracks, resulting in reduced impact strength. This proposed toughening mechanism
is likely applicable across a broad range of brittle polymer/rubber blend foams,
suggesting a universal strategy for enhancing the resilience of polymeric foam

materials.
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4.2. Introduction

Thermoplastic foams have been extensively used across various sectors s such as
packaging, automotive, and construction due to their notable advantages including
superior impact resistance, good acoustic and thermal properties, and reduced
densities[1-4]. The excellent mechanical properties of these foams are favorable for
their wide applications. Beyond the intrinsic qualities of the foam precursors, the
cellular structure parameters, including density and cell size, markedly affect the
final mechanical properties[5-7]. Specifically, the modulus or strength of
microcellular foam is predominantly determined by the relative density, as
elucidated by Gibson and Ashby[8]. However, focusing solely on density's impact
on strength can yield inconsistent outcomes. For instance, the impact strength of PP
foams initially increased with a decrease in relative density up to a point (around
0.6) and then decreased [9]. Conversely, the impact strength of PS foams
consistently reduced with a decrease in relative density[10]. Given the variation in
cell size attendant on density changes, both density and cell size are essential in
discussing the determinants of the impact strength of polymeric foams.

Contradictory findings have emerged regarding the relationship between cell size
and the impact strength of polymeric foams. Barlow et al[11] prepared PC foams
with different cell sizes (6—18 um) while maintaining a constant relative density
(0.7), and found that the impact strength enhanced with the increase of cell size.
Conversely, Bao et al compared the impact strength of PS foams with different cell

sizes and the same relative density, revealing a decline in impact strength with the
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enlargement of cell size at the same relative density (0.3 or 0.56). This disparity in
outcomes underscores the necessity for further comprehensive investigations to
elucidate the relationship between cell size and impact strength within polymeric
foams.

PLA, recognized for its bio-based and biodegradable nature, has become one of the
most commercially viable polymers, attributed to its excellent properties such as
high stiffness, high strength, and good transparency[12, 13]. Despite these
advantages, the inherent brittleness of PLA limits its foams’ broader applications,
with only a limited number of studies addressing this challenge. For instance, Xiang
et al.[14] prepared strong and tough PLA foams through a process of PIF followed
by supercritical CO2 foaming. The orientation of crystals, alongside the presence of
micro-/nano-cells, resulted in PLA foam obtained at 40 °C with an impressive
impact strength of 32.3 kJ/m2. However, the PIF process necessitates specialized
equipment capable of exerting an internal pressure as high as 180 MPa, rendering
this method less feasible for large-scale industrial production. Najafi et al[15]
demonstrated that adding 0.5 wt% clay into long-chain branched PLA could
improve the cell structure, leading to a significant improvement in the specific
impact strength from 13.9 to 19.1 (kJ-m™)/(g-cm™). It should be noticed that these
impact strengths were derived from tests on unnotched samples, and the toughness
improvement was only about 37%. This incremental progress underscores the
growing necessity to advance the toughness of PLA foams to expand their
application spectrum. In this regard, conducting a systematic investigation into the

correlation between cell size and impact properties of PLA foams could yield
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valuable insights, potentially paving the way for developing more robust PLA foam
products.

Building on the concept of blending toughening strategies for solid PLA[16, 17], we
have explored the toughening of PLA foams by incorporating PBAT and a chain
extender, ADR (which is known to react with both PLA and PBAT, thereby
enhancing the interfacial adhesion between PLA and PBAT), as detailed in our
previous work[18]. We studied the effect of ADR content on the cell structure and
impact strength of PLA/PBAT (70/30) blend foams. The findings indicated that the
optimal impact strength, reaching 49.1 kJ/m? was achieved by adding 1phr ADR,
which was 6.4 times relative to the impact strength of the unmodified PLA/PBAT
blend foams. However, increasing the ADR content to 1.5 phr leaded to a diminished
impact strength of 28.7 kJ/m? due to the formation of larger cells from
approximately 12 to 60 um), despite improved interfacial adhesion between PLA
and PBAT. This outcome emphatically demonstrates proved that the cell structure
would heavily influence the impact strength of PLA foams.

In this study, based on our preceding investigations into PLA/PBAT blend foams,
both the unmodified PLA/PBAT blend and a phase interface-enhanced PLA/PBAT
blend (incorporating 1 phr chain extender ADR) were selected for foam preparation.
These foams were fabricated with various cell sizes but maintained a fixed VF
(either 30% or 40%) using core-back foaming injection molding (FIM). The
relationship between cell size and impact strength of the PLA/PBAT foams was
systematically evaluated. The cell size-induced toughening mechanism was also

proposed. The presence of cells was found to initiate crazes due to a lower stress
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required for initiation. For foams with cell size below a critical threshold, cell-
induced crazes would develop stably between neighboring cells, leading to high
impact strength. In contrast, for larger cell sizes, the cell-induced crazes would

transition directly to cracks, resulting in a diminished impact strength.

4.3. Experimental section

4.3.1. Materials
An extrusion-grade PLA 4032D with a density of 1.24 g/cm? and an MFR of 7 g/10

min (210 °C, 2.16 kg) was purchased from NatureWorks LLC. PBAT TH801T was
kindly provided by Xinjiang Blue Ridge Tunhe Sci.&Tech. Co., Ltd. The reactive
compatibilizer with the trade name of Joncryl ADR-4468 (ADR) was obtained from
BASF. Its molecular weight and epoxy equivalent weight were 7250 g/mol and 310
g/mol, respectively. N2 with a purity of 0.99 was supplied by Ningbo Huayu Gas
Inc.

4.3.2. Blend preparation

Prior to blending, pellets of PLA and PBAT were died under vacuum at 80 °C
overnight. A corotating twin-screw extruder (SHL-52, Nanjing Haili Extrusion
Equipment Co. Ltd., China) was used to prepare PLA/PBAT/ADR blends at weight
ratios of 70/30/0 and 70/30/1) with a rotary speed of 40 rpm. The temperature profile
was set as 150-200 °C from the hopper to the die. Blends were first introduced into
a water bath for cooling, and then pelletized by a cutting chamber.

4.3.3. FIM with core-back operation
A 100-ton FIM machine (Systec 100/420-310C, Demag Plastics Group, Germany),
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equipped with a Mucell SCF delivery system (T100, Trexel Inc., USA), was applied
for the FIM experiments. The core-back FIM process comprises four stages:
injection, dwelling, core-back, and cooling[19]. Initially, a full shot is applied to
completely fill out the mold cavity, inducing cell nucleation at the gate. High
packing pressure during the dwelling step could causes these gate-nucleated cells to
redissolve back into the melt. Subsequently, a precisely controlled core-back step
can provide a driving force for cell nucleation, achieving foams with a
predetermined VF. Uniform cell structures can be obtained after cooling. The
utilized two-plate mold has a tensile test bar mold cavity. Its dimensions meet the
Standard GB/T 1040 with the exception of thickness (3 mm). To prepare foams with
various cell sizes, different dwelling times (5-30 s) and Nz content (0.6-1 wt%)
were employed. In addition, various core-back distances of 1 and 2 mm were applied
to adjust the VF. The densities and VVFs of the resultant foams are detailed in Table
4-1, facilitating the preparation of foams with distinct cell sizes while maintaining a
consistent VF (approximately 30% or 40%). More detailed processing parameters
are listed in Table 4-2.

Table 4-1. Density and VF of foamed samples

Core-back distance  Density VF

(mm) (g/cm?)
1 0.90+0.01 28%
PLA/PBAT foams ’ 075+003 40%
1 0.8+0.04 30%
PLA/PBAT/ADR foams 2 0.72+0.04 42%

Table 4-2. Processing parameters used for the FIM experiments.
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PARAMETERS SOLID FOAM

Melt temperature (°C) 200 200
Mold temperature (°C) 80 80
Injection speed (mm/s) 100 100
Injection pressure (MPa) 150 150
Back pressure (MPa) 20 20
Packing pressure (MPa) 60 60
Dwelling time (sec) 10 5-30
Core-back distance (mm) N/A 1,2
N2 content (wt%) N/A 0.6-1

4.3.4. PLA/PBAT blend morphology analysis
The phase morphology of the PLA/PBAT samples was investigated using a Hitachi-

S4800 SEM. The injection-molded PLA/PBAT samples with various ADR contents
were cryofractured in liquid nitrogen. Before observation, both the cryofractured
and impact-fractured surfaces were coated with a layer of platinum. The weight-

average particle size, Dw, was calculated through equation:

D, =5—— (4-1)

where ni is the number of PBAT particles, Di the diameter of PBAT particle.

A JEM-1230 transmission electron microscopy (TEM) was also used to analyze
phase morphology at 80 kV. The specimens with a thickness of ~120 nm were sliced
using a LEICA EM FC7 ULTRA-MICROTOME. Before observation, Ruthenium
tetroxide (RuOa) vapor was applied to selectively stain the PBAT phases at room

temperature for 4 hours.
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4.3.5. Rheological behavior analysis
Disk-shaped specimens, each with a diameter of 25 mm and a thickness of 1 mm,

were prepared through hot pressing before rheological testing. The rheological
properties of PLA, PBAT, PLA/PBAT blends with different ADR contents were
investigated using an ARES rotational plate rheometer (HR-3, TA, USA) under a
nitrogen atmosphere. Tests were conducted across a frequency range of 0.01-100
rad/s at a constant temperature of 190 °C and a strain amplitude of 1%.

4.3.6. Foam characterization

For the assessment of cell size and cell density, the cellular structure of the foamed
samples were investigated using a SEM (EVO18, Zeiss Group, Germany). Prior to
observation, specimens cut from the central part of the injection-molded foams were
cryogenically fractured and subsequently coated with platinum before imaging.
Then, Image J software (National Institutes of Health, US)- was applied to analyze
SEM images. The cell density, No (cells/cm?®), was calculated from the following

equation:[20]

Ni3p2 -
N, = (K) @ (4-2)
o= (4-3)
P+

where n is the number of cells in the selected micrograph, A is the area of the
micrograph, and ® the expansion ratio of the foamed sample. p, and p; are the
densities of the solid and its foamed counterpart, respectively. Water displacement
method (ISO 1183-1987) was applied to determine p, and p;.

The VF, which is defined as the ratio of the volume of voids in the foam to the total
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volume of the foam, was determined using equation: [20]

_P
ps

VF (4-4)

The average cell size, d (um), and the cell wall thickness, z (um), were obtained

from the following equations (4-6):[21]

d=" (4-5)

ini(lndi—lnd)2

ho= |=—jy (4-6)

2N

i=1

ys
r=d “é} exp(15In* o) -exp(0.5In o) (4-7)

where di is the cell size, ni the number of cell, and ¢ the size distribution of cells.

4.3.7. Thermal analysis
A DSC (DSC3+, Mettler-Toledo) was used to study the thermal properties under a

nitrogen atmosphere. The testing specimens cut from the core (foamed) layer of
foams, with specimen sizes in the range of 5-8 mg. The test procedure consisted of

a heating cycle in the temperature range of 25-190 °C with a heating rate of

10 °C/min.
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4.3.8. Mechanical properties
Izod impact tests were conducted according to the GB/T 1843-2008 standard using

an impact tester (GT-7045-HML, Gotech Testing Machines Inc.). Additionally,
SENTB test was conducted to investigate the fracture behavior of the foamed
samples, using an Instron 5567 universal testing instrument (Instron, USA). The
corresponding process is depicted in Fig. 4-1. Both Izod impact tests and bending
tests specimens were of identical dimensions. Prior to testing, the surface layer of
each specimen was meticulously removed. At least five specimens were tested for

each condition and the mean values were reported.

(@) l 20 mm/min (b)

0

50 mm : 0 s 10 15 20 25
Displacement (mm)

Fig. 4-1. (a) Schematic of SENTB. (b) A typical load-displacement curve.

4.4. Results and discussion

4.4.1. Phase morphology

The interaction between the terminal carboxyl groups and hydroxyl groups with the
epoxy group of ADR facilitated the formation of PLA-co-PBAT copolymer, which
was pivotal for improving the interfacial adhesion between PLA and PBAT in the

PLA/PBAT blends[22-24]. The comprehensive examination of the reaction between
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PLA/PBAT and ADR was discussed in our previous work through a series of
characterization methods, including FTIR, *H NMR spectra and GPC[18]. Given
the detailed analysis provided in that study, this aspect would not be reiterated herein.
Fig. 4-2a and b shows the SEM images of PLA/PBAT blends with and without ADR
corporation, and Fig. 4-2a' and 2b' are the corresponding TEM images. In the
absence of ADR, the PLA/PBAT blend exhibits a distinct sea-island structure,
attributed to suboptimal interfacial adhesion between PLA and PBAT. Conversely,
the introduction of ADR resulted in a notable reduction in the size of PBAT
dispersed phase, which became enveloped by the PLA matrix, indicative of
improved compatibility. Fig. 4-2c to e display the phase morphology of PLA/BAT
blend foams with different cell sizes. Compared to the solid sample, the PBAT
particles within the foamed specimens exhibited a slight elongation during the
foaming process. However, the dimensions of the PBAT particle remained almost
unchanged, within a range of 0.51 to 0.68 um, throughout the foaming. This
observation indicated that variations in the particle size of PBAT had a negligible
impact on the impact strength of the blend foams, thus directing the focus of

discussion away from particle size variation towards other influential factors.

ol |
D =0.68 pom . D051 ) D =0.55 pm
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Fig. 4-2. Phase morphology of (a, a') PLA/PBAT, (b, b') PLA/PBAT/ADR, and (c—e)
PLA/PBAT foams with various cell sizes: (c) 43.6 um, (d) 19.2 um, and (e) 11.2 um. (a—e)

obtained by SEM, and (a', b') by TEM. The VF of PLA/PBAT foams was 30%.

