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Abstract: Styrene-isobutylene-styrene copolymer (SIBS) is a thermoplastic elastomer with
excellent chemical stability, biocompatibility, and low gas permeability. SIBS is a good
candidate with a high melt viscosity and a high storage modulus to develop new lightweight
elastomeric products. Foam injection molding with core-back operation is an efficient method
to prepare SIBS foams. However, it is challenging to prepare a microcellular foam from neat
SIBS by melt processing, such as foam extrusion or foam injection molding, because the hard
segments cannot play a role in bubble nucleation sites in the molten state. Furthermore, a
significant degree of shrinkage occurs after foaming. By introducing a semi-crystalline
polymer such as polypropylene (PP), the foamability can be improved in foam injection
molding processes. By adjusting the foaming temperature to the crystallization temperature of
PP, PP crystals provide bubble nucleation sites and increase the viscosity to suppress bubble
growth. Microcellular foams with high cell density and small cell size were achieved at 108

cells/cm® and approximately 13 pm. PP can also impede the shrinkage of SIBS foams.

1. Introduction

Thermoplastic elastomers (TPEs), including thermoplastic polyurethane (TPU), are
block copolymers of an alternating sequence of hard and soft segments. The hard segment can
be employed as a physical crosslink site to form a three-dimensional network, and soft segment
endows high flexibility. This structure gives TPE an outstanding elastic behavior [1-3] and
pronounced processability because of its reversible elasticity with heat [3]. Foaming is a
promising method to expand the application of TPE. TPE foams have been used in various
fields such as sportswear, automobile parts, packing materials, and medical equipment [4-5].
Chemical foaming has been a central technique for elastomeric foams [6]. However, from the
viewpoint of environmental issues, the foaming technique with green physical blowing agents
(PBA) such as CO> and N and without chemical crosslinking agents will play an essential role

in increasing the recyclability of foams. Based on this view, there have been many studies on



the physical foaming processes of TPE and TPU foams. Nofar and his coworkers investigated
the effect of hard and soft segment contents on the batch foaming behaviors of TPU [8-9]. They
reported that heterogeneous cell nucleation was improved when the hard segment content was
higher. The hard segment formed crystal parts and played the role of cell nucleation sites. The
high content of the hard segment also broadened the processing window and hindered the
shrinkage of the foams. When the molecular weight of the soft segment increased, the
expansion ratio increased, while the hard segment controlled the shrinkage. Ge et al. showed
that the expansion ratio could be increased by batch foaming with a lower hard segment content,
and the crystalline region made from the hard segment could increase the cell density [10].
Ghariniyat and Leung developed a novel TPU-hexagonal boron nitride composite foam with
an improved thermal conductivity using a batch foaming method. They demonstrated that the
formation of a thermally conductive filler network in foams could be promoted by the synergy
of the post-foaming elastic recovery and foam-induced filler alignment [11]. Shabani and
coworkers conducted batch foaming, foam extrusion, and bead foam of TPU and compared the
cell structures of the resulting foams. Their results show that the foams produced by batch
foaming had a higher cell density and a smaller cell size than foam extrusion and bead foaming
[12]. Qu and his coworkers investigated batch foaming of a blend of polystyrene and TPU.
They reported that the solubility of CO> and the rheological properties were enhanced by
blending PS with TPU, and a bimodal cellular structure was formed by blending TPU with PS
as a dispersed domain [13]. Wang and his coworkers studied the effect of elastic strain energy
on the TPU cell nucleation and found that both stretching and compression could facilitate cell
nucleation where stretching was much more efficacious [ 14]. As reviewed, most of the research
on TPE or TPU physical foaming was conducted by batch foaming or bead foaming methods,
where the presence of hard and soft segments can be used effectively to control the cell

structure.

The foam injection molding technique is attractive for foaming thermoplastic polymers
in general because of the short cycle time, less material usage, and higher dimensional stability
of the foams [7, 15, 16, 17]. However, the traditional foam injection molding (FIM) with short-
shot and full-shot methods have several issues. For example, cell nucleation and cell growth
are restricted, especially in the short-shot method. The expansion ratio and weight reduction
are low (usually less than 30%), which hinders the applications of injection-molded foam
products. Furthermore, the high melt temperature and strong shear flow during the injection

stage deteriorate the cell structure, so foam products may suffer poor functionality [7, 18-19].



