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Chapter 1

General Introduction

1.1. Introductory Remarks

The term “plastic materials” is frequently used fogh-molecular polymers
which can be manufactured in many different ways tutheir formability. Therefore,
polymers are among the most coveted materialsesetidlays. The fact that they can be
shaped at lower temperatures than metals andrtiatively low cost make them more
promising than traditionally- used materials sustwaod, glass, ceramics, fc.

Since the global market for polymers is growingasty® a manifold of
processing techniques related to reforming of [waskaterial exists. These techniques
can be divided into primary and secondary shapirethods. Among the primary
shaping methods are, for example, extrusion arettion molding. During extrusion,
neat polymers or blends, i.e., systems consistinigvo or more polymers, are in the
molten state and mechanically pumped through @nttea profile of any shape such as
a plate or a tube for further processing. Conttarthat, the injection molding process is
used to manufacture the end product directly fromrmelt and the polymeric starting
material, respectively. The melt is forced intoawity having the shape of the desired
end product and it remains there until solidifioati The cavity is opened afterwards
and the next batch can be prepared. Today, infeatiolding is among the most applied
polymer processing methods and more than 30 %l dh@moplastic components are

injection molded®



The production steps following the extrusion precase known as secondary
shaping methods. They are applied either afteptigmer melt left extruder’s die or
after the sample already cooled down.

Further processing of the cooled samples can be dgrthermoforming. Here,
sheets of thermoplastic material are heated upeio $oftening temperature before they
take up their new shapes of a cooled mould usiegwa, pressurized air, or a forming
tool [

Beside that, fiber spinning and blow molding areyveommon processes for
extruded melts. The first method is used to marufacfibers and lines. The molten
polymer is forced vertically through several hales flat plate or a spinneret before the
emerging threads are cross currently air cooled saretched by winding them on a
bobbin!*! Nylon, e.g., is a very common material for fibpimming!

Blow molding is the most popular way of manufaatgrihollow structures
such as PET bottles and was borrowed from the gralisstry®® A sleeve shaped
parison of plastic is fixed between two mould halvithe halves are closed mechanically,
and the sample is subsequently blown up with afterAsolidification the sample is
ejected and a new batch can be manufact(iréd.

The aforementioned processes are commonly usededioape the plastic
material macroscopically. Contrary to that, foamisga method to modify polymer
matrix on micro or nano scale. It can be appligtegi during primary shaping, e.g.

injection moldind? or in a subsequent st&f.



1.2. Foaming of polymersand their blends

Polymeric materials which consist of a solid phesetaining gas filled voids
are called polymer foams. The solid phase can lb@r@opolymer or a blend consisting
of two or more components and the gas phase cgererated in three different ways.
Gas can be mixed with a polymer or a polymer sotifi or blowing agents can be
used which are either chemical or physitAlEach way of foaming polymers will be

explained in detail in the following sections.

1.2.1. Foaming by mixing polymersand polymer solutionswith gases

The mechanical mixing of polymers with gases temiused to create foams of
natural as well as synthetic rubbers. Vieweg ancekilef” summarized the
experimental procedure briefly. Aqueous polymeusohs and aqueous dispersions are
initially mixed with gas before gelation and harotgntakes place. During the gelation
step, water is removed by drying and a solid, fahpaymer can be obtained. Aqueous
polymer solutions consisting of polyvinyl alcoh®&\A), e.g., are hardened by creating

PVA polymer networks after mixing process.

1.2.2. Foaming with chemical blowing agents (CBA)

Chemical blowing agents can be classified into gaoic and organic
substances and both types liberate gaseous contpameater certain thermal conditions.
Solid inorganic blowing agents are, e.g., ammonaambonate and carbonates of alkali
metals such as sodium bicarbonate. These compaurdsell known for a long time
but two major disadvantages can be pointed oustlfrit is difficult to disperse the

blowing agent homogeneously in the polymer matmd aecondly, the thermally



induced decomposition reactions are reversifie.

The advantage of using organic blowing agents aust# inorganic ones is the
fact that thermal decompositions are irreversibtereover, they can be dissolved
homogeneously in the polymer. Well known substamntéiis field are, e. g., N- nitroso
compounds, carbazides, and urea deriV&teBepending on the used CBA, the gaseous
decomposition products can be, e.g., nitrogen) @ ammonia (NH). Figure 1.1

displays irreversible, thermal decomposition of C&%ematically.

CBA Qi CBA Jug CBA Thermal decomposition A gas gas A gas
CBA CBA CBA g
CBA—A + gas (g9) A A
CBA CBA CBA gas gas gas
Polymer matrix containing CBA Foamed matrix containing

component A
Figure 1.1. Scheme of a foaming process using a chemical hbpvagent which
decomposes irreversibly into residue A and a gaspoduct.

1.2.3. Foaming with physical blowing agents (PBA)

Contrary to CBAs, physical blowing agents (PBAh cgither be a gas or a
volatile liquid with a low boiling point. They dooh compose thermally, but their
expandability is exploited. The large group of cbftuorocarbons (CFC) such as
trichlorofluoromethane (CFC- 11), dichlorodifluorethane (CFC- 12), or 1, 2-
dichloro- 1, 1, 2, 2- tetrafluoroethane (CFC- 1b®long to PBAS$® Since their
negative impact on earth’s stratospheric ozoner lsye/ell known, the use of CFCs as

possible blowing agents was drastically reducedm@ments such as pentane and



hydrofluorocarbons (HCEf ™" were taken instead to overcome the phase- ouEGKC

Behravesh et &%, e. g., used a mixture of PBA as well as CBA. Theyed
polypropylene with isopentane and hydrocerol whicisists of sodium bicarbonate
and citric acid. The latter substance decomposeteatted temperatures and liberated
carbon dioxide (Cg) as well as several other compounds, e.g. citiaceid/ itaconic
acid (GHgO,) and sodium carbonate (pG0O3). CO, worked as primary blowing agent
but was not sufficient to decrease the bulk foamsidg; therefore, the dissolved
isopentane was used to diffuse into the,G@cleated cells. An additional bubble
nucleation by isopentane possibly occurred becdhse products of decomposed
hydrocerol could induce heterogeneous nucleation.

Another approach of manufacturing polymer foams bandone by using
blowing agents such as nitrogen or carbon dioXide! These two blowing agents are
among the environmentally most benign ¢ffeand can be used for applications in the
field of food industry, e. g. as food trays, and foedical application§¥ The first
experiments on creating gas infused microcellwdanfs were conducted approximately
three decades ago when industrial needs for a eedupolymeric packaging material
increased” Initial studies were done using amorphous polgstg'” but the number
of investigated polymers as well as polymer bleimdseased since that point of time:
Baldwin et al?*?¥ e. g., used sheets of poly (ethylene terephta(RET) and a PET
resin containing polyolefin as nucleating agentre;ldifferences in density and size of
the foamed bubbles were determined for the invatgd)systems in the amorphous as
well as in the semi-crystalline state.

Another research was done by Abu-Zahra é*alhey blended poly (vinyl

chloride) (PVC) with several types of nanoclayge.calcium montmorillonite clay and



magnesium lithium silicate clay, before an extraspzocess for foaming was applied.
Their experimental results were analyzed in terfisutk foam density, bubbles sizes,
bubble densities, and mechanical properties.

Since biopolymers from natural resources becamee mattractive and
important in the last yeals;?® several foaming experimefff&®”! with biomaterials
were done, too.

The physical foaming process consists of two meepss At first, the polymer
is saturated with a gas under higher pressure.bEnefits of the latter state are high
solubility of gas, similar to organic solvents, theggher diffusivity of gas into the
polymer as well as the significant reduction ofsgldransition temperatu?@?%] The
subsequent step consists of cell nucleation andblbulgrowth. Therefore, a
thermodynamic instability has to be created. This either be done by a rapid pressure
quench®¥ or by an increase of temperatlig.Figure 1.2. depicts the principle of
aforementioned methods to create a thermodynanstability. The gas sorption

process can take place in the subcritical as vgal éhe supercritical state.