4.4.2. Rheological behavior
The rheological behavior of the PLA, PBAT, and PLA/PBAT blends with and

without ADR, as subjected to frequency sweeps, are depicted in Fig. 4-3. For the
pure PLA and PBAT, a Newtonian plateau was observed at low frequencies,
followed by a typical shear-thinning behavior at higher frequencies. In contrast, the
PLA/PBAT blend exhibited a distinct non-terminal behavior at low frequency region,
which was ascribed to the shape relaxation phenomenon. This phenomenon
involved the shape deformation of the dispersed phase within the matrix during the
oscillatory shear deformation, leading to the increase of the storage modules of
PLA/PBAT at low frequencies [25, 26]. Additionally, the addition of ADR into the
blend markedly enhanced both the complex viscosity and storage modulus, a result
of the chain extension reaction between ADR and PLA/PBAT[23]. Besides, the
shear-thinning tendency of the PLA/PBAT blend became more obvious with the

introduction of ADR.
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Fig. 4-3. The dependence angular frequencies of (a) complex viscosity and (b) storage

modulus at 190 °C.

4.4.3. Cellular structure

Generally, the formation of foams consists of two steps, including cell nucleation
and cell growth. During the cell nucleation step, the inclusion of a higher content of
physical blowing agent or nucleating agent additives are effective methods to
accelerate cell nucleation. This efficacy is due to the fact that physical blowing
agents can enhance the driving force for cell nucleation, whereas nucleating agents
can significantly lower the energy barrier for heterogeneous nucleation according to
the traditional cell nucleation theory[27, 28]. During the cell growth stage, an
increase in melt strength could suppress the growth of nucleated cells, leading to a
smaller cell size. As the melt strength is strongly related with the melt temperature,
foams with smaller cell sizes could be achieved by extending the dwelling times in
the FIM process. To examine the relationship between cell size and impact strength
without introducing additional variables, N2 content and dwelling time were
selected as the primary parameters to modulate the cellular structure of the injection-
molded foams. Consequently, different N2 contents and dwelling times were
employed to prepare foams with various cell sizes. Fig. 4-4 and 4-5 show the SEM
images of PLA/PBAT foams with VF of 30% and 40%, respectively, while Fig. 4-6
and 4-7 illustrate the corresponding cell size distributions. The cell sizes ranged
from 43.6 to 11.2 um for foams with a VF of 30% and from 22.8 to 6.4 um for those

with a 40% VF of. To further characterize the cell structure, Fig. 4-8 demonstrates
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the relationship between cell size and two other critical parameters—cell density and
cell wall thickness— for foams with VFs of 30% and 40%. There was a clear
correlation among these parameters: as cell size increased, cell density decreased,
whereas cell wall thickness increased. This variation in cell size resulted in cell wall
thicknesses ranging from 3.2 to 13.3 um for foams with a 30% VF and from 1.3 to

3.6 um for foams with a 40% VF.

Fig. 4-4. SEM images of PLA/PBAT foams with different cell sizes and a fixed VF of

30%.
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Fig. 4-5. SEM images of PLA/PBAT foams with different cell sizes and a fixed VF of

15

40%.
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Fig. 4-6. Cell size distribution of PLA/PBAT foams with a VF of 30%.
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Fig. 4-7. Cell size distribution of PLA/PBAT foams with a VF of 40%.
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with VF of (a) 30% and (b) 40%.

Following the same preparation methodology, PLA/PBAT/ADR foams with a range
of cell sizes were produced, corresponding to VFs of 30% and 40%, as shown in
Fig. 4-9 and 4-10. The distribution of cell size for these foams is further depicted in
Fig. 4-11 and 4-12. Fig. 4-13. presents the cell size dependence of cell density and

cell wall thickness for foams with VVFs of 30% and 40%. For foams with a 30% VF,
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the cell wall thickness varied between 1.2 and 41.4 um, whereas foams with a 40%

VF exhibited cell wall thicknesses ranging from 1.8 to 14.4 um.

,,,,, = = s |

Fig. 4-9. SEM images of PLA/PBAT/ADR foams with different cell sizes and a fixed VF

of 30%.

114



Fig. 4-10. SEM images of PLA/PBAT/ADR foams with different cell sizes and a fixed VF

of 40%.
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Fig. 4-12. Cell size distribution of PLA/PBAT/ADR foams with a VF of 40%.
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4.4.4. Thermal behavior

Considering the potential impact of foaming on the crystallization properties of
polymers[29, 30], a comprehensive analysis of the thermal behavior of PLA/PBAT

and PLA/PBAT/ADR foams was conducted. The first heating thermograms of
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PLA/PBAT and PLA/PBAT/ADR foams were analyzed, as shown in Fig. 4-14.
Given the extensive variety of samples, a pragmatic approach was adopted whereby
three distinct foams—representing the maximum, minimum, and medium cell
sizes—were selected for detailed thermal analysis within each set defined by a fixed
VF. An intriguing observation emerged from this analysis: a direct correlation
between decreased cell size and increased crystallinity across all foam variants. For
instance, for the PLA/PBAT/ADR foams with a fixed VF of 40%, the crystallinity
improved from 4.8 to 18.6% by decreasing the cell size from 92.8 to 5.8 um. This
phenomenon could be attributed to the reduced cell wall thickness associated with
the reduction of cell size (as evidenced in Fig. 4-8 and 4-13), suggesting that a
thinner cell wall might subject the matrix to a more pronounced shear field during
the foaming process, thereby fostering a higher crystallinity[31, 32]. In summary,
although the crystallinity levels across all foams were found to be relatively low,
their effect on mechanical properties was considered negligible and thus will not be

a focal point in subsequent discussions regarding mechanical performance.
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Fig. 4-14. First heating curves of obtained foams with different cell sizes under VFs of

30% and 40%: (a) PLA/PBAT foams, (b) PLA/PBAT/ADR foams.
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4.4.5. Impact strength
Fig. 4-15 shows the impact strength of PLA/PBAT and PLA/PBAT foams.

Interestingly, there was a critical cell size: approximately 15 um for PLA/PBAT
foams and 30 um for PLA/PBAT/ADR foams. When the cell size was greater than
this critical value, the impact strength stabilized at a relatively low level
(approximately 5 kJ/m? for PLA/PBAT foams and 20 kJ/m? for PLA/PBAT foams),
irrespective of cell size variations. Conversely, a reduction in cell size below this
critical point resulted in a significant enhancement in impact strength. For example,
reducing the cell size from 22.9 to 11.2 um in PLA/PBAT foams with a VF of leaded
to an impact strength increased from 4.8 to 13.4 kJ/m?, marking a substantial
enhancement of 179%. Similarly, when cell size reduced to 3.4 um, the resulting
PLA/PBAT/ADR foam (¢=30%) reached the super toughness with an impact
strength of 53.6 kJ/m?2, which represented an increase of 175% relative to foams
with a cell size of 41.4 um. To isolate the influence of VF on the impact strength,
the specific impact strength across various cell sizes is depicted in Fig. 4-15b and 4-
15d. Notably, all the data points were in line with a single principal curve
(represented by the gray line) for both the PLA/PBAT foams and PLA/PBAT/ADR
foams. Above the critical cell size (e.g., ~15 um for PLA/PBAT foams), the specific
impact strength was similar to that of solid sample, indicating the same fracture
mechanism across these conditions. Below the critical cell size, the marked
improvement in specific impact strength strongly proved that the introduction of

smaller cells could toughen the PLA/PBAT (or PLA/PBAT/ADR) foams by altering
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the fracture mechanism upon impact. The specific impact strength for PLA/PBAT
foams increased from ~5 to 15.5 (kJ'm?)/(g-em™®), and from ~25 to 62.2 (kJ-m"
2)/(g-em™) for PLA/PBAT/ADR foams, corresponding to increases of up to 200%

and 150%, respectively.
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Fig. 4-15. Impact strength of (a, b) PLA/PBAT foams and (d, e) PLA/PBAT/ADR foams:
(a, ¢) impact strength vs. cell size, (b, d) specific impact strength vs. cell size. Dashed line

represents the solid sample.

To verify the prior hypothesis, the impact-fractured surfaces of foamed samples
were further analyzed. Across all the PLA/PBAT foams (Fig. 4-16a and 4-16b), the
cell structures largely maintained their original morphology post-impact, indicating

the absence of significant macro-deformations. Fig. 4-16a’ reveals the rather smooth
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surface of PLA matrix as well as the evident stretching and debonding of the PBAT
phase. This was mainly due to the poor interfacial compatibility and conclusively
demonstrated that the PLA/PBAT foam with larger cells (d=43.6 um) exhibited
brittle fracture characteristics. In contrast, a reduction in the cell size to 11.2 um
promoted the onset of plastic deformation within the PLA matrix (Fig. 4-16b"),
leading to a notable increase of impact strength from 5.9 to 13.4 kJ/m2. Furthermore,
Fig. 4-16¢ and 4-16¢' shows the SEM images of the impact fracture surface of
PLA/PBAT/ADR foam characterized by a larger cell size (136.2 um). Here, the PLA
matrix displayed signs of yielding, with no PBAT particles discernible on the
fracture surface. It should be also noticed that the cell morphology remained
unchanged after the impact testing. Despite this, the impact strength recorded at 22.3
kJ/m? significantly higher than that of the PLA/PBAT foams, which could be
attributed to the enhanced interfacial adhesion between PLA and PBAT[18]. Upon
reducing the cell size to 3.4 um (Fig. 4-16d and 4-16d'), surprisingly, extensive
yielding, large deformation of cells, and the presence of secondary cracks were
found. These characteristics were advantageous for energy dissipation during

impact testing, leading to a super high impact strength of 53.6 kJ/m?.
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Fig. 4-16. SEM images of impact fractured surfaces of (a, b) PLA/PBAT foams and (c, d)
PLA/PBAT/ADR foams. (a'- d') are the enlarged images of (a— d), respectively. The VF

of all samples was 30%.

To further evaluate the fracture behaviors, SENTB tests were conducted. Prior to
testing, three representative samples were selected from the PLA/PBAT (or
PLA/PBAT/ADR) foams, representing the highest, medium, and lowest impact
strength. Fig. 4-17 shows the typical load-displacement curves and their
corresponding values for fracture energy (E), crack initiation energy (Ei), and crack
propagation energy (Ep) across foams with various cell sizes. For the PLA/PBAT
foams, a reduction in resulted in a marked improvement in E, which can be
attributable to enhancements in both Ei and Ep, with Ep making a particularly
significant contribution. Specifically, as the cell size was decreased from 22.8 to 6.4
um, Ei increased from 0.05 to 0.18 J, and Ep from 0.09 to 1.26 J, resulting in a
substantial elevation of E from 0.14 to 1.44 J. This undoubtfully revealed that
reducing the cell size in PLA/PBAT foams could not only inhibit crack initiation but
also hinder crack propagation, enhancing the material's overall fracture resistance.
A comparable trend was observed in the PLA/PBAT/ADR foams. Upon decreasing
the cell size from 92.8 to 5.8 um, the Ei, Ep, and E improved from 0.15, 0.78 and
0.93J1t00.25, 1.47 and 0.72 J, respectively. This evidences the critical role of cell
size in dictating the fracture mechanisms of these foams, with smaller cell sizes

substantially improving their resistance to crack initiation and propagation.
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Fig. 4-17. (a, ¢) Load-displacement curves and (b, d) variation of fracture energy
parameters (E, Ei and Ep) of foams with various cell sizes: (a, b) PLA/PBAT foams, (b, d)

PLA/PBAT/ADR foams. The VF of all samples was 40%.

4.4.6. Discussion

Drawing upon the findings discussed earlier, a notable transition from brittle to
tough behavior was observed in the PLA/PBAT (and PLA/PBAT/ADR) foams,
which firmly proved that the energy dissipation mechanism changed by reducing
the cell size. Traditionally, for brittle polymers, enhancing toughness typically
involves the incorporation of rubber particles in a single distribution. However,
adding a dual distribution of rubber particles has revealed a surprising effect in

augmenting toughness. Fowler et al[33] added styrene-butadiene-styrene (SBS)
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copolymer and/or methyl methacrylate-butadiene-styrene (MBS) copolymer to
increase the toughness of acrylonitrile-styrene (SAN) copolymer. Individually,
neither an SBS (with particle diameters ranging from 1 to 5 um) nor an MBS
(particle diameter = 0.18 um) copolymer could significantly enhance the toughness
of SAN. Nonetheless, a great improvement in the toughness was found when
incorporating both types of rubber particles, which was similarly observed in ABS
and PS system[34, 35]. The authors proposed that the larger rubber particles might
initiate crazes due to a lower initiation stress, while smaller particles could act as
reinforcing agents by bending the craze path[36]. This synergistic toughening
mechanism could potentially elucidate the observed increase in impact strength for
PLA/PBAT foams with smaller cells. Nevertheless, the specific reason why this
synergistic effect was predominantly observed in PLA/PBAT foams with smaller
cells warranted further investigation.

