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Abstract: Microcellular foams with unique cellular structures were prepared from
poly(lactic acid) (PLA) and poly(butylene succinate-co-adipate) (PBSA) blends using a
foam injection molding technique with a core-back operation. PLA and PBSA are
biopolymers that are partially miscible with each other. When these biopolymers were
blended, several blend morphologies appeared that were found to be dependent on the
blend ratio. The blend morphologies and thermal and rheological properties of polymer
blends with PLA/PBSA ratios of 100/0, 30/70, 50/50, 70/30, and 0/100 were observed,
and the cellular structures of their foams were investigated. While most of the polymer
blends showed sea and island structures, a polymer blend with a PLA/PBSA ratio of 50/50
showed a layered structure for the two polymers in which the continuous phases of both
polymers were elongated along the flow direction used for injection molding. By utilizing
the unique blend morphology and the difference in the viscosities of the two polymers, a
millefeuille-like microcellular structure was created from a 50/50 blend. Foams with
millefeuille-like cellular structures show unique anisotropic mechanical properties, and

this study reveals a method for preparing foams of this type.

1. Introduction
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In the past three decades, biodegradable polyesters have been actively studied as
substitutes for petroleum-based polymers. [I*] Poly(lactic acid) (PLA) is an aliphatic
polyester that can be produced from several bioresources, such as corn and sugarcane.
PLA has been investigated from many perspectives, including processing characteristics
such as extrusion, injection molding and foaming. 1*! Because of its biodegradability,
biocompatibility, and high stiffness and strength, PLA has been widely used in packaging

[6-8] However, despite these advantages, the application of

or biomedical applications.
PLA has been limited due to several weaknesses, such as brittleness, low melt strength,
slow crystallization rate, narrow processing windows and material cost. Many attempts
have been made to overcome these weaknesses and improve processability, even for
polymer foaming processes. For example, the degree of crystallinity and the mechanical,
rheological and gas barrier properties of PLA have been modified by manipulating the
ratio of L- and D-lactic acid stereoisomers. [°! Rheological and thermal properties have
been controlled by several methods, such as the addition of a branched chain structure
with a chain extender ['1?!, a change in molecular weight ['3 and the addition of nanoclay

[14-16] o1 cellulose fiber. 1]

Polymer blending was also investigated as another scheme for modifying the properties
and foamability of PLA. PLA is often blended with other flexible and biodegradable
polymers, such as poly(butylene succinate) (PBS)!3-28] and poly(butylene succinate-co-
adipate) (PBSA)1*%38]. The thermal properties, rheologies, and morphologies of PLA and
PBSA blends have been characterized by several researchers. Lascano et al.*%! reported
that when blending PLA with PBSA, the tensile moduli of PLA/PBSA blends decreased
and the elongation-at-break was enhanced with increasing amounts of PBSA component.

Consequently, the brittleness of PLA was restrained, and the ductility was improved. Lee
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etal.®!l and Wang et al.[*?! observed the morphologies for PLA/PBSA blends with various
blend ratios. For a PLA ratio above 60 wt.%, PBSA existed as droplet-shaped dispersed
domains in the PLA matrix. However, when the PLA ratio was less than 40 wt.%, PLA
existed as droplet-shaped domains in the PBSA matrix. They also reported that phase
inversion occurred at a PLA to PBSA ratio of approximately 50/50. Eslami et al. (3334
investigated the rheological properties of PLA, PBSA, and their blends and concluded
that when blending PLA with PBSA, weak strain-hardening behavior appeared at a low
strain rate; the melt strength of PLA was improved with increasing PBSA content.
Compared with the research carried out with PLA/PBS blend foams 2428, there are few
investigations of PLA/PBSA blend foams. Pradeep et al.®’7! used PBSA as a second
polymer and conducted foam injection molding with CO; to examine the effect of PBSA
on blend foamability. Their experimental results showed that the crystallinities and
storage moduli of foams were improved by controlling the compatibility of the two
polymers. Using blends composed of 75 wt.% PLA and 25 wt.% PBSA, Nofar et al.
examined the effects of the PBSA dispersed domain on crystallization behaviors,
rheological properties, morphologies and foamability of their blended beads. “*! Past
studies for both PLA/PBS and PLA/PBSA foams have focused on foamability; either
PBS or PBSA showed a droplet-shaped dispersed domain, indicating that the dispersed
domain played a role as a bubble nucleating agent. [2>27- 3401 Qur previous studies have
also established that a dispersed domain can be used as a bubble nucleating agent and that
the bubble nucleation site can be changed from the domains themselves to the interface
between two polymers; this depends on the solubility of the physical blowing agent in the

polymers, the viscosity differences between domain and matrix, as well as the interfacial

tension between polymers. 3411



In this study, we investigated the relationship between blend morphology and the cell
structures of PLA/PBSA foams. Our primary interest was to investigate the foamability
of the blends and the resulting cell structure of PLA/PBSA, especially for blends with
50/50 blend ratios, in which both polymers show co-continuous domains. As far as the
authors are aware, no attention has been given to foaming any polymer blend with a co-
continuous morphology. After measuring basic properties, such as the crystallization
temperature, melting temperature, and viscosity, for polymer blends with PLA to PBSA
blend ratios of 100/0, 30/70, 50/50, 70/30, and 0/100, foam injection molding experiments
were conducted using nitrogen (N2) as a blowing agent.

