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Chapter 1 Introduction

1.1 Polymer Foaming

Polymer foaming is a specific direction which has been drawing much attention in field of
material processing, aiming to fabricate a new light-weight material of various properties. These
properties include thermal and sound insulation,*® enhanced mechanical properties,*%** and
energy absorption?*3, Based on these properties, polymer foams have been widely used in our
daily life. For example, as one of the most common polymer foams, Polypropylene (PP) foams
have a variety of applications in areas of packing, automotive, construction, acoustic and thermal
insulators.}*%° Polyurethane (PU) foams, as a type of elastomer foam, have been used in sporting,
furniture cushions, shock absorbents, etc.'?'41617 As a recent focused topic, foaming of

thermoplastic elastomer is discussed in Chapter 2.
1.2 Foaming Mechanism

The basic mechanism of foaming can be attributed to two aspects: cell (bubble) nucleation
and cell growth. According to classic nucleation theory (CNT),*®*® homogeneous nucleation of
cells in polymer foaming involves two types of energy difference: one is the volume energy change
and the other one is surface energy change.!” Assume the cell nucleus is spherical with a radius R,

the total free energy of homogenous nucleation (AGy,.,) can be expressed as:

4 4
AGhom = — gﬂR3AP +4nR%*y, = —gnR3(Pceu — Pyys) +4TR?yg  (1-1)

where Pcen and Psys are the pressure inside and outside the cell respectively. y,, represents the

surface tension. The differentiation of Eq. (1-1) gives the critical radius (R¢,) in Eq. (1-2), which
is key factor in cell nucleus growth:82

2Vgl _ 2ygl

R* = =
cr AP Pcell - Psys

(1-2)

By substituting Eq. (1-2) into Eq. (1-1), expression of energy barrier of homogenous cell

nucleation AG,,,,, without radius can be obtained in Eq. (1-3):

16my3, (1-3)
3(Pcell - Psys)2

AG;’:OTH =



In heterogenous system, a geometrical factor F (6., 8) that dependent on surface geometry
of nucleating agents, is added to Eq. (1-3), the energy barrier of heterogenous cell nucleation can
be expressed as:

_16my5F (8., B)

AG},, = (1-4)
het 3(Pcell - Psys)2

where 6 represents the contact angle between cell surface and nucleating agent surface measured
in the polymer phase, and g is related to the surface geometry of nucleating agent. The expression
of F(8,, B) is expressed in Eq. (1-5):1720-21

cos 0, cos?(6, — ,8)} (1-5)

1
F(6.,pB) = Z{Z —2sin(6, — B) + Sin g

Classic nucleation theory is originally used to understand nucleation in solid or liquid,?
and has been facing challenges in further application for polymer foaming. More and more studies
have been done to modify the mechanism of polymer foaming. According to Albalak et al.,? it
was firstly found that growth of a nucleated cell can induce the tensile stress, which is beneficial
for local pressure decrease and further cell nucleation in the surrounding regions of that nucleated
cell. Yarin et al.?* also claimed that mechanical degradation near the primary cells could facilitate
the nucleation of secondary cells. Based on the literatures from Park et al.,?22>28 3 local pressure
variation (AP;,.4;) Was used in modification of degree of supersaturation (AP), which is shown
below in Eqg. (1-6):

AP = Peeyer — (Psys + APiocar) (1-6)

where P, o IS the critical pressure in the cell at the moment of nucleation. AP, .4, represents the
pressure difference between actual pressure near the nucleating sites and system pressure Py, (i.e.

pressure outside the cell). Thus, the critical radius, homogeneous cell nucleation barrier, and

heterogeneous cell nucleation barrier, are changed into:

R: = 2Vt (1-7)
Pcell,cr - (Psys + APlocal)

16my;,

AG},m =
o 3[Pcell,cr - (Psys + APlocal)]2

(1-8)




16my5 F (8, B)
3[Pcell,cr - (Psys + APlocal)]2

AGper = (1-9)
By introducing AP,,.4; into the expression of degree of saturation, Park et al.??® found that
AP, ..; Would be negative with presence of tensile stress in the local region, resulting in increased
overall degree of surpersaturation and reduced cell nucleation barrier. On the contrary, AP;,cq
would be positive when there is a compressive stress, leading to increase in cell nucleation barrier.
Furthermore, they reported tensile stress would exist in the local regions surrounding the

nucleating agents.?%’

Besides, there are studies focusing on the effect of external force on cell nucleation, which

will be described in Chapter 4.

For cell growth, the driving force can be divided in two aspects: mass transfer of gas
molecule and momentum transfer between the cell and polymer/gas phase.’” In general, P, is
high at the very start of cell growth because of small size. Since the pressure in the polymer/gas
phase is much lower, the gas concentration gradient induces gas diffusion from cell interface into
cell. In addition, P,,;; will decrease when the cell grows in size, which makes cell growth more

diffusion-driven.
1.3 Various Foaming Technologies

In general, polymer foams are mainly fabricated by chemical foaming and physical
foaming where blowing agents are generated in different ways. Typical foaming process with
blowing agents can be summarized in four steps: first, gas sorption leads to formation of single-
phase polymer/gas mixture; second, thermodynamic instability is triggered by pressure drop or
temperature increase to initiate the cell nucleation. Third, growth of nucleated cell happens due to
gas diffusion, and finally cellular structure is stabilized by cooling. Foaming processes of chemical

and physical foaming are shown in Figure 1. 1.

In chemical foaming, chemicals that produce gas due to thermal decomposition or chemical
reactions, participate in foaming process as blowing agents. The chemical blowing agents (CBAS)
are classified into two types: inorganic and organic foaming agents. Inorganic blowing agents such



as sodium bicarbonate can generate COy, * 2°% which can decompose at relatively mild
temperature range (145-150 °C).%! Besides, zinc carbonate is another well-known carbonate
blowing agent that produce CO2.3* Except for CO,, H2 has also been attractive in chemical foaming,
where borohydrides (e.g. NaBHs) and hydrides (e.g. MgH2) are usually used in hydrogen
releasing.®! Organic chemical blowing agents have also been used in chemical foaming process,
including well-known azodicarbonamide (ADC) and its blend, which produce carbon dioxide,
carbon monoxide, nitrogen, and ammonia when heated up (generally decompose at 230 °C).%!
Compared with physical blowing agents (PBAS), the benefits of using CBAs include: 1) no specific
storage equipment is required because they are usually solid; 2) Diffusion of CBAs is easier to
control because they can directly produce gases in the material; 3) The physical state of CBAS is
not affected by pressure.®32 Despite aforementioned advantages, application of CBAs is limited
for several reasons, compared with that of PBAs. First, more cost is required for CBAs than PBAs
from a gas cylinder when preparing a foam of same density.*® Second, by-products produced from
incomplete decomposition of CBAs may affect the performance of final foam products. Third,

organic CBAs can be harmful to the environment.

In comparison to chemical foaming, physical foaming, is more widely used in foam
industry, where green PBAs such as CO2 and N> are usually used. There are various processing
techniques that have been developed for physical foaming, including batch foaming, foam
extrusion, foaming injection molding and bead foaming. In batch foaming, saturation pressure,
saturation time and temperature can be adjusted to control the foaming process. Due to adjustable
saturation time, PBAs of high concentration can be dissolved into the material even at low
temperature, which results in higher cell density and smaller cell size.>* However, long saturation
time before depressurization leads to long experiment and production cycle. In addition, shape of

products is also confined.®

As the only way to obtain foams with very low density of various shapes, bead foaming
has been gaining a lot of attention, especially in automotive industry. There are two methods of
fabricating foamed bead, according to literatures.®® The first one is to prepare expandable beads
that must be pre-expanded. This method can be used in fabrication of foamed beads of amorphous
thermoplastic polymer (e.g. polystyrene (PS)), since blowing agent is trapped in the polymer below
Tg. Then the gas-laden expandable beads are expanded in pre-expansion step, prior to the sintering



step. The second one is to prepare expanded beads, which mainly focus foaming of semi-
crystalline polymer (e.g. PP). Due to presence of crystalline structure, the blowing agent cannot
be stored in the polymer.3” After saturated with the blowing agent, the material is released to an

expansion vessel. Finally, the beads are washed by water and cooled down to stop the expansion.®®-
38

Different from batch foaming and bead foaming, foam extrusion is an alternative to prepare
foams by melt processing. PBAs are firstly injected into molten polymer, and then mixed with
polymer to produce polymer/gas homogeneous phase by a distributive mixing screw. Subsequently,
polymer/gas phase is cooled and stabilized. Stabilized polymer/gas phase is afterwards transferred

to shaping units where foaming happens.3®

Foam injection molding (FIM) is a combination of foam extrusion and injection molding
process, which has been widely studied and used academically and industrially due to
customizable shape, low cycle time and high dimensional stabliliy.1**> 3940 polymer/gas phase is
injected into mold cavity where foaming occurs. After solidification in the mold cavity, foam of
designated shape can be obtained. Detailed information about setup of foam injection molding can
refer to the literatures.3*#! Since the dimension of mold is unchanged, in order to fabricate high-
expansion foams, foam injection molding incorporating with core-back technique has been
developed. In this technique, space in the mold cavity is increased for foam expansion.> #? In spite
of promising future of foam injection molding, the major issue of injection-molded foam is low

surface quality, which will be further discussed in Chapter 3.
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Figure 1.1 Schematic representation of (A) chemical and (B) physical foaming processes.

1.4 Microcellular Foam

1.4.1 Performances of Microcellular Foam

Properties of microcellular polymer foams vary in terms of diverse cellular structure. In
order to judge the quality of microcellular polymer foams, performances such as expansion ratio,
cell density and cell diameter are usually evaluated. High expansion ratio represents high weight
reduction and low material cost, which has been one of desired properties of microcellular foams.
However, high expansion ratio can result in low cell density and large cell size, and thus reduced
mechanical properties (e.g. compressive strength®®). Cell density and cell size are generally
considered as key features of foam morphology. Generally, inverse relationship between cell
density and cell size is observed in microcellular foaming. Microcellular polymer foams are
usually characterized by cell density greater than 10° cells/cm?® and cell diameter less than 10 pm.*
4 Significantly, small cell size represents thick cell wall, which may lead to improved mechanical
properties. For instance, Rachtanapun et al.*® found cell morphology had strong connect with the

impact strength, where finer cell morphology induced higher impact strength. Bai et al.*® reported
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that they prepared PS foams with high cell density and small cell size by compressive-injection
molding with core-back foaming strategy. Enhanced tensile and impact strength were observed for

foams with high cell density, small cell size.
1.4.2 Strategies and Progress in Polymer Foaming

In order to improve the foamability of polymer, modification of rheology and crystalline
structure are commonly considered. For instance, foaming of semi-crystalline PP has been
challenging due to poor melt strength and low viscoelasticity.*’ In order to solve this problem,
crystal nucleating agents are introduced to enhance the heterogeneity and promote the formation
of crystal region. The close packing of molecules and high intermolecular forces® in highly-
organized crystal regions can impede the formation of bubble and detach the dissolved gas, which
induce high pressure in the surrounding area and thus induce bubble nucleation.*® Thus, the
crystals can play the role in bubble nucleating sites. In addition, the local stresses induced by chain
movement (especially tensile stress) when crystallization happens may further increase the
supersaturation level and possibly cause formation of microcavities.?® Thus, cell nucleation around

the crystals occurs.

Based on this point of view, crystal nucleating agent including inorganic and organic can
be employed to improve the foamability. Inorganic fillers such as talc, clay or glass fiber have
merits as crystallization nucleating agent, such as low cost and “**° Hou et al.*° reported they
prepared PP/talc foam with high weight reduction by mold-opening microcellular injection
molding. It was claimed that though talc could promote the PP crystallization with a small amount,
over 10 wt.% was required for viscoelasticity improvement. Zhai et al.>° successfully fabricated
PP/clay nanocomposites foams with high expansion ratio of 18 and high cell density. The presence
of nanoclay led to increase in melt viscosity and number of heterogeneous sites. Yang et al.>
prepared microcellular injection-molded foam with PP/glass fiber. It was reported that glass fibers
could reduce the crystallization temperature and enhanced the polymer viscosity. In addition,
mechanical properties (e.g. tensile modulus, bending modulus) were increased significantly.
Organic fillers such as polytetrafluoroethylene (PTFE), 1,3:2,4 bis-O-(4-methylbenzylidene)-D-
sorbitol gelling agent (MD) are also effective crystallization agents in polymer foaming. Zhao et
al.*” introduced PTFE fibrils to linear PP foaming. They found that PTFE fibril was effective to

12



increase the crystallization rate, reduce the crystal size. Besides, viscoelasticity could be also
promoted, and remarkable strain hardening behavior was induced, which were beneficial for
microcellular foaming. Interestingly, the incorporation of talc and PTFE in PP foaming was
reported by Zhao and Zhao®2 recently, where lightweight PP/talc/PTFE foam with excellent flame-
retardant function was successfully fabricated. Miyamoto and Ohshima®® used MD as crystal
nucleating agent for preparation of micro/nanocellular PP foam. With addition of only 0.5% MD,
PP foam with high cell density, small cell size and high open cell content was obtained. In short
summary, these studies profoundly show the high effectiveness of such fillers, and promising

future of novel polymer foam.

Except for introduction of fillers, incorporating the long-chain branches is another way to
increase the melt strength of polymer. According to the literatures,*>>* strain hardening property
induced by long-chain branches is beneficial for reduction of cell size and narrowing of cell
distribution. This year, Embabi and Lee> revealed an interesting, novel and cost-effective route to
prepare PP foams, instead of introducing long-chain branches. In their study, foamability of linear
PP ionomer was clarified. Strain-hardening property was enhanced even at very low level of ion
contents (<0.1 mol %).

Foaming of amorphous polymer is slightly different from foaming of semi-crystalline
polymer due to absence of crystalline structure. Thus, glass transition temperature (Tg) is a key
temperature that impacts on the foaming process. Krause et al.® successfully prepared
microcellular foam of amorphous polymer with high glass transition temperature (Tg) with COa.
It was claimed that foaming was strongly dependent on the Tg. In order to enhance the foam
performance (i.e. cell density, cell size) of amorphous polymer (e.g. PS, PMMA), blending can be
an effective way to improve the cell nucleation by forming sea-islands structure. For example, Qu
and Wang®’ blended PS with thermoplastic polyurethane (TPU) of 10, 15 and 20% content and
prepared microcellular foam by batch foaming. The introduction of 5% TPU was claimed to be
beneficial for enhancement of cell nucleation. Interestingly, bimodal cell structure was observed
when TPU content was over 5%, according to their results. According to the previous report in our
lab, Sharudin and Ohshima®® introduced PP into amorphous PS and PMMA as cell nucleating
agent and successfully increased the cell density and reduced the cell size. PP could be excellent
nucleating agent with good dispersibility.