To elucidate the dependence of impact strength on cell size in PLA/PBAT foams,
attention should be directed towards the interaction of stress fields between two
neighboring cells. In this context, Goodier’s solution[37] for the distribution of
stress around a spherical inclusion within a big elastic matrix was applied. Fig. 4-
18a shows the schematics of the hoop stress along the equatorial plane in matrix.
The maximum stress at the equator is about 2c0 and reduces rapidly and reach the
external stress oo with the distance from the rubber particle surface improve[38].
When two particles are close enough (Fig. 4-18b), the interaction between their
stress fields (the sum of two stress fields) can reduce the craze-initiation stress,

facilitating the formation of stable crazes bridged between two rubber particles, as
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reported by Matsuo et al[38]. In this study, both PBAT particles and cells contribute
to the stress fields, thereby influencing the fracture behavior, as depicted in Fig. 4-
18c. In foams with large cells, the interaction between neighboring cells was
minimal due to the thick cell wall thickness (as indicated in Fig. 5 and 6, where an
increase in cell size correlates with thicker cell walls), even when considering the
stress field generated by PBAT particles. In contrast, for foams with small cells, the
reduced thickness of cell wall was sufficiently small, and thus the crazes could stably
develop between neighboring cells and bridge with each other. This could
significantly enhance the toughness of PLA/PBAT foams (or PLA/PBAT/ADR
foams).
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Fig. 4-18. Schematics of stress concentration (a) around a rubber particle and between
two rubber particles. (¢) Schematics of stress field distribution before and after reducing

cell size.
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Fig. 4-19 shows the schematic of the cell size-induced toughening mechanism in
foams. The pivotal element in determining the synergistic toughening mechanism
in PLA/PBAT (and PLA/PBAT/ADR) foams hinged on whether the cell wall
thickness was sufficiently small. Such a condition facilitated the stabilization of cell-
induced crazes between neighboring cells through the intensified interaction of
stress fields, which was ascribed to both the neighboring cells and the presence of
PBAT particles located at the inner surfaces of the cells. For foams with large cells
(~15 and ~30 um for PLA/PBAT foams and PLA/PBAT/ADR foams, respectively),
the introduction of large cells did not alter the fracture behavior of the PLA/PBAT
(or PLA/PBAT/ADR) foams. Consequently, these foams displayed similar specific
impact strengths as their solid counterparts, as illustrated in Fig. 4-15. For foams
with small cells, however, the robust interaction between the stress fields could
prevent the cell-induced crazes from evolving into cracks, thereby substantiating the
observed enhancements in Ei and Ep upon reducing the cell size (Fig. 4-17).
Moreover, the existence of small PBAT particles would influence the yield process
such that shear yielding may take place alongside crazing. This occurs because
crazing and shear yielding can synergistically interact to improve the material's
toughness [39]. Consequently, a reduction in cell size leaded to the manifestation of
shear yielding within PLA/PBAT foams. In PLA/PBAT/ADR foams, this
phenomenon extended to extreme deformation of cells, as evidenced in Fig. 4-16.
This integrated understanding elucidated how a reduction in cell size not only
enhanced the foam's energy dissipation capabilities but also introduced mechanisms

such as shear yielding that significantly contributed to the material's overall
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Fig. 4-19. Schematic of the cell size-induced toughening mechanism of (a, b) PLA/PBAT

foams and (c, d) PLA/PBAT/ADR.

4.5. Conclusion

This work elucidated the relationship between cell size and impact strength in
PLA/PBAT blend foams, uncovering a significant brittle-tough transition as cell
sizes decreased below a critical threshold. Specifically, the specific impact strength
remained constant at approximately 5 (kJ-m?)/(g-cm?) for cell size larger than ~15
um. However, it significantly increased to 15.5 (kJ-m2)/(g-cm™) when the cell size
reduced below ~15 um, marking s substantial enhancement of 200%. Furthermore,
it was found that enhancing the interfacial adhesion could elevate the critical cell

size to ~30 um, while also dramatically increasing the specific impact strength from
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~25 to 62.2 (kJ-m?)/(g-em™) upon reducing cell size. Through comprehensive
investigations via impact testing and SENTB, along with the morphological
assessments of the cell structure and the impact-fractured surface, a cell size-
induced toughening mechanism was proposed. In foams with smaller cells, which
corresponded to thinner cell wall thickness, a strong interaction of stress fields from
neighboring cells, along with the presence of PBAT particles at the cells’ inner
surfaces, effectively prevented the transition of cell-induced crazes to cracks. This
led to a larger stable craze region, thereby enhancing impact strength. Conversely,
in foams characterized by larger cells, the cell-induced crazes could directly develop
into cracks due to the minimal interaction between cells, leading to a reduced impact

strength.
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Chapter 5: Toughened polylactide blend
foams: Combined effects of cell size and

matrix crystallization

In Chapter 4, we concluded that reducing cell size can lead to a brittle-tough
transition in PLA/PBAT foams. However, those PLA/PBAT foams showed low
crystallinities of PLA matrix (< 21%). It is well known that the PLA crystallinity in
PLA/elastomer blend can strongly influence the impact toughness. To obtain PLA
foams with better ductility, the effect of PLA crystallinity on impact strength for
PLA/PBAT foams must be considered and studied deeply.

In this chapter, CO2 treatment was used to improve the crystallinity of the PLA
matrix of PLA/PBAT foams. The combined effects of cell size and PLA matrix
crystallinity on the impact strength were comprehensively studied. Discussions on
mechanical performance are presented, proposing a general strategy for the

fabrication of toughened PLA blend foams.
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5.1. Abstract

It is well known that increasing matrix crystallization is a good method to improve
the impact toughness of semicrystalline polymer/elastomer blends. Is tailoring the
crystalline structure still applicable to their foamed materials? The answer is yes,
but other parameters should also be considered. Herein, using PLA/PBAT (70/30)
blend foam as an example, the combined effects of matrix crystallization and cell
size on the toughness have been studied. The PLA crystallinity was tailored by CO2
treatment and cell size was well controlled by changing processing parameters.
Interestingly, the impact strength was greatly enhanced with the reduction of cell
size, indicating the occurrence of cell size-induced brittle-tough transition. By
increasing the PLA crystallinity, the critical cell size for brittle-tough transition
decreased from 15 to 12 um. When the cell size surpassed the critical value,
PLA/PBAT foams were all fractured through crazing. When cell size was below the
critical valve, the dominant mechanism for foams with lowly crystalline PLA was
multiple crazing, while that for foams with highly crystalline PLA was shear
yielding, which was favorable to energy dissipation. This study could not only offer
new insights into the synergistic effects of cell size and matrix crystallization on the
toughening of PLA foam but also establish a general framework for preparing PLA

foams with excellent toughness.

5.2. Introduction

PLA, as a biodegradable and renewably sourced polymer, has been considered as an
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auspicious alternative to petroleum-based polymers, such as PET and PS[1, 2].
Thanks to its high strength, modulus and good processability, it has been applied in
packaging, agriculture and medical field[3-5]. However, due to the inherent
brittleness of PLA, it is still hard to obtain PLA foams with high toughness, which
greatly limits its wide applications. To modify the properties of PLA foams, we can
look for inspiration from the strategy of toughening PLA, which has been well
studied in recent years.

Blending with some immiscible elastomers, such as PBAT[6, 7], polybutylene
succinate (PBS)[8, 9], polycaprolactone (PCL)[10], and ethylene-glycidyl
methacrylate (EGMA)[11], was considered to be a cost-effective method to enhance
the toughness of PLA. Besides, enhancing the interface compatibility between PLA
matrix and elastomers, the toughening efficiency can be further improved[12]. Han
et al.[6] reported that epoxidized soybean oil (ESO) could be used as a
compatibilizer for PLA/PBAT blend since ESO could react with terminated
hydroxyl groups of both PLA and PBAT. By adding 5 phr ESO into PLA/PBAT
(70/30) blend, the impact strength greatly improved from 8.8 to 36.7 kJ/m?,
exhibiting an increase of over 300%. Wang et al.[13] prepared the PLA/PBAT
reactive blends with multifunctional epoxide ADR by melt blending and found that
ADR can effectively promote impact toughness and the elongation at break of the
blends.

Tailoring the crystallization of PLA matrix in a PLA/elastomer blend was also an
effective strategy for toughening PLA[14-18]. Usually, increasing the crystallinity

of PLA can enhance the impact toughness of PLA/elastomer blends. For example,
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Bai et al[17] prepared PLA/PCL blends with various matrix crystallinity ranging
from 10 to 50 % by changing NA content and found that the impact strength
improved linearly with the increase of PLA matrix crystallinity. Deng et al[15] found
that thermal annealing could improve the PLA crystallinity in PLA/EGMA blend,
leading to the significant enhancement of impact strength from 35 to 98 kJ/m?.

For PLA/elastomer foams, cell structure should also be taken into account when
considering the factors influencing the mechanical properties. Fortunately, Chapter
4 has comprehensively investigated the relationship between cell size and impact
toughness of PLA/PBAT foams. The results showed that a brittle-tough transition
can be found by reducing cell size. When the cell size was greater than the critical
value, foams would be brittle; when smaller, foams would be tough. It should be
noticed that all foams showed low crystallinities of PLA matrix (< 21%).
Considering that the impact toughness is strongly related with the crystallization of
PLA matrix in PLA/elastomer blend, as discussed above, the interesting question
naturally arises: whether the critical cell size varies with the PLA crystallinity.
However, as far as we know, the combined effects of matrix crystallinity and cell
size on the impact behavior have not been investigated so far.

In this work, PLA/PBAT (70/30) blend foams with different cell sizes but a fixed
VF of 40% were successfully prepared using core-back foaming injection molding
(FIM). The degree of PLA matrix crystallinity was tailored through CNT treatment,
which was regarded as an efficient method to improve the crystallinity of PLA by
using high-pressure CO: as a plasticizer[19, 20]. The combined effects of cell size

and PLA matrix crystallization on the impact strength were comprehensively
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investigated. The toughing mechanism was also proposed. Interestingly, cell size-
induced brittle-tough transition occurred at a critical cell size for both high and low
PLA matrix crystallinity. Furthermore, the critical cell size reduced by increasing
the PLA matrix crystallinity. When cell size was below the critical value, the high
PLA crystallinity was effective in initiating the shear yielding of PLA matrix, while
the low PLA crystallinity was favorable for the multiple crazing of PLA matrix.
When the cell size was above the critical value, however, PLA/PBAT foams were
all fractured through crazing. More importantly, this work could provide an effective
method to fabricate PLA blend foams with high impact toughness via tailoring cell

size and PLA matrix crystallization.

5.3. Experimental section

5.3.1. Materials
PLA (4032D) was obtained from Natureworkds LLC, with a density of 1.24 g/cm®.

PBAT (TH801T) was kindly provided by Xinjiang Blue Ridge Tunhe Sci. & Tech.
Co., Ltd. N2 with a purity of 99%, supplied by Ningbo Huayu Gas Inc., was used as
the physical blowing agent in FIM experiments.

5.3.2. Blend preparation

PLA and PBAT were first dried at 80 °C for 8 h to remove moisture. PLA/PBAT
blend with a weight ratio of 70/30 was prepared using a corotating twin-screw
extruder (SHL-52, Nanjing Haili Extrusion Equipment Co. Ltd., China) with a
rotary speed of 40 rpm. The screw diameter and length/diameter ratio were 52 mm

and 44, respectively. The temperature profile was set as 150-180 °C from the feed
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zone to the die. Extrudate was quenched in a water bath and pelletized by the cutting
chamber.

5.3.3. Core-back FIM process

PLA/PBAT blend foams were obtained by using a 100-ton FIM machine (Systec
100/420-310C, Demag Plastics Group, Germany), equipped with a Mucell SCF
delivery system, T100, Trexel Inc., USA. injection, dwelling, core-back and cooling
are the four steps generally occurring in the core-back process. First, a full shot is
used in the injection step, and cell nucleation occurs at the gate due to the low
pressure in the cavity. Then, the gate-nucleated cells would dissolve back into the
melt under high pressure during the dwelling step. A uniform cell nucleation is
induced by core-back operation and a fine cell structure can be achieved after
cooling. A tensile test bar mold was applied in this work. Except for the thickness
(3 mm), other dimensions of this mold are in line with the Standard GB/T 1040. The
core-back distance was set as 2 mm, and the corresponding VF was 40%. To obtain
foams with various cell sizes, different dwelling times and N2 content were used.

Detailed processing parameters can be found in Table 5-1.

Table 5-1. Processing parameters used for the FIM experiments.

PARAMETERS SOLID FOAM
Melt temperature (°C) 200 200
Mold temperature (°C) 80 80
Injection speed (mm/s) 100 100
Injection pressure (MPa) 150 150
Back pressure (MPa) 20 20
Packing pressure (MPa) 60 60
Dwelling time (sec) 10 15, 20, 25
Core-back distance (mm) N/A 2

N2 content (wt%) N/A 0.7,0.8,1
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5.3.4. CO; treatment

A self-made high-pressure autoclave was applied for CO2 treatment, as shown in
Fig. 5-1. The pristine samples were placed into the autoclave, and then CO2 was
inflated. The samples were saturated under 5 MPa and 20 °C for 120 h. After
saturation, the autoclave was cooled down to 0 °C and CO2 was depressurized slowly.
The obtained samples were first placed in a refrigerator (0 °C) for 12 h to prevent
foaming and then placed in an air environment over 1 month to desorb the residual
COs2. Due to the low modulus of the PLA/PBAT/CO: blend, as well as the fact that
the permeability of CO2 is greater than air in the polymer during the aging
process[21, 22], a slight shrinkage of foams could be observed. The VF of
PLA/PBAT foams was reduced from 40% to 28%.

i ,

Pressure gage

Gas High-pressure |
cylinder autoclave [‘;]
)
Regulating
- pump Water bath

Fig. 5-1. Hlustration of CO; treatment equipment.