To overcome these shortcomings, the core-back foam injection molding technique or precise
mold opening technique has been applied to thermoplastic polymers. The technique
significantly improves the cellular structure and mechanical properties, and it can fabricate
high-expansion foams. Wang prepared a lightweight polyether block amide (PEBA) foam with
excellent elasticity and thermal-sound insulation properties using core-back foam injection
molding technology [20]. Ellingham et al. extended core-back foam injection molding to a
three-stage microcellular injection molding technique. They produced lightweight TPU foams

with various densities, cell structures, and mechanical properties [21].

Poly(styrene-block-isobutylene-block-styrene) (SIBS) is a TPE composed of a hard
styrene segment and a soft isobutylene segment. Compared with other TPEs or TPU, it is
gaining significant attention in biomedical applications because of its high biocompatibility
[22, 23]. In addition, it exhibits excellent heat aging resistance, superior gas barrier-ability, and
damping behavior, so it is promising for many applications [24]. However, it remains difficult
to prepare any foams from neat SIBS by melt processing with a uniform fine cell structure.
Polymer blending or the addition of a filler is a simple and effective method to improve the

physical properties of SIBS [25-27].

In this study, polypropylene was used to improve the cell structure and foamability of
SIBS. PP is a semi-crystalline polymer, and its crystallization behavior can play the role of a
cell nucleating agent and improve the foamability with CO2 or N2, as shown in thermoplastic
polymer foaming [28-29]. SIBS/PP with 10%, 20%, and 30% PP contents were fabricated by
the core-back injection molding technique, and the effects of PP on SIBS foaming and the
shrinkage of the foams were investigated. The crystallization rate, rheology, and morphology

of SIBS/PP were evaluated to clarify the effects.

2. Experimental

2.1. Materials. Styrene-isobutylene-styrene block copolymer (SIBS073T, Kaneka, Osaka,
Japan) with a 6.0 g/10 min (230 °C/2.16 kg) melt flow rate was provided and used as is.
Polypropylene (Waymax MFX3, Japan Polypropylene Corporation, Tokyo, Japan) with an 8.0
g/10 min (230 °C/2.16 kg) melt flow rate was used as a viscosity modifier, cell nucleating agent,
and shrinkage prohibiting agent. Nitrogen (N2, Izumi Sanyo, Tokyo, Japan) was utilized as a
physical blowing agent (PBA) with a purity over 99%.

2.2. Sample preparation. A 35-ton clamping force MuCell® foam injection molding machine



(J35EL III-F, Japan Steel Work, Hiroshima, Japan) and a gas delivery system (SCF device SII
TRJ-10-A-MPD, Trexel Inc., USA) were used. N2 was pressurized to 24 MPa by the gas
delivery system and injected into the molten polymer in the barrel of the injection molding
machine through an injector valve. The N> concentration in the polymer was set at 0.1% by
manipulating the valve opening period of the injector valve. Mixing the gas with molten
polymer at higher temperatures and pressures with a screw enhances the gas dispersion and
dissolution and creates a single-phase Na2/polymer solution. The temperatures of the injection
molding machine were set at 150, 180, 200, 200, 200, 200, and 200 °C from the bottom of the
hopper (feeding zone) to the shut-off nozzle (nozzle zone). The mold temperature was
maintained at 40 °C. The mold has a rectangular cavity with dimensions of 70 mm X 50 mm X
2 mm. The temperature and pressure sensor locations were given in our previous paper [30].

The experimental conditions are summarized in Table 1.

Table 1 ExBerimental conditions for the inj ection molding machine.

Parameters Values
PP content wt.% 0, 10, 20, 30
Temperature (°C) 150, 180, 200, 200, 200, 200, 200
Mold temperature (°C) 40

Injection speed (mm/s) 100

Screw back pressure (MPa) 15

Dwelling time (s) 7-11.5

Core-back distance (mm) 2

Core-back speed (mm/s) 20

Metering distance (mm) 50

N> content (%) 0.1

2.3. Thermal analysis. Fast scanning chip calorimetry (FSC) was conducted using Mettler-
Toledo Flash DSC1 (Mettler-Toledo, LLC, USA) to observe the non-isothermal crystallization
behavior of PP in the blend polymers. Thin films of SIBS and SIBS/PP blends 10—20 pm in
thickness were prepared by hot compression at a temperature of 200 °C under 30 MPa
mechanical pressure. A small piece specimen was cut out from the thin films and used for
measurement. Fig. 1a shows a temperature profile of the polymer injected into the mold cavity.
The temperature profile was divided into several time zones, and a constant cooling rate was
assumed in each zone. The temperature change of Flash DSC was programmed as shown in
Fig. 1b by simulating the cooling temperature profile: the temperature was first increased to
200 °C at 1000 °C/s. Then, it was decreased at the constant cooling rates associated with the

cooling rate of the time zones. Immediately after reaching the end temperature of the designated



number of zones, the temperature was rapidly increased to 200 °C at 1000 °C/s, and the heating
curve was obtained. The procedure was repeated by extending the number of zones one by one
in the FSC cooling process. The onset of crystallization in the cooling process shown in Fig.

la was estimated from the heating curve, where a melting peak first appeared.
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Fig. 1. a) A temperature profile of the cooling process in the mold cavity; b) the specific FDSC
program of the discrete method for determining the onset and the maximum crystallization rate

temperatures during the rapid cooling process.