13



Introduction of filler can be an alternative to fabricate amorphous polymer foam of multi-
function. Zhao et al.>® reported an ultra-light, super-insulating PS/carbon nanofiber (CNF)
nanocomposite foam prepared by microcellular foaming. It was demonstrated that CNF could
improve the Tg, rheological properties and the foamability. In addition, mechanical properties and
thermal insulation performance were improved. Gong and Park®® developed a novel bimodal PS
foam with addition of multi-wall carbon nanotube (MWCNT) which had low thermal conductivity
of 30 mW/m-K without employing any insulation gas. They clarified the increased efficiency in
infrared absorption with increasing MWCNT concentration. Other filler such as graphene,5162
graphite® and carbon black® have been also used as reinforcing agents, which give alternatives to

produce foams with diverse functions.

Semi-crystalline amorphous matrix Crystal nucleating agent More nucleated cell
(A)

Foaming
process

Crystalline region

. Introduced minor polymer Heterogeneous
Amorphous polymer matrix (Sea) domain (Island) nucleated cell

(B)

Foaming
process

. . Heterogeneous
Amorphous polymer matrix Introduced filler nucleated cell

(©)

Foaming
process

Figure 1.2 Schematic diagrams of various strategies for improving the foamability: (A) Addition
with crystal nucleating agents; (B) Blended with minor polymer to form sea-islands structure; (C)

Addition with filler to increase the heterogeneity.
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1.4.3 TPE Foaming

Thermoplastic elastomer (TPE) is a type of new polymer which consists of hard segments
and soft segments. It is believed that this micro-phase separation structure leads to ease of
processing.” The hard segments generally work as physical crosslink site to form a three-
dimensional network, while the soft segments endow high flexibility. Furthermore, the
deformability of hard segments enables controllable and reversible transformation of physical
crosslink network under thermal treatment (e.g. melt processing), which is beneficial for foaming
of TPE. In fact, the successful application of TPE foams in sports field'? (e.g. sports shoes®®) has
proven the advantage of TPE foaming. To further explore the possibility and application of TPE
foams, many new TPE foams have been studied. For example, thermoplastic polyether ester
elastomer (TPEE) is one of potential candidate for TPE foaming, with excellent mechanical
strength at low temperature. Jiang et al.®® prepared foams of TPEE by batch foaming and
investigated the effect of chain topology and molecular structure on foamability improvement.
According to their report, they modified TPEE with chain extenders and chain branching modifiers,
to tune the rheological properties, crystallization properties and foamability. As a result, branched
structure was found to be effective in fabricating high-expansion foam with improved cell structure.
Poly(ether-block-amide) (PEBA) is another type of TPE which has been attractive due to its
superior elasticity and flexibility, and stable mechanical properties under different temperatures.®
To develop a novel PEBA-based material with various functionalities such as insulation, foaming
is a promising method. Wang et al. successfully prepared PEBA foams with super elasticity and
excellent thermal-sound insulation by mold-opening foam injection molding.> Besides,
foamability and crystallization kinetics of PEBA were also studied by adjusting the amount of
crystalline hard segments (i.e. polyamide blocks) by Barzegari et al.® It is believed that the hard

segment crystals can be act as heterogeneous nucleating sites in the foaming process.5®

Different from those TPES which has crystalline hard segments, thermoplastic styrenic
elastomers (TPSs) are a group of elastomers in which non-crystalline polystyrenes act as rigid hard
segments. TPSs mainly includes styrene-butadiene-styrene copolymer (SBS), styrene-isoprene-
styrene copolymer (SIS), styrene-ethylene-butylene-styrene copolymer (SEBS), and styrene-
isobutylene-styrene copolymer (SIBS).%° Compared with other styrenic elastomers, SIBS is the

one which has been commercially developed in recent years by Kaneka Corporation, with super
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elasticity, excellent heat aging resistance, superior gas barrier ability, and damping behavior.”%-"2

These features allow a wide range of demanding application of SIBS, such as packing material,
sports equipment, automobile parts. In addition, the high biocompatibility of SIBS makes it
promising for biomedical application.”®"® To further exert the potential of SIBS, foaming is an

effective way to produce novel materials based on SIBS.

Table 1.1 Composition of different grades of SIBS from Kaneka Corporation’*

“Grade of SIBS  Molecular Weight ~ Styrene content (%)  Isobutylene content (%)
SIBS062M Low 23 77
SIBS062T Low 23 77
SIBSO72T Low 23 77
SIBSO73T Low 30 70
SIBS102T High 15 85
SIBS103T High 30 70

1.5 Dissertation Overview

As discussed in Section 1.3, as one of developed foaming techniques, FIM has been popular
in both academic and industrial area. The merits include short cycle time, less material usage, and
higher dimensional stability of the foams, which is favorable to massive production. By
incorporating the green physical blowing agents (e.g. N2, CO2) as mentioned above, and adjusting

the operation conditions, physical foaming of polymer can be successfully achieved.

This dissertation aims to focus on the production of TPE foams with desirable performance
with N2 or CO2 by foaming injection molding. However, there are some critical issues of injection-
molded elastomer foam products. First, TPEs usually have a slow crystallization rate or no
crystallization rate,® inducing ununiform cellular structure and limited foamability that hinder the
performance and application in industry. Moreover, the shrinkage has been one of the critical
issues of injection-molded TPE foams. Second, the surface imperfections of injection-molded

foam (e.g. PP foam), which significantly impedes the industrial application.

16



The TPE used in this dissertation is SIBS. The reason for choosing SIBS is that, it has
many advantages as mentioned in previous section. These advantages endow the potential
application of SIBS foams. Based on this concept, physical foaming of SIBS is conducted and
several issues concerning SIBS are investigated, in order to realize the commercialization and

application of SIBS and corresponding foam products in industry.

In Chapter 2, PP is blended with a type of amorphous thermoplastic elastomer SIBS to
improve the foamability and cellular structure. In this case, foam injection molding process with
high pressure is employed. PP which acts as crystallization and cell nucleating agent, is added into
SIBS matrix to form a see-island blend morphology. The resultant SIBS/PP blend foams not only
has higher cell densities and smaller cell sizes, but also possesses higher shrinkage resistance,
compared with neat SIBS foam. These results also reveal an effective method of polymer blending
to modify the cellular structure and also reduce the shrinkage of other TPEs.

To address the second issue, we introduced SIBS, low-modulus PP (LMPP) and crystal
nucleating agent MD to improve surface quality of PP foams from material property perspective.
SIBS can work as a kind of heterogeneity in HPP matrix and control the viscosity. LMPP has very
low tacticity and consists of a branched chain structure, which can be helpful to reduce
crystallization. On the contrary, MD can be favorable to promote the crystallization. In Chapter 3,

the efficacy of SIBS, LMPP and MD on surface quality improvement will be clarified.

In Chapter 4, stretching-induced foaming of CO»-laden SIBS is introduced. As mentioned
above in Chapter 2, high pressure is applied to foam SIBS. However, due to the low gas
permeability property of SIBS”® especially when it solidifies, foam injection molding with low
pressure is not sufficient for microcellular foam production. It is found that CO> can be trapped in
the SIBS in the injection molding process. Thus, stretching is utilized to foam the CO.-laden SIBS
parts successfully, and stretching-induced foams are compared in terms of different gas pressures,

stretching rates and strains.

Lastly in Chapter 5, summary of the results in this dissertation are shown. Moreover, future

prospects of physical foaming focusing on thermoplastic elastomer are discussed.
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Chapter 2 Microcellular Foam of Styrene-lsobutylene-Styrene
Copolymer (SIBS) with N2 Using Polypropylene as a
Crystallization Nucleating and Shrinkage Reducing

Agent

2.1 Introduction

As mentioned in the Dissertation Overview in Chapter 1, limited foamability of
thermoplastic elastomer (TPESs) by foam injection molding is an issue that retrain the performance
and application of foam products.

TPEs, including 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'® and pronounced processability because of its reversible elasticity
with heat.> 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.*> Chemical foaming has been a central technique for elastomeric foams® However,
from the viewpoint of environmental issues, the foaming technique with green physical blowing
agents (PBA) such as CO and N2 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.%° 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.’® Ghariniyat and Leung developed a novel TPU-
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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.!! 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.!? Qu and his coworkers investigated batch foaming of a blend of
polystyrene (PS) 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.'® 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.'* 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.

It has been stated previously in Section 1.3 of Chapter 1, the merits of foam injection
molding technique for foaming thermoplastic polymers in general involve the short cycle time,
less material usage, and higher dimensional stability of the foams.”*>¢" 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.”'®® 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.? 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.?
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Poly(styrene-block-isobutylene-block-styrene) (SIBS) is a kind of amorphous TPE
composed of a hard styrene segment and a soft isobutylene segment. Compared with other TPEs
or TPUs, it is gaining significant attention in biomedical applications because of its high
biocompatibility.??2® In addition, it exhibits excellent heat aging resistance, superior gas barrier-
ability, and damping behavior, so it is promising for many applications.?* However, it remains
difficult to prepare any foams from neat SIBS by melt processing with a uniform fine cell structure.
In addition, Elastomer foams are prone to shrinkage even at room temperature due to lower
modulus than plastic foams.”?° Polymer blending or the addition of a filler is a simple and effective

method to improve the physical properties of SIBS.?>%/

In this chapter, PP was used to improve the cell structure and foamability of SIBS. PP is a
semi-crystalline polymer, and its crystallization behavior can possibly play the role of a cell
nucleating agent and improve the foamability with CO2 or N2, as shown in thermoplastic polymer
foaming.?2-?° SIBS/PP with 10%, 20%, and 30% PP contents were blended to form sea-island
morphology, where PP “island” can be dispersed in SIBS “sea” as illustrated in Figure 2.1. Besides,
it is believed that PP crystals can provide stiffness to SIBS foams, to suppress their shrinkage.
Based on these concepts, foams 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.

SIBS matrix PP domain Bubble

\‘ // \\
‘e ;. N
' 0
| !

Figure 2.1 Schematic of sea-island morphology in SIBS/PP blends.
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2.2 Experimental
2.2.1 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 kQ)
melt flow rate was used as a viscosity modifier, cell nucleating agent, and shrinkage prohibiting
agent. Nitrogen (N2, lzumi Sanyo, Tokyo, Japan) was utilized as a physical blowing agent (PBA)
with a purity over 99%.

2.2.2 Sample Preparation

A 35-ton clamping force MuCell® foam injection molding machine (J35EL IlI-F, Japan
Steel Work, Hiroshima, Japan) and a gas delivery system (SCF device SIl 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
N2 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 N2/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.®° The experimental conditions are summarized in Table 2.1.
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Table 2.1 Experimental conditions for the injection 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

N2 content (%) 0.1

2.2.3 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 pum 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. Figure 2.2a 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 Figure 2.2b 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 Figure 2.2a was estimated from the heating curve,

where a melting peak first appeared.
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Figure 2.2 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.

2.2.4 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.

2.2.5 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, RuO4was used to differentiate the SIBS matrix and PP domains.®* Then,

after three hours of staining, the stained sample was dried in vacuo for at least 6 hours.

2.2.6 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,

31



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. (2-1), and over

200 cell diameters were measured and averaged in Eq. (2-2):3+%

3

M=) e
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 Eq. (2-2):4°

Zdini
d== (22)

where nj is the number of bubbles (pores) with diameter di, assuming that the bubble is spherical.

2.2.7 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 Eq (2-3):

Shrinkage Ratio = 1 — 2°em1  (2.3)

Pfoam.n

where pfoam_1 IS the foam density immediately after the foam injection molding, and pfoam n IS the

foam density from day 2 (35> n > 2).

2.2.8 Mechanical Test

The compressive properties of SIBS-based materials 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. The tensile
properties of SIBS-based materials were tested with a tensile speed of 60 mm/min. The dumbbell-
shaped samples were cut from injection-molded nonfoamed products by SD Level Sample Cutting
Machine (SDL-100, Dumbbell Co., Ltd., Japan).
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2.3 Results and Conclusions
2.3.1 Rheological Analysis

Figure 2.3 shows the frequency versus storage modulus (G'), complex viscosity (In*|) and
loss modulus (G") of neat PP, neat SIBS, and their blends with three different blend ratios. As
shown in Figure 2.3a, G' of neat PP exhibited terminal flow behavior in the low-frequency range,**-
87 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.?® 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 region, and all polymers
showed shear-thinning behaviors in the high-frequency range, as shown in Figure 2.3b. Figure
2.3c shows G" of these materials. It can be clearly seen that SIBS-based materials had higher G"
and reduced slopes against frequency compared with neat PP. As frequency increased, G"
increased, with a lower level than corresponding G' in the low-frequency region. This phenomenon
indeed shows the feature of viscoelastic solid.
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Figure 2.3 Frequency sweep test: (a) storage modulus (G'); (b) complex viscosity (|n*]); (c) loss
modulus (200 °C).

Figure 2.4 shows Han’s plot of neat PP, neat SIBS, and their blends. As shown in Figure
2.4, 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.3840
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Figure 2.5 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. It is also clear that changes of |n*| of SIBS and
SIBS/10%PP are insensitive to temperature. The |n*| 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. Furthermore, the crystallization behavior became prominent when PP content
was over 20%, which is attributed to morphology of PP domain in SIBS matrix as signified in

Figure 2.6.
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Figure 2.5 Complex viscosity of SIBS-based materials in the range from 115 to 200 °C.

2.3.2 Solid Morphology Observation of SIBS and SIBS/PP Blends

SIBS alone SIBS/10%PP

Flow direction <t————

Figure 2.6 SEM images of blend morphology stained with RuO4: a) SIBS, b) SIBS/10% PP, c)
SIBS/20% PP and d) SIBS/30% PP.
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Figure 2.6 shows the SEM images of the non-foamed injection-molded SIBS and SIBS/PP
blend morphologies. The black domains represent PP, and the grey area is the SIBS matrix. Figure
2.6 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.

2.3.3 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.?4142 The discrete thermal analysis method using Flash DSC with
the temperature program illustrated in Figure 2.2b was helpful to observe that the crystallization
of PP occurs in a rapid cooling process of the foam injection molding process. Figures. 2.7a and
2.7b 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 Figure 2.7,
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
t0 98.4-101.7 °C in the rapid cooling process.