5.3.5. SEM

The phase morphology of PLA/PBAT foams was evaluated by a Hitachi-S4800
SEM. Samples for the SEM observation were cryo-fractured in liquid nitrogen. An
ImageJ software (National Institutes of Health, USA) was used to quantify the

weight average particle size of PBAT (Dw), which was calculated through the
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equation:

N

Z n; Di2
-1

Dw = (5_1)

> nD,

i=1

where nj is the number of PBAT particles, and Di the diameter of PBAT particle.

The deformation behavior of the impact-fracture samples was investigated by using
Hitachi-S4800 SEM. In addition to the impact-fractured surface, the deformation
region beneath the impact-fractured surface, which can be obtained by cryo-
fracturing along a plane perpendicular to the thickness direction, was also evaluated.
A SEM (EVO18, Zeiss Group, Germany) was used to study the cell morphology of
PLA/PBAT foams. Specimens cut from the central part of the injection molded
foams were cryogenically fractured and platinum-coated before observation. ImageJ
software (National Institutes of Health, USA) was used to examine the cell structure.

The cell density, No (cells/cm?®), was determined using the following equation
(1):[23]

N, = (%)3’%1» (5-2)

where n, A and @ are the number of cells in the micrograph, the area of the selected
micrograph and the expansion ratio of the foamed sample, respectively. The ® was

calculated according to the equation (2):

_ P
Pi

@ (5-3)

where p, and p; are the density of the solid and its foamed sample, respectively.
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Water displacement method (ISO 1183-1987) was applied to determine p, and

P -
5.3.6. DSC

Thermal properties were investigated with a DSC (DSC/TGA1, Mettler-Toledo)
under dry nitrogen atmosphere. All samples (about 5-8 mg) taken from the core
layer of the injection molded foams were put into an aluminum pan and scanned
from 25 to 190 °C at a heating rate of 10 °C/min. The degree of crystallinity of PLA
(Xc) was determined using equation

« _AH, —AH,

5-4
¢ w,AH? (5-4)

where AH_ is the enthalpy of melting, AH_ the enthalpy of crystallization for

PLA during heating process, AH° the melting enthalpy of completely crystalline
PLA, o; the weight percent of PLA in the sample. The value of AH?° was 93.6

J/g according to the literature [24, 25].
5.3.7. Wide-angle X-ray diffraction (WAXD)

2D WAXD measurements were conducted using a Small-angle X-ray Scattering
(Xeuss 3.0 UHR, XENOCS SAS, France), with a Cu Ka radiation source (A =
0.1542 nm). 2D patterns were collected by a Dectris EIGER2 Si 500K CCD detector
(512 x 1028 pixels with a pixel size of 75 um), and it was placed 45 mm away from
the specimen. 2D WAXD intensity curves as a function of q could be obtained by
integration in the azimuthal angular range of a whole circle from the specimen 2D

patterns. g can be transformed into 26 by the following relationship
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g=4xsin@/ A (5-5)
5.3.8. Mechanical test

Izod impact tests were conducted according to the GB/T 1843-2008 standard on an
impact tester (GT-7045-HML, Gotech Testing Machines Inc.). To evaluate the
mechanism of impact fracture, SENTB test was applied through a universal testing
instrument (Instron 5567, Instron, USA) with a crosshead speed of 1 mm/s, as shown
in Fig. 5-2 The side surfaces were analyzed through SEM after reaching the desired
level of deformation. Prior to the measurement of mechanical tests, the surface
layers of all specimens were removed and polished. The average value reported was

obtained from at least five specimens.

1 mm/s

50 mm

A

Fig. 5-2. Hlustration of SENTB test
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5.4. Results and discussion

5.4.1. Cell structure evolution during CO: treatment

To tailor the cell size in a wide range, PLA/PBAT foams were obtained by foaming
injection molding under various N2 content (0.7 — 1.0 wt%) and dwelling time (15
— 25). Increasing gas content will significantly accelerate cell nucleation according
to the cell nucleation theory[26]. Besides, the temperature of polymer melt reduces
with a longer dwelling time, while crystallization will also occur for semicrystalline
polymers, leading to the enhancement of melt strength. It will restrain cell growth
during foaming[27]. As a result, untreated PLA/PBAT foams with cell sizes ranging
from 6.4 — 22.8 um were obtained, as shown in Fig. 5-3. Fig. 5-4 shows the SEM
images of CO: treated PLA/PBAT foams and their corresponding cell size
distribution. After COz treatment, the cell sizes of all samples were slightly reduced,
as depicted in Fig. 5-5, which led to a small decrease in VF from ~40% to ~ 28%.
Foam shrinkage is a universal phenomenon for elastomer foams prepared through
supercritical CO2 foaming. It can be attributed to the fact that the permeability of
CO: is greater than air in the polymer during the aging process, which leads to the
negative pressure inside the cell. The cell wall cannot resist the negative pressure
due to the low modulus of elastomers, resulting in foam shrinkage[21, 22]. The
shrinkage in PLA/PBAT foams indicated that the CO2 saturated PLA/PBAT blend

exhibited an extremely low modulus.
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Fig. 5-3. (a—f) SEM images of untreated PLA/PBAT foams with different cell sizes and

(a'-f") their corresponding cell size distribution. The VF of all samples was ~40%.
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Fig. 5-4. (a—f) SEM images of CO; treated PLA/PBAT foams with different cell sizes and

(a'-f") their corresponding cell size distribution. The VF of all samples was ~28%.
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Fig. 5-5. Comparison of cell size of PLA/PBAT foams before and after CO; treatment.

Sample a—f correspond to SEM a-f in Fig. 5-3 and 5-4.

5.4.2. Crystalline structure development during CO- treatment
Due to the effective plasticization effect of the dissolved CO:z in the PLA matrix, it

can improve the PLA molecular mobility, and thus accelerate the crystallization of
PLA, even at room temperature and below[19, 28]. To investigate the effect of CO2
treatment on mechanical performance, the crystallization behavior should be
comprehensively evaluated.

The samples before and after CO2 treatment were first analyzed by DSC, as shown
in Fig. 5-6. The corresponding thermal parameters are listed in Table 5-2. As
expected, all untreated samples appeared cold crystallization temperature (Tcc1)
because of the low crystallization kinetics of PLA[29]. In addition, a small
exothermic peak appeared before the melting peak of PLA due to the phase

transition from o'-form crystal to a-one[30]. It was inevitable that all untreated
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foams showed low degrees of crystallinity (14.8 — 21.1%). After CO2 treatment,

however, the thermograms were appreciably different from those in untreated foams.

The cold crystallization peaks almost disappeared, suggesting that the crystallization

of PLA was greatly improved through COz2 treatment. The degree of crystallinity of

all CO2 treated samples was above 45%. It also should be noticed that all samples

showed similar melting temperature (Tm) at about 168 °C, indicating that cell size

and COz treatment did not influence the thickness of PLA lamellae.

(a) Untreated (b) CO, treated
6.4 pm 6.3 pm
f 15.3 pm ? 14.6 pm N
S [22.8um S |23.6pm
= [CS I
40 60 80 100 120 140 160 180 40 60 80 100 120 140 160 180

Temperature (°C)

Temperature (°C)

Fig. 5-6. First heating curves of PLA/PBAT foams (a) before and (b) after CO, treatment.

Table 5-2. Thermal parameters of PLA/PBAT foams before and after CO; treatment

Cell size Tea Tec2 Tm Xe
(mm) (°C) (°C) (°C) (%)
6.4 86.6 151.7 168.0 21.1
Untreated foams 15.3 88.0 152.1 167.8 17.1
22.8 86.3 152.6 167.3 14.8
6.3 - - 168.9 48.6
CO; treated foams 121 - - 168.4 50.9
23.6 - - 166.7 56.7
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To further analyze the crystalline structure of PLA/PBAT foams, One-dimensional
(1D)-WAXD results of samples before and after CO2 treatment were presented in
Fig. 5-7. The diffraction peaks at 20 = 16.6°, 18.9°, and 23.1° corresponded to the
reflections of 110/200, 203, and 115, indicating the typical crystal structure of order
a[31, 32]. Due to the low content of a'-form crystal in untreated foams (the small
exothermic peak before the melting peak of PLA in Fig. 5-6a), the diffraction peaks
of o'-form crystal cannot be found in WAXD profiles. Thus, it can be noticed that

the crystal structure of foams was almost unchanged after CO2 treatment.

(110)/(200)

CO2 treated
6.3 um

Intensity

6.4 um

16.1 um

5 10 15 20 25 30
26 (°)

Fig. 5-7. 1-D WAXD diffraction profiles of PLA/PBAT foams before and after CO-

treatment.

5.4.3. Phase morphology changes during CO- treatment

It is well known that the fracture toughness of rubber-toughened blends is mainly
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dependent on the morphology of the dispersed rubber particles[33]. Fig. 5-8 exhibits
the phase morphologies of solid and foamed samples before and after CO2 treatment,
and Dw was also shown in SEM images. As expected, due to the poor interfacial
adhesion between PLA and PBAT, all samples displayed the typical sea-island
structure, where PBAT phases were dispersed in the PLA matrix. Round-like PBAT
particles were depicted in solid samples. However, the PBAT phases were slightly
elongated after foaming. It could be attributed to the biaxial flow during the foam
processing[34, 35]. Except for the shape of the PBAT phase, foaming had a lesser
impact on particle size. For instance, the particle size of the untreated solid sample
was 0.63 um, while that of those untreated foamed samples was in the range of 0.51—
0.68 um. After COz2 treatment, the PBAT phase size slightly increased, suggesting
the thermodynamically spontaneous tendency towards an equilibrium state[36, 37].
For example, the particle size increased from 0.55 um for untreated foam (cell size
= 6.4 um) to 0.64 um for COz2 treated foam (cell size = 6.3 um). The unnoticeable
improvement in particle size during COz treatment indicated that phase morphology
can be ignored when considering the factors that impacted mechanical properties

before and after CO2 treatment.
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Fig. 5-8. SEM image of solid and foamed PLA/PBAT foams (a—d) before and (e-h) after
CO; treatment. (a, e) were obtained from solid samples. The cell sizes of untreated foams
(b, ¢, d) were 22.8, 15.3 and 6.4 um, respectively. The cell sizes of treated foams (f, g, h)

were 23.6, 14.6 and 6.3 um, respectively.

5.4.4. Mechanical properties induced by PLA matrix crystallinity
Fig. 5-9a depicts the impact strength of PLA/PBAT foams with various cell sizes

but almost the same low PLA crystallinity. Interestingly, a rapid improvement in
impact strength can be observed by reducing the cell size. With the decrease of cell
size from 22.8 to 6.4 um, the impact strength increased from 2.5 to 11.6 kJ/m?,
showing an increase of 360%. Besides, there existed a critical cell size, ~15 pm,
below which the impact strength increased significantly. Sufficient research has
proved that PLA crystallinity has a key role in toughing PLA/rubber blend[17, 38].
However, it is still unknown if there is a cell size-induced brittle-tough transition for
PLA/PBAT foams with high crystalline PLA. Fig. 5-9b shows the impact strength
of PLA/PBAT foams with high crystalline PLA under different cell sizes. Similarly,
brittle-tough transition can be found with the reduction of cell size, and the critical
cell size was ~12 um. When the cell size reduced to 6.3 um, the resulting foam
showed an impact strength of 30.2 kJ/m?, 10.4 times that of foam with a cell size of
23.6 um. It is obvious that both cell size and PLA crystallinity can influence the
impact toughness of PLA/PBAT foams. Fig. 5-9c gives the specific impact strength
as a function of cell size for foams with low and high PLA crystallinity. Based on

the impact toughness under various cell sizes and different PLA crystallinity,
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PLA/PBAT foams can be divided into two types. For foams with cell size above 12
um (region I), the impact strength was almost independent of the PLA crystallinity.
For foams with cell size below 12 um (region II), however, improving the PLA
crystallinity can extremely enhance the impact toughness. For example, the impact
strength greatly increased from 15.5 to 33.9 kJ-m?/g-cm™ by improving the PLA

crystallinity for foam with a cell size of about 6 um.
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Fig. 5-9. Notched Izod impact strength as a function of cell size for foams with (a) low
and (b) high PLA crystallinity. (c) Specific impact strength as a function of cell size for

foams with low and high PLA crystallinity.