Blend morphology is drastically changed by the compatibility of blended polymers and
also by the processing conditions. Injection molding can produce a blend morphology
highly oriented along a flow direction. Using the oriented blend morphology, a polymer
foam with a unique cellular structure was produced. The effects of blend morphology,
thermal properties, and viscosity on the cellular structure and the mechanical properties

of the resulting foams were investigated.

2. Material Preparation and Foam Injection Molding

2.1 Materials

The polymers used in this study are commercially available: PLA, (4032D, Nature
Works, USA) and PBSA (FD92PB, PTT MCC Biochem, Thai). PLA is semicrystalline
with an L-lactide content of ca. 98.6 wt.%, and its melt flow rate (MFR) is 7 g/min at 210

°C with a 2.16 kg weight. The MFR of PBSA is 4 g/min at 190 °C with a 2.16 kg weight.



Both polymers were used as received. The physical blowing agent used for foam-injection

molding was nitrogen (N2) with 99.7% purity (Izumi-Sangyo Corp., Japan).

2.2 Foaming Experiments

The experiments were carried out using a 35-tonnage clamping force foam injection
molding (FIM) MuCell® machine (J35EL III-F, Japan Steel Works, Japan) with a gas
dosing system (SII TRJ-10-A-MPD Trexel Inc., Showa Gas Products, Japan). A
cylindrical screw 20 mm in diameter with an L/D ratio of 24:1 and a mold with a
rectangular cavity (70 mm x 50 mm x 1 mm) were used for injection molding. A single
phase of molten polymer and 0.1 wt.% N2 was injected into the mold cavity. Then, to
foam the polymers, a part of the mold was quickly opened in one direction after a certain
dwelling (holding) time, which is called core-back operation or precise mold-opening
operation. This operation notably enlarges the cavity volume, rapidly reduces the polymer
pressure in the cavity and simultaneously initiates bubble nucleation. The details of the

mold geometry and the operation of FIM were described in our previous papers [42-46],
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Figure 1. Temperature and pressure profiles for the polymer injected into the mold

cavity during one injection cycle time.



Two infrared temperature sensors and two pressure sensors were independently
deployed in the rectangular mold cavity to measure polymer temperatures and pressures
at different locations in the cavity: one location was close to the inlet, and the other was
at the flow end, as shown in the supporting information (Figure S1). By averaging the
temperatures and pressures at two points of three injection cycles, the temperature and
pressure profiles during a cycle of injection molding were calculated and plotted against
the processing time, as shown in Figure 1. The profiles were recorded by using a data
acquisition device (Mold Marshaling system EPD-001, Futaba, Japan). Infrared
temperature sensors were used to measure the polymer temperature at a point
approximately 0.4 mm inside from the mold-polymer interface in the thickness direction.
Because the thickness of the polymer in the cavity before foaming was 1 mm, the
measured temperatures were considered to be similar to those at the center of the polymer
in the thickness direction. As shown in Figure 1, the temperature exponentially decreased
while the pressure increased and remained constant during the holding (dwelling)
operation. When the core-back operation was conducted at the end of the holding
operation, the pressure of the polymer drastically decreased to atmospheric pressure. The
core-back timing, i.e., at which point the part of the mold was opened, is equivalent to the
end of the holding operation. The core-back time was defined by the time elapsed from
the start of polymer injection to the onset of core-back operation. The cooling rate of the
polymer in the holding process was estimated from the recorded temperature profiles. It
was found to be in the range -40 to -8 °C/s. The cooling rate affected the crystallization
behavior of the polymers.

The temperature at the core-back time, which was noted as the foaming temperature,

was calculated from the temperature and pressure profiles. As illustrated in Figure 1, the



temperature of the polymer in the cavity decreased after the polymer was injected into the
mold cavity. By delaying the core-back timing, i.e., making the core-back time longer,
the foaming temperature was lowered. In other words, the foaming temperature can be
changed by manipulating the core-back time.

In this study, blends with blend ratios of 100/0, 70/30, 50/50, 30/70, and 0/100 were
prepared by dry-blending PLA with PBSA pellets in the hopper of an injection molding
machine. Foam-injection molding was conducted for each polymer blend using N as the
physical blowing agent. The core-back time was changed within the range 1 second to 12
seconds to observe the effects of the foaming temperature on the cell structure and the
width of the operation windows. Other processing parameters are summarized in Table
1. At least 10 injection moldings were performed at each core-back time to confirm

reproducibility.

Table 1. Operating conditions for the solid/foam injection molding process.

Processing condition for solid/foam injection molding

Barrel Temperature [°C] 7 zones from tip of barrel to hopper
PLA/PBSA 210,210, 210, 210, 210, 160, 120
PLA alone 210,210, 210, 210, 210, 210, 180
Mold Temperature [°C] 40