Gas saturation

Rapid Rapid
pressure or: temperature

quench % increase

Figure 1.2. The principle of batch foaming with a PBA. Bubbtzs) nucleate and grow
either by rapid gas expansion or by rapid decredgms’ diffusivity as result of rapid
temperature increase. Figure 1.2-a depicts theasmiriof a neat polymer (here:
polystyrene) before gas saturation and Figure 1sBdws the polystyrene foam after

rapid pressure quench from the supercritical stalgmospheric pressure.



1.3. Céll morphologies

Two characteristic cell morphologies can be obthibg foaming a polymeric
specimen in the aforementioned ways. On the ond haran happen that cell walls of
the growing bubbles resist the occurring stressdadot rupture. In this case a closed
cellular structure is generated. Zhu é2héxplained this on the base of higher elasticity
of the polymer matrix at foaming temperature. Oa dther hand it is possible that cell
walls of growing bubbles are destroyed during baliowth which can be caused by
local differences in elasticity due to structurahisatropy®¥ different melting
temperatures of crystalline polymétd, geometrical constraints, and induced shear
forces acting during foaming on the polymer matixich can be caused by a second
phase, such as a polymer or dispersed particldeimatrix®> Foams with high open
cell contents can be used as porous materials dutheir high gas and liquid
permeability. Ruckdaschel et*3l summarized several ways of creating open- cellular
foams as well as foams having bimodal cellular cttmes. Immiscible multiphase
blends are crucial for creating aforementionedcstimes in one- step foaming processes.

Figure 1.3 displays examples of foams having ajexoand b) open cellular
structures, respectively. It has to be pointed that bubbles with non-ruptured cell

walls even exist for high open cell contents.



Figure 1.3. Morphology of foams with a) closed cellular struet@nd b) open cellular
structure. Figure 1.3-a corresponds to a polysex@olymethyl methacrylate system

and Figure 1.3-b corresponds to a pady-lactic acid- polymethyl methacrylate system.



1.4. Miscibility of polymers

Miscibility and immiscibility of one polymer in atioer is a key factor of
creating homogeneous and multiphase blends, réepgét® Two thermodynamic
conditions must be fulfiled for a polymer- solvent polymer- polymer system
consisting of components A and B in order to becihls. Firstly, Gibbs energy of
mixing AGnix Which consists of temperature T, enthalpy of mixy.x, and entropy of

mixing ASvix has to become zero or negatitfé:

AG,, =OH,, -TIS,, <O. 1)

Secondly, the second derivative of Gibbs energi vaspect to volume fractiogs and
the first derivative of the chemical potentlgl, of component A with respect to volume

fraction ¢ has to be zero or positiV&!

2
a A(Bmix - aAﬂA > O (2)
0 |, on

The Flory- Huggins lattice theory is a common apphod&o calculate changes in
enthalpy and entropy/ 3 This theory assumes polymer- solvent or polymelymer

systems as three- dimensional lattices in whicth dattice is occupied by a solvent
molecule or polymer segment. Each moiety in a kttan interact with neighbor
lattices by exchanging energy. Applying this thelegds to the following equation for

molar enthalpy of mixing\Hmx m:

10



AH mix,m = XRTwAwB ' (3)

Where R is the ideal gas constanti, the temperature, angthe Flory- Huggins
interaction parameter. Several methods exist teroehe y experimentally. Among
them are osmotic pressure measurements, swellingilice®, gas- liquid
chromatography, and light scattering experimé&iits.

Furthermore, molar entropy of mixidgsixm can be written as:
--R% %
AS. ..=—R—=Ing,+—Ing, | 4
mix,m XA qu XB %j ( )

Here,Xa andXg are degrees of polymerization of each componedittta® molar Gibbs

energy of mixing\Grixm according to equation (1) can be writterd*8s:

DGy = RT(¢A<on+f<’—AIn<oA +X&In¢8} ©)

A B

For high degrees of polymerization, the entropimteannot compensate the enthalpy
term if the interaction parametgris positive. Demixing takes place for most of the
polymer blend systenf$! Eliad*? mentioned that only a few polymer- polymer
systems exist which do not demix. Among them arg,, @oly(2,6- dimethyl- 1,4-
phenyleneoxide)/ polystyrene at 200 °C. Miscibildly polymer blends generally can
occur in the presence of strong attractive forats/ben the components such as dipole-

dipole interactions and hydrogen botts.

11



1.5. Rheological characterization

To estimate which of the both aforementioned molqayies will occur during
the foaming process, investigation on specimené&ldyical properties in a certain
range of temperatures and at the foaming temperatumparticular is necessary. A
detailed study for amorphous and semi-crystalliidymers was done by Liao and

co-workerg#4-4%

1.5.1. Influence of éasticity on foamability and foam mor phology

The elasticity of a homopolymer or polymer blenldyp a significant role
during foaming. Certain properties are essentiatreate foams with homogeneous
morphologies. If elasticity of a specimen is toghiat chosen foaming temperature,
bubbles either nucleate only in some parts of thignper or their growth is restricted
and subsequently shrinkage occurs. However, cellura and deterioration of foam
occurs if elasticity is too low at foaming temperat Another factor is crystallinity. The
range of suitable foaming temperatures for cryis&lpolymers is low. Below melting
temperature foaming is not possible and in the emo#itate appropriate melt strength
can only be provided in a small range of tempeestuiio overcome this problem,
polymers have to be modified in such a way thaim@aility leads to satisfying results
for a wider range of temperatures. Several studizged to the modification of melt
strength have been done in the P&SE! Recently, Corre et F extended the side
chains of crystalline poly(lactic acid) using epoagditives in a reactive extrusion
process before foaming the synthesized materidiamresence of supercritical carbon
dioxide. They could successfully decrease thesiels of foams from macro to micro

scale. Pilla et & used talc as additive beside epoxy- functionalizedin extender

12



which caused a more uniform cell structure. A dethistudy on the influence of
particles on rheological properties and foamabilitys done by Riahinezhad et“dl.
They investigated the influence of nanoclay on fahiity of a homopolymer and
blends. Further studies have shown that the ussanbclay can also reduce bubble

coalescence during foamiftg>

13



1.6. Objective of the present work

Several methods of foaming plastic material wereppsed in the previous
sections. The aim of this dissertation is the expental investigation of foams blown
with supercritical carbon dioxide in terms of cgites and cell densities with a strong
focus on controlling rheological properties of tiest systems. Two different strategies
were chosen in this work. Firstly, non-homogeneityl consequently local differences
in elasticity of polymer blends were created byngscross-linked polymer networks
which caused harder and softer domains in the palymatrices. Secondly, immiscible,
binary blends were prepared to generate the aforgomed non-homogeneity. The
general idea of research is to create a so calB=h-* an- island morphology” on
microscopic scale which is displayed schematicall{figure 1.4. Systems having this
morphology are characterized by differences inteliag between matrix and dispersed
phase. These differences can be exploited duriagifg in terms of modifying cell
size, bimodality and content of open cells. Theteots of each chapter are explained in
the following:

In chapter 2, the concept of Semi- InterpenetraBofymer Networks (Semi-
IPN) was applied to create local differences instt#ty. Polystyrene and methyl
methacryclate were polymerized and cross-linkea polylactic acid (PLA) matrix. The
interwoven networks had a locally higher elastititsin the matrix. The resulting foams
had smaller cell sizes and higher cell densitieentfbams of PLA homopolymer;
moreover, the cross-linked networks worked as ktab$ during foaming and bubbles
nucleated from pure PLA ruptured during growth. 3hyorous biofoams were
synthesized.

The concept of Semi- IPN as device for controllio@m morphology was

14



extended in chapter 3. An In-Situ process was agpb polymerize and foam a liquid
mixture of methyl methacrylate monomers containmligsolved polystyrene. The
formation of bimodal foam structures was obsenaddffferent depressurization rates,
initial monomer concentrations, and cross-linkirgert concentrations. It was shown
that local differences in elasticity between poJyshe matrix and cross-linked
polymethyl methacrylate (PMMA) delayed bubble natien in cross-linked PMMA
which created bimodality in cell sizes.