To clearly understand how the cell size and PLA crystallinity affect the impact
strength, the impact fractured surfaces of foams obtained from region I and region
IT were investigated, as shown in Fig. 5-10. For foams with big cell sizes (Fig. 5-
10a and b), they were all completely broken. The corresponding magnified images
(Fig. 5-10a' and b') show some fibrillar PBAT phases (indicated by red arrows) but
no plastic deformation in the matrix, which was a typical brittle fracture. Thus, they
all exhibited low impact toughness of 9.3 kJ-m?/g-cm™ (d=15.3 um) and 7.2 kJ-m"
?/g-cm™® (d=14.6 um). For foams with small cell sizes (Fig. 5-10c and d), they were
all partially broken, indicating that just reducing cell size could improve impact
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strength for both PLA/PBAT foams with highly and lowly crystalline PLA. As
shown in Fig. 5-10c', not only the fibrillation of PBAT phases but also the plastic
deformation in the PLA matrix were found. It proved that small cell size was
favorable for the shear yielding of PLA matrix. After increasing the crystallinity of
PLA, as shown in Fig. 5-10d', extensive cell deformation appeared, indicating a
great improvement in impact toughness. It was well consistent with their impact
performance, where the impact strength of foams with low crystallinity and high

crystallinity was 15.5 and 33.9 kJ-m%/g-cm™®, respectively.

Low cpystallinity

i

.r)_'stalli"it.},’

Fig. 5-10. SEM images of impact-fractured surfaces of PLA/PBAT foams with various
cell sizes: (a) 15.3 um, (b) 14.6 um, (c) 6.4 um, and (d) 6.3 um. (a, ¢) and (b, d) had low

and high PLA crystallinity, respectively. (a'—d') were the magnified images of (a—d).
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In addition to the impact-fractured surfaces, SEM images of cross sections
underneath the impact-fractured surfaces for PLA/PBAT foams obtained from
region I and region II were evaluated, as shown in Fig. 5-11. For foams with big
cells (Fig. 5-11a and b), the phase morphology near the impact-fractured surfaces
was unaffected after impact test. After reducing the cell size to about 6 um, however,
the deformation region was extremely expanded, as shown in Fig. 5-11c and d. For
example, severe cell deformation can be found in foam with low crystallinity of PLA
(Fig. 5-11c), especially near the impact-fractured surface (Position 1). With the
increase of distance from the impact-fractured surface, the cell deformation degree
gradually weakened (Position 2), and finally disappeared (Position 3). By increasing
the crystallinity of PLA, the thickness of the deformation region significantly
increased from 150 to 550 um, which naturally led to enhanced impact strength.
According to the previous analysis, a schematic of the morphology of the impact-

fractured surfaces for PLA/PBAT foams was depicted in Fig. 5-12.
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Fig. 5-11. SEM images of cross sections underneath the impact-fractured surfaces for
PLA/PBAT foams with various cell sizes: (a) 15.3 um, (b) 14.6 um, (c) 6.4 um, and (d) 6.3

pum. (a, c) and (b, d) had low and high PLA crystallinity, respectively.
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Fig. 5-12. Schematic of the impact-fractured surfaces for PLA/PBAT foams with

different cell sizes and various PLA crystallinity.

SENTB tests were performed on PLA/PBAT foams to investigate their fracture
mechanisms in terms of the development of a damage zone. Fig. 5-13 shows SEM
images of the polished surfaces of samples, after some deformation in SENTB tests
at 1 mm/s. For foams with big cell sizes (Fig. 5-13a and b), cracking or crazing
occurred in front of the notch tip. It seems that crazing was the main fracture
mechanism in PLA/PBAT foams with big cells regardless of the PLA crystallinity.
For foam with small cell size and low crystallinity of PLA (Fig. 5-13c), surprisingly,
the damage zone greatly enlarged, indicating the enhancement in impact toughness.
Besides, the damage zone was bent inwards, suggesting that shear yielding should
have appeared as well. Considering the observation of the damage zone and its
impact performance, multiple crazing of the PLA matrix was the main fracture
mechanism. For foam with small cell size and high PLA crystallinity (Fig. 5-13d),

it seems that crazing and shear yielding first occurred, and then the crazes developed
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into cracks. Therefore, the cracks did not directly appear below the notch tip.
Combined with the great enhancement of impact strength(Fig. 5-9b) by reducing
cell size from 14.6 to 6.3 um, the dominant fracture mechanism changed from

crazing to shear yielding.
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Fig. 5-13. SEM images taken from the polished surfaces of PLA/PBAT foams with
various cell sizes: (a) 15.3 um, (b) 14.6 um, (c) 6.4 um, and (d) 6.3 um. (a, ¢) and (b, d)
had low and high PLA crystallinity, respectively. (a'-d') were the magnified images of (a—

d).

5.4.5. Discussion
Based on the previous results, it is obvious that cell size-induced brittle-tough

transition occurred both for PLA/PBAT foams with lowly crystalline PLA and for
foams with highly crystalline PLA. The cell size-induced brittle-tough transition for
PLA/PBAT foams with low crystalline PLA as well as the corresponding toughing
mechanism have been comprehensively studied in Chapter 4. It seems that this
toughening mechanism was also applicable in PLA/PBAT foams with high
crystallinity of PLA. The larger cells could easily initiate crazes due to a lower

initiation stress compared with the smaller PBAT particles. When the cell size was
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above the critical value(~15 um for foams with high crystallinity of PLA and ~12
um for foams with low crystallinity of PLA), the cell-induced crazes would develop
to cracks due to the negligible interaction between neighboring cells, leading to a
low impact strength. It was obvious that crazing was the main fracture mechanism
for foams with big cells and was independent of the PLA crystallinity. However,
when the cell size reduced to the critical value, the corresponding cell wall thickness
was small enough. The strong interaction of stress fields caused by the neighboring
cells as well as the existence of PBAT particles can hinder the transition of cells-
induced crazes to cracks, and thus the damage zone significantly expanded(Fig. 5-
13c and 10d), which was the typical feature of multiple crazing. Besides, the
presence of PBAT particles could also induce the shear yielding of the PLA matrix.
Probably due to the big internal structure differences between amorphous polymers
and semicrystalline polymers, where semicrystalline polymers usually consisted of
crystalline lamellae and amorphous regions, the highly crystalline PLA was more
prone to shear yield in comparison with lowly crystalline PLA. Thus, the dominant
fracture mechanism for foams with lowly crystalline PLA was multiple crazing,
while that for foams with highly crystalline PLA was shear yielding. Since shear
yielding is more effective in energy dissipation compared with crazing[39, 40], the
foams with highly crystalline PLA exhibited extremely high impact strength in
comparison with foams with lowly crystalline PLA (Fig. 5-9c¢), when the cell size

below the critical value.
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5.5. Conclusion

In this work, the synergistic effect of cell size and PLA matrix crystallization on the
toughening of PLA/PBAT blend foams was first demonstrated through our
experiments. A brittle-tough transition occurred only when the PLA crystallinity
matched the cell size. By increasing the PLA crystallinity, the critical cell size for
brittle-tough transition reduced from 15 to 12 um. When the cell size was above the
critical value, PLA/PBAT foams were all fractured through crazing. When the cell
size was below the critical value, the fracture mechanism would transfer to a
combination of multiple crazing and shear yielding. However, the primary
mechanism for foams with lowly crystalline PLA was multiple crazing, while that
for foams with highly crystalline PLA was shear yielding, which was effective in
energy dissipation. This study could offer a general strategy for the preparation of

toughened PLA blend foams.
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Chapter 6: Enhanced EC and EMI
shielding performance through cell size-

Induced CNS alignment in PP/CNS foam

In this chapter, the necessity of developing CPC foams with enhanced EC was
emphasized. To explore the influence of cell size on electrical properties, PP/CNS
foams with different cell sizes were obtained using core-back FIM technique. The
dispersion of CNS in PP matrix and the electrical properties were evaluated. Then

the mechanism of EC improvement was discussed.
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6.1. Abstract

The incorporation of cell structure within CPCs presents significant advantages in
terms of EC and EMI shielding performance. In addition to the commonly reported
strategies in the literature, such as increasing the content of conductive fillers and
adjusting the VF of CPC foams, we propose that enlarging cell size is also an
effective means of improving EC and EMI shielding properties. Herein, PP/CNS
nanocomposite foams with a fixed VF were produced using core-back foaming
injection molding (FIM) technique, and their cell sizes were well-controlled by
modifying the N2 content. The results reveal that as the cell size increased from 71
to 317 um, the EC and EMI SE increased from 1.43x107 to 5.07x107 S/cm and
from 48.5 to 59.2 dB, respectively. The enhanced EC was attributed to the slightly
aligned CNS and the shorter actual conductive paths. Furthermore, our novel CPC
foams demonstrated a maximum specific SE reached 329 dB-cm?/g, exhibiting
superior EMI shielding performance compared to other existing CPC foams. This
study offers a feasible strategy for the fabrication of CPC foams with exceptional

EMI shielding properties.

6.2. Introduction

Due to the thriving development of electronic devices, extensively utilized in cutting
domains such as communication, military and aerospace, escalating electromagnetic
pollution has emerged as a potential hazard to equipment functionality and human

well-being[1-3]. Consequently, there is an urgent need to develop lightweight
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materials with outstanding EMI shielding performance. CPCs, comprising polymer
and conductive fillers, offer advantageous attributes, such as lightweight, cost-
effectiveness, corrosion resistance and ease of processability, in comparison to
metal-based materials[4-6]. Furthermore, the incorporation of cell structures into
CPCs presents an additional avenue for reducing weight and enhancing the electrical
properties of CPCs, even at lower filler contents[7, 8]. For instance, Ameli et al.[9]
prepared composite foams of PP/CF with an expansion ratio of 1.3-fold and found
that cell growth could change CFs' orientation and improve their interconnectivity.
Consequently, this led to a reduction in the percolation threshold (from 8.75 to 7
vol.%) and significant improvements in EC (increased by six orders of magnitude)
and specific EMI SE (increased by 65%). Similarly, Hamidinejad et al.[10] reported
similar results in a system comprising HDPE/GNP. Through foaming, they were
able to lower the percolation threshold from 19 to 7.2 vol% with a foaming degree
of 26% and enhance the EMI SE from 21.8 to 31.6 dB with a GNP content of 19
vol%.

Numerous studies have demonstrated that the reduction in percolation threshold and
enhancement of electrical performance primarily occur in CPC foams incorporating
1D and 2D conductive fillers, such as MWCNTs[11-13], CF[14], GNP[15], and
stainless-steel fiber[16]. This behavior can be attributed to the biaxial flow induced
by cell growth during foaming, which would cause the rod-like fillers to align along
the cell boundaries, thereby improving the interconnectivity among the conductive
fillers and facilitating the formation of the conductive path[17-19]. Ameli et al[18]

investigated the effect of relative density on the EC of PP/MWCNT foams. They
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observed that as the relative density decreased from 1 (solid) to 0.7, the EC initially
increased due the slight orientation of MWCNTs around the cells, which were
favorable for the MWCNT interconnections. However, with the further decrease of
relative density, the EC gradually decreased due to the full orientation of MWCNTSs
perpendicular to the radial direction, resulting in a reduction in MWCNT
interconnections. This explanation was supported by the works of Du et al.[20] and
Gong et al.[21], who demonstrated that the highest EC was achieved when the CNT
exhibited slight alignment, rather than high alignment or isotropy, within the matrix.
Considering the effect of location and orientation of conductive filler on the EC of
CPC foams, Monte Carlo simulations were applied to investigate the EC under
various VFs[22-24]. The simulation result showed that increasing the VF (below
20%) improves the EC, while further increases in VF (>30%) lead to a decrease in
the EC.

Although considerable studies have explored the relationship between
VF/conductive filler content and EC, limited research has been published regarding
the impact of cell size on EC. Zhao et al[11] investigated the effect of VF of
poly(vinylidene fluoride) (PVDF)/MWCNT on EC and EMI shielding properties.
The results showed that the EC and EMI shielding properties declined with the
increase of VF for foams with low MWCNT content (1 and 2 wt%) but improved
for foams with high MWCNT content (5 and 8 wt%). It also should be noticed that
the cell size varied from ~5 to ~20 um for foams with MWCNT content of 8 wt%,
for example. The non-uniform cell structure could be found for foams with high

MWCNT contents (5 and 8 wt%). Regrettably, however, the influence of cell
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structure on electrical properties of PVDF/MWCNT was not discussed in this
reference. In fact, it was very common just mainly focusing on the effect
VF/conductive filler content on EC but ignoring the influence of cell size in previous
reported literature[14, 25-27].Foams can be characterized by various parameters,
including cell size, cell density, cell wall thickness, and VF, and these parameters
are interconnected [28, 29]. For foams with the same VF, increasing cell size would
cause the increase of cell wall thickness[17, 30] and the reduction of cell density. If
rod-like fillers are dispersed within the cell wall, the fillers near the cell boundary
tend to orient themselves perpendicular to the radial direction. The degree of
orientation would decrease as the distance between the filler and the cell boundary
increase. Consequently, the thinner cell wall would promote greater filler alignment,
which may subsequently influence the final EC.

Our previous results proved that the EMI SE improved with the increase of VF (0—
80%) for CPC foams with high filler content[31]. In addition, a higher VF suggested
a thinner cell wall thickness, which was favorable for the alignment of rod-like
fillers. In this work, PP/CNS nanocomposite foams with 5 wt% CNS content and
78% VF were prepared using core-back FIM. The effect of cell size on the EC and
EMI shielding performance of PP/CNS nanocomposite foams was investigated in
detail. The results revealed that increasing the cell size enhanced the EC due to the
slightly aligned CNS and the shorter real conductive paths, leading to a higher EMI
SE. This work provides a straightforward method to obtain lightweight PP/CNS

foams with outstanding EMI shielding properties.
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6.3. Experimental section

6.3.1. Materials
A commercial-grade long chain branched PP (WB140HMS), with a melt flow rate

of 2.1 g/10 min (ISO 1133), supplied by Borealis Ltd. CNS (ATHLOS 200), a type
of branched MWCNT, was purchased from Cabot Corporation. The CNS is coated
with polyethylene glycol (PEG) and has a density of 0.135 g/cm® (ASTM D7481).
N2 (99% purity) provided by Huayu Gas Inc., China, was selected as the physical
blowing agent.