Dwelling Pressure [MPa] 40

Injection Velocity [mm/s] 120

Initial Thickness of Cavity [mm] 1

Core-back Rate [mm/s] 20

Core-back Distance [mm] 2

Expansion Ratio 3

Core-back Timing [s] 1-12

2.3 Thermal Properties



The thermal properties of the polymers were measured using conventional differential
scanning calorimetry (DSC) (7020, Hitachi Ltd., Japan) and fast-scanning chip
calorimetry (FSC, Mettler-Toledo Flash DSC1, Mettler-Toledo, LLC, USA). For the
conventional DSC measurements, specimens were prepared by cutting nonfoamed (solid)
injection-molded polymers into small pieces with a weight of approximately 5—6 mg. The
measurements were conducted under N> purging. To obtain the first cooling curve, the
temperature was raised to 200 °C, held for 3 min, and then cooled to -60 °C at a 10 °C/min
cooling rate. To obtain the 2" heating curves, the temperature was held at a lower
temperature of -60 °C for 20 min and heated to 200 °C at 10 °C/min. The measurement
was repeated at least twice. From the 2" heating curves, the crystallinity of PLA, y - was

calculated using Equation (1),

__ AH,—AH,

where AH,, AH. and Xp.4 are the enthalpy of melting, the enthalpy of cold crystallization
and the weight fraction of PLA in the polymer blend, respectively. AHris the enthalpy of
fusion defined by the enthalpy of melting per gram for 100% crystalline PLA, which is

equal to 93.6 J/g. [**]

FSC measurements were also conducted under a N> purge to simulate the rapid cooling
condition for injection molding. Specimens 10-20 um in thickness and 50-100 pm in
width and length were prepared by cutting the injection-molded polymers with a
microtome (MRS-F, Nihon Koki Seisakusho Ltd, Japan). For measurements of
nonisothermal crystallization, the specimens were heated to 200 °C first, held for 1 s, and
then cooled to —90 °C by changing the cooling rate within the range —1 °C/s to —1000 °C/s.
For the case in which the crystallization peak could not be observed in the rapid cooling
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process, the presence of crystals was confirmed from the heating curve obtained by a
discrete method, which involved heating at 1000 °C/s immediately after rapid cooling at
rates of -10 °C/s, -15 °C/s, and -20 °C/s. Both DSC and FSC measurements were repeated

using an injection molded blend and neat polymers.

2.4 Rheological properties

To observe the effects of blend morphology on rheological properties, disk-shaped
specimens 25 mm in diameter and 2 mm in thickness were prepared from injection-
molded polymers as well as from polymers blended by a mixer (Labo-Plastomill,
Toyoseiki, Japan). The preparation conditions for injection-molded polymers are given
in Table 1. The mixer-blended polymer was prepared by mixing the polymer at 200 °C at
10 rpm for the first 3 minutes and then at 50 rpm for the subsequent 4 minutes. Disk-
shaped specimens were prepared by cutting the polymer products into small pieces and
then hot-pressing at 200 °C under a mechanical pressure of 20 MPa for 10 min. A dynamic
frequency sweep test was carried out using a rotational rheometer (ARES, TA
Instruments Inc., USA) operated at 210 °C with 1% strain in the frequency range 0.1 rad/s
to 100 rad/s. The temperature sweep test was also conducted at a frequency of 1 rad/s
with two different shear strains, 1% and 10%. In the tests, the temperature was reduced
from 200 °C to room temperature with a cooling rate of -2 °C/min. To observe the
rheological behaviors of PLA and PBSA in the low-temperature region, torsion tests were
conducted at 1% strain in the temperature range 30 °C to 100 °C. All rheological

measurements were repeated at least three times for each blend and for neat polymers.



2.5 Characterization of Morphology and Cell Structure

Blend morphologies were observed by scanning electron microscopy (SEM) (JSM-
6700F, JEOL Ltd., Japan). The specimens were prepared by cutting the injection-molded
polymers into small pieces. To eliminate the shear effect on the blend morphology of the
specimen, annealed specimens were prepared by placing the injection molded polymer
into a small rectangular shaped mold on a hot-press machine and holding the polymer at
200 °C under a mechanical pressure of 10 MPa for 10 min. Then, the specimens were
immersed in liquid N> for 10 min and fractured to observe the cross-sectional area by
SEM. Prior to the SEM observation, the fractured surface was coated with gold using an
ion coater (VPS-020 Quick coater, Ulvac Kiko Ltd., Japan) for 1 min. The cell structures
of foams were observed using another SEM system (Tiny-SEM Mighty-8, Technex,

Japan) after cryogenic treatment of the foam injection-molded polymers.

2.6 ATR-FTIR spectroscopy and FTIR spectroscopic imaging

Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR)
measurements were conducted for PLA/PBSA blends to confirm the blend morphology.
A diamond ATR accessory (Goldengate, Specac Inc. UK) was used with the FTIR
instrument (Spectrum 100, PerkinElmer Inc. USA). ATR-FTIR spectra were acquired in
the wavenumber range 5500 cm™ to 700 cm™ with a resolution of 4 cm™. The
accumulation number was set to 10. To evaluate the chemical morphologies of the
PLA/PBSA blends, an FTIR spectroscopy imaging system (Spotlight 400, PerkinElmer
Inc. USA) was also used. For FTIR imaging measurements, specimens were prepared by

slicing the nonfoamed (solid) injection-molded polymers into thin sheets of
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approximately 10-30 pm in thickness. FTIR images were acquired in transmission mode
in the wavenumber range between 5500 and 750 cm™ with a resolution of 4 cm™. The
number of scans per pixel was set to 16 for measurements of specimens and 120 for the

background measurement. The pixel size of the FTIR image was 6.25 um x 6.25 um.