The non-homogeneity of polymer blends presentethapter 4 was created by
melt mixing of polystyrene with different types pblyethylene such as high density
polyethylene (HDPE), high melt strength polyethgde(HMS-PE), and linear low
density polyethylene (LLDPE). It was shown that Bramounts of polyethylene can
induce heterogeneous nucleation and work as cediniog agents at elevated
temperatures over melting temperature of polyetig/deMoreover, it was found that
expandability of bubbles correlates with absolwdkig of complex viscosity.

A summary of the experimental work is given in dieab.

15



Figure 1.4. “Sea- and- island morphology” of a polymer blenchsisting either of
immiscible or partly miscible polymers. The brightellow domains portray the

dispersed component surrounded by the dark, ppgdlener matrix.

16
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Chapter 2

Open Cell Microcellular Foams of Polylactic Acid (PLA)

based Blends with Semi-Inter penetrating Polymer Networks

2.1. Introduction

Porous materials have specific properties, sucthigh surface area, high
permeability, lightweight, and low thermal conduii. Because of these characteristics,
a wide range of applications have been researchéddvanced for catalyst supports,
membranes, filters, bioscaffolds, porous electrpligistweight materials, and insulators.
There are several techniques for fabricating pohjeneorous structures: porogen
leaching, microbead patterning, phase separatiymglof polymer blend solution, gas
foaming, 3D printing, and freeze/freeze-drying. Argahem, foaming is the simplest
and most commonly used production method to prepahgmeric porous materials.
Due to the environmentally benign material productifoams of green polymers such
as polylactic acid (PLA) and its copolymers withrman dioxide or nitrogen are very
promising for the foaming industty.

Any porous materials have to fulfill certain reanirents, such as cell size and
cell density, depending upon the application. Fm-deaffold as well as acoustic
absorption applications, high open cell content QY& required. Several cell opening
strategies have already been studied and propossdng high temperature differences
between the surface and core of an extru@atisjng mixed blowing agentisto induce

secondary nucleation and changes in cell densitigsrpolymer blending! and
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blending of two polymers with different crystalltzan temperatures! Park et &f
proposed a concept of preparing open cell extrudsmems from low density
polyethylene (LDPE)- polystyrene (PS) blends. Thexploited a structural
non-homogeneity of the polymer blenthnsisting of hard and soft regions, so as to
promote cell opening. The soft regions were usedréate pores that interconnected
cells in the thinning cell walls during cell growtlwhile the hard regions held the
overall cellular structure so that the cells caubd completely coalesce with each other.
They used a cross-linking agent to form these baftfegions in LDPE-PS blends.

In this chapter, we extended their concept to ereaen cell foam in the wall
of a micro-scale cell. To form the hard/soft region microcellular wall, we employed
an Interpenetrating Polymer Network (IPN) strucf{fr@he IPN comprises two or more
networks which are at least partially interlaceggptally but not chemically bonded to
each other. The networks are entangled in a waly that they cannot be pulled apart.
The IPN is characterized either by cross-linkingatifcomponents in an interwoven
state on a molecular level, or by cross-linkingpafy one component, which is called
Semi-IPN. In both IPN and Semi-IPN structures, seonponents are intertwined and
entangled, however, there are still domains (regidraving higher concentrations of
one component. We used these domains as a celingpagent as well as a bubble
nucleating agent. We prepared Semi-IPN from amarphoolylactic acid (PoLA)
based blends in which either styrene or methyl aw@iflate monomer were
impregnated and polymerized in @dgRA matrix. A cross-linking agent was used to
control rheological properties in such a way thatappropriate foamability could be
provided and the cell size could be reduced. Is $hidy, methods for synthesizing and

foaming the Semi-IPN were proposed. The effectsnpregnated monomers and the
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composition of cross-linking agents on cell struetwere investigated as well.

2.2. Experimental
2.2.1. Materials

Amorphous polylactic acid (RBLA, Polymer 4060D, MW: 197K,
NatureWorks) was provided as pellets and used@sved. Styrene and MMA (Wako
Pure Chemical Industries, Ltd.; Japan) monomers werified by activated alumina
powder (Wako Pure Chemical Industries, Ltd.; Japéon) polymerization with
cross-linking agent in RBLA. Chloroform (Wako Pure Chemical Industries, Ltd.
Japan) and 2,2 -Azobis isobutyronitrile (AIBN, WaRaire Chemical Industries, Ltd.;
Japan) were used as the solvent and initiator folynperization, respectively.
Divinylbenzene isomer (DVB, Wako Pure Chemical Istthes, Ltd.; Japan) was used as

an aromatic cross-linking agent.

2.2.2. Preparation of I PN blendswith and without cross-linking

12 g of R pLA pellets were immersed in a mixture of 12 g Chform, 4 g of
liquid monomer (either Styrene or MMA), 0.04 g (1:%4) AIBN at four different DVB
contents, 0 g, 0.2 g, 0.4 g and 0.6 g (Owt.-%, Bat10wt.-%, or 15wt.-% of monomer).
The solution was mixed and stored at 4 °C for a&stlel2 hours to prepare a
homogeneous and highly viscous liquid. During nuxithe temperature was kept at
4 °C to minimize monomer evaporation loss. Thensletion was heated usinghat
press machine to evaporate the solvent, polymdgheemonomers in RBLA, and
initiate the cross-linking reactiofhree different temperature levels were used during

polymerization.To initiate polymerization of the monomers, the pemature was first
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set to 90 °C and maintained for 1 hour. Subseqyetitt second temperature was
110 °C for 30 minutes and the third was 180 °C 30r minutes to complete the

polymerization. To enhance the overall uniformifytloe samples, the prepared blend
sample was crushed once and reshaped to a redasbabed plate on the hot press for
20 minutes at 110 °C. No specific mechanical pmessuas introduced during the

reshaping process while keeping the mold spacedagivthe two parallel plates at

approximately 1 mm.

For comparison, pure BLA without MMA and styrene monomers was
prepared in the same way with different concerdratiof cross-linking agent., BLA
was dissolved into chloroform with a 1:2 polymelveat ratio before adding DVB. To
investigate the performance of the cross-linkingerdgon styrene and methyl
methacrylate in PoLA matrix, polystyrene (PS) and polymethyl methaty (PMMA)
were also prepared from the same monomer by diredtting with the cross-linking

agent, DVB, (3 wt.-%, 5 wt.-%, 10 wt.-%, and 15-%) and 1 wt.-% of AIBN.

2.2.3. Rheological properties

To investigate the effect of DVB and monomer com@ion on the resulting
polymer blends’ morphology, the shear storage mei(G ) and shear loss modulus
(G” ) of the samples were measured before foaming. @ometer (Rheometric
Scientific; Advanced Rheometric Expansion SystentEARequipped with a rectangular
torsion geometry was used to conduct dynamic teatpex ramp tests starting from
30 °C up to 125 °C at a heating rate of 2 °Cifhe constant oscillation frequency of
the torsion bar was set to 1 radlagith 0.1% constant strain. The test specimens were

prepared to be approximately 11 mm in width, 1 mrthickness, and 32 mm in length.
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2.2.4. Degree of cross-linking

In the Semi-IPN, one of the two polymers was clogsed and all components
are intertwined on a molecular level. As statetlimelsky et al® the non-cross-linked
polymer can be removed from the semi-IPN systenmbgns of appropriate solvents.
This property was used to identify the degree afssifinking as gel content. The
samples were mixed with chloroform at a solventpar ratio of 30:1 to measure the
gel content. The gel was obtained after 24 howshlieg at room temperature. Then the
gel was dried for an additional 48 hours at 80 Weighing the residual gel and the

initial blend sample can determine the gel congrEquation 1:

[Gel] = e (1)

polymer ,start

2.2.5. Foaming of neat P, pL A and polymer blends

The polymer foams were prepared by a pressure queatth physical
foaming method using G{as a blowing agent. The square samples 1 cm giHeand
approximately 1 mm in thickness were prepared artdmto a 120 crh high pressure
autoclave for foaming. After purging the autoclawéh 99.9% pure C® (Showa
Tansan Japan), the autoclave was heated to 80 d@rassurized with COThe CQ
sorption time for all samples was set to 2.5 haunle keeping the temperature and
pressure at 80 °C and 10 MPa, respectively. Afmmpton, the autoclave was
depressurized to atmospheric pressure to inducel®ulbicleation. The depressurization

time for all experiments varied from 32-33 s.