6.3.2. Sample preparation

Fig. 6-1. Shows the fabrication process of PP/CNS foams. Before compounding,
both the PP and CNS were dried at 80 °C for 8 h to remove moisture. Before
compounding, both the PP and CNS were dried at 80 °C for 8 h to remove moisture.
PP and CNS were compounded using a twin screw extruder (AK 36, Nanjing KY
Chemical Machinery Co. Ltd., China) at 170-220 °C. The CNS content was fixed
at 5 wt%. A 100-ton foaming injection molding (FIM) machine (Systec 100/420-
310C, Demag Plastics Group, Germany), equipped with a Mucell SCF delivery
system (T100, Trexel Inc., USA) was applied to conduct the core-back FIM
experiments. A rectangular mold cavity (150 x 110 x 2 mm?3) equipped with pressure
and temperature transducers was applied in this study, as shown in Fig. 6-2. The
core-back FIM experiments consisted of four steps: filling, dwelling, core-back, and
cooling. In this work, a core-back distance of 7 mm was used to prepare foams with
a VF of 78%. The dwelling time was 3.5 s, and the corresponding foaming

temperature was 105 °C determined by the cavity temperature transducers. To obtain
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foams with various cell sizes, three different N2 contents (0.6 wt%, 0.8 wt%, 1 wt%)

were selected to conduct experiments. Table 6-1 depicts the detailed processing

conditions.
o) T o
% o T %OO PP/CNS composites
PP ,J, CNS « l'o

ﬂ Pelletize(} / ‘ Gas
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Fig. 6-1. Schematic of the preparation process of PP/CNS nanocomposite foams.
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Fig. 6-2. Schematic of mold cavity and specimen preparations.

Table 6-1. Processing parameters used in the core-back FIM process.

Parameters Values
Melt temperature (°C) 220
Mold temperature (°C) 100
Injection speed (mm/s) 150
Injection pressure (MPa) 140
Back pressure (MPa) 20
Packing pressure (MPa) 40
Shot size (mm) 55
Dwelling time (sec) 35
Core-back distance (mm) 7

N content (wt%) 0.6,08,1
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6.3.3. Thermal analysis
The crystallization behavior of pure PP and PP/CNS nanocomposite was measured

using a DSC (DSC/TGA1, Mettler-Toledo) under a nitrogen atmosphere. Specimens
weighing approximately 5-8 mg were first heated from 25°C to 200°C and kept for
5 min to remove thermal history. Subsequently, they were cooled down to 25°C and
reheated to 200°C. The heating and cooling rates were fixed at 10°C/min.

6.3.4. Rheological analysis

The rheological properties of pure PP and PP/CNS nanocomposite under oscillatory
shear flow were investigated with an ARES rotational rheometer (HR-3, TA). A
parallel-plate geometry ( $=25 mm) with a thickness of 1 mm was heat compressed
for this test. The frequency sweep test was conducted over a frequency range of
0.01-100 rad/s at 200 °C. The strain amplitude was 0.1%.

6.3.5. SEM

Prior to observation, the SEM specimens cut from the middle of the solid and foam
(Fig. 6-2) were cryogenically fractured after being immersed in liquid nitrogen for
20 min, and then spurted with a layer of Pt (platinum). A Hitachi S4800 SEM was
used to investigate the dispersion of CNS in PP/CNS nanocomposite and its
corresponding foams. A Zeiss EVO 18 SEM was applied to characterize the cell
morphology. Image J software (National Institutes of Health, USA) was used to
analyze cell structure of foams, and the cell density No was determined as by

equation [32]:
N, = ()22 (6-1)
A

where n is the number of cells, A denotes the area of the SEM micrograph, and
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@ denotes the expansion ratio of the foamed sample. The ® was calculated using

equation [32]:

o=r (6-2)
Ps

where p, and p; represent the density of the unfoamed and foamed specimens,

respectively. The water displacement method (ASTM D792-00) was used to
measure those densities. The VF is defined as the ratio of the volume of voids in the
foam to the total volume of the foam, and was determined according to the following

equation [32]:

vE=21 (6-3)

Ps
The cell wall thickness was calculated according to the Gibson and Ashby
equations[33]. Spherical cells were assumed by tetrakaidekahedral pores. For foams

with closed cells, the cell wall thickness t was given by equation:

t:—l(pf/p), d =Bl (6-4)
1.18

where | is the edge length, d denotes the average cell size and B is a constant that
related to the assumed cellular shape. For a tetrakaidekahedral pore, B was 2.828.
6.3.6. Transmission electron microscope (TEM)

AJEOL 2100 TEM was used to investigate the CNS dispersion in PP matrix. Before
observation, a ultramicrotomy was applied to obtain PP/CNS foam samples for

TEM.
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6.3.7. EC and EMI shielding performance measurement
EC of foams was analyzed with a two-probe method using an electrochemical

workstation (CHI660E, Chenhua Co., China) at room temperature. Three specimens
were tested and the average results were reported.

A vector network analyzer (VNA, Keysight N5225A) was used to measure the EMI
shielding performance through the wave-guide method in X band (8.2-12.4 Hz).
Before measurement, the unfoamed and foamed specimens were cut into rectangles
with dimensions of 22.86x10.16 mm? (the thickness of unfoamed and foamed
specimens were 2 mm and 9 mm, respectively), as shown in Fig. 6-2. The EMI SE

can be calculated by the S parameters (S11 and Sz21) by the following equations[34]:

R=[S,|", T=[S,[, A'=1-T—R’ (6-5)
SEref =10 |Og (ﬁj ) SEabs =-10 |Og (]_-—F—Rj (6-6)
SE,.., =10log (%) = SE,; + SE,, (6-7)

where R', A', T' are the coefficients of reflection, absorption and transmission,
respectively. SErer, SEans and SEwtar are SE’s reflection, absorption and transmission,

respectively.

6.4. Results and discussion

6.4.1. CNS dispersion in PP matrix
Thanks to the surface modification of CNS, Fig. 6-3a depicts a good dispersion of

CNS in PP matrix. Probably due to the relatively high content of CNS (5 wt%), some

small aggregations can be found in Fig. 6-3b (indicated by red dotted circles). It is
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well known that the homogeneous distributed CNS could not only significantly
improve the foamability of PP by strengthening melt strength and crystallization rate,

but also benefit the formation of conductive path[35-38].

Fig. 6-3. SEM images of PP/CNS nanocomposite. (b) is the magnified image of one

section of (a).

6.4.2. Cell structure

Fig. 6-4 and 6-5 show the rheology and crystallization behavior of pure PP and
PP/CNS nanocomposite (detailed discussion can be found in supporting
information). The enhanced melt strength and crystallization rate of PP/CNS
nanocomposite were favorable for the preparation of foams with fine cell structure.
Fig. 6-6 depicts the SEM images and cell size distribution of pure PP and PP/CNS
nanocomposite foams, and the corresponding quantitative information is listed in
Table 6-2. Under the same process condition, the cell size of PP/CNS foam was 10
times smaller than that of PP foam and its cell density was improved by two orders
of magnitude. Generally, the final cell structure was determined by two steps,
including cell nucleation and cell growth. In the cell nucleation step, the nucleation
rate of cells was significantly enhanced due to the existence of CNS and the

preformed PP crystallites which were induced by the introduction of CNS during
1



dwelling step[37, 39]. During the cell growth step, cell collapse was largely
suppressed owing to the strengthened melt strength of PP/CNS nanocomposite (Fig.
6-4). To obtain PP/CNS foams with different cell sizes, a series of different N2
content was applied since increasing the gas content would reduce the activation
energy required for cell nucleation, leading to a higher nucleation rate and smaller
cell size. Thus, the cell size varied from 317 to 71 um with the increase of N2 content
from 0.6 to 1 wt%. Injection molded foams exhibit a typical sandwich structure,
where the middle is foamed layer and the two sides are surface layers. It was
necessary to evaluate the surface layer thickness since it would affect the electrical
properties and EMI shielding performance of PP/CNS foams. Fig. 6-7 shows that
the surface layer thicknesses of PP/CNS foams were in the range of 250-280 um,
which were much smaller than the samples’ thickness (9 mm). Thus, the effect of

the surface layer thickness on EMI SE could be ignored.
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Fig. 6-4. Rheological behavior of pure PP and PP/CNS nanocomposite.
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Fig. 6-5. Crystallization behavior of pure PP and PP/CNS nanocomposite in (a) 1%

cooling and (b) 2" heating.

Table 6-2. Cell structure parameters of PP and PP/CNS foams

Foam N2z content d No @
(Wt%0) (mm) (cells/cmd) (um)

PP 1 726 1.01x10* -
PP/CNS 0.6 317 7.51x10* 20.9
PP/CNS 0.8 142 1.05x108 94
PP/CNS 1 71 8.72x10° 4.7

8 Thickness of cell wall, which was calculated from equation (6-4).
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Fig. 6-6. SEM images of (a) PP and (b—d) PP/CNS nanocomposite foams fabricated under
various N content: (a)1 wt%, (b) 0.6 wt%, (c) 0.8 wt%, (d) 1 wt%. (al—d1) were the
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corresponding cell size distribution of (a—d).
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Fig. 6-7. (a) Optical photograph of foamed sample. SEM images of the surface layer of

PP/CNS foams under N content of (b) 0.6 wt%, (c)0.8 wt% and (d) 1 wt%. (e) Surface

layer thickness of PP/CNS foams fabricated under different N, content.

6.4.3. EC of PP/CNS foams

Intensive studies have reported that foaming could significantly improve the EC and

decrease the percolation threshold of CPCs by adding 1D fillers (such as CNT,

stainless-steel fiber and CF) or 2D fillers (GNP)[9, 10, 16, 18]. Fig. 6-8a depicts the

EC of solid and foamed samples. It is noteworthy that all foamed samples exhibited

higher EC than the solid sample (9.59x10* S/cm).This can be attributed to the
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growth of cells re-arranged the CNS (CNS paralleled to the boundary of cells),
leading to enhanced interconnectivity and EC[10]. Interestingly, the EC of PP/CNS
foams increased with the decrease of N2 content. As the cell structure was strongly
related to the applied N2 content, the relationship between EC and cell size was
displayed in Fig. 6-8b. Remarkably, by increasing the cell size from 71 to 317 mm,
the EC improved from 1.43x1073 to 5.07x10° S/cm. This phenomenon has not been
previously reported in the existing literature, which mainly focused on the effect of
conductive filler content and density (expansion ratio) on the EC of CPC foams[27,

40, 41].

—_
c
=
(=}

Conductivity (x10 S/cm)
e

(a)

U‘l
wh
1

=
L

&
1

%

¥

[ ]
N
(=]
1

Conductivity (x10° S/cm)
(]

=
1
=

Solid 1 0.8 0.6 50 100 150 200 250 300 350 400
N, content (wit%) Cell size (um)

Fig. 6-8. EC of PP/CNS solid and foamed samples as a function of (a) N, content and (b)

Cell size.

Considering the fact that the EC was mainly influenced by the interconnectivity of
CNS, it was necessary to investigate the dispersion of CNS in the cell wall of
PP/CNS foams. According to the equation (6-2), we could find the relationship
between cell wall thickness (t) and cell size (d): toc d. By reducing the cell size,

the calculated cell wall thicknesses of PP/CNS foams decreased from 20.9 to 4.7
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um, as shown in Table 6-2. Fig. 6-9 shows the SEM images of cell walls for PP/CNS
foams with various cell sizes. Fig. 6-10 shows the TEM images of PP/CNS foams
with different cell wall thicknesses. Due to the biaxial flow of matrix during
foaming[17], CNS aligned along the cell boundary, which was particularly evident
in foams with thin cell walls (Fig. 6-9c, 6-9d and 6-10a). For example, CNS aligned
along the cell boundary in a thin cell wall (0.8 pm) as shown in Fig. 6-10a. However,
for foams with a thicker cell wall, the dispersion of CNS would be strongly related
to its distance from the cell boundary as shown in SEM (Fig. 6-9a and b) and TEM
(Fig. 6-10) images. (bl1-b4) were the magnified TEM images captured from
different distances from the cell boundary in Fig. 6-10b. CNS near the cell boundary
(b1 in Fig. 6-10) was strictly paralleled to the cell boundary. With the increase of the
distance from the cell boundary (from 0 to 11 um), the degree of CNS orientation
gradually impaired (b2 and b3 in Fig. 6-10). The CNS more than 17 um from the
cell boundary was not affected by the biaxial flow of the matrix and was randomly
dispersed in the matrix (b4 in Fig. 6-10). Thus, it was obvious that the degree of
CNS orientation gradually impaired as the distance from the cell boundary increased,
as depicted in the corresponding schematic diagram in Fig. 6-11a. Du et al.[20]
systematically investigated the relationship between EC of PMMA/SWNT and the
alignment of SWNT through experiment and theoretical simulation. They found that
the highest EC was achieved with slightly aligned fillers, rather than highly aligned
or randomly dispersed fillers. Additionally, a thicker cell wall indicated a higher
quantity of CNS presented, which was further beneficial for the interconnectivity of
CNS. Thus, PP/CNS foam with a thick cell wall (big cell size) was more prone to
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forming a conductive path, as illustrated in Fig. 6-11b and c.