Figure 2.8 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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Figure 2.7 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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Figure 2.8 Heat of fusion, AH, of SIBS/20%PP and 30%PP crystallized by cooling down to the

temperature along the cooling temperature profile of Figure 2.2a.

2.3.4 Effects of PP Blending on Cell Structure

Figure 2.9 shows 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 Figure 2.9, the cell size decreased when the foaming
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temperature decreased in both neat SIBS and the blend foams. However, the neat SIBS foams had
a few large bubbles together with 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.

It is reported by other researchers that crystalline hard segments can improve foamability
of TPU as cell nucleating sites.* However, in the case of SIBS, the hard segment is non-
crystalline glassy PS. In addition, cell nucleating effect of PS was not so effective that poor uniform
cellular structure could be observed even at lower foaming temperature (74 °C), as shown in Figure
2.9. From Table 1.1 in Chapter 1, the composition of SIBS used in this study can be known, where
content of PS is 30%. Since the morphology of block copolymer can be changed by adjusting the
content of hard and soft segments,! it can be speculated that PS domains probably show cylinder
structure in a continuous PIB matrix, according to other literatures.**#> Different from cell
nucleating effect caused by crystallites, cylinder PS domains are amorphous and less closely
packed compared with crystallites. The dissolved gas may not be strongly detached from the PS
domains even below glass transition temperature of PS, which induces the low degree of
supersaturation in the surrounding area of PS domains. Thus, PS has low efficacy as bubble
nucleating agent and poor uniform cellular structure is obtained.

Figure 2.10 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 indicate 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, as shown in Figures 2.7 and 2.8. 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. At the foaming temperatures below 98 °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. However, large cells could be still observed at foaming temperature
of 94 and 97 °C for SIBS/20% and 30%PP respectively. The formation of these large cells can be
mainly attributed to low viscoelasticity at high temperature, and cell nucleation caused by

crystallization of large PP domains or long-chain PP. Even though PP crystallization has already
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started at 94 °C (for SIBS/20%PP) and 97 °C (for SIBS/30%PP), chain mobility is not strongly
restricted at such high temperatures, which allows large PP domain or long-chain PP to crystallize.
The resultant large PP crystals can trigger the nucleation of large cells and reduce the number of
nucleated cells, compared with those small PP crystals. Furthermore, the low viscoelasticity of
melt at high foaming temperature can cause outward diffusion of blowing agent, resulting in
coalescence and collapse of cells and thus increase in cell size*®. As foaming temperature
decreased, the size of PP crystal became small, which can contribute to formation of small cells

and uniform cellular structure.

SIBS alone, 82 °C SIBS alone, 74 °C

SIBS/10%PP, 82 °C
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Figure 2.9 SEM images of the cell structure of SIBS and SIBS/PP blend foams prepared at different

foaming temperatures.
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Figure 2.10 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).

Figure 2.11 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
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increasing PP content in the blend. The degree of increase in cell density also increased 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 is attributed to the rheological effect of PP. The
viscosity decreased with increasing PP content, as shown in Figure 2.5. 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. Figure 2.11 indicates that PP increases bubble nucleation

sites to SIBS despite decreasing the viscosity.

a) 10° b
) SIBS ) 2804 —=—SIBS

. —a&— SIBS/10%PP
—~ 10°1 i * SIBS/10%PP ~ 240{ —+— SIBS/20%PP
T 4 SiBS/20%PP = —+— SIBS/30%PP
£ —v— SIBS/300%PP = 2004 °
~ 7 o
= 107 S 160+
> N
h= g
2 10° 5 1201
S =
— = 804 ) ‘/
D05 o 4
o 107 O 40 il l@@

. . . . . 0 . . — .
72 78 8 90 9% 102 7278 84 90 9% 102
Foaming temperature (°C) Foaming temperature (°C)

Figure 2.11 Change in cell density and cell diameter of SIBS and SIBS/PP blend foams against

foaming temperature.

2.3.5 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. Figure
2.12 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
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anti-shrinkage effect of PP became more pronounced. The effect is attributed to the increase in gas
permeability of SIBS and increase in modulus due to PP.

Figure 2.13 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.*’ Figure 2.14 depicts the tensile test data of SIBS-based
materials. It could be clearly seen that high PP content could be beneficial for improvement of
elastic modulus. As shown in solid morphology in Figure 2.6, higher modulus of SIBS with higher
PP content can be attributed to more oriented PP domains. Due to presence of these oriented PP

scaffold, the shrinkage of foam products can be suppressed.
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Figure 2.14 Strain-stress curves of tensile test data of SIBS and SIBS/PP blends.
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2.4 Conclusion
In this chapter, 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 nucleating effect of PS domains was not so effective that neat SIBS foams showed a relatively
poor uniform cellular structure and a higher shrinkage ratio. The possible reason may be that
cylinder PS domains are amorphous and less closely packed. The dissolved gas may not be easily
released from the PS domains even below glass transition temperature of PS. This phenomenon
leads to relatively low gas supersaturation around PS domains, which indicates insignificant cell
nucleating effect. Hence, undesirable cellular structures of neat SIBS foams were obtained.

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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Chapter 3 Improvement of the Surface Quality of Foam Injection

Molded Products from a Material Property Perspective

3.1 Introduction

As described in Chapter 1, it is known that microcellular plastic foaming with
environmentally benign foaming agents is a technique of growing interest that contributes to
sustainable development.* Compared with standard polymer foams, microcellular foams of cell
sizes less than 100 um and cell densities higher than 108 cells/cm® show a higher strength-to-
weight ratio, better dimensional stability, and lower deterioration of mechanical strength. These
features provide microcellular foams with various applications including packaging materials,
sports equipment, automobile parts, and thermal insulators,>® which is also discussed in Chapter
1. Since microcellular plastic foams were invented, numerous studies have been conducted on
processes and materials. Microcellular foams were produced using batch, extrusion, bead foaming,
and foam injection molding (FIM) processes.! Among these processes, FIM was considered cost-
effective for producing microcellular plastic foams because of its shorter molding cycles.
Furthermore, combining microcellular foam injection molding with a core-back or precise mold

opening operation could produce higher expansion foams with fine cellular structures.

Despite these advantages, the low surface quality of FIM microcellular foam is a significant
problem that limits its industrial applications, especially in the usage of exterior parts. Swirl marks
and silver streaks are two common defects that seriously deteriorate the surface appearance of
foams. The swirl marks and silver streaks are gas flow marks caused by bubbles trapped on the
mold surface when the injected molten polymer was solidified. These are caused mainly by a
mechanism in which bubbles nucleated at the melt flow front in the filling stage, are stretched,
broken, pushed to the mold side by the fountain flow behavior, and trapped.”® The large broken

cells on the surface cause the swirl marks, while the smaller oriented cells form silver streaks.®

Several studies have been conducted to reduce and eliminate these surface imperfections.
Lee et al.!% aimed to improve the surface quality by reducing the bubble nucleation rate. They
decreased the degree of supersaturation of the physical blowing agent (PBA) in the injected

polymer to lower the bubble nucleation rate at the melt flow front. They succeeded in reducing the
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swirl marks; however, their scheme contradicted the production of fine foams with a high
expansion ratio, which usually requires higher gas content and a higher degree of supersaturation
of the PBA.

A typical scheme for improving the surface quality of foams is to control the mold
temperature using mold temperature control units with several thermal heating devices or
insulators. The scheme was initially developed for erasing weld lines. The rapid heat and cooling
mold technique (RHCM) and thermal cycling molding (RTCM) are two representative techniques
of the scheme.t17 In these technologies, the mold cavity surface is heated rapidly, and during the
filling stage, the mold wall temperature is kept high enough for bubbles at the mold surface to be
eliminated.’3*® Some thermal insulators might be inserted into the mold to keep the interface
temperature between the mold and the injected molten polymer high.*®'” The mold temperature
control methods are effective; however, the cost of the mold is increased, and the production cycle

time is also increased.

The gas counterpressure (GCP) process is another approach that can suppress bubble
nucleation at the flow front during the filling stage.'®2° Before injecting the polymer, high-pressure
gas is introduced into the mold cavity to suppress bubble nucleation at the flow front. Then, the
pressure is released through a vent hole of the mold before completely filling out the cavity with
the polymer. Related to the technique using gas pressure, Hou and coworkers developed a method
of combining gas-assisted microcellular injection molding (GAMIM).?! In operation, pressurized
gas is injected into a foaming core polymer through the gas inlets to ensure the completion of the
filling stage. Then, the high pressure is held for a certain period to compress the injected polymer

to the mold surface and squeeze or erase the bubbles on the surface.

Other methods of improving the surface quality are the in-mold decoration process (IMD)
and co-injection or sandwich injection molding, where a solid skin material (metallic or polymeric
parts) is introduced before a foaming core polymer is injected.?>% By building a sandwiched
structure (solid skin-foam core-solid skin), the imperfection of the foam parts is concealed with
the introduced skin materials. Guo et al. reported an interesting experimental result using a mold
wall decollated with PET film.2* The film achieved an asymmetrical temperature distribution.
Then, bubbles traveled to the PET side due to higher temperature and were flattened by significant
shear flow.
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From the viewpoint of polymer properties, some methods have been proposed. Lee et al.
improved the surface quality of LDPE foams by using a low-molecular-weight polymer as a slip
agent.? Wang et al. used a nanofiller to enhance the melt strength and the surface quality of PP
nanocellular foams prepared by foam injection molding technology.?® The bubbles can be visually
ignored because of their small size.?” From the early stage of microcellular foam development, it
has been believed that higher melt strength or strain hardening behavior is a beneficial polymer

property for forming tiny bubbles and preventing bubble breakup during the filling stage.?®2°

As mentioned above, there are many promising methods for improving the surface quality
of foam. Two common key concepts exist in those methods, excluding the IMD. One is to reduce
the number and size of the bubbles nucleated at the melt front during the filling stage. The other is
to squeeze and erase the bubbles by giving some stress before the polymer is solidified. In this
study, keeping these two key concepts in mind, we proposed a method of improving the surface
quality of PP microcellular foams from the polymer property aspect. PP is a commercial
semicrystalline thermoplastic polymer, and PP microcellular foams have been developed for
several automobile parts because of their light weight, low cost, and easy recycling.3%3! SIBS can
be used to introduce the heterogeneity into PP and act as viscosity modifier. The effect of SIBS on
surface quality improvement was investigated. LMPP and MD were used to improve the surface
quality of the PP microcellular foams. The gelling agent (MD) prevents bubbles from growing and
reduces bubble size. LMPP slows the PP crystallization rate, lowers the viscosity of the polymer
at the interface, and delays the crystallization at the skin, resulting in producing enough time to
squeeze and dissolve the bubbles on the surface. Using this additive and blending with a low-
crystalline polymer, we conducted several microcellular foam injection molding experiments with

the core-back operation by changing the LMPP blend ratios.

3.2 Experimental
3.2.1 Materials

Thermoplastic elastomer styrene-isobutylene-styrene (SIBS062M, Kaneka, Osaka, Japan)
was added as a modifier to introduce the heterogeneity and control the viscosity.
Homopolypropylene (HPP, J105G, Prime Polymer Co., Ltd., Japan) with a weight-average
molecular weight (Mw) of 260,000 g/mol and melt flow rate (MFR) of 9.0 g/10 min (at 230 °C)
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was used as the base resin. Low modulus polyolefin (LMPP: L-MODU S901, Idemitsu Kosan Co.,
Ltd., Japan) with 130,000g/mol My and a 50 g/10 min melt flow rate (at 230 °C) was used as a
blend polymer to control the crystallization rate and crystallization temperature. The blend ratios
tested in this study are summarized in Table 3.1 with the abbreviations of the sample name. The
sorbitol-based gelling agent (bis-O-(4 methylphenyl) methylene-D-Glucitol: MD, New Japan
Chemical Co., Ltd., Japan) was used to control the viscosity at a low strain rate range. A master
batch of PP with 3%MD additive was compounded and provided by the same company. When
MD was used, the master batch was mixed with the HPP/LMPP blends at the hopper to be 0.3 or
0.5 wt.% content. Since a higher content of MD induces agglomeration of the additive and results
in less efficacy, MD was reduced to the most effective content.3? Nitrogen (N2, 1zumi Sanyo, Japan)

with 99.9% purity was used as a physical blowing agent (PBA).

Table 3.1 Compositions of investigated polymers.

Blend Blend ratio (wt %0)

HPP 100/0
HPP/10%SIBS 90/10
HPP/20%SIBS 80/20
HPP/30%SIBS 70/30
HPP/20%LMPP 80/20
HPP/30%LMPP 70/30
HPP/40%LMPP 60/40
HPP/60%LMPP 40/60
HPP/0.3%MD 99.7/0/0.3
HPP/30%LMPP/0.3%MD 69.7/30/0.3

3.2.2 Foaming Experiments

Foam injection molding experiments were conducted using a 35-ton clamping force
MucCell machine (J35EL I1I-F, Japan Steel Work, Japan) with a gas delivery unit (SCF device SlI
TRJ-10-A-MPD, Trexel Inc., USA). A cylindrical screw 20 mm in diameter with an L/D ratio of
40:1 and a mold with a rectangular-shaped cavity (70 mm x 50 mm x 1 mm) were used for injection

molding experiments. N2 was pressurized to 24 MPa by the gas delivery system and injected into
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the molten polymer in the middle of the barrel of the injection molding machine through an injector
valve. A single-phase solution of molten polymer and 0.11 wt.% N2 was injected into the mold
cavity. The N2 concentration was controlled by manipulating the injector valve opening time. The
details of the mold geometry and operation of FIM are described in our previous papers.3*3 The
nozzle zone and metering zones of the injection molding machine were set at 200 °C. The mold
temperature was maintained at 40 °C. Two infrared temperature sensors and two pressure sensors
were independently deployed in the mold cavity to measure the 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 Figure 3.1. By averaging the temperatures and pressures at two points
of three injection cycles, the temperature and the pressure profiles during a cycle of injection
molding were calculated and plotted against the processing time, as shown in Figure 3.18 in the
Supporting Information of Chapter 3. The infrared temperature sensors were used to measure the
polymer temperature at approximately 0.4 mm inside from the mold-polymer interface in the
thickness direction. The cooling rate of the polymer in the holding process was estimated from the

recorded temperature profiles to be -35 °C/s on average.
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Figure 3.1 Geometry of injection-molded sample, sensor locations, and roughness measuring
points.
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FIM with core-back (precise mold opening) operation was applied to produce foams. The
difference between core-back and conventional FIM lies in an additional mold-opening operation.
In the core-back FIM process, a part of the mold is quickly opened to expand cavity volume. This
mold opening operation initiates bubble nucleation and growth by the rapid pressure drop and
produces a cellular structure. In the experiments, the mold part was opened at a rate of 20 mm/s.
The expansion ratio of foams was set to five by setting the core-back (mold opening) distance to
4 mm from a 1-mm initial cavity thickness (total 5 mm in foam thickness). The processing

parameters are summarized in Table 3.2.