25



2.2.6. Characterization of foam- expansion ratio and open cell contents
The characterization of foams was conducted by urageg density, porosity,
and open cell content (OCC). The density and sigecidlume of the foamVspecitic
(=proam ), Were measured at room temperature using a MiEdgetronic Densimeter
MD-200S, which contains water as a reference flulthe measurements were
conducted more than six times for each sample &edaverage was taken. The

expansion ratio was given by the density raticheffoamed and the solid samples:

B= Psoiid_ )
Proam

Where psyig and proam are the densities of polymer and its foam at raemperature.
The open cell content was determined by compahegspecific volume of the foams,
Vspeciic With the actual voluméVacwa Of foams measured at room temperature (27 °C)
by the gas pycnometer (micromeritics; AccuByi340) with helium as a reference gas.

OCC was determined by:

0CC = (1— vﬁ] [100%. 3)

specific
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2.2.7. Characterization of unfoamed and foamed samples

Small amounts of the unfoamed samples after preparan the mechanical
hot press and reshaping were cut in thin samplesRMC cryomicrotome made by
Boekeler and stained in Os®efore an investigation of blend structure vianein
electron microcopy (TEM, JEOL JEM-2000FX) took mac

The cell structure of foams was observed usingaarsng electron microscope
(SEM, Tiny-SEM 1540 upgraded for higher magnifioati Technex Co. Ltd., Japan).
The obtained micrographs were analyzed by the inpageessing software Image J.

The cell densityNr) was calculated by:

N = s @

where,n is the number of bubbles detected in the d@¢m mnt) of each micrograph,

andg is the expansion ratio.

2.3. Results and Discussion

Figure 2.1shows the gel contents of the PS, PMMA angdliA samples. With
the increase of DVB, the gel content increased, the degree of cross-linking of PS
and PMMA increased. Adding only 3 wt.-% of crogklng agent to methyl
metacrylate and styrene provides a gel content 80ewt.-% for PS and PMMA. In
contrast, polylactic acid alone was not cross-lchky DVB although it was dissolved
homogeneously in the solvent. It can be assumdadD¥& did not re-activate LA

and that the blends of  BLA-PMMA and R pLA-PS formed Semi-Interpenetrating
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Polymer Networks, which consist of interwoven pabtic acid molecules and three
dimensionally cross-linked polystyrene or PMMA nmlies. However, judging from
the fact that 15% DVB could not achieve 100% geltent, it was highly possible that

low molecular weight PMMA and PS existed in the 2N

100 - °
/i\é
/§
80
. ——PS
© —a— PMMA
é; 60 - ——P_ LA
c
9O 404
[
(@)
(&)
© 204
O
04 = % % * %

0 2 4 6 8 10 12 14 16
DVB concentration (wt.-%)

Figure 2.1. Gel content of PS, PMMA, and BLA samples.

2.3.1. Visual observation of unfoamed samples

TEM techniques were applied to investigate sampig@isro/ nano structures
and to characterize non- homogeneity. Figures @d. 2.3. show the morphology of
PLpLA-PS and PpLA-PMMA blends prepared at 75 to 25 polymer- monomragio
containing different concentrations of DVB, 2.A-PS have a distinctive sea- and-

island morphology with dispersed polystyrene domamthe PpLA matrix as depicted
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in Figure 2.2. As DVB concentration is increaseda5 wt.-%, domain sizes become
smaller. Elia8' mentioned that immiscible polymer blends havingsitiee Gibbs
energies of mixing do not demix under certain amstances, namely if demixing is
delayed or kinetically prevented. Thus, a highegrde of cross-linking caused by
higher concentrations of DVB prevents formation bfgger domains. The
P.poLA-PMMA systems displayed in Figure 2.3. do notwha distinctive reduction of
domain sizes; however, the higher the DVB concéintrahe more distinctive sea- and-
island morphology become, FLA-PMMA without addition of DVB (Fig. 2.3-a) do
not have visible PMMA domains. Possibly, a lack amintrast between matrix and

dispersed phase causes “homogeneity”. A more ddtadplanation will be given in the

rheological section 2.3.2.

Figure 2.2. TEM micrographs of unfoamed BLA-PS (75/25) a) without DVB and b)

with 15 wt.-% DVB.
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Figure 2.3. TEM micrographs of unfoamed BLA-PMMA (75/25) a) without DVB, b)
with 5 wt.-% DVB, and c) with 15 wt.-% DVB.

2.3.2. Rheological characterization of synthesized samples

Figure 2.4 shows the storage modulus of neaglR and R pLA-PS blends
prepared at a 75 to 25 ratio of polymer to monowmién different DVB compositions.
In the temperature range from 50 to 120 °C, theag®modulus, G’, increased with an
increase in DVB content. The increase in G’ waseole=d when the DVB content and
monomer concentration were increased in beiHLR-PS and PpLA-PMMA systems.

Figure 2.5 shows the relationship of G’, measured@® °C, to monomer
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concentration and DVB content. As shown in Figufg #he increase in monomer and
cross-linking agent DVB concentrations increasesdtorage modulus of the polymer
blends. The increase in monomer and cross-linkimgpositions increases the degree of
entanglement and causes higher elasticity of thedoby IPN.

Figure 2.6 shows the loss moduli, G”, of J2A alone, RpLA-PS, and
PLpoLA-PMMA blends with different monomer and DVB comteations. From the
curves of loss modulus, G”, versus temperature gllass transition temperaturg, tan
be identified by the temperature at which G” reattlihe maximuri®*? T, increased
with an increase in DVB content only for i A-PS systems as illustrated in Figure
2.6-d. The increase ingTindicates the partial miscibility of polymerizedomomers
within the R pLA matrix. However, it decreased with an increas®VB concentration
in the RpLA-PMMA (Figure 2.6-c). T, also decreased with increasing monomer
concentration for both blends as illustrated inuFég2.6-a and 2.6-b. This trend was
induced by the plasticization effect of low moleaulveight polymers in the blends.
Nielsed™® described two different effects of cross-linking &, One is the real cross
linking effect that was caused by a three dimeradioretwork structure. The effect
could lower material's plasticity and increasg. TThe other is the effect of
copolymerization of a cross linking agent, whicloquces a low molecular-weight
polymer, and lowers I Steric configuration and chemical structure @ ¢oss-linking
agent are crucial forglbehavior. The peak profile of G” for pure A was narrow
and distinctive. It became broader as monomers Wwieneded and polymerized. This
also indicates the partial miscibility of the blesystent** The partial miscibility of the
blend with the IPN system can be considered apdhaner chains of both components

being intertwined; however, there are still domadasing higher concentrations of one
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component as illustrated in Figure 2.#HThe broadness of G” peak profiles were not
changed by the concentrations of DVB (Figure 2#&ad 2.6-d) even though domain
sizes change slightly with increasing DVB conceidra as depicted in Figure 2.2.
Moreover, PpLA-PMMA sample in Figure 2.3-a) does not have abkes sea- and-

island morphology but rheological results in Figs-2) indicate non- homogeneity.
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Figure 2.4. Measurements of shear storage moduli GigflFA and R pLA-PS systems

with different DVB concentrations (1 rad-at 0.1% of constant strain).
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Figure 2.7. Structure of Interpenetrating Polymer Network. apntbgeneously

interwoven IPN. b) Partly miscible IPN.

2.3.3. Expansion ratio

Figure 2.8 shows the expansion ratios of the blevains prepared with
different monomer and DVB compositions. The expamsratio was reduced by
increasing either monomer or DVB concentration. Seheesults underline the fact that
the storage moduli, G’, was increased at a foartengperature of 80 °C as shown in

Figure 2.5. The higher the storage modulus is|diver expansion becomes.
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Figure 2.8. Expansion ratios of the foams. a) and b) effeeghohomer concentration c)

and d) effect of DVB.