In addition, with the increase of cell wall thickness, more amount of CNS formed
the conductive path, leading to the reduced resistivity of the path. Fig. 6-11d and e
depict the possible schematic of conductive path for PP/CNS foams with small and
big cells. The reduction in cell size would lead to an increase of tortuosity, defined
as the ratio between the length of the real path and the shortest length between two
points[42]. PP/CNS foams with smaller cell sizes have longer conductive paths and
definitely showed higher volume resistance compared to foams with larger cell sizes.
Based on the previous analysis, under the same expansion ratio, foams with a bigger

cell size (thicker cell wall) exhibited a higher EC.

Fig. 6-9. SEM images of the cell wall for PP/CNS foams with different cell sizes: (a) 317

pum, (b) 142um, (c, d) 71 pm.
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Fig. 6-10. TEM images of PP/CNS foams with different cell wall thicknesses: (a) 0.8 um,
(b) over 40 um. (b1-b4) are the magnified images captured from different distances from

cell boundary in (b): (b1) 0 pm, (b2) 6 um, (b3) 11 um, (b4) 17 um.
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Fig. 6-11. (a) Schematic diagram of the degree of CNS orientation at different locations
away from the boundary of cell. (b, c) CNS dispersion in PP matrix of cell wall with (b)
small and (c) large thickness. (d, €) Conductive path of PP/CNS foams with (d) small cell

size (thin cell wall) and (e) big cell size (thick cell wall).

6.4.4. EMI shielding performance
The EMI shielding performance of both solid and foamed samples in X band was

evaluated. As shown in Fig. 6-12a, all foamed samples exhibited much higher SEtotal
than the solid sample. Excepted the enhanced EC, the increased thickness and the

introduction of cell structure were also responsible for this enhancement. As
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anticipated, with the increase of cell size from 71 to 317 um, the improved EC (Fig.
6-8b) leaded to an enhancement of SEiwta from 48.5 to 59.2 dB. Further analysis
indicated that the increasement in SEwta Was mainly from the contribution of SEabs
via the internal multiple reflections[43, 44], as shown in Fig. 6-12b. The high level
of EC would impair the capability of microwave absorption, resulting a reflection-
dominant shielding mechanism for solid and foamed samples (R">0.7, Fig. 6-12c).
Generally, the thickness of testing sample would strongly influence the finial SEtotal.
Thus, to fairly evaluate the EMI shielding performance of CPC foams, the concept
of the specific SE (specific SE, defined as the ratio of SE to mass density and
thickness of sample) was applied[45]. Fig. 6-12d compares the EMI shielding
performance of various CPC foams. Among them, PP/CNS foams exhibited superior
performance in terms of both EMI SE and specific SE in comparison with other
CPC foams, with the highest specific SE reaching 329 dB-cm?/g. Remarkably, even
in the case of PP foams with relatively low CNS loading, we achieved CPC foams
with outstanding EMI shielding performance simply by controlling the cell size.
This novel strategy provides a viable means to tailor the EMI shielding performance

of CPC foams.
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Fig. 6-12. (a-c) EMI shielding properties of PP/CNS nanocomposite and the

corresponding foams in X band: (a) SE total, (b) SE abs and SE ref, (c) R' and A"

coefficients. (d) Comparison of the EMI shielding performance of our result with other

reported CPC foams. The reference numbers listed in Table 6-3.
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Table 6-3. Comparison of the EMI shielding performance of CPC foams.

material Filler content Thickness EMISE p Specific SE  SpecificSE =~ Ref.

PP 10 vol% CF 3.2 24.9 0.74 104.7 33.7 [9]

PLA 5 wt% nanographite 2 45 0.7 321.4 64.3 [46]

HDPE 19.0 vol% GNP 3 31.6 0.782 133.4 40.4 [10]

PP 1.1 vol% stainless steel fiber 3.1 48 0.64 241.9 75 [16]
PS/IPMMA 2 vol% MWCNT 2 25.3 0.49 258.2 51.6 [47]

PS 7 wt% MWCNT 1.8 23.2 0.47 274.2 49.4 [48]
Natural rubber 6.4 wt% CNT 1.3 33.7 0.83 312.69 40.7 [49]
PMMA 7 wt% FesOs@MWCNTS 25 131 0.26 200 50 [50]

PS 7 wt% CNT 12 18.56 0.56 276.2 33.1 [51]

PLLA 10 wit% MWCNT 25 23 0.3 306.6 77 [52]

PVDF 10 wt% Ni-chains 2 26.8 1.08 124 24.8 [53]

PP 5 wt% CNS 2 35.0 0.92 190.2 38.0 This article
PP 5 wt% CNS 9 48.5 0.20 269.4 242.5 This article
PP 5 wt% CNS 9 54.9 0.20 305.0 274.5 This article
PP 5 wt% CNS 9 59.2 0.20 328.9 296.0 This article
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6.5. Conclusion

In this work, PP/CNS foams with different cell sizes ranging from 71 to 317 um
were fabricated using core-back FIM. The dispersion of CNS was strongly
related with the cell structure of PP/CNS foams. Due to the slightly aligned CNS
and the shorter real conductive paths of foams with bigger cell size (thicker cell
wall), the EC increased from 1.43x102 to 5.07x10° S/cm when the cell size
increased from 71 to 317 um. As a result, the EMI SE improved from 48.5 to
59.2 dB and the highest specific SE reached 329 dB-cm?/g. This study provided

a new strategy to prepare CPC foam with high EMI shielding performance.
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Chapter 7: Enhanced sound insulation
properties of PP/mica foams by
controlling cell structure

In this chapter, a brief introduction to polymeric foams for sound insulation
applications and methods of soundproofing performance enhancement are
briefly introduced. PP/mica composite foams with different VFs and cell sizes
were fabricated using core-back FIM technique to investigate the relationship
between cell structure and sound insulation performance. Discussions on sound
insulation properties and the enhancing mechanism of polymer foams are

presented.
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7.1. Abstract

The performance of a sound insulation foam is highly dependent on the cell
structure. In this study, we prepared PP/mica composite foams with different VFs
and cell sizes using core-back FIM. The results showed that increasing the VF
(the sample thickness increased but the sample density remained constant) could
enhance the STL from 16.8 dB for PP solid to 29.9 dB for PP foam with 75%
VF. In addition, Reducing the cell size and adding mica could also improve the
STL due to the increase in reflection and scattering of sound waves in cells. This
study offers a convenient strategy to obtain polymeric foams with excellent

sound insulation properties.

7.2. Introduction

Due to the fast development of traffic systems and modern industry, noise
pollution has become a major problem of environmental pollution, and is also
harmful to personal healthiness[1, 2]. Thus, various sound absorbing and sound
insulation material, such as metal, concrete material, fibers, and polymer
materials, were developed in noise control engineering[3-5]. Among those
soundproof and damping materials, polymer materials have gained more
attention thanks to their advantages like lightweight and good processibility.
However, the soundproofing performance of most polymer materials needs to be

enhanced to meet the requirements of practical applications due to their low
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density and modulus, according to the mass and stiffness laws|[6, 7].

Adding inorganic fillers was a good method to improve the sound insulation
performance of polymer materials by improving their density and modulus[8-
13]. For example, Liang et al.[10-14] investigated the soundproofing properties
of PVC/glass bead (GB), PVC/calcium carbonate (CaCOs), and PP/HGB
composite, and the results showed that with the increase in the filler contents,
the density of composites increased, leading to the enhancement of sound
insulation properties according to the mass law. Besides, they proposed a new
transmission loss equation by investigating the sound insulation mechanism of
polymer/inorganic filler composites. Lee et al.[14] found that the introduction of
carbon nanotube (CNT) into acrylonitrile butadiene styrene (ABS) could
improve the stiffness of ABS/CNT composite, leading to the improvement of
soundproofing properties.

Incorporating cell structure into polymer is another way to enhance the sound
insulation properties. Generally, the sound insulation properties improved with
the increase of VF, since the thickness of the tested samples was also increased,
which would prolong the transmission pathway of sound waves[15, 16]. Zhao et
al. studied the sound insulation performance of PP/PTFE foams, and found that
when the VF was fixed, increasing the PTFE content could cause the reduction
of cell size, leading to the improvement of sound insulation properties. However,
we cannot get the relationship between cell size and sound insulation

performance, because the influence of PTFE content cannot be eliminated. To
192



our best knowledge, the effect of cell size on sound insulation properties has not
been investigated so far.

In this work, PP/mica composite foams with different VF and cell sizes were
successfully prepared using core-back FIM. The effect of VF, mica content and
cell size on sound insulation properties were systematically investigated. Besides,
the mechanism of improving the sound insulation performance of PP/mica

composite foams was also discussed.

7.3. Experimental section

7.3.1. Materials

A commercial-grade long chain branched PP (WB140HMS), with a melt flow
rate of 2.1 g/10 min (ISO 1133), supplied by Borealis Ltd. Mica with 2000
meshes was purchased from Chuzhou Grea Minerals Co., Ltd. N2 (99% purity)

provided by Huayu Gas Inc., China, was selected as the physical blowing agent.

7.3.2. Blend preparation

Before blending, PP pellets and mica were first dried at 80 °C overnight to
remove any moisture. The dried PP pellets and mica were compounded by using
a corotating twin-screw extruder (SHL-52, Nanjing Haili Extrusion Equipment
Co. Ltd., China). The temperature profile was set as 170-220 °C. Various
amounts of mica (0, 10, and 30 wt%) were added into the extruder during the
compounding process, and these composites containing various mica content
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were referred to as PP, PP10, PP30, respectively.
7.3.3. Core-back FIM

Before compounding, both the PP and mica were dried at 80 °C for 8 h to remove
moisture. PP/mica composites with mica content of 0, 10 and 30 wt% were
compounded using a twin screw extruder (AK 36, Nanjing KY Chemical
Machinery Co. Ltd., China) at 170-220 °C. A 100-ton foaming injection molding
(FIM) machine (Systec 100/420-310C, Demag Plastics Group, Germany),
equipped with a Mucell SCF delivery system (T100, Trexel Inc., USA) was
applied to conduct the core-back FIM experiments. A rectangular mold cavity
(150 x 110 x 2 mm?3) was applied in this study. The detailed processing
parameters are listed in Table 7-1.

Table 7-1. Processing parameters used for the FIM experiments.

PARAMETERS SOLID FOAM
Melt temperature (°C) 230 230
Mold temperature (°C) 80 80
Injection speed (mm/s) 120 120
Injection pressure (MPa) 100 100
Back pressure (MPa) 20 20
Packing pressure (MPa) 40 40
Dwelling time (sec) 10 5-12
Core-back distance (mm) N/A 2-6
N2 content (wt%) N/A 0.6-1
7.3.4. SEM

A Zesis EVO18 SEM was used to examine the cell structure of PP/CB
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nanocomposite foams. Before the observation, the foamed samples were
cryogenically fractured in liquid nitrogen, and then, sputtered a layer of platinum
on the surface. The morphological parameters were calculated from the SEM
micrographs. The cell nucleation density, No, was defined by equation[17]:

N, = (5)*2¢ (7-1)

° A

where n is the number of cells, A is the area of the SEM micrograph, @ is the
volume expansion of the polymer foam, which can be calculated using

equation[17]:
(7-2)
where , and p; were the density of the unfoamed and foamed polymer,

respectively, and those densities can be obtained using the water displacement

method.

7.3.5. Dynamic mechanical analysis (DMA)

A DMA instrument (Q800, TA, USA) was conducted to evaluate the dynamic
thermos-mechanical properties of the samples in a single cantilever mode. The
dimensions of the test sample were 10x2x30 mm?. The test temperature ranged

from -50 to 150 °C at a rate of 3 °C/min and a frequency of 1 Hz.
7.3.6. Characterization of sound insulation

Sound insulation properties of the samples were investigated by STL, which is

defined as follows:
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STL =10log,, E (7-3)
where Ei and E: are the incident sound energy and transmitted sound energy,
respectively. For certain incident sound waves, the bigger the STL value, the
better the sound insulation properties.

The STL values were measured according to ASTM E2611-09 by a four-
microphone impedance tube (BSAW Technology Co., Beijing). This instrument
includes two kinds of tubes: a small tube with a diameter of 30 mm was used for
the measurement of high frequencies sound waves (1000-6300 Hz); and a large
tube with a diameter of 60 mm tube was used for the measurement of low and
medium frequencies sound waves (64—1600 Hz). The samples with constant
mica content had the same weight but different thicknesses, and the samples’
thicknesses of 2, 4, 6, and 8 mm corresponded to the VFs of 0%, 50%, 67%, and

75%. Each value represented an average of three measurements for each test

sample.

7.4. Results and discussion

7.4.1. Mica dispersion in PP matrix

Fig. 7-1 shows the SEM image of mica and its dispersion in PP/mica foam. The
particle sizes were in the range of 4-25 um. It is clear that the mica platelets
were oriented along the boundary of the cell (Fig. 7-1b") due to the biaxial flow

during the foaming process [18].
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Fig. 7-1. SEM images of (a) mica particles and (b) PP/mica composite foam. (b') is the

magnification of one section of (b).