Table 3.2 Processing parameters of foam injection molding with core-back operation.

Parameters Values
Polymer temperature [°C] 200
Mold temperature [°C] 40
Injection speed [mm/s] 80
Screw back pressure [MPa] 15
Packing (holding) pressure [MPa] 40
Cooling time [s] 30
Core-back distance [mm] 4
Core-back speed [mm/s] 20
Metering distance [mm)] 35
N> content [%)] 0.11

3.2.3 Rheological Characterization

Strain-controlled dynamic frequency sweep and temperature sweep rheological
measurements were conducted using a rheometer (ARES, TA Instruments, Inc., New Castle, DE,
USA) with a 25-mm parallel-plate device. Before the measurement, specimens 25 mm in diameter
and 2 mm in thickness were prepared using a hot compressing machine at a temperature of 200 °C
and compression pressure of 20 MPa. Frequency sweep tests for HPP, HPP/SIBS and HPP/LMPP
blends were carried out by changing the shear rate frequency from 100 to 0.1 rad/s with 1% strain

at a temperature of 200 °C. This was kept at 200 °C for 3 min to erase the thermal history. To
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further clarify the effect of MD in the frequency sweep test, the experimental temperature was also
set at 170 °C for HPP, HPP/30%LMPP, HPP/0.3%MD, and HPP/30%LMPP/0.3%MD. Prior to
the experiment, the temperature was increased to 230 °C and kept for 3 min to erase the effect of
PP crystallization and completely dissolve MD into PP. The temperature sweep measurements
were conducted at 100-200 °C with a 1% strain amplitude and a frequency of 0.63 rad/s. The
damping rate was set at 5 °C/min.

Torsion tests were also conducted to analyze the viscosity of HPP-based blends at low
temperature, with a 1% strain amplitude and a frequency of 0.63 rad/s. The damping rate was also

set at 5 °C/min.

3.2.4 Measurement of Thermal Properties

Isothermal and nonisothermal measurements were conducted using a Flash DSC1 (Mettler-
Toledo, LLC, USA) under N2 purging. For isothermal measurement, the temperature was first
heated to 230 °C, held for 1 s, reduced at a cooling rate of 4000 °C/s, and held at a designated
isothermal crystallization temperature. The heat generation or crystallization enthalpy was
measured for the isothermal temperature designated in the range of 0 to 110 °C. The isothermal
crystallization rate and the half crystallization time were estimated by fitting Egs. (3-1) and (3-2)%*
to the DSC data.

log{—In[1 - X(t)]} =logk +nlogt (3-1)

In2

ti2 = (T)l/n (3-2)
where X (t) represents the relative crystallinity, k is the crystallization rate, and t is the time. n is

the Avrami index, and t, s, is the half crystallization time.

Since the cooling rate of the injected polymer in the mold cavity was estimated to be -35
°Cl/s on average, as illustrated in Figure 3.18, nonisothermal measurement was conducted by
cooling the polymer samples at -35 °C/s after heating to 230 °C at 1000 °C/s. Then, the effect of
SIBS and LMPP on the crystallization temperature was observed from the heating curve.

Besides, normal DSC (DSC7020, Hitachi, Tokyo, Japan) at low cooling rate was employed

to examine not only the effect on crystallization temperature but also the crystallization amount
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for the HPP/SIBS blends, where normal DSC is more suitable than Flash DSC due to very small
sample amount used in Flash DSC. The cooling rate in the measurements was -10 °C/min. The
sample amount was fixed at around 5.62 mg with an error less than 1%. The crystallinity of HPP
was then obtained using Eq. (3-3):

m

AH
X(%) = X HPP blend ratio x 100 (3-3)

m

where AH,, is the enthalpy of melting peak, and AH?, represents the fusion enthalpy of a
fully crystalline PP, which was 207 J/g here.®

3.2.5 Surface Roughness Analysis

The surface roughness of the foams was quantitatively measured using a laser microscope
(LEXT OLS4100, Olympus, Japan). The cutoff values of the high-pass filter Ac and low-pass filter
As were set to 2500 and 0 um, respectively. The cutoff values of the two filters were tuned to reduce
the influence of undulation and observe the silver stream or bubble footprint clearly. The
magnification of the microscope was 5x. Four points on every three injection molded samples were
selected for each foam injection molding condition to measure the roughness. The four points

measuring the surface roughness are indicated in Figure 3.1.

The surface roughness was calculated with the arithmetical mean height (Sa) value, Eq. (3-

4): A lower Sa indicates fewer defects and a smoother surface area.

1
sa=5 [[lz@plaxay (34
A
where A is the measuring area, and Z (x, y) indicates the height of the surface at locations x and y.

In addition to the Sa value, 2D and 3D images of foam surfaces were taken by laser
microscopy to clearly verify the effect of LMPP and MD on surface quality. The cutoff values of
high-pass and low-pass filters were set to 2500 and 30 um for 3D laser images to reduce the

influence of noise.

The surface visual appearance was observed by employing a digital camera. Carbon black
was added to all polymers to clearly observe the silver streaks or the swirl marks on the surface of

the injection molded samples.
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3.2.6 Observation of Solid and Cell Morphology

For solid morphology observation, all specimens were cut out from the middle parts of the
nonfoamed injection-molded products after cryogenically fracturing in liquid nitrogen. Then
specimens were immersed in 10 mL Acetone to extract the SIBS for over 20 hours with a stirring
speed of 100 rpm and temperature of 30 °C. Prior to observation by a scanning electron microscope
(JCM-7000 NeoScope, JEOL Ltd., Japan), treated specimens were dried in vacuo for at least 6
hours and subsequently coated by a carbon coater (SC-701CT, Sanyu Electron Co., Ltd., Japan).

For cell morphology observation, a small sliced specimen was cut from the foam injection-
molded product after cryogenically solidified in liquid nitrogen. The observation was made by a
scanning electron microscope (SEM: Tiny-SEM, Technex, Japan) in both perpendicular and
parallel directions to the core-back direction, i.e., the thickness direction of the foam, as prepared

in previous work.?

3.3 Results and Discussion

3.3.1 Rheological Properties of HPP with SIBS Addition

The effect of SIBS on rheological properties was also studied by temperature and frequency
sweep tests. As clearly seen in torsion test data of Figure 3.2a, the viscosity of HPP/SIBS blends
was decrease with increasing content of SIBS in the low-temperature region, which is favorable to
bubble dissolution at polymer/mold interface. When HPP crystals melt at higher than 120 °C,
shown in Figure 3.2b, higher SIBS content led to higher viscosity. Figure 3.19 illustrates the
frequency sweep data of HPP/SIBS blends, where complex viscosities show difference with
different blend ratios in the low-frequency range. As SIBS content increased, the complex
viscosity was increased. When increasing SIBS content to 30%, the complex viscosity showed
shear thinning behavior, indicating the significant chain entanglement in the presence of high
content of SIBS.
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Figure 3.2 Complex viscosity of HPP and HPP/SIBS blends against temperature: (a) Temperature
lower than 120 °C; (b) Temperature higher than 120 °C.

3.3.2 Rheological Properties of HPP with LMPP and MD Addition

Figure 3.3 shows the temperature-sweep measurements of the complex viscosities of four
materials (HPP, HPP/20%LMPP, HPP/40%LMPP, and HPP/60%LMPP) measured at a cooling
rate of -5 °C/min. The viscosities of these four materials increased as the temperature decreased.
Blending LMPP reduced the viscosity to a lower value than that of the neat HPP. Figure 3.3a
shows the viscosities of all blends lower than 120 °C. The decrease in viscosity could be seen with
increased LMPP content, which can be beneficial for bubble dissolution at the polymer/mold
interface. As shown in Figure 3.3b, all materials showed a drastic change in viscosity in the range
of 120-130 °C. This change indicates the occurrence of crystallization, and the corresponding
turning point temperature can be regarded as the crystallization temperature at a cooling rate of -5
°C/min. The crystallization onset temperature of neat HPP was 125.86 °C, while those of PP/20%,
40%, and 60% LMPP were 124.12 °C, 121.35 °C, and 119.19 °C, respectively. The crystallization
onset temperature shifted to a lower temperature with increased LMPP content. The decreased
crystallization temperature indicates that LMPP acts as a crystallization retarding agent in the
blend. Figure 3.20 shows the viscosities of HPP and HPP/LMPP blends as a function of frequency.
As the LMPP content increased, the viscosity decreased over the entire frequency range. It is also

noticeable that the viscosities of all materials decreased in the high-frequency region.
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The influence of MD on the viscosity of HPP was investigated by temperature and
frequency sweep tests. As reported previously,®?2¢3" adding MD to PP increases the viscosity and
the melt strength. Because the formation of the nanofibril network of MD occurs as a phase
separation phenomenon of MD from the molten polymer,® the complex viscosity increased at
temperatures below 170 °C, as shown in Figure 3.4. This viscosity increase widens the foaming
temperature window for suppressing bubble growth and keeping the bubble size on the micrometer
scale.3%" Figure 3.21 shows the frequency-sweep complex viscosity of HPP and HPP/LMPP with
0.3% MD addition. The temperatures of measurement were 200 °C and 170 °C. Figure 3.21a shows
the complex viscosities of these materials at 200 °C. It is clear that HPP/0.3%MD had the highest
viscosity among these materials across the entire frequency range. Moreover, viscosity decreased
with LMPP addition. Figure 3.21b shows the complex viscosities of these materials at 170 °C. The
viscosities of HPP/0.3%MD and HPP/30%LMPP/0.3%MD were higher than those of HPP and the
HPP/LMPP blend, respectively, due to reinforcement of MD. The presence of in situ formation of
the MD nanofibril network in the molten polymer®? increases the viscosity of HPP and HPP/LMPP
in the low-frequency (strain rate) range. These changes in the rheology of PP possibly provide the
benefit of reducing the bubble size not only for bubbles generated in the foam core part but also

those generated at the flow front of the injected polymer.
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0.3%MD against temperature.

3.3.3 Crystallization Kinetics at High Cooling Rate of HPP/SIBS Blends

Figure 3.5 show results of the crystallization rate k and half crystallization time t, ,, of HPP

and HPP/SIBS blends for isothermal crystallization conditions. In Figure 3.5a, the crystallization
rates of all materials didn’t significantly change. In Figure 3.5b, the half crystallization times
shows similar trend even with increased SIBS content. In addition, Figure 3.6 shows nonisothermal
data with a cooling rate of -35°C/s, where no obvious shift of crystallization peaks was observed.
These data indicate that there is no significant crystallization retarding effect of SIBS on HPP

crystallization. This conclusion can be also drawn in terms of rheological data in Figure 3.2.

Flash DSC is only suitable for measurement of effect of cooling rate on crystallization
behavior, while normal DSC can be employed to measure the effect of crystallization amount.
Figure 3.22 shows exothermic peaks of the nonisothermal condition at a cooling rate of -10 °C/min
for HPP/SIBS blends. Table 3.4 lists the crystallinity of HPP in different SIBS blends. Both of
them signify the reduction in crystallization amount with SIBS addition which can be the reason
for decrease in mechanical properties in Figures 3.25 and 3.26.
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Figure 3.5 Crystallization rate and half crystallization time of HPP and HPP/SIBS blends.
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Figure 3.6 Cooling curves of HPP and HPP/SIBS blends measured at a cooling rate of -35 °C/s.

3.3.4 Crystallization Kinetics at High Cooling Rate of HPP/LMPP Blends

Flash DSC measurements were conducted to clarify the crystallization retarding effect of
the LMPP for both isothermal crystallization and faster cooling (nonisothermal) conditions. Figure
3.7 shows the results of the crystallization rate k and half crystallization time ¢, ,, of HPP and
HPP/LMPP blends for isothermal crystallization conditions. In Figure 3.7a, the crystallization rate
of HPP was highest at all temperatures. With an increase in LMPP content, the crystallization rate
was reduced. The crystallization rate of HPP/60%LMPP could be lower than 1 s™* at 40 °C, which
corresponds to the molding temperature. As the LMPP content increased, the half crystallization
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time became considerably longer, as shown in Figure 3.7b. Both results in Figure 3.7 indicate that
LMPP delays the crystallization of HPP.
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Figure 3.7 Crystallization rate and half crystallization time of HPP and HPP/LMPP blends.

Figure 3.8 shows the heat generation curves of the nonisothermal condition at a cooling
rate of -35 °C/s for HPP/LMPP blends. The temperature at which the curves peaked was regarded
as the crystallization temperature. The crystallization temperature results are listed in Table 3.3 for
each sample. The crystallization temperature decreased as the LMPP content increased. No
crystallization peak was observed when the LMPP was increased to 60%. These results indicate
that LMPP delays HPP crystallization even for fast-cooling conditions such as the cooling rate in

mold cavity.

—— HPP/60%LMPP
—— HPP/40%LMPP
—— HPP/20%LMPP
—HPP
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Figure 3.8 Cooling curves of HPP and HPP/LMPP blends measured at a cooling rate of -35 °C/s.
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Table 3.3 Crystallization peaks of HPP and HPP/LMPP blends at a cooling rate of -35 °C/s.

Parameters HPP HPP/20% HPP/40% HPP/60%
LMPP LMPP LMPP
Peak Temperature [°C] 85.59 81.49 76.89 -

3.3.5 Surface Roughness Evaluation of HPP Foams with SIBS Addition

Figure 3.9 shows the Sa of foam injection-molded parts prepared from HPP and HPP/SIBS
with different blend ratios. Interestingly, the Sa was reduced with introduction of SIBS when
comparing the Sa result of HPP foam in Figure 3.9. Although there was no significant
crystallization retarding effect of SIBS on HPP crystallization according to Figures 3.5 and 3.6,
the viscosities lower than crystallization temperature for HPP/SIBS blends were lower than that of
HPP. This indicates that low viscosity is beneficial for bubble dissolution at polymer/mold
interface. However, effect of SIBS is limited compared with LMPP because SIBS can reduce the
viscosity but it does not delay the crystallization. HPP can be crystallized as it is even if SIBS
exists. When SIBS content was increased to 30%, the Sa was increased. This result can be
attributed to denser and larger SIBS domains for HPP/30%SIBS shown in Figure 3.10, where grey
area was HPP matrix, while white particles were dispersed SIBS domains. SIBS domains of
HPP/10%SI1BS were much smaller (highlighted by red circles) than those of HPP/30%SIBS. Large
and dense domains in HPP/30%SIBS blend could induce the formation of large bubbles and ease

of bubble coalescence at flow front, resulting in increase in Sa.