2.4. Rheological characterization. Strain-controlled frequency sweep and temperature ramp
sweep measurements were conducted using an ARES rheometer with a 25-mm parallel-plate
device. The specimens were prepared 25 mm in diameter and 2 mm in thickness using a hot
compressing machine at a temperature of 200 °C and compression pressure of 10 MPa.
Frequency sweep measurements were conducted in the frequency range of 0.1-100 rad/s with
a 1% strain amplitude at 200 °C. Temperature sweep measurements were conducted in the
range of 100-200 °C with a 1% strain amplitude and 0.63 rad/s. The damping rate was 2 °C/min.
2.5. Blend morphology observation. The blend morphology of SIBS/PP was observed by a
scanning electron microscope (FE-SE) (JSM-6340F, JEOL Ltd., Tokyo, Japan). All specimens
were cut out from the middle parts of the nonfoamed injection-molded products after
cryogenically fracturing in liquid nitrogen. Prior to the SEM observation, RuO4 was used to
differentiate the SIBS matrix and PP domains [31-33]. Then, after three hours of staining, the
stained sample was dried in vacuo for at least 6 hours.

2.6. Cell structure characterization. The cell structure of the foams was evaluated by the cell
size and cell density. The cell structure was investigated using a scanning electron microscope
(Tiny-SEM Mighty-8, Technex, Tokyo, Japan). A small slice specimen was cut from the center

of the injection-molded product and cryogenically fractured in liquid nitrogen. The fractured



surface was gold-coated using a quick coater (VPS-020, ULVAC KIKO, Ltd., Japan). Then,
SEM images were analyzed using ImageJ (National Institutes of Health, USA). The cell density
(No) was calculated by Eq. (1), and over 200 cell diameters were measured and averaged in Eq.
(2) [34-35]:

3

N=G) o
where n is the number of cells chosen in the designated SEM image area, and A is the selected

area in the image. The average cell diameter can be obtained by equation (2) [5]:
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where n; is the number of bubbles (pores) with diameter d;, assuming that the bubble is spherical.

2.7. Shrinkage evaluation. The foam shrinkage ratio was calculated from the foam density.
The foam density was measured by an electronic densimeter (MDS-300, Alfa Mirage Co., Ltd,
Japan) every day after the foam injection molding for 35 days. Then, the shrinkage ratio was
given by

Bloami (3)

Pfoam.n

Shrinkage Ratio =1 —

where pfoam 118 the foam density immediately after the foam injection molding, and pfoam n1is
the foam density from day 2 (35> n > 2).

2.8. Compression test. The mechanical properties of SIBS-based foams were investigated by
using a universal testing machine (Autograph AGS-1kN, Shimazu, Japan) with a compression
speed of 1 mm/min. The rectangular-shaped specimen was prepared by cutting the middle of
injection-molded nonfoamed products. Four specimens were tested and averaged for each

condition.

3. Results and conclusions

3.1. Rheological analysis. Fig. 2 shows the frequency versus storage modulus (G’) and
complex viscosity (") of neat PP, neat SIBS, and their blends with three different blend ratios.
As shown in Fig. 2(a), G’ of neat PP exhibited terminal flow behavior in the low-frequency
range [36-37], and G’ of SIBS/PP blends decreased with increasing PP content in the entire
frequency region, since the SIBS matrix softened with minor PP domains. A plateau was

observed in the low-frequency range of neat SIBS and SIBS/PP blends, which is called the



pseudo-solid-like behavior. This behavior indicates the existence of a network-like structure
[26]. The G’ value in the plateau region reflects the level of network formation, and the level
decreased when the PP content increased. n° of PP reached a Newtonian plateau in the low-
frequency range, and all polymers showed shear-thinning behaviors in the high-frequency
range, as shown in Fig. 2b.