2.3.4. Cédll sizeand cell density of foams

The cross-sectional area of the resulting foams imasstigated using SEM.
Figure 2.9 shows SEM micrographs of the foamegdLA-PS samples prepared with
different DVB concentrations. An increase in crbsking agent reduces cell size as
shown in Figure 2.9. When DVB was increased to 183, cell structure became
inhomogeneous, i.e., non-foamed parts existed.

Cell density and size were determined from the SEMrograph by

image-processing using Image J. Figure 2.10 shamsdell density and cell diameter
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were changed by monomer and DVB concentration. dth blend systems, with
decreasing cell size, the cell density increasesstkown in Figure 2.4 and 2.5, the
elasticity of the blend systems increased at a fiogqutemperature of 80 °C as either
monomer or DVB concentration was increased. Higlasticity suppressed bubble
growth and made the cell size smaller. When thiegcelvth rate was lower, the amount
of CO, consumed for growing a bubble became smaller a@d €Ebncentration
dissolved in polymer blend remained higher. As aseguence, the bubble nucleation
rate was higher and cell density increased.

As illustrated in Figures 2.2, 2.3, and by rheoladgya, the blend with the IPN
structure tends to have non-uniform morphology. Pplaetial immiscibility forms an
inhomogeneous morphology where the polymer chaihsbath components are
intertwined, but, there exists disperse domainsngahigher concentrations of one
component. The inhomogeneous morphology might exeheterogeneous nucleation;

however, it could heavily contribute to open celhtent as explained below.

37



Figure 2.9. SEM images of cross-sectional area pbPA-PS foam containing a) no
DVB, b) 5 wt.-% DVB, c) 10 wt.-% DVB, d) and 15 w¥ DVB.

38



P(L,D)LA-PMMA,

P(L.DILA-PS

10 T T r 10" ; E
—a— Cell o in —a— Cell density L
— —anmin:lzz I— al — — Bubblo size I L
10° 4 - 80 10° 4 80
7o E ' L70
7 _‘_1' . 107 5
o~ 1073 log £ 01 1 -
5 ——— § ¢ g
= 3 |50 @ = 6 . 50 &
2z 10°4 5 2 10°% —_— 5
g o2 5 | [ reo 3
k-] 5 - = 5 | | E
E 1074 ,3Q§ S 1074 m E E 30 @
e o o
Leo 2 " : : L 20 E
10*4 = 1074 -
L 10 10
3
103 ; - T T 0 10 T T T T T 0
10 20 20 0 i 10 20 30 40
(a) Monomer concentration (wi.-%) (&) Monomer concentration (wt.-%)
P(L,DJLA-PMMA (75-25) P(L,D)LA-PS (75-25)
10" . . — =40 10"
ol density —a— Cell density I_ 40
—_ = Bubble size I === Bubble size
10° [* - 35
= 10°4 _
. (Y E [0 E
~ 1074 = o~ o
o Las @ . @
£ 5 E 10'4 __---"‘_""T F25 5
< 10’ 208 : o
= + Fra0s = | oq B
2 § g ] zog
3 e reyg 8 1073 15 g
= 10"+ > 3 )
© rog © L1o @
- >
10° 4 < 10 =
Ls } Ls
— —_
10‘ T T T T 0 105 T T T T o
0 5 10 15 0 5 10 15

(c) DVB concentration (wt.-%) DVE concentration (wt -%)

Figure 2.10. Effects of monomer (a, b) and DVB (c, d) concemtraion cell density

and bubble size inflRLA-PS and PpLA-PMMA systems.

2.3.5. Effects of monomer concentration and DVB content on open cell
content

The open cell content (OCC) of polymer foams isrgjty related to the ability
of cell walls to resist rupture during volume exgan. Thus, lower porosity can be
expected for polymers with higher elasticity. Thigher elasticity at the foaming
temperature can make the cell size smaller andeptewpturd'® Figure 2.11 shows
the OCC of foams prepared with different monomet BB compositions. As Figure
2.11-a illustrates, once monomers were mixed angmrized in PpLA, the OCC was
dramatically increased from that of purepRA foam. According to Ruckdéaschel et

al* a cell wall thinning and subsequent rupture isr@sequence of the increase of cell
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density per volume unit. The displayed cell deasitior neat PoLA and their blends
with 90/10 polymer/monomer ratio in Figures 2.18ral 2.10-b are in agreement with
available literature on cell-openih§ and with open-cell contents displayed in Figure
2.11-a. A similar tendency is displayed in Figured?2-a, -b, and -c. Lower
concentrations of monomer reduce cell size, thprgell walls which originates from
higher cell densities, and consequently promoté wall rupture. However, if the
concentration of monomers, i.e. a higher concdotravf harder domains, is further
increased as depicted in Figure 2.12-c, bubbles ruaieate but their growth is
restricted which is indicated by higher cell walickness and this consequently leads to
a lower OCC. Apparently, the domains having higt@rcentrations of the polymerized
component in the IPN worked as geometric constriontbubble opening, i.e. the
rupture of soft PpLA domains surrounded by stabilizing PS or PMMA dons. Fixing
initial monomer concentration of either styrene MMA and increasing degree of
cross-linking lowered OCC content continuously (Rgl1l-b). The higher degree of
cross-linking, the harder PS and PMMA domains becamnd hindered growth and
coalescence of nascent bubbles as exemplarily téepin Figure 2.9-d. In our case,
impregnation and polymerization of styrene and MMA P_pLA formed an
inhomogeneous morphology. OCC could be controllgd VB and monomer
concentration. Increasing monomer content as veelhareasing DVB concentrations
made the dynamic shear storage modulus increaseeahted OCC, as shown in

Figure 2.11-a and 2.11-b.
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2.4. Conclusion

Microcellular foams with different open cell contetean be prepared using
Semi-Interpenetrating Polymer Networks (IPN) onltlasis of biodegradable polylactic
acid. Different concentrations of divinyloenzeneV@) cross-linking agent and the
initial monomer were used to control viscoelasficind blend morphology, which
changed the averaged bubble size, cell density,oped cell content (OCC) of IPN

systems.
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Chapter 3

In-Situ Preparation of Cross-linked PS-PMMA Blend Foams

with a Bimodal Cellular Structure

3.1. Introduction

The preparation and characterization of open paczocellular foams from
amorphous polylactic acid (BLA) based blends was discussed in chapter 2. Foams
consisting of PpLA-PS and PpLA-PMMA systems, respectively, had Semi- IPN
structures which could successfully modify cellesizell density, and open cell content
(OCC). The difference of viscosity between the pwdy matrix and the cross- linked,
dispersed PS and PMMA domains were identified ascitucial factor of preparing
microcellular foams with different bulk foam dems#, expansion ratios, and cell
morphologies.

In recent studiegshe averaged cell size of foamed systems couldhdurbe
decreased from microscale to nanodtaleusing environmentally benign blowing
agents like C@or N, which already were studiétf! for preparing microcellular foams.
Another issue in foaming technology is how to cohthe cell morphology, such as an
open or closed cell structure as well as mono-moddli-modal cell size distribution.
For acoustic absorption and filter applicationshigh open cell content (OCC) is
required and some preparation methods are, edgi,temperature differences between
the surface and core of an extruddtemixed blowing agentd® interpolymer

blending™ polymer blends with different crystallization teemptured? and
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non-homogeneity of polymer blend phase morpholodi wifferent elasticity*® The
basic concept of these methods is the same: duhagfoaming process, bubble
nucleation is induced in two stages. After induding first bubble nucleation either by
depressurization or a temperature increase, ttenddmubble nucleation is induced with
a certain degree of time lag, creating pores thigr¢onnect cells in the thinning cell
walls. The time lag is created by either a soltpitlifference between two different
blowing agent$? a local temperature differen€&or an elasticity difference between
two polymers in non-homogenelty!