Figure 3.11 shows the 2D and 3D images of the surfaces of injection-molded HPP/SIBS
blend foams. The observation areas of both the 2D and 3D images were fixed at 2548x2559 pm?.
Clearly, serrations and ripples of HPP/SIBS blends foams were reduced compared with HPP foam.

With increased content of SIBS, surface roughness of foam increased.
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Figure 3.10 Solid morphologies of HPP/SIBS blends: grey area is HPP matrix and dispersed

particles are SIBS domains.
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(A) HPP foam

500 um

(B) HPP/10%SIBS foam

500 um

(C) HPP/20%SIBS foam

500 um

(D) HPP/30%SIBS foam

500 um

Figure 3.11 Two-dimensional (2D) and Three-dimensional (3D) laser microscope images of
injection molded parts: (A) HPP foam; (B) HPP/10%SIBS foam; (C) HPP/20%SIBS foam; (D)
HPP/30%SIBS foam. For 2D (Ac= 2500 um and As= 0 um) and 3D (Ac= 2500 pm and As = 30 um).
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3.3.6 Surface Roughness Evaluation of HPP Foams with LMPP and MD Addition

Figure 3.12 shows the Sa of foam injection-molded parts prepared from HPP and
HPP/LMPP with different blend ratios. The HPP solid (nonfoamed) sample had the lowest Sa at
ca. 2.02 um. When polymers were foamed with N2, Sa of HPP foam samples increased to ca. 9.79
um, indicating an increase in surface roughness. The Sa of the foam-injection-molded part
decreased with increasing LMPP content. The values of Sa for foams of HPP/20%, 30%, 40%, and
60% LMPP were 9.10, 9.02, 6.08 and 4.03 um, respectively. When LMPP was blended at 60%,
the surface of the foams became almost equivalent to that of HPP solid by naked eye and laser
microscope images of As =30 um.
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Figure 3.12 Surface roughness (Sa) of HPP solid, HPP foam and HPP/LMPP foams with different
blend ratios.

In the Supporting Information (Section S3), Figure 3.23 shows the Sa of the foamed
injection molded HPP with two different amounts of MD: 0.3 and 0.5 wt.%. As we expected,
adding MD can improve the surface quality. Figure 3.13 shows the Sa values of foam-injection-
molded parts prepared from HPP (solid), foamed HPP, HPP/0.3%MD, and HPP/30%LMPP with
0.3%MD. As shown in Figure 3.13, when MD (0.3%) was used together with 30%LMPP, the

68



surface roughness was lower than that of HPP/40%LMPP (Figure 3.12) and became closer to that

of the HPP solid injection molded parts. This indicates that a synergetic effect of MD and LMPP

occurs to improve the surface quality.

12

2.02

9.79

9.63

5.09

Figure 3.13 Surface roughness (Sa) of HPP solid, HPP foam, HPP/0.3%MD foam, and
HPP/30%LMPP/0.3%MD foam.
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(A) HPP solid

500 pm

(B) HPP foam

500 um
I

(C) HPP/30%LMPP/0.3%MD foam

500 pm
I

(D) HPP/60%LMPP foam

500 pm
I

Figure 3.14 Two-dimensional (2D) and Three-dimensional (3D) laser microscope images of
injection molded parts: (A) HPP solid, (B) HPP foam, (C) HPP/30%LMPP/0.3%MD foam, and
(D) HPP/60%LMPP foam. For 2D (A= 2500 um and Xs= 0 um) and 3D (Ac = 2500 pum and As =
30 um).
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Figure 3.14 shows the 2D and 3D images of the surfaces of injection-molded solid HPP,
HPP foam, HPP/30%LMPP/0.3%MD foam, and HPP/60%LMPP foam. The observation areas of
both the 2D and 3D images were fixed at 2548x2559 um?. When foam injection molding was

conducted, serrations or ripples were observed in the 2D and 3D laser microscope images of the
HPP foam, corresponding to the footprints of the bubbles on the surface. For HPP/60%LMPP,
there are few serrations and ripples, and the image is very close to that of HPP solid. When compare
the image of HPP/30%LMPP/0.3%MD foam with HPP/30%LMPP shown in Figure 3.24a in the

Supporting Information (Section S3), the efficacy of MD on the surface roughness can be seen.

Figure 3.15 shows digital camera images of the injection-molded parts. A carbon black
(CB) color batch pellet made of 60 wt.% polyethylene (MFR = 15) and 40 wt.% CB was added to
each investigated polymer to observe the silver streak and bubbles on the foam surface easily by
the naked eye. The upper right figure is a magnified image of each sample.
HPP/30%LMPP/0.3%MD foam showed low surface roughness, but footprints of silver streaks
remained. These surface imperfections vanished when the HPP was increased to 60 wt.%. The

surface quality of the foam was equivalent to that of HPP solid.

The surface quality improvement can be correlated to the crystallization-delaying effect of
LMPP and the viscosity effect of MD. The trapped bubbles are known to cause surface roughness
during the solidification of foam skin. With the addition of MD, the size of the bubbles generated
at the flow front became small and easily squeezed in a short time by the holding pressure.
Furthermore, blending LMPP with HPP delays the crystallization of HPP and provides a time to
squeeze or erase the bubbles and silver streaks by the holding pressure before the solidification of
the injected polymer is completed. The 60%LMPP blend prevents the injected polymer from
crystallizing at a fast cooling rate; the surface of the HPP/60%LMPP blend foam becomes

equivalent to that of the HPP solid.
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HPP solid HPP foam HPP/30% HPP/60%
LMPP/0.3% LMPP foam
MD foam

Figure 3.15 Digital camera images of nonfoamed HPP, HPP foam, HPP/30%LMPP/0.3%MD
foam, and HPP/60%LMPP foam.

3.3.7 Effect of SIBS on Cell Morphology

The cell morphology of HPP/SIBS blend foams indicates the enhanced cell nucleation with
SIBS. As seen in Figure 3.16, HPP/20%SIBS foam had smaller cell size amongst these three kinds
of foam. This is reasonable because HPP/20%SIBS foam had higher heterogeneity compared with
that of HPP/10%SIBS foam, while had lower foaming temperature than that of HPP/30%SIBS
foam. The higher foaming temperature of HPP/30%SIBS foam can be the reason to formation of

larger cell and higher Sa in Figure 3.9.
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1200 um

(c) HPP/30%SIBS  (b) HPP/20%SIBS

Figure 3.16 SEM images of cell morphology: (a) HPP/10%SIBS foam; (b) HPP/20%SIBS foam;
(c) HPP/30%SI1BS foam at five-fold expansion. Left: a cross-sectional image taken parallel to the
core-back direction (thickness direction); Right: a cross-sectional image taken perpendicular to the
core-back direction.

3.3.8 Effect of LMPP and MD on Cell Morphology

Figures 3.17 and 3.31 illustrate the SEM images of the cell morphology of the five-fold
expanded foams with LMPP and MD. Each figure's left-side image was a cross-sectional area near
a skin layer of the foam, taken from a view parallel to the core-back direction, i.e., foam thickness
direction. The right-side image was a cross-sectional area of the foam core, taken from a view
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perpendicular to the core-back direction. The dotted circle indicates the presence of elongated
bubbles on the surface. As seen in Figure 3.17, elongated bubbles on the surface of the
HPP/60%LMPP and HPP/30%LMPP/0.3%MD are rarely seen while they could be observed on
the surface of HPP foam.

All polymers could be foamed to be five-fold by manipulating the foaming temperature.
The cell morphology was dependent on the core-back time, i.e., foaming temperature. The foaming
temperature was the temperature at the point where the core-back operation was conducted, as
shown in Figure 3.18. The longer the core-back time is, the lower the foaming temperature

becomes.

With the increased LMPP content, the cell size became larger, as observed in SEM cell
morphology images of HPP (Figure 3.17a), HPP/20%LMPP (Figure 3.31a), and HPP/30%LMPP
(Figure 3.31b) prepared at the foaming temperature around 100 °C. When LMPP was increased by
over 60%, the cell size became too large unless the foaming temperature was lowered. By
prolonging the core-back time and decreasing the foaming temperature from 100 °C to 80 °C, the
five-fold expansion foams could be prepared from HPP/60%LMPP with smaller cell sizes than
those of HPP and HPP/20%LMPP foams (Figure 3.31a), as shown in Figure 3.17c.

Interestingly, with the increase in LMPP content, the thickness of the skin layer became
thinner owing to viscosity reduction and slow crystallization rate. On the other hand, adding MD
made the skin layer thicker when the foams were prepared at the same foaming temperature.
However, MD decreased the cell size and improved the cell morphology drastically even when the
foams were prepared at a higher temperature. This is because MD reduces the crystal nuclei's size

and provides more bubble nucleation sites to the polymer when foaming.32%7
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(a) HPP foam

(b) HPP/30%LMPP/

0.3%MD foam

(c) HPP/60%LMPP

Figure 3.17 SEM images of cell morphology: (a) HPP; (b) HPP/30%LMPP/0.3%MD; (c)
HPP/60%LMPP foams at five-fold expansion. Left: a cross-sectional image taken parallel to the
core-back direction (thickness direction); Right: a cross-sectional image taken perpendicular to the
core-back direction.

3.4 Conclusion

Adding crystal nucleating agent, MD, increases the viscosity with a gelling effect and can
reduce the size of bubbles generated at the flow front of injected polymers. Blending a low-
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modulus polypropylene delays or prevents the crystallization of the injected polymer at the mold
interface. The retardation effect on crystallization provides time to squeeze and erase broken
bubbles or silver streaks at the skin layers during the holding pressure stage. Blending 60%LMPP
with HPP results in silver-streak-free microcellular PP foams. Adding MD and using LMPP can

provide synergetic effects on surface quality improvement.

With introduction of SIBS, the Sa of HPP/SIBS blend foam was reduced. The introduction
of SIBS can enhance the heterogeneity and control the viscosity. Since there was no significant
crystallization retarding effect of SIBS, the improvement of surface quality was not as effective as
LMPP. When SIBS content was increased to 30%, the Sa was also increased, which is attributed
to large nucleated bubbles at flow front. The nucleation of those large bubbles is probably caused
by large SIBS domains in HPP/30%SIBS blend.

With the increase of LMPP content, mechanical properties such as Young’s modulus and
yield stress were lowered, and the polymers' softness was increased, as shown in Figures 3.27 and
3.28. However, the foams' mechanical properties depend on the cell morphology. The cell
morphology could be controlled by manipulating the core-back time and the degree of expansion

ratio.

MD was used to reduce the size of bubbles push to the interface between the mold and
polymer. The amount of physical blowing agent (PBA) might be also a key parameter in
determining the bubbles' size. When the concentration of the PBA exceeds a certain level where
the PBA cannot be entirely dissolved in polymer, or it produces so many bubbles to easily coalesce
each other, large size bubbles and swirl mark will appear on the skin layer, which indeed
deteriorates the surface appearance. Thus, it can be said that increasing PBA concentration can

improve the surface quality as far as the cell size is reduced.

This study demonstrated the feasibility of a surface quality improvement method proposed
from the viewpoint of polymer properties, especially with regard to crystallization and viscosity
behaviors. Surface imperfections are considered an unavoidable drawback of the microcellular
injection molding process. However, this study showed that the problem can be solved by
controlling the bubble size and crystallization behavior. The proposed method can be further
enhanced by increasing mold temperature or combining the heating and cooling method.
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S3 Supporting Information

S3.1 Pressure and Temperature Profiles of the Injection Molded Polymer in the Mold Cavity
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Figure 3.18 Pressure and temperature profiles of injection-molded polymer in mold cavity (FIM

with core-back operation).

Two infrared temperature sensors and two pressure sensors were independently deployed
in the rectangular-shaped mold cavity to measure the temperatures and pressures of the injection-
molded polymer. The sensing locations in the mold cavity were: one close to the gate, and the
other close to the cavity end, as shown in Figure 3.1. The profiles were recorded using a data
acquisition device (Mold Marshaling system EPD-001, Futaba, Japan). By averaging the
temperatures and pressures at two points of three injection cycles, the temperature and pressure
profiles during an injection molding cycle were calculated and plotted against the processing time,
as shown in Figure 3.18. As shown in Figure 3.18, the temperature exponentially decreases while
the pressure increases and remains almost constant under holding (dwelling) operation. When the
core-back operation is conducted at the end of the holding operation, the pressure of the polymer

drastically decreases to atmospheric pressure. The core-back timing is equivalent to when the mold
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part is opened at the end of the holding operation. The temperature at which the core-back
operation is conducted is defined as the foaming temperature. The cooling rate of the injected

polymer in the mold cavity was estimated to be -35 °C/s on average from Figure 3.18.

S3.2 Rheological Data

Figure 3.19 illustrates the strain-controlled dynamic frequency sweep measurements of
complex viscosities and compares HPP, HPP/10%SIBS, HPP/20%SIBS, and HPP/30%SIBS. The
experiments were conducted at 200 °C with 1% strain.
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Figure 3.19 Frequency-sweep complex viscosity of HPP and HPP/SIBS blends.

Figure 3.20 shows the strain-controlled dynamic frequency sweep measurements of
complex viscosities of four materials (HPP, HPP/20%LMPP, HPP/40%LMPP, and
HPP/60%LMPP). A frequency sweep test was carried out by changing the shear rate frequency
from 100 to 0.1 rad/s with 1% strain at a temperature of 200 °C.
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Figure 3.20 Frequency-sweep complex viscosity of HPP and HPP/LMPP blends.

Figure 3.21 depicts the strain-controlled dynamic frequency sweep measurements of

complex  viscosities

and

compares  HPP,

HPP/30%LMPP,

HPP/0.3%MD, and

HPP/30%LMPP/0.3%MD. The experiments were conducted at 200 °C and 170 °C with 1% strain.
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Figure 3.21 Frequency-sweep complex viscosity of HPP, HPP/MD and HPP/LMPP/MD blends at
(a) 200 °C and (b) 170 °C.