Fig. 3 shows Han’s plot of neat PP, neat SIBS, and their blends. As shown in Fig. 3, neat
PP showed a linear relationship between G' and G", while neat SIBS and SIBS/PP blends
showed nonlinear correlations. The nonlinear behavior of neat SIBS indicates a microdomain
structure of block polymer in neat SIBS, and the nonlinear correlation of blends with different
slopes indicates immiscibility and incompatibility between PP and SIBS. It can be speculated
that the PS hard segment of SIBS forms the network structure at the experimental temperature
(200 °C). The order-disorder transition temperature of SIBS, where the microdomain structure

disappears and becomes a homogenous phase, was reported to be higher than 250 °C [38-40].
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Fig. 2. Frequency sweep test: (a) Storage modulus (G’); (b) complex viscosity (n*) (200 °C).
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Fig. 4 shows the SEM images of the non-foamed injection-molded SIBS and SIBS/PP



blend morphologies. The black domains represent PP, and the white is the SIBS matrix. Fig. 4
illustrates that PP and SIBS were immiscible and incompatible, as the rheological analysis
indicated, and the black domains increased with increasing PP content. The fiber-like shaped
black domains were observed in the blends, which is attributed to the shear flow induced by

injection.
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Fig. 4. SEM images of blend morphology stained with RuO4: a) SIBS, b) SIBS/10% PP, ¢)
SIBS/20% PP and d) SIBS/30% PP.

Fig. 5 shows the temperature dependency of n° of neat PP, neat SIBS, and blends. The
N’ values of SIBS and the blends were higher than 10* Pa over the entire temperature range,
which indicates that a rubber-like behavior exists and is insensitive to temperature. The 1’
values decreased when the PP content increased; when the PP content exceeded 20 wt.%, a
notable viscosity change occurred at a temperature of approximately 135 °C. The degree of
change increased when the PP content increased. These temperature sweep tests demonstrated

that crystallization of PP occurred in SIBS/PP blends.
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Fig. 5. Complex viscosity of SIBS-based materials in the range from 115 to 200 °C.

3.2. Flash DSC analysis. The rheological analysis based on temperature sweep tests indicates
that the crystallization of PP occurs in SIBS/PP blends. Growing crystals can be used as an
effective bubble nucleating agent in the foaming process [28, 41-42]. The discrete thermal
analysis method using Flash DSC with the temperature program illustrated in Fig. 1b was
helpful to observe that the crystallization of PP occurs in a rapid cooling process of the foam
injection molding process. Figs. 6a and 6b show the heating curves of SIBS/PP (20 wt.%) and
SIBS (30 wt.%). Unfortunately, the heat of fusion was too small to be detected in the heating
curves of SIBS/PP (10 wt.%). In Fig. 6, the legend of both figures indicates the temperature at
which heating began after a cooling process of Flash DSC, which consisted of the designated
number of zones. For SIBS/PP (20 wt.%), a melting peak appeared in the heating curve after
the temperature decreased to 95.5 °C or lower, while no noticeable peak was observed in the
heating curve after cooling until the temperature below 97.9 °C. Thus, it can be estimated that
the crystallization of PP in SIBS/PP (20 wt.%) occurred when the temperature dropped into the
range of 95.5-97.9 °C during the rapid cooling process. For SIBS/PP (30 wt.%), crystallization
occurred when the foaming temperature decreased to 98.4-101.7 °C in the rapid cooling process.

Fig. 7 shows the heat of fusion measured from the heating curves, which clearly
indicates the onset of PP crystallization when the temperature decreased to 95-98 °C for
SIBS/PP (20 wt.%) and 98-100 °C for SIBS/PP (30 wt.%). The discrete method results were
used to analyze the effect of PP crystals in the blended polymers on the cellular structure.
Furthermore, the discrete method shows that the peak of crystallization rate against the

temperature was estimated from the AH-temperature curves inflection points and was located



at approximately 85 °C for SIBS/PP (20 wt.%) and 88 °C for SIBS/PP (30 wt.%).
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Fig. 6. Heating curves of SIBS/20%PP (a) and SIBS/30%PP (b) cooled down to the different

cooling temperatures along a rapid cooling temperature profile in mold.
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Fig. 7. Heat of fusion, AH, of SIBS/20%PP and 30%PP crystallized by cooling down to the

temperature along the cooling temperature profile of Fig. 1a.