2.7 Mechanical properties

Compression tests were conducted in two schemes to investigate the anisotropic
mechanical properties of PLA, PBSA and their blended foams using a universal testing
machine (Autograph, AGS-J, Shimadzu, Japan). The machine was equipped with a 1000
N load cell. Because some foams had many elongated cells and PLA/PBSA (50/50)
showed a layered structure oriented along the flow direction, compression tests were
conducted by applying the stress to two different foam axes (core-back direction and
injection direction). To apply the stress to the foams in the direction parallel to the core-
back direction (expansion direction), the specimen was prepared by keeping the skin
layers and cutting out the middle part of the foam into a piece with a width and length of
10 mm and 3 mm, respectively. Then, the specimen was placed onto the machine table so
that the skin layers could be aligned perpendicular to the direction of the applied stress
(Scheme 1). To apply stress to the foams parallel to the flow direction (injection direction),
specimens with widths, lengths and thicknesses of 10 mm, 3 mm, and 5 mm, respectively,
were placed onto the machine table so that the skin layers were aligned parallel to the
direction of the applied stress (Scheme 2). After setting the crosshead speed to 10 mm/min,
both schemes for the compression tests were performed until the compressive force

reached 1000 N to obtain a stress-strain (S-S) curve. The compressive strength was
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determined by the stress value at a strain of 20%, and the compressive modulus was

calculated from the slope at which the stress increased rapidly.

3. Results and Discussion

3.1 Thermal Properties

PLA
PLA/PBSA 70/30

PLA/PBSA 50/50 \/g’\f

PLA/PBSA 30/70

N e

-~— Endo Heat flow

-50 0 50 100 150

Temperature (°C)

Figure 2. DSC second heating curves for PLA, PBSA and their blends.

Table 2. Thermal properties of injection molded polymers.

Tg ch Tm AHcc AHm xc
PBSA
PBS PBSA PLA
contents A PLA PLA PLA PLA PLA
Tml Tm2 Tml Tm2

wt% °C °C °C °C  °C °C °C Jig Jig %
0 - 62.9 109.2 - - 162.3 168.7 30.3 33.5 3.4
30 -480 604 1005 75.6 83.7 - 166.8 15.6 26.5 16.6
50 -492 594 1015 734 854 - 166.8 11.5 18.4 14.6
70 -48.3 58.7 99.3 752  84.1 - 166.9 6.6 10.9 15.0

100 -48.8 - - 83.3 - : - : - -
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Figure 2 shows the DSC heating curves measured for PLA, PBSA, and PLA/PBSA
blends in the second cycle. All thermal properties obtained from the heating curves are
summarized in Table 2. The glass transition temperatures, Tg, for PLA and PBSA were
observed individually in the heat curves obtained for the PLA/PBSA blends. The Tg of
PBSA was slightly increased in the presence of PLA, while the Ty of PLA was slightly
decreased to lower temperatures with increasing PBSA content. This is an indication of
the partial miscibility of the two polymers. The blended polymers showed three melting
peaks: one is associated with PLA crystals, and the others are bimodal peaks associated

with PBSA.

The double melting peak observed for the PLA/PBSA blend has already been reported
by Lee et al. ** Double peaks for the melting point, Tm, of neat PLA appeared at 162.3
°C and 168.7 °C and were converted to a single peak with increasing PBSA content. The
cold crystallization temperature, Tcc, for neat PLA was approximately 109 °C. As the
PBSA content was increased, Tcc decreased to 99 °C. The decrease in T is explained by
the plasticization effect of PBSA, which enhanced the chain mobility of PLA. 3]
Interestingly, the crystallinity of neat PLA crystallized with a cooling rate of -10 °C was
approximately 3.4%. When blended with PBSA, the crystallinity increased dramatically

to 14.6—16.6%, which indicates enhancement of PLA crystallization by PBSA.
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Figure 3. Cooling and heating curves for polymers treated at various rapid cooling rates:
(a) cooling curves; (b) heating curves obtained by heating at 1000 °C/s after cooling at -
10 °C/s, -15 °C/s and -20

°C/s.

Figures 3(a) and (b) show the FSC curves obtained for PBSA and PLA/PBSA blends
with blend ratios of 30/70 and 50/50. The cooling curves obtained for cooling rates of -
10 °C/s, -15 °C/s, and -20 °C/s are shown in Figure 3(a), and those produced during the
heating stage after rapid cooling are shown in Figure 3(b). The heating rate was set to
crystallization during the heating process. Unlike conventional
DSC, FSC can cool or heat the polymer at very high rates and allow thermal property

measurements under conditions similar to those of practical foam injection molding. The
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heat absorption associated with crystallization was difficult to observe at any cooling rate
and any blend ratio, as shown in Figure 3(a). However, as shown in Figure 3(b), the FSC
heating curves indicated that the Tr, for PBSA was approximately 40-50 °C for all heating
curves obtained after cooling at rates of -10 °C/s and -15 °C/s, but T was not observed
for the specimen heated after cooling at a rate of -20 °C/s. PBSA crystallized at cooling
rates slower than -15 °C/s. On the other hand, the T for PLA was not observed for
specimens cooled at any rate. However, strain-induced crystallization of PLA may occur
in the injection molding process. The presence of strain-induced PLA crystals can

increase the viscosities of blends to a value larger than those shown in Figure 5.

3.2 Rheological properties

Figure 4 shows the results obtained from the frequency sweep tests. Figure 4(a) shows
the storage moduli, G', for PLA, PBSA, and their blends. G' gradually decreased with
decreasing frequency and increasing PLA content. The descending rate for G’ as a
function of frequency became milder for PLA/PBSA (50/50) in the low-frequency region.
Because PLA/PBSA (50/50) showed a co-continuous two-phase morphology, it is
possible that the PLA and PBSA phases penetrated each other and formed a network

morphology. The presence of such a network could lead to a milder descending rate, as

mentioned by Hernandez-Alamilla et al. They report that a plateau region for G” appeared

in the low-frequency region when a network structure was established in polymers ¢
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Figure 4. Frequency dependence of (a) G’ and (b) n* for PLA, PBSA and their blends

(210 °C, strain 1%).