S3.3 Crystallization Kinetics of HPP/SIBS Blends at Low Cooling Rate
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Figure 3.22 Cooling curves of HPP and HPP/LMPP blends measured at a cooling rate of -10
°C/min.
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Table 3.4 Crystallinity of HPP in different HPP/SIBS blends at a cooling rate of -10 °C/min

Parameters HPP  HPP/10% HPP/20% HPP/30%
SIBS SIBS SIBS
Crystallinity [%] 45.41 35.43 30.11 19.51

S3.4 Effect of MD on the Surface Roughness
Figure 3.23 shows the Sa of the foamed injection molded HPP with two different contents
of MD. Adding MD could improve surface quality.
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Figure 3.23 Surface roughness (Sa) of HPP solid, HPP foam, HPP/MD (0.3 wt.%) foam and
HPP/MD (0.5wt.%) foam.
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Figure 3.24 Two-dimensional(2D) and Three-dimensional (3D) laser microscope images of
injection-molded parts: (a) HPP/30% LMPP foam, (b) HPP/30% LMPP/0.3%MD foam (2D: Ac=
2500 pum and As =0 um) and (3D: Ac = 2500 um and As = 30 um).

Figure 3.24 shows the 2D and 3D microscope images of HPP/30 %LMPP and HPP/30%
LMPP/0.3% MD foams. When comparing the image of both foams, the efficacy of MD on the
surface roughness can be clarified.

S3.5 Effect of SIBS on Mechanical Property of Blends (Solid)

Figure 3.25 shows the tensile test data of non-foamed samples of HPP, HPP/SIBS blends.
The tensile test was conducted at a 10 mm/min stretching rate. The dumbbell-shaped specimens
with a gauge length of 20 mm and 1mm in thickness were prepared by cutting out the non-foamed

injection molded products using the SD Level Sample Cutting Machine (SDL-100, Dumbbell Co.,
Ltd., Japan).
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Figure 3.26 shows the Young’s modulus and yield stress calculated from the strain-stress

curves in Figure 3.25. The Young’s modulus and yield stress were decreased with the increased

SIBS content. Although the complex viscosity was increased with increased blend ratio of SIBS,

the reduction in the Young’s modulus and yield stress softness could contributed to decrease in

crystallinity of PP, according to
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Figure 3.25 Tensile test data of HPP, HPP/SIBS with different blend ratios (non-foamed samples).
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Figure 3.26 Young’s modulus and yield stress of HPP, HPP/SIBS with different blend ratios, (non-

foamed samples).
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S3.6 Effect of LMPP and MD on Mechanical Property of Blends (Solid)

Figure 3.27 shows the tensile test data of HPP, HPP/LMPP with different blend ratios,
HPP/0.3%MD, HPP/30%LMPP/0.3% MD. The tensile test was conducted using a tensile tester
(Autograph AGS-1kN, Shimazu, Japan) at a 10 mm/min stretching rate. The dumbbell-shaped
specimens with a gauge length of 20 mm and 1mm in thickness were also prepared by cutting out
the non-foamed injection molded products using the SD Level Sample Cutting Machine (SDL-
100, Dumbbell Co., Ltd., Japan).

Figure 3.28 shows the Young’s modulus and yield stress calculated from the strain-stress
curves in Figure 3.27. As predicted from the complex viscosity data in Figure 3.3, the Young’s
modulus and yield stress were decreased with the increased LMPP content, which can be predicted
by crystallization retarding effect of LMPP. The softness caused by LMPP can contribute to the
reduction of surface roughness, but it will lead the bubbles to grow faster and produce large-size

cells in their foam unless the foaming temperature is lowered.
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Figure 3.27 Tensile test data of HPP, HPP/LMPP with different blend ratios, HPP/0.3%MD,
HPP/30%LMPP/0.3% MD (non-foamed samples).
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Figure 3.28 Young’s modulus and yield stress of HPP, HPP/LMPP with different blend ratios,
HPP/0.3%MD, HPP/30%LMPP/0.3% MD (non-foamed samples).

S3.7 Effect of SIBS on Mechanical Property of Foams

The compression tests of HPP/SIBS blends were also conducted with the same autograph
to evaluate the mechanical property of the foams. For the compression tests, rectangular samples
were prepared from the foams and the compression speed was set to 1 mm/min. The results are
shown in Figure 3.29. The compressive modulus of the HPP foams had similar value to that of

HPP/10%SIBS. As SIBS content increased, the compressive modulus became lower.
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Figure 3.29 Compression modulus of the HPP foam, HPP/SIBS blends’ foams.

S3.8 Effect of LMPP and MD on Mechanical Property of Foams

The compression test was conducted with the same autograph to evaluate the mechanical
property of the foams. For the compression tests, rectangular samples were prepared from the
foams and the compression speed was set to 1 mm/min. The results are shown in Figure 3.30. The
compressive modulus of the foams was decreased with the increase in LMPP content up to 40%.
However, the foams' mechanical properties depend on the cell morphology. The cell morphology
could be controlled by manipulating the core-back time and the degree of expansion ratio. By
delaying core-back time, the foaming temperature in the core part of the injected polymer was
lowered, and the viscosity of the polymer was increased. As a result, the cell size became smaller,
and the compression modulus increased. HPP/60%LMPP was inflated like a balloon at a
temperature of about 100 °C (i.e., core-back time = 3 s). Nevertheless, microcellular foam could
be prepared by lowering the foaming temperature from about 100 to 80 °C. Since the cell size of
the HPP/60% LMPP foam was decreased, the compressive modulus of the HPP/60%LMPP
became higher than that of HPP/40%LMPP.
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Figure 3.30 Compression modulus of the HPP foam, HPP/LMPP blends’ foams, HPP/LMPP with
MD foam.

S3.9 Effect of LMPP on Cell Morphology

Figure 3.31 illustrates the SEM images of the cell morphology of the five-hold expanded
foams. Each figure's left-side image was a cross-sectional area near a skin layer of the foam, taken
from a view parallel to the core-back direction, i.e., foam thickness direction. The right-side image
was a cross-sectional area of the foam core, taken from a view perpendicular to the core-back

direction. The dotted circle indicates the presence of elongated bubbles on the surface.
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Figure 3.31 SEM images of cell morphology: (a) HPP/20%LMPP foams and (b)
HPP/30%LMPP foams of five-fold expansion. Left: a cross-sectional image taken parallel to
the core-back direction (thickness direction); Right: a cross-sectional image taken

perpendicular to the core-back direction.
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S3.10 Effect of the Concentration of Physical Blowing Agent (PBA)
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Figure 3.32 Surface roughness (Sa) of HPP foam with N2 concentration of 0.11 % and 0.15 %.

Figure 3.32 shows HPP foam’s surface roughness (Sa) with different N> concentrations.
We conducted the foaming experiments with a higher N2 concentration, 0.15%. Sa of the resulting
foams was better than that of the foam produced with 0.11% N.. When the physical blowing agent
(PBA) increased, the bubble nucleation was enhanced, the number of bubbles increased, and the
cell size decreased. Then, the surface quality was improved by increasing the concentration of
PBA.

However, when the concentration of the PBA exceeds a certain level where the PBA cannot
be dissolved entirely in polymer, or it produces so many bubbles to easily coalesce with each other,
large-size bubbles and swirl mark would appear on the skin layer, which deteriorates the surface
appearance. Thus, it can be said that increasing PBA concentration can improve the surface quality

as far as the cell size is reduced.
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Chapter 4 Stretching-Induced Foaming of Gas-Laden Thermoplastic
Elastomers (TPES)

4.1 Introduction

Based on the description in Chapter 2, SIBS-based microcellular foams have been
successfully prepared by incorporating foam injection molding and core-back operation with high
pressure No. However, to the author’s knowledge, SIBS foaming with low pressure of blowing
agent is difficult. In order to prepare SIBS foam with low pressure of gas (e.g. CO2), a method of
stretching-induced foaming has been proposed. By using foam injection molding, gas-laden SIBS
parts with low pressure of CO, were prepared, and stretching-induced foaming of gas-laden SIBS
was successfully conducted. Different pressures, stretching rates (strain rates) and strains were
studied. Here, we introduced stretching rate-dependent elastic strain energy to the theory of bubble
nucleation. Based on both theoretical background and experimental data, stretched SIBS foam of
higher bubble density and smaller bubble size were obtained with higher pressure, higher
stretching rate and higher strain. In addition, the theory described in this paper clarified the

difference in bubble nucleation barrier between two kinds of SIBS.

Generally speaking, microcellular polymer foaming technology can be divided into
chemical and physical foaming in practice, to achieve desired foam performances. Whereas
sustainable development and environmental-friendly life has been the mainstreams in today’s
society, physical foaming with green and harmless blowing agent has been drawing more
attentions academically and industrially than chemical foaming. Although there are a variety of
approaches to prepare polymer foams, the procedure can be simply concluded: formation of
polymer/gas mixture, bubble nucleation caused by thermodynamic instability (pressure drop or

temperature increase), subsequent bubble growth and foam structure stabilization.

It is well known that critical phenomena of physical foaming include bubble nucleation
and growth, which significantly affect the cell (bubble) structure (bubble density and bubble
diameter) of the foams. Several models simulating bubble nucleation and growth phenomena were
proposed based on classic nucleation theory (CNT).}> However, the classic nucleation theory

alone describes a thermodynamic process, which does not reflect the polymer nature, such as
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viscoelasticity and fluidity. It has not been sufficient to explain bubble nucleation in polymers,
which creates a significant challenge for foaming researchers to consolidate and advance polymer-
foaming technology. Considering the effect of shear stress, Han and Han studied bubble nucleation
in a shear flow field.® They pointed out that bubble nucleation could be promoted by shear flow
under unsaturation conditions with a physical blowing agent or flow of the material. Lee reported
a modified cavity model to understand the enhancement effect of shear on bubble nucleation.*®
He mentioned that shear was not only the dominant factor and that the melt temperature of the
polymer also had a substantial impact on bubble nucleation. Based on the energy transformation
from mechanical shear energy to surface energy, Chen and co-workers® explained that the shear
stress promotes bubble nucleation. Guo and Peng’ investigated the shear nucleation theory in
microcellular foam extrusion processes. They elucidated that shear effects acted as a main driving
force for bubble nucleation compared with the supersaturation in the microcellular foam extrusion.
To further investigate the influence of shear or extensional stress, many efforts have been done by
Wong et al..®*! and a visualization system has been employed for observation of batch foaming
process in a view cell under shear or extensional stress. They concluded that shear or extensional
stress played an essential role in enhancing bubble nucleation, and the reduction in local pressure
induced by tensile stress could benefit bubble nucleation. In contrast, the increase in local pressure
induced by compressive stress could hinder bubble nucleation. Wang et. al.'? identified the effect
of elastic strain energy on bubble nucleation and successfully prepared submicrocellular TPU
microfilms by stretching and compressing the samples before foaming. Their results showed that
both compression and stretching were beneficial for enhancing bubble nucleation, but compression
alone was not as effective as stretching because the energy barrier increased under compression.
They proposed a bubble nucleation model in their supporting information, which augmented the
elastic strain energy in the bubble nucleation rate equation to qualitatively explain the strain's effect
on cell density. The effect of extensional stress on the bubble nucleation rate is needed to
investigate the pressure or temperature quenching effect independently. Our previous work also
introduced an elastic strain energy function to the Gibbs free energy of the classical nucleation rate
equation to reflect the elastic nature of the polymer.t® The modified equation can apply to
nanocellular foam and engineering plastic foam, where the elasticity of the polymer is high.
However, it still has an ambiguity in the definition of the initial size of the bubble embryo and

difficulty in dealing with the shear or strain rates.
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This work used a kind of thermoplastic elastomer (TPE), styrene-isobutylene-styrene block
copolymer (SIBS), as a base polymer. The elastic nature of SIBS provides uniform elongational
deformation when it is stretched. Nonfoamed CO»-laden SIBS was prepared by a foam injection
molding machine with low gas delivery pressure and subsequently stretched by a tensile tester.
Changing the strain and stretching rate of the tensile tester, the gas-laden SIBS was stretched, and
the effects of stretching degree and rate, i.e., elastic strain energy and stretching rate, on bubble
nucleation rate were investigated to separate the effects of pressure and temperature quenching. A
bubble nucleation model including the elastic energy and stretching rate is proposed from the

stretching-induced foaming cell structure.

4.2 Experimental Section
4.2.1 Materials

Two grades of styrene-isobutylene-styrene block copolymer (SIBS073T and SIBS062M,
Kaneka, Osaka, Japan) were used as is. The melt flow rate, the number-average molecular weight,
M, and the weight-average molecular weight, My,,, of SIBS073T are 6.0 g/10 min (230 °C/2.16
kg), 58,000 and 81,000, respectively. Those of SIBS062M are 20.0 g/10 min (230 °C/2.16 kg),
39,000 and 65,000, respectively. Carbon dioxide (CO-) of 99% purity (Izumi Sanyo, Tokyo, Japan)
was utilized as a physical blowing agent (PBA).

4.2.2 Sample Preparation and Foaming Process

A foam injection molding (FIM) machine that does not need a high-pressure pumping
system was employed to prepare the gas-laden TPE without foaming the product. Further details
of the FIM can be found in our previous works.**®> The FIM machine is a 35-ton clamping force
electric injection molding machine, whose screw was 22 mm in diameter (J35AD-AD30H, Japan
Steel Work, Ltd. Japan). The mold has a rectangular cavity with dimensions of 40 mm x 10 mm x
2 mm. The cylinder temperatures were set as 40, 120, 180, 200, 200, 200, 200, and 200 °C from

the feeding zone to the nozzle zone. The experimental conditions are summarized in Table 1 below.
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Table 4.1 Experimental conditions for the low-pressure injection molding machine.

Parameters Values

Blowing agent CO2

Gas pressure (MPa) 2,3,4,5

Cylinder temperature (°C) 40, 120, 180, 200, 200, 200, 200,200
Mold temperature (°C) 30

Holding pressure (MPa) 30

Injection speed (mm/s) 20

Dwelling time (s) 6

Gas delivery pressure was kept below 5 MPa, to prevent the gas-laden samples from
foaming in the injection molding process. After ejection of a nonfoamed but gas-laden molded
sample, the sample was fixed to and stretched by a universal testing machine (Autograph AGS-
1kN, Shimazu, Japan). Before fixing the sample to the tensile tester, the weight of the sample was
measured, and its spur was cut out. Uniaxial stretching was conducted at different stretching rates
of 50, 100, 200, and 400 mm/min. The final strain was also changed to three levels, 100, 200 and
300%.