3.3. Effects of PP blending on cell structure. Figs. 8 and 9 show the SEM images of the cell
structure of the 2-fold expansion foams prepared at various foaming temperatures. The images
were taken from the view perpendicular to the core-back direction. The foaming temperature
was the temperature at which the core-back operation commenced. As shown in Fig. 8, the cell
size decreased when the foaming temperature decreased in both neat SIBS and the blend foams.
However, the neat SIBS foams had a few large bubbles and fewer tiny bubbles even at the

lower foaming temperature, while the blend polymer foams showed a relatively uniform



microcellular structure with more bubbles. Thus, PP provides bubble nucleation sites and
increases the number of bubbles.

Fig. 9 shows the SEM images of the SIBS/PP (20 and 30 wt.%) foams prepared with
foaming temperatures of 94 and 99 °C for SIBS/20% PP, and 97 and 100 °C for SIBS/30% PP.
These images indicated the PP crystallization effect on the cell structure: The cellular structure
of blends was changed by decreasing the foaming temperature to below the onset temperature
of PP crystallization in the rapid cooling process. At the foaming temperatures higher than
98 °C, PP was not crystallized when foaming was conducted by a core-back operation. Instead,
it provided not only the lower viscosity but also inhomogeneous viscosity domains in the
injected polymers and caused the non-uniformity of cell morphology with larger bubbles.
However, at the foaming temperatures below 97 °C, the PP domains started crystallization and
they provided the bubble nucleation sites. As a result, the cell size became smaller and the

uniformity of cell morphology increased.
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Fig. 8. SEM images of the cell structure of SIBS and SIBS/PP blend foams prepared at different

foaming temperatures.
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Fig. 9. SEM images of SIBS/20% and 30%PP at higher foaming temperatures (94 and 99 °C
for SIBS/20%PP, 97 and 101 °C for SIBS/30%PP).



Fig. 10 shows the cell density and cell diameter estimated from the SEM images of the
foams. The cell densities of SIBS/PP blend foams were drastically increased by lowering the
foaming temperature. The cell density began to increase at a higher foaming temperature with
increasing PP content in the blend. The degree of increase in cell density also increases with
increasing PP content.

Regarding the cell size, the neat SIBS foam shows smaller cell diameters at the entire
foaming temperature. Blending PP could not decrease the cell diameter at foaming
temperatures above 79 °C for SIBS/PP (30 wt.%) and 76 °C for SIBS/PP (20 wt.%). The cell
diameter of the SIBS/PP (10 wt.%) foam did not decrease compared to that of the neat SIBS
foams at all foaming temperatures. The effect of PP on the cell size was attributed to the
rheological effect of PP. The viscosity decreased with increasing PP content, as shown in Fig.
2. When and if the higher viscosity of PP is used for blending, the cell size may decrease with
increased PP content in the blend. It is commonly observed in the microcellular foaming when
the viscosity increases, the cell size decreases and the cell density increases because the higher
viscosity can suppress the bubble growth. However, in the SIBS/PP blends case, the viscosity
decreased, and the cell size decreased, but the cell density increased with PP. Fig.10 indicates

that PP increases bubble nucleation sites to SIBS despite decreasing the viscosity.
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Fig. 10. Change in cell density and cell diameter of SIBS and SIBS/PP blend foams against

foaming temperature.

3.4. Shrinkage evaluation. As described in the introduction, shrinkage is one of the critical
issues of TPE and TPU foaming. Shrinkage occurs when the residual blowing agent diffuses
out from the foam. Fig. 11 shows the shrinkage ratio of neat SIBS and SIBS/PP blend foams
prepared at 74 °C foaming temperature. The shrinkage can be impeded by PP blending. When



the PP content increased, the anti-shrinkage eftect of PP became more pronounced. The effect
is attributed to the increase in gas permeability of SIBS and increase in modulus due to PP.
Fig. 12 shows the compression data of SIBS and SIBS/PP blends. SIBS with a higher
PP content showed a higher compression modulus. The modulus was enhanced when the PP
content increased due to the increase in PP crystallinity. The higher compression modulus acts

as a resistance to deformation and shrinkage [43].
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4. Conclusion

In this study, neat SIBS and SIBS/PP blend foams were prepared by foam injection
molding with the core-back operation, and the effect on the cellular structure was investigated.
The neat SIBS foams showed a relatively poor uniform cellular structure and a higher shrinkage
ratio. The cell density and anti-shrinkage of the foams were drastically improved by blending
PP. PP crystals can provide bubble nucleation sites at a lower foaming temperature than the
onset of crystallization temperature in the rapid cooling process of the foam injection molding
process. Blending PP restrained the shrinkage of SIBS foam after foaming. The blending of
semi-crystalline polymers such as PP offers an effective method to improve the cell structure

and anti-shrinkage characteristic of amorphous TPE.
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