Figure 4(b) shows the complex viscosity, n*. n* for PLA showed Newtonian fluid
behavior at low shear frequencies and shear-thinning behavior at high frequencies. n* for
neat PBSA showed shear thinning behavior at all measured frequencies. Lee et al. ** and
Eslami et al. [*¢! reported similar observations for their PBSA. The deviation from

Newtonian fluid behavior for neat PLA at low frequency became larger as the PBSA
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content in the blended polymers was increased. The increase in viscosity with the

decreasing frequency suppressed bubble growth and kept the bubble size small.

Figure 5 shows the results for temperature sweep tests performed for PLA, PBSA and
their blends. n* for PBSA shows a high value compared to PLA and their blends, even at
high temperatures, and it also shows a slow increase in viscosity even when the
temperature was decreased. However, PLA showed the lowest n* at high temperature,
but n* rapidly increased as the temperature decreased. Therefore, the sensitivity of n* in

blends as a function of temperature was increased by increasing the PLA content.

10°
= PLA
® PLA/PBSA 70/30
10° F A PLA/PBSA 50/50
4 v PLA/PBSA 30/70
(oL *ooonenee v'w L ® PBSA

10° F

Complex viscosity n#* (Pa s)
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Figure 5. Temperature dependence of n* for PLA, PSBA and their blends (frequency 1

rad/s, strain 1%, cooled at -2 °C/min).
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3.3 Morphologies of polymer blends

Figure 6 shows SEM images of blend morphologies for both annealed and injection-
molded PLA/PSBA. As shown in Figure 6(a)-(c), the samples annealed on a hot press
after injection molding showed clear morphologies. When the PBSA content was low, a
sea and island morphology appeared in which PBSA formed droplet-shaped minor
domains (Figure 6(a)). For a PBSA to PLA ratio of 50/50, the samples showed a co-
continuous two-phase morphology (Figure 6(b)). When the PBSA content was increased

above 50 wt.%, PLA formed droplet-shaped minor domains (Figure 6(c)).
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It was difficult to identify the blend morphology for polymer samples prepared by
injection molding without annealing. The sea and island morphologies were not observed
clearly for PLA/PBSA (70/30) and (30/70). However, every domain was likely elongated
along the flow direction. As shown in Figure 6(e), PLA/PBSA (50/50) appeared to show
a two-phase co-continuous morphology in which the two phases showed different surface
roughness: one domain was smooth and the other was rough, which may correspond to
the PLA and PBSA phases. The morphology observed in Figure 6(e) might be due to
artifacts. Thus, the two-phase, co-continuous morphology of PLA/PBSA (50/50) was

confirmed by using another method, i.e., FTIR.

3.4 IR spectra and chemical imaging

Figure 7(a) shows ATR-FTIR spectra for PLA/PBSA blends with various blend ratios.
The absorbance of the spectral band at 870 cm™ increased as the PLA content was
increased, while the absorbance at 920 cm™ increased as the PBSA content was increased.
Therefore, assuming that the spectral bands at 870 cm™ and 920 cm™! indicate the PLA
and PBSA contents, respectively, FTIR spectroscopic imaging was performed to visualize
the chemical (PLA and PBSA) distribution in nonfoamed injection-molded PLA/PBSA
blends. Figure 7(b) shows FTIR images for the absorbance ratios of spectral bands at 870
cm! to those at 920 cm™ for a cross-sectional area of the PLA/PBSA blends. In the FTIR
chemical images, the red color represents PLA, and dark blue represents PBSA-rich
regions. The vertical direction for the images denotes the sample thickness, and the
horizontal direction denotes the direction of polymer flow (MD) induced by injection

molding. The upper and lower edge of each map correspond to surfaces of the injection-
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molded samples. The colors at the upper and bottom regions tend to be yellow and red,
which indicates that the region near the surface is PLA-rich. This can be considered a
viscosity encapsulation phenomenon: at a high injection temperature, i.e., 210 °C, and a
high shear rate, the PLA viscosity was lower than that of PBSA, as shown in Figure 5.
Flow occurred through a sprue of the mold used in the injection molding process.
Therefore, for PLA/PBSA, which has a significant difference in viscosities for the blend
constituents in the molten state, PLA shifted toward the wall of the sprue due to its lower

viscosity.
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Figure 7. IR spectrum and chemical imaging results: (a) ATR-FTIR spectra and (b) FTIR
images of the absorbance ratios for 870 cm™ (PLA) and 920 cm™ (PBSA) bands of the

nonfoamed PLA/PBSA blends.

In PLA/PBSA (50/50), a PLA-rich layer and PBSA-rich layer alternately appeared and
formed a multilayered structure. The FTIR images show that the PLA and PBSA phases

were elongated and highly oriented along the flow direction.