4.2.3 Foam Structure Characterization

The cell structure, e.g. bubble density and bubble size, of the stretching-induced foams
was evaluated using a scanning electron microscope (Tiny-SEM Mighty-8, Technex, Tokyo,
Japan). A small slice specimen was cut from the center of the stretching-induced foam and
cryogenically fractured in liquid nitrogen. The cross-sectional area 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 number-average bubble diameter was calculated by Eq.
(4_1):16-17

_ Xdyny

= 4-1
4= (4-1)
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where n; is the number of bubbles with a diameter of di. The bubble shape is assumed to be
spherical. The bubble density (No) was calculated by Eq. (4-2):*>

N =(5) @-2)

where n represents the total number of bubbles in the chosen area of the SEM image and A is the

selected area.

4.3 Stretching Rate-Dependent Energy Barrier of Bubble Nucleation
4.3.1 Model

According to classical nucleation theory described in Section 1.2 of Chapter 1, bubble
nucleation in polymer foaming was expressed by Eq. (4-3), comprising of the volume energy

difference and surface energy difference energy':

4m 3 )
AG = ——=R (Poupbie — Psys) + 4mR?y (4-3)
where Prusbie and Psys are the pressures in the bubble nucleus and in the system respectively. y is

the surface tension between gas and liquid.

However, the classical nucleation theory cannot be fully accepted in the polymer foaming
process due to the polymer’s viscoelastic nature. Referring to a theory of stretching-induced craze
formation of the polymer, Wang et al.'? introduced elastic strain energy barrier densities, Ag,,

and Agg;, into the Gibbs free energy:

4 3 .
AG = _?R [(Pbubble - Psys) - Ageb + Agst] + 4R Y (4'4)
Agse = Agp + Agq (4-5)

Ag.p denotes the critical distortion energy density and Ags; is the total elastic strain energy
density, which is further divided into the dilatational energy density, Ag,, and distortional energy
density, Ag,, The continuum mechanism*®1® and the von Mises theory?®?” give those energy

densities as a function of Poisson’s ratio, v, the elastic modulus, £, the dilatational stress, g3, von
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Mises stress, a,,,,, the stress at yield, o,, yield stress, o,, and dimensionless constant, ... The details

of those functions are given by Eqgs. (4-21) — (4-24) in the Supporting Information.

The homogenous bubble nucleation activation energy barrier for tensile stress was given
by Eq. (4-6):

161‘[)/3 (4-6)

AGom =
. 3[(Pbubble - Psys) + Agst - Ageb]2

If considering the presence of the nucleating agent, the heterogenous bubble nucleation
activation energy barrier AG;,, can be formulated by adding a term F (6, ), which can be found

in similar form as Eq. (1-4) in Chapter 1.

The homogenous bubble nucleation energy barrier became a function of Ag,; and Ag,;, in
addition to the degree of supersaturation, Ppyppe — Psys, and surface tension, y. Based on these
Egs. (4-4) — (4-6), Wang et al. qualitatively explained why stretching or compressing the polymers
before batch physical foaming could enhance bubble nucleation. However, they did not consider

the effect of the stretching rate (strain rate) on the dilatational and distortional energy densities.

In this chapter, we considered the strain rate (in s*) dependency when formulating both
energy densities, Agg; and Ag,,,, based on the yield criterion that Yu et al. proposed.?®?® They
developed a strain rate-dependent yield criterion, starting the following constitutive equation of a
linear elastic stage of orthotropic materials. Using rectangular Cartesian coordinates with principal
stress (o1, 0,, a3) and strain (&;, &;, €3), they described the strain rate-dependent yield criterion.
When considering the uniaxial loading (stretching or compressing) direction (axis-1), they derived
the distortional strain energy density, u,, and the total strain energy density, u,, with strain, &; and

strain rate, &, as follows:

Ug = A2 + Ay €D (4-7)
U = 1B 2 +lB & &8 (4-8)

where Az, Az, B1, and B> are defined by:

99



3
1 1
A = > (k11 — Va1k1z — V31kq3) — 18 z kij (1= vy —v31)? (4-9)

ij=1

3
1 1 1
A; = 2 (fir + (=v21)" frz + (=v31)" f13) — 2 3n+t 2 fij (1 =vy — v3)™ (4-10)

ij=1
By = ki1 — Va1k1p — V31k3 (4-11)

B, = fi1 + (—v20)" fiz + (—v31)" f13 (4-12)

where v;; are Poisson’s ratios. k;; are the elastic stiffness coefficients in the constitutive equation,
relating between strain and stress by Hooke’s law.?®% f;; are the coefficients, expressing the

relationship between the stress and strain rate. The constitutive equation is denoted by Eq. (4-25)
in the Supporting Information, and the matrices are shown in Eq. (4-26).

Then, they gave a yield criterion as a relationship between the critical distortional energy

density, ugs, and the distortional energy density, u,.

1+v
Ug < Ugs = 3—EO'; (4-13)

Assuming the critical distortional energy density governs the yield, the relationship among
the critical distortional energy density, u,,, Yield stress, o,, and yield strain, &, was derived using
Egs. (4-14) — (4-15) as:

Ugs = A1€32, + Azgyé? (4_14)
0y = B1g, + By} (4-15)
We used their critical distortional energy density, u,,, (EQ. (4-14)) as Ag,;, and their total

strain energy desnity, u. (EQ. (4-8)) as Agg; in the Gibbs free energy of the bubble nucleation (Eqg.
(4-6)), i.e.

Ageb = A1£32, + Azgyé? (4-16)
1 2, 1 n
Agse = 53151 + 5325151 (4-17)
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Substituting Eqgs. (4-16) and (4-17) into Eq. (4-6) gives the homogenous nucleation energy
barrier under tensile stress in combination with the strain rate:
_ 16my?

AG;;om - 1 ) 1 ) . 2 (4'18)
3 [(Pbubble - Psys) t5B& + 719251511 — (A5 + Azgyg?)]

To use Eq. (4-18), A1, A2, B1, B2 and n must be identified. In this study, Poisson’s ratio Vij
is assumed to be strain rate-independent® and equal in value for all directions, i.e., vij= v (constant).
It was assumed to be 0.49 (SIBS is a type of elastomer whose Poisson’s ratio is generally close to
0.5). To determine these parameter values, one-directional stretching tests with various stretching

rates (in mm/min) were needed.

4.3.2 Tensile Test for Determining Energy Density Parameters

Tensile tests with various stretching rates were performed, including one quasi-static test
(1 mm/min) and four dynamic tests (50, 100, 200, and 400 mm/min). First, a yield point (&, g,)
was determined from the one quasi-static test result. The critical distortional energy density, uyq,
was determined by Eq. (4-13) with the obtained o, and E. Then, A; was calculated using Eq. (4-
14) with &, assuming that the strain rate, £;, was regarded as zero for the quasi-static test data.

Then, A2 was determined by transforming Eq. (4-14) into Eq. (4-19) using other dynamic test data

with the calculated A1 value.

u
log(—=> — Arg,) = log(Az¢]) = log(4;) +nlog(¢)  (4-19)
y

Similarly, Bi1, was determined by Eq. (4-15) using &, and a,, of quasi-static test data.
Then, B, was determined by transforming Eq. (4-15) into Eq. (4-20) and using more than four sets

of data of ¢, 0, and constant strain rate, &; .
log(oy, — B1&y) = log(B,£1") = log(B,) + nlog(é;) (4-20)

Another method of determining A: and By values with Poisson’s ratio and the elastic
modulus, E, which Yu et al.?® proposed, was summarized and performed in the Supporting

Information.
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4.4 Results and Discussion

4.4.1 Tensile Test Data and Parameter Values

Figure 4.1 shows strain—stress curves of quasi-static and dynamic tests of solid samples of

SIBS073T and SIBS062M, respectively. These results demonstrated an increase in the yield stress

with increasing stretching rate.
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Figure 4.1 Strain—stress curves of quasi-static and dynamic tests of solid samples (A) SIBS073T

and (B) SIBS062M.

Figure 4.2 shows how to obtain ¢, and o, from a strain—stress (S—-S) curve of the tensile

test. The black dashed line was drawn as a slope of the linear part of the strain—stress curve. Then,
the dashed line was shifted to a 0.2% strain offset called the 0.2% offset method,®? and
intersected with the S-S curve. The crossover point is regarded as the yield point. As a

consequence, &, and o, were obtained. The 0.2% strain offset method is generally used to

determine the yield point when elastic region and plastic region of polymer are difficult to

distinguish. The reason for choosing 0.2% of strain is that, it is easily and simply measurable while

exact enough for most engineering purposes. The parameter values of A1, A2, B1, B2 and n were

determined by following the procedure described in the previous section as listed in Table 4.2.
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Figure 4.2 Scheme of determining ¢, and a,, from S-S curve.
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Table 4.2 Estimated parameters based on quasi-static and dynamic tensile tests of different grades

of SIBS.

Parameters

A; (MPa)

A, (MPa-s")

B, (MPa)

B, (MPa-s")

Ag.p In quasi-static test (MPa)
n

Poisson’s ratio (assumed)

SIBSO73T
4.76
-4.34x10?
9.56
5.50x10*
6.17x1073
0.47

0.49

SIBS062M
0.37
-6.59x1072
0.74
1.39x101
1.70x10*
0.57

0.49

4.4.2 Stretching-Induced Foaming

Figure 4.3 shows a series of snapshots of stretching-induced foaming of 5 MPa sample at

a stretching rate of 50 mm/min and a strain of 300%. The gas-laden SIBS samples were prepared

by reducing the delivery pressure enough to 5 MPa suppress the bubble nucleation caused by

supersaturation, Pyyppie — Psys-
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Figure 4.3 A series of snapshots of stretching-induced foaming at 50 mm/min stretching rate with

300% final strain (gas delivery pressure: 5 MPa).

The sample became white due to the occurrence of bubble nucleation in the polymer, and
the whiteness increased as the strain increased. The digital camera images of SIBS samples before

and after being stretched to 300% linear strain are given in Figures 4.9 and 4.10 in the Supporting

Information.
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Figure 4.4 CO; contents in SIBS before stretching at room temperature.

Figure 4.4 shows the gas content of the gas-laden SIBS just after removing the samples
from the injection molding process. The contents were calculated from the weight gain of the
sample prepared under the designated gas delivery from one with no gas delivery. Because gas
diffusion exists during weighing, the gas contents were not equivalent to the equilibrium solubility
of CO: in SIBS. On the other hand, the weight gain reflected the gas contents before stretching.
The important point that Figure 4.4 indicates is that the CO. content in SIBS increased with

increasing delivery pressure at FIM.
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To clarify the effects of gas contents, elastic modulus, and stretching rates on cell structure,
stretching-induced foaming experiments were carried out by changing the gas delivery pressure of
the injection molding process at three levels and the stretching rate of the tensile test for two grades
of SIBS (073T and 062M) with different elastic moduli. The maximum strain was set to 300%,
and the stretching rate was changed at four levels (50, 100, 200, and 400 mm/min).

4.4.3 Effect of Pressure on Cell Structure

Figure 4.5 shows the effect of CO> content on the cell structure of stretching-induced foams
of SIBS073T prepared by stretching at the maximum stretching rate of 400 mm/min to 300% strain.
When delivering CO> to SIBS062M at 5 MPa, it was not easy to prevent foaming caused by
supersaturation. While delivering CO> to SIBS073T at 2 MPa, no foaming occurred during the
stretching process. In addition, the bubble density increased as the CO» content increased for both
polymers. SIBS062M foams showed a larger bubble size than SIBS073T because SIBS062M has

a lower COz content, as shown in Figure 4.4.

3 MPa, 400 mm/mm 4 MPa, 400 mm/min 5 MPa 400 mm/min
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Figure 4.5 SEM images of the stretching-induced foams of SIBS073T and 062M with various

pressures.
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4.4.4 Effect of Stretching Rate on Cell Structure

Figure 4.6 shows the SEM images of the cell structure of the stretching-induced foam of
SIBS073T prepared at different stretching rates, 50, 200, and 400 mm/min with 300 % strain under
5 MPa delivery pressure. The SEM images of unstretched CO»-laden SIBS073T and SIBS062M,
prepared at different delivery pressures, were given in Figures 4.14 and 4.15 in Supporting
Information, showing a few larger bubbles were observed than the stretching-induced foaming
samples.

50 mm/min, 300% strain 200 mm/min, 300% strain | 400 mm/min, 300% strain

e

Figure 4.6 SEM images of the cell structure of stretching-induced foams of SIBS073T at different
stretching rates (50, 200 and 400 mm/min) with strains of 300% and 5 MPa delivery pressure.
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Figure 4.7 Bubble densities and diameters of stretching-induced SIBS073T (a, b) and SIBS062M

(c, d) foams prepared at different stretching rates with 300% strain.

As the stretching rate increased, the bubble density increased, and the bubble size decreased.
These trends can be clearly observed in Figure 4.7. Figure 4.7 shows the bubble density and
diameter of the stretching-induced foams of SIBSO073T and SIBS062M prepared at different

stretching rates with 300% strain.

When the stretching rate and strain were set to 400 mm/min and 300% respectively, with
5 MPa CO; delivery pressure, the bubble density was approximately 5.74 x10” bubbles/cm?®, which
was approximately 2.6 times greater than that prepared at 50 mm/min with 5 MPa CO delivery
pressure (Figure 4.7a). The sensitivity of the bubble density to the stretching rate increased as the
CO2 content increased. When comparing Figures. 4.7a with 4.7c, it can be said that the higher
elastic SIBSO73T bubble nucleation is more sensitive to the stretching rate.

These trends can be explained using Gibbs free energy equation, Eq. (4-18), with the
estimated A2 and B values. Because A is negative and B: is positive, with the increased stretching
rate, the denominator of Eq. (4-18) increases, and the energy barrier, AGjom, IS lower. As a
consequence, bubble nucleation is promoted by an increased stretching rate. Comparing these
values of SIBSO073T with those of SIBS062M, the values of SIBSO73T are larger. As a result, the
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sensitivity of bubble density to the stretching rate becomes greater with SIBS073T than with
SIBS062M.