Bimodal cell size distribution can be also realizgdapplying one of those
two-stage bubble nucleation schemes while makirey dlasticity and elongational
viscosity of the polymer high enough to prevent¢ki walls from interconnecting and

coalescing Arora et af*!

prepared bimodal cellular foams from neat polyster by
reducing the pressure in two stages, in which #worsd stage of the pressure drop
induces secondary bubble nucleation. Kaneka Cal, used water as the second
blowing agent together with a water-absorptive pwy to create a bimodal cell size
distribution in polystyrene foaf> which is considered to be a combination of the
polymer blend and the solubility difference methddaigneault et al. used the method
of similar mixed blowing agents to create a bimodall size distributio®*® The
authors used a mixture of G@nd 2-Ethyl Hexanol (EH) as blowing agents fomfiaag
polystyrene with a bimodal cell size distributiohhey assumed that a 2-EH phase
existed in PS and that G@ubbles were nucleated in the 2-EH phase firstthed in
PS. The C@solubility difference between the EH and PS phastisated the two-step

bubble nucleation mechanism. In addition, theresareeral papers reporting the use of

phase morphology non-homogeneity of a semi-crystalbolymer to create a bimodal
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cell size distribution. Jacobs et al. preparedutedle acetate butyrate foams with a
bimodal cell size distribution by using the timeg ldetween heterogeneous and
homogeneous bubble nucleation in which heterogenemcleation occurred at the
interface of the crystals and homogeneous nucleatiohe amorphous regidt! Jiang

et al. also used the crystalline structure to erdé@mnodality of cell size in PP foaff!

Xu et al. investigated COphysical foaming of polypropylene and reportedt tthee
bimodal cell size distribution could be realizedibgreasing the sorption pressure and
depressurization rate while setting the foamingperature close to the melting point of
PP The authors mentioned that the increase in theedsprization rate enabled the
bubble nucleation in the crystalline region, and Hubbles in the amorphous region
grew bigger than those in the crystalline regiondose the amorphous region was less
rigid than the crystalline region. However, the bduality created by the crystalline
naturé*”*®! could easily disappear with slight changes in ftming temperature or
depressurization rate.

In this chapter, the non-homogeneity of the polyivlend phase morphology,
as well as the elasticity difference between thigrpers were exploited to create the
bimodal cell size distribution, in which the firstibble nucleation occurs in the less
rigid domain and the second in the rigid region. iAterpenetrating polymer network
(IPN) of a PS and PMMA blend was foam&.The blend was prepared by infusing
methyl methacrylate (MMA) monomer into PS and patyrning MMA in contact with
pressurized C® The resulting blend with a Semi-IPN has PS andviAMhetworks that
are interlaced and entangled on a molecular |&Vet.advantage of non-homogeneity in
the blend phase morphology with a local modificatiof elasticity of the PMMA

domains was taken to create the bimodal cell simrilsution at moderate
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depressurization rates.

3.2. Experimental
3.2.1. Materials

Polystyrene (PS, MW: 192K, Sigma- Aldrich Inc.; US#as provided as
pellets and was used as received. Methyl methderj¥dako Pure Chemical Industries,
Ltd.; Japan) monomers were purified by activatedma@tha powder (Wako Pure
Chemical Industries, Ltd.; Japan) for polymerizatigith a cross-linking agent in the
PS matrix. An initiator for polymerization, 2,2 -8kis isobutyronitrile (AIBN, Wako
Pure Chemical Industries, Ltd.; Japan), was used, Riurethane dimethacrylate

(DUDMA, mixture of isomers, Sigma-Aldrich, Inc.; B$was the cross-linking agent.

3.2.2. Preparation of PS/PMMA blends for foaming

Table 3.1 shows the prepared PS/PMMA blends famfog experiments. Two
grams of PS pellets were mixed with either 2 or df ¢jquid MMA monomers and 1
wt.-% AIBN. Two polymer solutions with different ogositions (PS/MMA 50:50,
PS/MMA 33:67, or PSIMMA 15:85) were prepared. Theoant of AIBN was changed
in accordance with the MMA concentrations. The ewmi@tion of DUDMA
cross-linking agent was changed to 0.5, 2, and 5%w{0.01, 0.04, and 0.1 g) to
investigate the effect of the degree of cross-igkiDUDMA and AIBN were mixed
and dissolved with MMA in a closed flask beforedoay the PS pellets. The PS/MMA
solutions were placed in a refrigerator and statedl °C for at least 12 hours to dissolve
the PS pellets in the MMA monomer and to obtainoenbgeneous, viscous polymer

solution. Additional solvent was not needed forpamng the solution because PS
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dissolved in the MMA. Subsequently, the resultimggke phase mixture was poured

into a bowl made of aluminum foil before being @daento an autoclave.

Table 3.1. Preparation condition of PS/MMA systems (O indisasgstems prepared
for foaming).

Ratio 0.5wt.-% DUDMA 2wt.-% DUDMA 5wt.-% DUDMA
PS/MMA 50:50 O O O
PS/MMA 33:67 O
PS/MMA 15:85 O

3.2.3. Preparation of neat PS and PS/PMMA blends forheological
investigations

To measure the rheological properties of PS/IPMMAwasl as neat PS,
samples were prepared from the same ingredientsy ysiessurized CO Neat PS
pellets were heated and shaped into a plate at@Z6r 20 minutes using a hot press.
PS/MMA (50:50) with 0.5 wt.-% DUDMA, PS/MMA (50:50)ith 2 wt.-% DUDMA,
and PS/MMA (33:67) with 0.5 wt.-% DUDMA were alsoepared using the hot press.
In-situ polymerization of the PS/MMA mixture wasnolucted without using COn the
hot press by setting the processing temperatud®@°C for 4 hours, then increasing
the temperature to 120 °C, keeping in the sampléhénpress for an additional 20

minutes and compressing it slightly to shape timepda into a rectangular plate.

3.2.4. Rheological Properties
To investigate the effects of polymerized MMA inetlPS matrix and the
DUDMA cross-linking agent on the cell structurefom, the shear storage modulus

(G") and shear loss modulus (G”) were measuredh@ometer (Rheometric Scientific;
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Advanced Rheometric Expansion System ARES) equipp#d a rectangular torsion
geometry was used to conduct dynamic temperatung tasts from 50 to 180 °C at a
heating rate of 2 °C-mih The constant oscillation frequency of the torsias set to 1
rad-§" with 0.1% constant strain. The test specimens \@ppeoximately 10 mm wide,
1 mm thick, and 25 mm long. The presence of, @Opolymer enhances the chain
mobility of polymer and reduces the viscoelastiaify polymers. G’ and G” of the
sample in the presence of pressurized, €CQuld not be measured due to the lack of
high pressure rheometers. Thus, we assumed hdér€@anduced viscosity reduction
could shift the G’-temperature or G’-temperatureves toward lower temperature in
some degree but could not change the shape ofutivesc (profiles) and orders of the
amplitudes of curves. Furthermore, the rheologilzah were mainly used in this study
to investigate the influence of MMA concentratiom miscibility and elasticity and the

influence of DUDMA on elasticity.

3.2.5. Foaming of PS/PMMA blends

Pressure-quench batch foaming in an autoclave, ct&0in volume, was
conducted using Cfas the physical blowing agent. A two-step procgsscheme was
employed to foam the samples. The first stage wgstien of CQ and MMA into PS.
The PS/MMA solution was placed in an autoclave,gpdrwith 99.9% pure carbon
dioxide (Showa Tansan Japan), and heated up 6@fiEebincreasing the GQressure
in the autoclave to 8 MPa. Supercritical S@usior took place at 60 °C for 4 hours.
The temperature at this sorption stage was detednso that the polymerization
reaction of MMA in the PS matrix could be supprelssad the sorption of GCand

MMA into PS could be enhanced. In the second sthgetemperature was increased to
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100 °C for an additional 4 hours while keeping gressure at 8 MPa to polymerize
MMA in PS. A needle value was equipped on the efftuigas line of the autocalve and
electrically manipulated by a pressure controller keep the C@pressure inside
autocalve during the heating proces$terwards, the autoclave was depressurized to
atmospheric pressure to foam the samples. Thetéikes for the pressure to drop to 0.1
from 8 MPa was measured for calculating the appnaxd depressurization rate.
Depressurization rates @15, 0.45, and 0.9 MP& 1.5, 4.5, and 9 baf’s were
individually tested during foaming. The foaming f@rnature was determined to be 100
°C by conducting preliminary experiments with foagilemperatures of 85, 100, and
110°C. At a temperature over 12Q, the foams showed an open cell structure, as well
as severe distortion of the foams. Contrarily, atemperature below 85C, the

uniformity of cell structure worsened.