3.5 Cellular Structures of Foams

(a)

oA =
) . =53
- p— o
S | esese B == 8|2
) = — =
. = B ] Ola=P
£ | SESE S
NLWARLA = =y
= Ay QA =) o2
2 meme Z 4| zs
v Ss

Core-back direction -

<«

Our previous study investigated the potential of using dispersed domains as bubble
nucleating sites in blended polymers and found that when the domains had a higher
solubility and diffusivity for the physical blowing agent and a lower viscosity than the
matrix polymer, bubble nucleation was selectively enhanced in the dispersed domain. [4*-
421 As shown in Figures 6 and 7, the PLA/PBSA blend with a blend ratio of 50:50 was

partially miscible, and a highly oriented blend morphology was formed by injection
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molding. Thus, bubble nucleation was enhanced at the highly elongated PBSA phase, as

illustrated in Figure 8.

H PLA

— PLA/PBSA 85/15
——— PLA/PBSA 70/30
———- PLA/PBSA 50/50
—— PLA/PBSA 30/70

F—————— PLA/PBSA 15/85
. PBSA

40 60 80 100 120 140 160
Foaming temperature (°C)

Figure 9. Temperature windows for preparing microcellular foams with expansion ratios
of 3.

In foam injection molding with core-back operations, the core-back timing can be
manipulated as explained in the previous section. The temperature of the polymer in the
cavity decreased toward 40 °C (the mold temperature) after the polymer was injected into
the cavity. The temperature of the polymer at the onset of the core-back operation was
defined as the foaming temperature. For each blend and neat polymer, the core-back time
was manipulated within the range 1 to 12 seconds to intentionally change the foaming
temperature. By observing the expansion ratio and the cellular structure of the resulting

foams, the windows for foaming temperatures were determined.

Figure 9 shows the foaming temperature windows used for preparing microcellular
foams with an expansion ratio of 3 for each polymer. The upper limit for the window was
determined as the highest foaming temperature at which the polymer could be foamed

without having a balloon-like hollow structure or large cells in its foam. The lower limit
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of the window was the lowest foaming temperature at which polymer could be foamed
by achieving an expansion ratio of 3. The lowest foaming temperature limit for the PBSA-
rich polymer blend and PBSA alone was 40 °C, which was determined by the mold
temperature itself. Namely, the foaming temperature could not be made lower than the

mold temperature by changing any other operation parameters.

As shown in Figure 9, neat PBSA was foamed over a wide range of foaming
temperatures, while PLA exhibited the narrowest range. The change in viscosity for
PBSA in the temperature range 180 °C to 60 °C was not large compared with that of PLA,
as shown in Figure 5. The wide foaming temperature window of PBSA can be associated
with the temperature sensitivity of PBSA viscosity. The foaming temperature window for
PLA was narrower than that we reported in the past. *4l This is because the mold
temperature was reduced from 60 to 40 °C. For the blends, the window was narrower,
and its upper limit moved to a lower temperature in the presence of PLA. This is due to a
decrease in viscosity with increasing PLA content. As illustrated in Figure 5, the
viscosities for the PLA/PBSA blends and neat PLA showed values lower than that for
PBSA in the temperature range 120 °C to 210 °C. The lower the viscosity, the more likely
it was that large bubbles would form in the foam. The upper limit for the foaming
temperature window was lowered to prevent the formation of such large bubbles when
blending PLA. When PLA became the major component in the blend morphology, the
window was narrowed, and the lower limit for the foaming window was moved to a
higher temperature. As shown in Figure 5, as more PLA was blended, the viscosities of
the blends became higher than that of PBSA at temperatures lower than 120 °C. Higher
viscosities increased the likelihood that the expansion ratio could not reach the desired

level. Furthermore, Figure 5 shows that as the PLA content was increased, the slope for
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increasing viscosity with decreasing temperature became steeper. The temperature
dependence of the viscosity strongly affected the width of the foaming temperature

window.
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Figure 10. SEM images of cellular structures of foams comprising PBSA alone with an

expansion ratio of 3 prepared at different foaming temperatures.

Figures 10 and 11 show SEM images for the cross-sectional areas of PBSA and
PLA/PBSA (70/30), (50/50), and (30/70) foams, respectively. Foams with an expansion
ratio of 3 were prepared in the abovementioned foaming window by manipulating the
core-back timing. All SEM images were taken with a view parallel to the core-back
direction. The foaming temperature is indicated in the upper right corner of each image.
In Figures 10 and 11, the horizontal direction corresponds to the direction of the foamed
sample thickness or the core-back direction, and the vertical direction corresponds to the

flow direction (MD).

As shown in Figure 5, the cellular structure of neat PBSA foam was uniform, and cells
were well packed at any foaming temperature. At low foaming temperatures, the cell size

was small, but it became larger with increasing foaming temperature.
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In general, the cell size was increased by increasing the foaming temperature. However,
the cell structure of PLA/PBSA (70/30) foams tended to be more uniform and showed
structures similar to a hexagonal close-packed structure. The cell size was unchanged
even when the foaming temperature was increased. As shown in Figure 9, PLA was easily
foamed at higher temperatures, but it was difficult to foam PLA at lower temperatures. In
the PLA/PBSA (70/30) foams, the PLA matrix did not foam well at low foaming
temperatures. Upon increasing the foaming temperature, more cells nucleated in the PLA