Furthermore, the gas content in the polymer before stretching was increased when the gas

delivery pressure was increased. Thus, the degree of supersaturation term in Eg. (4-18),

(Pbubble — Psys), should become more significant as the gas content increases. Since the bubble

nucleation rate, J, is an exponential function of AG o, 1.€., ] < exp(— Ai%), the sensitivity of

bubble nucleation to the stretching rate is greater at higher gas contents.

4.4 .5 Effect of Strain on Cell Structure

Figure 4.8 summarizes the bubble densities and diameters of the stretching-induced foams
of SIBS073T and SIBS062M with different strains. Figures 4.12 and 4.13 show the SEM images
with various strains. Stretching was performed at a 400 mm/min stretching rate with three different
final strains, 100, 200, and 300%, just after removing the polymer from the FIM, where the gas
delivery pressure was changed at three levels. As the strain increased, the bubble density increased,
and the bubble size decreased. The sensitivity of the bubble density of SIBS073T to the final strain
was greater than that of SIBS062M, and the bubble nucleation barrier difference for SIBS073T
and SIBS062M could be a key factor that affected the foam morphology. The sensitivity increased

with the gas delivery pressure.
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Figure 4.8 Bubble density and diameter of stretching-induced foams of SIBS073T (a, b) and
SIBS062M (c, d) at three different strains with a 400 mm/min stretching rate.

These experimental results can also be explained using Eq. (4-14) with the estimated B:
and B: values. Both values are positive, and AGy,.,, Was decreased by increasing the strain, ;.
Then, bubble nucleation was enhanced. Comparing the B1 and B> values of SIBS073T with those
of SIBS062M, the values of SIBS073T are larger than those of SIBS062M. As a result, the
sensitivity of bubble density to the strain becomes greater with SIBS073T than with SIBS062M.
The effect of the gas delivery pressure on the sensitivity can be explained in the same way as the
effect of the stretching rate on the bubble nucleation at different gas delivery pressures.

4.5 Conclusion

In this chapter, we conducted the stretching-induced foaming of a TPE, SIBS, using a
tensile tester and foam injection molding machine. Two grades of SIBS with different elastic
moduli were used. We fabricated foams with different bubble densities and sizes by changing the
gas content of the gas-laden TPE, stretching rate, and final strain. We found that the larger the gas
content was, the more significant the stretching rate and stretching amount (final strain) promoted

bubble nucleation. Furthermore, the higher the elastic modulus TPE was stretched, the more
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significant the stretching rate and amount (final strain) promoting the bubble nucleation. These
experimental results suggested that the distortion energy and the elastic strain energy are essential
factors of the thermoplastic elastomer foaming process and effectively enhance bubble nucleation.
We could explain these experimental results by employing the Gibbs free energy of the classical
nucleation theory for bubble nucleation with the critical distortion, and the total elastic strain
energy density terms described as functions of stretching rate and strain. The increase in stretching
rate and stretching amount reduces the energy barrier of bubble nucleation and provides an extra
driving force of bubble nucleation.

The proposed bubble nucleation rate model is not precise enough to simulate the cell
morphology, i.e., bubble density and size of the stretching-induced foam. When CO2-laden
elastomers are prepared, the plasticization effect may occur and change the rheological property,
which affects the value of parameters A1, Az, B1, and B of the proposed model because these
parameter values are determined from the rheological property. To precisely simulate the cell
morphology of stretching-induced foaming, the plasticization effect on the elastic modulus, surface
tension, and viscosity should be considered with the combination of the nucleation model with

bubble growth and total mass balance models.

The knowledge obtained through this study can be utilized for practical foam processing
of TPE, where it has been considered that TPE’s physical foaming is difficult to be perform. One
directional or biaxial stretching just after foam extrusion dies would enhance bubble nucleation

and produce microcellular TPE by a physical foaming agent.
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S4 Supporting Information

S4.1 Some More Details of Gibbs Free Energy that Prof Park’s Group Proposed
Wang et al.! introduced an elastic strain energy barrier, 4Ges, and AG,, and their densities

into the Gibbs free energy:

AG = —ZR*(Pyuppie — Prys) + 4TR2Y + MGy, + MGy

AGep + MGy = AGyp + AG), + AGy = —“"TRg (—Agep +Dgn +Agy)  (4-21)
Agn = 3(1—]5217) o (4-22)
Agy === ol (4-23)
Agep === 02 = 22 (0y — poy)? (4-24)

In their notation, AGst represents the elastic strain energy stored at the nucleation sites right
before bubble nucleation. It is further divided into dilatational energy, 4G, and distortional energy,
AGq. Introducing the energy density (energies per unit volume) Ag.,, Agn, and Ag,, Gibbs free
energy is described with the dilatational and distortional energies when a bubble with radius R is
born. The continuum mechanism? and the von Mises theory® give Eq. (4-21) with Poison’s ratio,
v, and the elastic modulus, E, the dilatational stress, a,, von Mises stress, o,,,,,, the stress at yield,

o., yield stress, o,, and dimensionless constant, .

S4.2 Constitutive Equations with Elastic Stiffness Coefficients
Yu et al.* developed a yield criterion as a function of strain rate, starting from the following

constitutive equation:*®

o= Ce+ F&" (4-25)
where & and & are total strain and strain rate tensors. n is a material constant describing the strain
rate sensitivity of stress. C is elastic stiffness matrix relating between strain and stress by Hooke’s
law. F is the coefficient matrix concerning the stress and strain rate relationship, which is assumed

to have similar structure in form with elastic stiffness matrix C. These two matrices are expressed

by:
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S4.3 How to Calculate A1 and B1 From the Elastic Stiffness Matrix and Poisson’s Ratio

From the literature,® we can know the elastic stiffness matrix of an isotropic material (Eq.

(4-27)).5 If we regard SIBS as an isotropic material, A1 can be calculated with k,, k;, and k3
(seen in Eq. (4-28)).
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Using Egs. (4-26) and (4-27) to get kij (i = 1,2,3, j = 1,2,3) (Poisson’s ratio is assumed to
be 0.49 and E can be obtained from S-S curve). The A; and B can be obtained by using Eq. (4-
29) and Eq. (4-30) respectively.

(k11
J k12

E
L kis = (1+v)(1-2v)

= (1+v)(1-2v)

= (1+v)(1-2v)

E X (1-v)

T % (1-v) (4-28)

Xv

3
1 1
A = 2 (k11 — Varkip — v31kq3) — 18 Z kij (1 —vy — 1731)2

ij=1

By = ki1 — Va1k12 — V31kq3

where Poisson’s ratio Vv is equal in value for all directions. i.e., vij=Vv (constant).

(4-29)

(4-30)
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S4.4 Digital Camera Image of the Stretching-Induced Foaming

Figures 4.9 and 4.10 show the digital camera picture of unstretched and stretched gas-laden
SIBS073T (3, 4, 5 MPa) and SIBS062M (2, 3, 4 MPa) after a few hours after injection molding.
The first samples on the left were unstretched. The pictures of stretched samples were taken after
stretched to linear strain of 300%. The numbers indicate the stretching rate, where 1, 2, 3 and 4
represent 50, 100, 200 and 400 mm/min respectively. Stretched samples of all conditions turned

white due to foaming, which could be seen in all these pictures.

Figure 4.9 Digital camera picture of unstretched and stretched gas-laden SIBS073T with various

pressures.
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Figure 4.10 Digital camera picture of unstretched and stretched gas-laden SIBS062M with various

pressures.

S4.5 SEM Images of SIBS062M at Various Stretching Rates with 300% Stain and 4 MPa

Delivery Pressure

Figure 4.11 show SEM images of SIBS062M stretching-induced foams at different
stretching rates with a strain of 300% and a delivery pressure of 4 MPa, indicating that higher
stretching rate (400 mm/min) is more beneficial for increasing the bubble density, compared with

lower stretching rate (50 mm/min).

50 mm/min, 300%b strain 200 mm/min, 300% strain

€

400 mm/min, 300% strain

Figure 4.11 SEM images of the cell structure of stretching-induced foams of SIBS062M at
different stretching rates (50, 200 and 400 mm/min) with strains of 300% and 4 MPa delivery

pressure.
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S4.6 SEM Images of SIBS073T and 062M Stretching-Induced Foam at Various Strains
with Stretching Rate of 400 mm/min
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Figure 4.12 SEM images of cell structure of stretching-induced foams of SIBS073T at different
strains (100, 200 and 300%) with stretching rate of 400 mm/min and different CO, delivery

pressure.
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Figure 4.13 SEM images of cell structure of stretching-induced foams of SIBS062M at different
strains (100, 200 and 300%) with stretching rate of 400 mm/min and different CO, delivery

pressure.

S4.7 SEM Images of SIBS073T and 062M Unstretched CO2-Laden Samples

Figures 4.14 and 4.15 shows morphology of CO2-laden SIBS073T and 062M samples
without stretching, respectively. Apparently, no bubbles could be seen under all pressures for
SIBS073T as shown in Figure 4.14, while there were some bubbles for SIBS062M in Figure 4.15.
Even though bubbles could be observed without stretching for SIBS062M, bubble density was
way lower, and bubble size was much larger than those with stretching shown in Figure 4.11 when
compared at the same high magnification (Figure 4.15(A"), (B") and (C")). It indicates that the
positive effect of stretching rates on bubble nucleation for SIBS062M could be also clarified.
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Unstretched, low magnification Unstretched, high magnification
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Figure 4.14 SEM images of unstretched CO.-laden SIBS073T samples. (A), (B) and (C) represent
unstretched samples with 3, 4 and 5 MPa at low magnification, respectively; (A"), (B') and (C')

represent unstretched samples with 3, 4 and 5 MPa at high magnification, respectively.
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Unstretched, low magnification Unstretched, high magnification

Unstretched, high magnification

¥

Figure 4.15 SEM images of unstretched CO2-laden SIBS062M samples. (A), (B) and (C) represent
unstretched samples with 2, 3 and 4 MPa at low magnification, respectively; (A'), (B') and (C")

represent unstretched samples with 2, 3 and 4 MPa at high magnification, respectively.
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Chapter 5 General Conclusion

5.1 Conclusion of Each Chapter

This dissertation has introduced several issues in microcellular foam injection molding and
methods to improve the foamability and performances. In Chapter 1, the basic knowledge about

polymer foaming was discussed, and purposes of this dissertation were revealed.

In Chapter 2, microcellular foaming injection molding of a kind of amorphous
thermoplastic elastomer SIBS was conducted with high pressure of N2. By introducing a semi-
crystalline polymer PP, the foamability can be improved in foam injection molding processes. By
adjusting the foaming temperature to the crystallization temperature of PP, it is shown that PP
crystals promote the generation of bubble nucleation sites and increase the viscosity to suppress
bubble growth. Microcellular foams with introduction of PP possesses high cell density and small
cell size, which were achieved at 10® cells/cm® and about 13 um respectively. Additionally,
shrinkage has been one of critical issues of injection-molded elastomer foams, as described in
advance in Dissertation Overview of Chapter 1. The result of shrinkage ratio change shown in
Figure 11, PP can also impede the shrinkage of SIBS foams.

In Chapter 3, a novel method has been proposed to reduce the surface imperfections of
injection-molded PP foam from the viewpoint of material property perspective. By introducing
SIBS, reduced viscosity lower than crystallization temperature can have positive effect on
reduction of surface imperfection, where bubbles can be easily dissolved at polymer/mold interface.
However, since there is no significant crystallization retarding effect of SIBS. Interestingly,
increased Sa with increasing SIBS content can be obtained, which can be possibly owing to large
bubble size caused by large-sized domains. This phenomenon limits the efficacy of SIBS on
surface improvement. LMPP and MD were used as surface appearance modifier based on different
mechanism: LMPP is able to delay the crystallization of HPP at the skin layer and also
solidification, which is allowed to have enough time to squeeze the bubbles smaller; MD has
efficacy in increasing the viscosity at high temperature during the filling stage, which is helpful to
reduce the generated bubble size at the flow front. The results also indicate the prominent effect
of LMPP and MD on surface appearance improvement. Surface roughness (Sa) of HPP/60%LMPP
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foam can achieve as low as 4.03 um, compared with that of HPP foam (9.79 um), while Sa of
HPP/30%LMPP/0.3%MD foam is around 5.09 um.

In Chapter 4, a method of stretching-induced microcellular foaming of gas-laden SIBS has
been proposed. As described in Dissertation Overview of Chapter 1, there is difficulty in
fabricating microcellular injection-molded SIBS foam with low pressure of blowing agent.
Whereas, gas-laden SIBS with low-pressure CO> can be prepared. Hence, stretching-induced
microcellular foaming has been conducted to promote the generation of bubbles. It is demonstrated
that high-pressure blowing agents, high stretching rates and high strains are favorable to high
bubble densities and small bubble sizes. By comparing A1, B1 and B2 of SIBS073T and SIBS062M,
sensitivity of bubble density to stretching rate and strain with both SIBS has been explained.
Furthermore, proposed stretching rate-dependent model with bubble growth and total mass balance

models can be combined for precise simulation in the future.

5.2 Future Prospects

This dissertation mainly focuses the microcellular foaming of thermoplastic elastomer. As
discussed in Chapter 3, SIBS has potential in biomedical application owing to its biocompatibility
and biostability. More significantly, SIBS possesses similar biocompatibility with much better
dynamic fatigue properties in comparison with those of silicone rubber.'? In recent years, a variety
of studies concentrating on SIBS application in biomedical area. For example, a liquid-infused
SIBS microfiber coating was prepared by Yuan. et al.,®> which could help reduce the infection and
thrombosis when coated on the medical device. Zhu et al.* reported that sulfonated SIBS (S-SIBS)
showed better hemocompatibility with superior inflammation reduction property compared with
standard drug-cluting stents. Despite biomedical applications, Elabd et al.® found the higher iso-
exchange capacity of S-SIBS and revealed higher proton conductivity compared with those of
sulfonated polystyrene and Nafion 117. Based on this findings, Ramos-Rivera et al.® fabricated
poly(arylene ether sulfone)/S-SIBS proton exchange membranes for direct methanol fuel cell ,
where blend membranes showed enhanced transport properties and proton conductivity. These
properties and applications of SIBS signify the potential applications and promising future of SIBS

foaming.
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Besides SIBS, physical foaming of other thermoplastic elastomer has also been attractive
in the future. Elastomer foams in various shape such as microfilm, films, sheet, bead foams can be
prepared by physical foaming technologies (e.g. foam injection molding) for different purposes.’
It is possible and potential for researchers to fabricate thermoplastic elastomer foams with valuable

properties for specific applications.
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