3.2.6. Characterization of foam - bulk foam density
The bulk foam density was measured at room temyreraising a Mirage
Electronic Densimeter MD-200S, which contains wadsr a reference fluid. The

measurements were conducted seven times for eagdlesaand the average was taken.

3.2.7. Characterization of foam - cell density andell size

The cell structure was observed using a scanniagiren microscope (SEM,
Tiny-SEM 1540 upgraded for higher magnification,clieex Co. Ltd., Japan). The
obtained micrographs were analyzed by the imageessing software Image J. The

cell density Ny) was calculated by:
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Where,n is the number of bubbles detected in the &&a mnt) of each micrograph.
The prepared foams have bimodal structures, anéftire, the cell densities and cell

sizes are discussed individually in the followirgsons.
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3.3. Results and Discussion
3.3.1. Rheological characterization

Dynamic mechanical thermal analysis (DMTA) was awmtdd in a
temperature range from 50 to 180 °C. Figure 3.1vshibe shear storage modulus G’ of
neat PS and three PS/PMMA blends. Two of the blevete prepared with the same PS
and MMA ratio 50:50 but different concentrations @/DMA. The other blend was
prepared with a PS and MMA ratio of 33:67 while kieg the concentration of
cross-linking agents at 0.5 wt.-%. The overall ager modulus was increased in a
temperature range from 120 to 180 °C by increaieg UDMA concentration as well
as the MMA monomer content. Enhancing the intercwdl entanglement by
increasing either the cross-linking agent or monoooacentrations could increase the
elasticity, G’, of the blends.

However, even when intertwinement of the polymeaiet occurs between two
polymers with an increase in the degree of crodsHg, it is possible to formulate
PMMA-rich domains in the PS matrix due to the imeibdity of PMMA and PS. The
existence of such domain could be confirmed bylieelogy data. Every curve of shear
loss modulus G” and temperature in Fig. 3.2 shavgingle glass transition temperature
(T) around 90 °C, which is indicated by the maximurthe curvé?? The peaks in the
G’-temperature curve broadened with an increasethem DUDMA and MMA
concentrations. The single glass transition inégathat the sample is either a
homopolymer, a miscible polymer blend or two polysevith similar T. Aokil?®
reported that peak broadening in the G’-temperattmeve indicates the partial
miscibility of blended polymers. Therefore in ou8/PMMA blends, there exist some

domains or clusters in which the PMMA concentrai®higher. This partial miscibility
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creates non-homogeneity of the polymer blends amdbe utilized to induce bubble

nucleation in two steps: first in the PS matrix #meh in the PMMA-rich domains.
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—O— PS/MMA 50:50 + 0.5 wt.-% DUDMA
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Figure 3.1. Measurements of shear storage moduli G’ of neatFFSAYIMA 50:50 +
0.5 wt.-% DUDMA, PS/MMA 50:50 + 2 wt.-% DUDMA, anBS/MMA 33:67 + 0.5

wt.-% DUDMA (1 rad- & at 0.1% of constant strain).
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Figure 3.2. Measurements of shear loss moduli G” of neat FSM®A 50:50 +0.5
wt.-% DUDMA, PS/MMA 50:50 + 2 wt.-% DUDMA, and PSMIA 33:67 + 0.5 wt.-%

DUDMA (1 rad-§" at 0.1% of constant strain).

3.3.2. Monomer loss during processing

Because MMA can be dissolved in supercritical,Cédme amount of MMA
could not be polymerized but leaked out with Q®leased for pressure control. This
caused a loss of monomer. Thus, the ratio betweerar®l PMMA in the resulting
samples was not equal to the initial ratio of P8 BMMA in the loaded solution. The
loss of MMA monomer during processing was evaludtgaveighing the sample before
and after sorption and polymerization. The resaitslisted in Table 3.2 with standard

deviations. For each sample treatment, 20- 30 wof-%MA monomer was lost.
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Table 3.2.Average MMA weight loss of the systems during pssteg.

System | PSIMMA PS/MMA PS/MMA PS/MMA
50:50 + 0.5 | 50:50 + 2 50:50+5 | 33:67+0.5
wt.-% wt.-% wt.-% wt.-%
DUDMA DUDMA DUDMA DUDMA
Average
weight 26.27 27.65 22.16 25.03
loss [%]
Standard
deviation 9.45 8.12 5.14 8.38
[%0]

3.3.3. Effect of depressurization rate

The effect of the depressurization rates on thestelcture was investigated.
Depressurization rates, dp/dt, of 1.5, 4.5 and r9shavere applied. Figure 3.3 shows
SEM micrographs of the cross-sectional area offtlaens prepared from PS/MMA
(50:50) with three different depressurization rafBse micrographs in the left column
show the macroscopic view of the cell structurdsosE in the right column are high
magnifications of the images on the left and shiog/rhicroscopic view, especially, the
small bubbles in the cell walls of the large bubkbl& bimodal cell structure was
successfully formed in every sample. The averagmeier of the large bubbles was in
the range of 200 - 400 um, and that of the smdiblas was 10 - 30 um. The diameters
of both the large and small bubbles were not chamyastically by an increase in the
depressurization rates as shown in Fig. 3.4. Thighimbe caused by setting the

depressurization rate at a lower range. Howeverntimber of small bubbles in the cell
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wall increased as the depressurization rate wagased. Figure 3.5 shows the bulk
foam density as well as the percentage of thewall area where the small bubbles
were present, i.e., the percentage of the micrdleularea. The percentage of the
micro-bubble area was calculated from the high-niegion SEM micrograph in the
following way: the total area of the cell walls waeasured by subtracting the area of
large bubbles from the entire area of the SEM im@be areas of the cell wall in which
the small bubbles were present were identified \@adce colored black on the image
analyzer. Then, the percentage of the micro-bubi#a was calculated by dividing the
back area by the total cell wall area. It can bensthat the low depressurization rate
made the micro-bubble area less than 10% of thé wealls, whereas the high
depressurization rate could increase the perceritag@proximately 75%. As can be
also seen in Fig. 3.5, the bulk foam density de@daas the percentage of the
micro-bubble area increased. It is possible thatiticreased number of micro-bubbles
contributes to the reduction of foam density. Basedhe fact that the size of the small
bubbles did not change drastically with the depnezation rate, it can be assumed that
the micro-bubbles were formed in the PMMA-rich damsan the secondary nucleation
process, where the PMMA-rich domain has a highestigity than the PS matrix due to
cross-linking. The higher elasticity requires ay&ardriving force to nucleate bubbles in
the domain. Thus, the onset of bubble nucleatios delayed in the more elastic
domain. The higher depressurization rate, i.e.lahger driving force, could foam the

cross-linked PMMA-rich domains.
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Figure 3.3.Different depressurization rates for the polymemomer system, PS/MMA
50:50 + 0.5 wt.-% DUDMA. a) and b): dp/dt= 1.5 kslr-c) and d): dp/dt= 4.5 baf*s
e) and f): dp/dt= 9 bar’s
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Figure 3.4. Average large and small cell sizes for three daffierdepressurization rates

using the PS/MMA 50:50 + 0.5 wt.-% DUDMA system.
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Figure 3.5. Average area fractions of small bubbles in thé walls and bulk foam
densities for three different depressurizationsatgng the PS/MMA 50:50 + 0.5 wt.-%

DUDMA system.

3.3.4. Effect of initial monomer concentration

As mentioned in the previous section, it is pogsthat the small bubbles were
nucleated in the cross-linked PMMA-rich domainsthe cell wall. To confirm this
speculation, the effect of the MMA concentrationsiiution on the cell structure was
investigated. It was expected that a higher MMA gamiration could increase the
number or size of the PMMA rich-domain in the PSnwaand increase the number of
small bubbles in the cell wall. Figure 3.6 showdvBmicrographs of foams prepared
from three PS/MMA solutions with different ratio§0:50, 33:67, and 15:85. The

increase in the initial MMA concentration increaskke number of micro-bubbles and
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decreases the number density of large bubbles @snsin Fig. 6. Even though the
number density of large bubbles decreased, theirage diameter increased (Fig. 3.7),
and the bulk foam density decreased from 0.26 §-tn©.23 g-cni by the increase in
the percentage of the micro-bubble area (FigsaBd3.9).