matrix, and then the cells became more uniform.
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The PLA/PBSA (30/70) foam showed cells smaller than those of other foams. This is
because the PLA domains acted as bubble nucleating agents and increased the number of
bubbles. As a result, the cell size was reduced. By reducing the foaming temperature to
41 °C, the cell size of PLA/PBSA (30/70) foams was slightly increased, and at the same
time, the cell was elongated in the core-back direction, as shown in Figure 11(h). Figure
S3 contains lower magnification SEM images of the cross-sectional area of PLA/PBSA
(30/70) foams. It is clear that the degree of elongation of the cells increased with
decreasing foaming temperature. In particular, the degree of elongation was higher for
cells located around the center of foams prepared with low foaming temperatures. The
injected polymer was cooled in the mold cavity from interfaces with the mold, and a
temperature gradient was established in the polymer along the thickness direction (i.e.,
core-back direction). As the dwelling (core-back) time was increased, the foaming
temperature decreased and the temperature gradient increased. Consequently, the skin
layer became thicker, and the foamable area became narrower. To keep the expansion
ratio at three despite the narrowed foamable area, the cells around the center should be

elongated more than the cells located near the interface with the mold.

The cellular structure of PLA/PBSA (50/50) foamed at a temperature higher than 77 °C
(Figure 11(a)) showed a uniform cell structure similar to that of PBSA foamed at 119 °C.
However, as the foaming temperature was decreased, the cells tended to align along the
flow direction and eventually form a Millefeuille-like structure. The order of the
alignment increased as the foaming temperature was decreased, as illustrated in Figure
11(b) and (c). The injection molding process created a layered blend morphology oriented
along the flow direction, as shown in Figure 7. Due to the layered morphology and the

effect of temperature on viscosity, a millefeuille-like cellular structure was created.
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As shown in Figure 5, the viscosity of PLA increased with decreases in the foaming
temperature below 120 °C, while that for PBSA did not increase drastically and remained
at approximately 10* Pa s within the temperature range 80 °C to 160 °C. The results from
torsion tests also showed that the complex viscosity of neat PLA was high at 10° Pa s,
while that for PSBA was 10® Pa s in the temperature range 40 °C to 60 °C, as shown in
Figure S2 of the supporting information. Figures 5 and S2 show that the difference in
viscosity between PLA and PBSA became larger at temperatures in the range 40 °C to
80 °C. If strain-induced crystallization occurred in the PLA phase, the difference in
viscosities for PLA and PBSA would be further enlarged. With higher viscosity, the
foamability of the PLA domain would decrease. In the PLA/PBSA blends, the effect of
temperature on the viscosities of both the PLA and PBSA phases was expected to be the
same. Namely, by tuning the foaming temperature, one could foam the PBSA phase while
keeping the PLA phase unfoamed. When the foaming temperature was far below 100 °C,
the unfoamed PLA phase was aligned along the flow direction, but the PBSA phase could

be foamed, as shown in Figures 9 and 10.

3.6 Mechanical properties
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Figure 12. Results of compression tests. (a, b) Measured by Scheme 1 and (¢, d) measured

by Scheme 2, (a, c¢) S-S curves, (b, d) compressive strengths and moduli.
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Figure 12 shows the results of the compression tests. Figure 12(a) shows the strain-stress
(S-S) curves obtained by applying stress to a specimen parallel to the core-back
(expansion) direction (Scheme 1), where the skin layers are located in the direction
perpendicular to the applied force, as illustrated in Figures 13(a) and (b). Figure 12(c)
shows the S-S curves obtained by applying stress to the specimen parallel to the injection
direction (Scheme 2); skin layers are located in a direction parallel to that of the applied
force, as illustrated in Figures 13(c) and (d). The compressive strengths and moduli were
determined from the resulting S-S curves, and the results are illustrated in Figures 12(b)

and (d).

Figures 12(b) and (d) show some interesting results: 1) the compressive strengths and
moduli increased as the foaming temperature was increased for all polymer samples
except PLA/PBSA (50/50); ii) PLA/PBSA (50/50) foams possessed strong anisotropic
mechanical properties. The compressive strength and modulus of PLA/PBSA (50/50) do
not show monotonous increases with increasing foaming temperature. In the Scheme 2
test, the compressive modulus of PLA/PBSA (50/50) foamed at a low temperature (51 °C)

was as high as that for PLA/PBSA (70/30), as indicated by the red open circle.

As shown in Figure 11, the PLA/PBSA (70/30) foam showed a hexagonally packed cell
structure at higher foaming temperatures. Ali, N. B. et al. showed that the hexagonal
packing structure exhibited the strongest mechanical properties. [*”1 It is thought that the
hexagonally packed cell structure of PLA/PBSA (70/30) foam provided a higher

compressive modulus and strength at high foaming temperatures.

PLA/PBSA (30/70) also showed an increase in compressive strength and modulus with

increasing foaming temperature. For the blend foamed at a low foaming temperature, the
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presence of elongated cells decreased the compressive strength and modulus. PLA/PBSA
(50/50) foamed at low temperature (51 °C) showed anisotropic mechanical properties:
the lowest mechanical properties were observed in the Scheme 1 test, but a high modulus
was observed in Scheme 2. These anisotropic mechanical properties were produced by
the multilayered cell structure, for which nonfoamed PLA was layered in the flow
direction and the cells were aligned between the nonfoamed PLA layers. The presence of
multiple layers of nonfoamed PLA led to a high compressive modulus for stresses applied
in the direction parallel to the layers. On the other hand, the thickness of the cell walls
between PLA layers became thinner as the foaming temperature was lowered. The cell
structure resulted in a low compressive strength and modulus as a function of the stress

applied in the direction perpendicular to the layers.