7.4.2. Cell structure

Generally, foams prepared using core-back FIM technology can be divided into
two layers including the skin layer and core layer (foamed layer)[19, 20]. Fig. 7-
2 and 6-3 show SEM images of core and surface layers of PP/mica composite
foams with various VFs, respectively. The foaming process was performed at a
fixed N2 content of 0.6 wt%. By changing the core-back distance to 2, 4, 6 mm,
the foams with VFs of 50, 67 and 75% were obtained, respectively. Due to the
weak melt strength of PP, all PP foams showed poor cell structure with cell size
of over 500 um (Fig. 7-3a). However, adding 10 wt% of mica into the PP matrix,
PP10 mica foams exhibited a much better cell structure compared with pure PP
foams, as shown in Fig. 7-2. With the further increase of mica content, cell size
gradually decreased, and the cell size distribution became narrower. For instance,
as for PP and PP/mica composite foams with a VF of 67%, when mica content
first increased to 10 wt%, the cell size dramatically decreased from 638 um for
PP foam to 200 um for PP10 foam (Fig. 7-4a), and cell density improved from
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7.4x10° cells/cm?® to 3.0 x10° cells/cm?® (Fig. 7-4b). With the further rising of
mica content, the cell size of PP30 foam slowly reduced to 128 um, and cell
density improved to 9.8x10° cells/cm® simultaneously. Obviously, this
significant improvement of the cell structure of PP/mica composite foams was
caused by the addition of mica. Mica could act as a heterogeneous NA to enhance
the cell nucleation rate during foaming process[21, 22]. Thus, PP/mica
composite foams with small cell sizes can be obtained, and the cell size
distribution became more uniform with the increase of mica content. It is clearly
shown that the skin layers of pure PP foam and PP/mica composite foams were
completely unfoamed, and the skin thicknesses were all in the range of 380 —

510 um, as shown in Fig. 7-4c.

50% VF

67% VF

' 400ljind,
R W

75% VF

Fig. 7-2. SEM images of core layers of pure PP and PP/mica composite foams at

various VFs.
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67% VF 50% VF

75% VF

Fig. 7-3. SEM images of surface layers of pure PP and PP/mica composite foams at

various VFs.
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Fig. 7-4. Changes of (a) cell size, (b) cell density, and (c) skin layer thickness of pure

PP and PP/mica composite foams at various VFs.

Since the cell structure was strongly related to those applied processing
parameters, such as N2 content and dwelling time [23]. To obtain PLA/PBAT
foams with different cell sizes, various N2 content and dwelling times were

applied. Fig. 7-5 shows SEM images of the core layers of PP and PP30
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composite foams with various cell sizes at the fixed VF of 67%. To further
characterize the cell structure, the cell size dependence of cell density for pure
PP foams and PP30 foams are shown in Fig. 7-7a and 7-7b, respectively.
Increasing the cell size would lead to the reduction of cell density. For instance,
when the cell size of PP foams increased from 32 to 638 um, the cell density
significantly decreased from 7.2x10" to 7.4x10° cells/cm?, revealing four orders
of magnitude reduction. Thus, PP foams with cell sizes varying from 638 to 32
pm and PP30 foams with cell sizes ranging from 231 to 96 um were successfully
prepared. Those foams can be applied to study the relationship between cell size
and sound insulation properties. According to SEM images of the skin layers of
pure PP foam and PP30 foams displayed in Fig. 7-6, and the calculated results
(Fig. 7-7c and 7-7d) exhibited that the skin thicknesses of pure PP foams were
in the range of 420-500 pum, while that of PP30 foams were in the range of 380—

460 um.

PP Foams

PP30 Foams

Fig. 7-5. SEM images of core layers of pure PP and PP30 foams with various cell sizes
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at a fixed VF of 67%.

PP Foams

PP30 Foams

Fig. 7-6. SEM images of surface layers of pure PP and PP30 foams with various cell

sizes at a fixed VF of 67%.
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Fig. 7-7. (a, b) Cell size dependence of cell density for (a) pure PP foams and (b) PP30
foams. (c, d) Cell size dependence of cell wall thickness for (c) pure PP foams and (d)

PP30 foams. VF is fixed at 67%.
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7.4.3. Sound insulation properties

The STL values were tested from 64 to 6300 Hz and the average STL value was
obtained from the 1/3 octave average value [24, 25]. The average STL values of
PP and PP/mica composite foams are shown in Fig. 7-8 and 7-10.

In the typical curves of STL versus sound frequency of PP and PP foams (Fig.
7-8a), the lowest STL value appears at the resonance frequency of 400 Hz for
solid PP. The resonance frequency shifted to a higher frequency with the increase
of VF, and the resonance frequency of PP foam with 75% VF reached up to 1600
Hz. PP/mica composite foams showed a similar changing trend. Fig. 7-8d shows
the average STL values of PP and PP/mica composite foams under different VF.
By increasing the mica content, the average STL increased for both solid and
foamed samples. For example, the average STL improved from 16.8 dB for PP
solid to 23.2 dB for PP30 solid. It can be attributed to the fact that the stiffness
and density of the material can significantly affect the sound insulation property
[14, 26, 27]. After introducing mica into the PP matrix, the density increased
from 0.9 g/cm® for pure PP to 1.12 g/cm? for PP30 (Fig. 7-9a). In addition, it is
clear that the PP30 solid depicted the highest storage modulus over the entire
test temperature range (Fig. 7-9b). It implies that the stiffness improved with a
higher mica content. These two factors enhanced the sound insulation properties
of solid samples. Fig. 7-9c¢ shows the loss modulus of solid samples as a function

of temperature. PP30 solid sample showed the highest loss modulus, indicating
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that PP30 solid foam endows more dissipation of sound energy during the sound
wave propagation [28, 29].

Introducing cell structure into PP and PP/mica composites could also improve
the STL. The STL increased from 16.8 dB for PP solid to 29.9 dB for PP foam
with 75% VF, for instance. It is mainly caused by the increase in thickness of
test samples [30]. It should be noticed that all the PP solid and PP foams showed
the same mass, but the thickness varied from 2 mm for the PP solid to 8 mm for

the PP foam with 75% VF.
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Fig. 7-8. Sound insulation properties of PP and PP/mica composite foams under
different VF: (a) PP foams, (b) PP10 foams, (c) PP30 foams, and (d) average STL

value.
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Fig. 7-9. (@) Volume density of PP and PP/mica composites. (b) The storage modulus
and (c) loss modulus-temperature curves of PP and PP/mica composites.
The sound insulation properties and the average STL values of PP and PP/mica
composite foams with different cell sizes are shown in Fig. 7-10. All the samples
had the same VF of 67% (thickness was 6 mm). With the decrease of cell size
from 638 to 32 um, the average STL of PP foam improved from 27.2 to 33.1 dB.
For PP30 foams, the average STL improved from 29.7 to 33.1 dB by reducing
the cell size from 231 to 96 um. The results strongly proved that reducing cell
size could improve the sound insulation properties, and it can be explained
further through Fig. 7-11a. When the incident sound energy faces the material,
part of the sound energy is reflected, and the other part of the sound energy is
converted into mechanical vibration and penetrates the material, so the sound

energy is also decreased. By reducing the cell size, the transmission path of the
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sound waves became longer, as shown in Fig. 7-11a. The scattering and the
reflection of sound waves were much more violent inside the smaller cells
(orange arrow), and it led to the vibration acceleration of sound waves inside
small pores during the transmission process of sound waves [31, 32].

Obviously, introducing mica into PP foam could enhance the sound insulation
property, as shown in Fig. 7-10c. It can be explained through Fig. 7-11b. First,
the interfaces between mica and the PP matrix could scatter, diffract and refract
sound wave energy, thus enhancing sound energy's dissipation. Second, adding
mica into the PP matrix would also increase the density and stiffness of PP/mica

foams, leading to the enhanced STL.
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Fig. 7-10. Sound insulation properties of PP and PP/mica composite foams under

different cell sizes: (a) PP foams, (b) PP30 foams, and (c) average STL value.
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Fig. 7-11. The schematic diagram of sound waves transmission path by the effect of

(a) reducing cell size and (b) introducing mica.

7.5. Conclusion

This work investigated the effects of VF, cell size and mica content on the sound
insulation properties of PP/mica foams. First, the introduction of cell structure
could significantly improve the STL of PP foams from 16.8 dB to 29.9 dB due
to the prolonged sound transimission path. Forther more, reducing cell size or
adding mica into PP matrix could enhance the scattering and reflection of sound
waves in the foams, resulting the improved STL of PP foams. This study

provides a feasible method for preparing good sound insulation polymeric foams.
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Chapter 8: Conclusions and future work
8.1. Conclusions

In this research, the effects of cell size on impact strength, electrical properties
and sound insulation properties were comprehensively investigated. It was found
that:

(a) Effect of cell structure on impact strength

Firstly, phase interface-enhanced PLA/PBAT blend foams, modified by a
reactive compatibilizer through a simple reactive extrusion, were produced via a
core-back FIM technique. By adding 1phr ADR, the impact strength of the
foamed sample reached 49.1 kJ/m?, approximately 9.3 and 6.4 times that of the
unmodified PLA/PBAT blend and its foam, respectively. It proved that the
interfacial adhesion and cell size both strongly affected the impact strength of
injection-molded PLA/PBAT foams. For foams with high interfacial adhesion,
small cell size (<12 um) was more favorable for the stretching of cells and
extension of the whitened region in comparison with big cell size (cell size > 60
um), leading to the drastic toughening of PLA blends.

Subsequently, the relationship between cell size and impact strength of
PLA/PBAT foams at a constant VVF was studied. With the reduction of cell size,
a significant brittle-tough transition occurred at a critical threshold. Furthermore,
we found that enhancing the interfacial adhesion between PLA and PBAT

effectively increased the critical cell size. Below the critical cell size, the
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proximity of the cells facilitated a robust interaction of stress fields generated by
adjacent cells, coupled with the beneficial role of rubber particles in hindering
the progression of cell-induced crazes to cracks, thereby absorbing significant
energy. When the cell size surpassed the critical value, however, the diminished
interaction among cells allowed cell-induced crazes to develop directedly into
cracks, resulting in reduced impact strength.

Finally, the combined effects of matrix crystallization and cell size of PLA/PBAT
foams on the toughness were studied. The PLA crystallinity was tailored by CO2
treatment and cell size was well controlled by changing processing parameters.
A brittle-tough transition occurred only when the PLA crystallinity matched the
cell size. Increasing the PLA crystallinity would lead to a decrease in critical cell
size. When the cell size surpassed the critical value, PLA/PBAT foams were all
fractured through crazing. When cell size was below the critical valve, the
dominant mechanism for foams with lowly crystalline PLA was multiple crazing,
while that for foams with highly crystalline PLA was shear yielding, which was
favorable to energy dissipation.

Therefore, it can be concluded that the impact toughness of PLA/PBAT foams
can be enhanced by reducing cell size, improving interfacial adhesion and
increasing the PLA crystallinity.

(b) Effect of cell structure on electrical properties

Except for the commonly reported strategies, including increasing the content of

conductive fillers and adjusting the VF of CPC foams, we proposed that
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enlarging cell size was also an effective method of improving EC and EMI
shielding properties. PP/CNS nanocomposite foams with different cell sizes
were produced using core-back foaming injection molding (FIM) technique. As
the cell size increased from 71 to 317 um, the EC increased from 1.43x107 to
5.07x107 S/cm, due to the slightly aligned CNS and the shorter real conductive
paths of foams with bigger cell size (thicker cell wall). Thus, the EMI SE
improved from 48.5 to 59.2 dB and the highest specific SE reached 329 dB-cm?/g.
(c) Effect of cell structure on sound insulation properties

PP/mica composite foams with different cell sizes were obtained using core-back
FIM. The reduction in cell size could improve the STL of samples. With the
decrease of cell size from 638 to 32 um, the average STL of PP foam improved
from 27.2 to 33.1 dB. The mechanism for the enhancement of sound insulation
performance is speculated as: the scattering and the reflection of sound waves
were much more violent inside the smaller cells, and it led to the vibration
acceleration of sound waves inside small pores during the transmission process
of sound waves. In addition, adding mica into the PP matrix could further
enhance the STL since the interfaces between mica and PP can refract sound

waves, and thus prolong the sound transmission path.

8.2. Future work

For the future of this research work, the following is recommended.

(a) For polymer/elastomer blend foams, the effects of crystallinity of matrix and
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interfacial adhesion on cell size-impact strength relationship have been
discussed. The correlations between the properties of the dispersed phase
(elastomer content, size, and size distribution) and cell size-impact strength
relationship could be investigated further.

(b) The mechanisms of EC enhancement induced by cell size are suggested to
be studied further, especially for CPC foams under different VVFs. It is believed
that by optimizing the cell morphology, the electrical properties of CPC foams
could be improved significantly.

(c) With the knowledge obtained in this work about the effects of cell size and
VF on sound insulation properties, it is possible to conduct further research and
development to improve the sound insulation properties of polymer foams. For
example, a bimodal cell structure, in which big cells can increase the VF and
small cells can enhance the sound energy dissipation, can be applied to prepare

lightweight polymer foams with enhanced sound insulation performance.
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