4. Conclusion

In this study, PLA/PBSA blends with different blend ratios were foamed by a core-back
foam injection molding process. In previous studies, PBSA has been used to enhance the
foamability of PLA; however, in this study, PLA/PBSA blends were investigated with
several blend ratios. The thermal properties and viscosities of PLA/PBSA blends were
measured. With these data, this study focused on the potential of using the layered, highly
oriented co-continuous two-phase morphology of a PLA/PBSA (50/50) blend as a
controlling factor for creating a unique cell structure. A millefeuille-like cellular structure
was created for PLA/PBSA (50/50). We investigated the mechanism for formation of the
unique cellular foam morphology from the perspectives of rheological properties,

crystallization behavior, and phase morphology of both components in the blends. It was
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speculated that the interesting cell structure was created by synergistic effects among
three factors, i.e., differences in viscosities of the two components in the blend, blend

morphology, and processing (foaming) conditions.

This study shows that the millefeuille-like cellular structure provides a unique
anisotropic mechanical property. This layered cell structure has the potential to provide

other anisotropic properties, such as gas permeability or heat conductivity.
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1. Experimental procedures

1.1 Measurement of Temperature and Pressure of polymer in the mold cavity

The temperature and pressure of the polymer injected into the rectangular shaped cavity

are measured by two infrared temperature sensors and two pressure sensors. The location

of the sensors in the cavity is shown in Figure S1.
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Figure S1. The geometry of the mold cavity and the locations of two

temperature sensors and two pressure sensors.
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1.2 Torsion test for measuring the rheological properties in low temperature range

The torsion test was conducted using a rotational rheometer (ARES, TA Instruments

Inc., USA). The measurement was performed with the 1% strain at a frequency of 1 rad/s

while increasing the temperature at the rate of 2 °C/min from 30 to 200 °C in a

temperature sweep mode. The specimens, 10 mm in width, 30 mm in length, and 1 mm

in thickness, were prepared by cutting the central part of the unfoamed injection-molded

polymer products.

1.3 Three-point bending tests

The three-point bending tests were conducted using a universal testing machine

(Autograph, AGS-J, Shimadzu, Japan). For the measurement, both hot-pressed film and

foam injection molded polymers were used. As for the hot-pressed film, the unfoamed

injection molded polymers of PLA, PBSA, and PLA/PBSA 50/50 were cut out into small

pieces, placed in a mold with a thickness of 1 mm, and hot-pressed for 10 minutes with

20 MPa compression stress at 200°C. As for the foamed specimen, the foam injection-

molded polymers of PLA, PBSA, and PLA/PBSA 50/50 were used. The rectangular-

shaped specimen, 10 mm in width 30 mm in length, and 1 mm in thickness were prepared

from the hot-pressed films and foam injection molded polymers at two different directions,



the machine direction (MD) and transverse direction (TD). The three-point bending tests
were done at a crosshead speed of 5 mm/min with a force of 1000 N. The flexural strength

or and the flexural modulus Ef were calculated by Eqs (S1) and (S2), respectively.

3FL
O-f = 2bd?2 (Sl)
_ L’m
Ef - 4bd3 (Sz)

where F' and L are force and span. b and d represent respectively the width and the
thickness of the specimen. m is the slope of the load vs deflection curve. By repeating the

test five times for each specimen, the measurement values were averaged.

2. Results and discussion
2.1 Torsion test for measuring the rheological properties in low temperature range
Figure S2 shows the results of the torsion tests of PLA and PBSA. The complex
viscosity n* of PLA was 10° Pa s at 30 °C. With the increase of temperature, n* started
decreasing around 60 °C, which corresponded to the Ty of PLA, and then it increased
around 90 °C, which corresponded to the cold crystallization of PLA. With the further
increase of the temperature, PLA started melting around 160 °C, and the viscosity n*
decreased rapidly. In the case of PBSA, because the Ty, of PBSA was -48.8 °C as shown

in Table 2, the change in the viscosity n* corresponding to the Ty was not observed in the



tested temperature range, and the viscosity n* decreased at around its melting temperature,

80 °C.
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Figure S2. Temperature dependency of the absolute value of complex
viscosity, n*, of PLA and PBSA unfoamed samples measured by a torsion
test (strain 1%, frequency 1 rad/s).

2.2 foam Microcellular structure

2

Figure S3. The low magnification SEM images of the cellular structure of the foams of
PLA/PBSA 30/70 with the expansion ratio of 3 times prepared at different foaming

temperatures.



2.3 Three-point bending test

Figure S4 shows the flexural strength and flexural modulus of PLA, PBSA, and

PLA/PBSA 50/50 prepared from the hot-pressed films and the foams. The hot-pressed

films (unfoamed) showed higher strength and modulus than the foamed specimens.

Comparing the flexural strength and the modulus of the hot-pressed film of PLA with

those of the hot-pressed films of polymer blend and PBSA, the flexural strength and the

flexural modulus of PLA were quite high, those of PBSA were lowest and PLA/PBSA

(50/50) blend was in the middle. A similar trend was observed in the results of foamed

specimens. As for the dependency of polymer orientation on the flexural strength and

modulus, the strength and the modulus of the specimen cut out along the flow direction

(MD) shows a higher value than those of the specimen prepared along the transversal

direction (TD).
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Figure S4 Results of three-point bending tests for PLA, PBSA, and PLA/PBSA 50/50
prepared from the hot-pressed films and the foams: (a) flexural strength, (b) flexural

modulus.
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