However, a further increase in the MMA concentrat{®S/MMA 15:85) did
not increase the number of micro-bubbles. Rathercell structure deteriorated due to
the MMA monomer that was left in the PS even afiglymerization (Fig. 3.6-e), and
the elasticity of the polymer blends decreasedtdube swelling effect of the residual
monomer. Therefore, the system PS/MMA 15:85 waslueed from further

investigations.
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Figure 3.6. Different polymer-monomer systems foamed with thame
depressurization rate dp/dt= 9 b&r-a) and b): PS/IMMA 50:50 + 0.5 wt.-% DUDMA;
c) and d): PS/MMA 33:67 + 0.5 wt.-% DUDMA; e) PS/MM15:85 + 0.5 wt.-%

DUDMA.
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wt.-% DUDMA foamed with dp/dt= 9 bar’s

3.3.5. Effect of cross-linking agent concentration
Figures 3.10 and 3.11 show the effect of the cliokgig agent concentration

on the cell structure. The diameters of both tihgeland small bubbles decreased as the
cross-linking agent concentration was increasec abherage diameter of the large
bubbles decreased from approximately 425 to 200 qud, that of the small bubbles
decreased slightly from 22 and 12 um. Here, areas® in the DUDMA concentration
suppressed the growth rate and nucleation of thel snd large bubbles. As a result,
the size of both types of bubbles decreased, angddlcentage of the micro-bubble area

also decreased. Consequently, the increase in tile foam density was further
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enhanced from 0.25 g- chnitially to 0.35 g-crit as shown in Fig. 3.11.
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Figure 3.10.Average large and small bubbles of the followiggtems: PS/MMA 50:50
+ 0.5 wt.-%, 2 wt.-%, and 5 wt.-% DUDMA. The appliglepressurization rate was

dp/dt= 9 bar-3$.
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Figure 3.11.Average bulk foam densities and area of cell wiallehich small bubbles
were detected for the following systems: PS/IMMASR0+ 0.5 wt.-%, 2 wt.-%, and 5
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3.4. Conclusion

Foams with a bimodal cell size distribution weregared from PS/PMMA
polymer blends, in which the small cells were 10430 in diameter and were located in
the wall of large cells 200-400 um in diameter. Bysitu polymerization, highly
dispersed, cross-linked, PMMA-rich domains wererfed in the PS matrix and were
used as sites of bubble nucleation. Because oklasticity difference between the
PMMA-rich domains and the PS matrix, secondary eattbn was induced in the
PMMA-rich domains after the first bubble nucleatimok place in the PS matrix. The
elasticity of the PMMA-rich domains, as well as talk polymer sample, increased
with the cross-linking agent concentration, anddize of both the large and small cells
could be reduced by increasing the cross-linkingnagoncentration. The initial MMA
monomer concentration in PS affected the cell maligdy. With an increase in the
MMA monomer concentration, the number of small Hablihat nucleated in the cell

walls increased.
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Chapter 4

Influence of Polyethylene Disperse Domain on Cell

Morphology of Polystyrene Based Blend Foams

4.1. Introduction

Non-homogeneity and partly miscibility of polymelebds were exploited in
chapters 2 and 3 to create open cellular foamsbanddal cellular structured foams,
respectively. The idea behind them was to use biearphology as a template of cell
structure and control the onset timing of bubblecleation and bubble collapse
exploiting the differences in viscoelasticity ofcéd domains from the matrix of the
blend morphology. To obtain the fine sea-and-islamatphology, IPN structure was
prepared in both chapters 2 and 3. In this chaptiee idea of exploiting
non-homogeneity of blend morphology and viscosity e further investigated using
the polymer blends obtained by simple melt mixing.

It is well known that the viscosity is a functiof temperature. Therefore, by
manipulating the foaming temperature, the viscositythe disperse domain can be
controlled. In this chapter, polystyrene (PS) yptihylene (PE) blends were used where
PE consisted a disperse domain. PE was chosenkle msamelt viscosity lower than
PS in molten state but make it higher than th&®®fy setting the foaming temperature
lower than T, and higher thanglof PS matrix.

Polystyrene was chosen as the base resin to foaauge polystyrene foams

are multifunctional materials in industry as wedlia daily life. They are used, e.g., as
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insulation panels for acoustic applications, basdenal for the preparation of food
trays, as packaging material due to lower mateasks than non-foamed plastics, for
several applications in the field of heat insulatiand as damping material.

To prepare the foams, bubbles have to nucleatg@vdin the polymer matrix.
Two different mechanisms of bubble nucleation exise., homogeneous and
heterogeneous nucleation. The nucleating performanfc different substances has
already been discussed extensively in many litezatti®. For example, Hansen etl4l.
used finely- dispersed metal particles in a polymelt to induce heterogeneous
nucleation and decrease cell sizes. Ramesh andrkenst conducted numerical
calculation to study on the influence of polybu&amh rubber micro and nano patrticles
for bubble nucleation. They have shown that the sizparticle as well as the particle
density per unit volume of matrix polymer has angigant impact on the nascent foam.
Other researchers extended their investigatioribedield of inorganic nano tubes and
nano fibers. Shen et l.could increase cell density by adding carbon rfivers to a
polystyrene matrix. They reported that good disper®f the fibers in the matrix as
well as the surface curvature of the particles d¢ocieate foams with higher cell
densities and lower cell diameters. Sharudin ét' alsed polypropylene (PP) as a
nucleating agent in polystyrene and polymethyl metgate (PMMA) based blends.
They conducted the foaming experiments at tempestabove glass transition
temperature of PS and PMMA but below the meltinggerature of PP. Cell size could
be decreased and cell density increased as |oR§ a®mains were well- dispersed and
small in diameter enough to maintain a high surfacgolume- ratio; moreover, they
found out that heterogeneous nucleation was enHdaihcrface tension between the

matrix and the dispersed domains was increased.
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In this chapter, polyethylene (PE) was used foefugfeneous nucleation site by setting
foaming temperature at which the viscosity of PEndms could be higher than that of
matrix. Then, the foaming temperature was set aothie viscosity of PE domains could

be low enough for cell walls to break up and to ene&ll structure open.

4.2. Experimental
4.2.1. Materials

All of the blends in this study consisted of PS &tf] where the polystyrene
was the matrix and a certain amount of polyethylearened the dispersive domain.
General purpose polystyrene (GPPS) provided by DBhemical with a weight
averaged molecular weight Mw=208,000mgI* was chosen as our matrix polymer.
Three different grades of polyethylene were usethaslispersive phase polymer. One
was Dow DOWLEX™ 2047G, a linear low-density polygéme (LLDPE) with a Melt
Flow Index (MFI)= 2.3g-(10mif, Another grade was Tosoh high-melt tension
polyethylene (HMS-PE) that had a high melt strengttMFI= 4.1g- (10min) and an
average molecular weight Mw=73,000mpI™>. The third PE was Tosoh Nipof®rHard
4000, a high-density polyethylene (HDPE) with MPg- (10min)" and a molecular

weight of Mw=77,000 gnol™.

4.2.2. Preparation of blends by melt mixing

All blends were prepared using a twin-screw extrudgLTnano 05,
TECHNOVEL, Japan). All temperatures at conveyingnhpression, metering, and die
zones were set to 200 °C. The polymer pellets wered at a screw speed of 35 rpm

for 15 minutes. Subsequently, the extrudate ofstr@nds was ground in a freeze mill
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(AS ONE, TPH-02, Japan) before compression moltiywg mechanical hot press for
additional 20 minutes at 200 °C. All samples werdded to be a plate approximately 1

mm in thickness. The blend ratios of the invesgédatamples are listed in Table 4.1.

Table 4.1.Weight ratios of polymer blends.

Dispersed |LLDPE HMS-PE HDPE
Matrix
GPPS 99/01 99/01 99/01
GPPS 95/05 95/05 95/05
GPPS 90/10 90/10 90/10

4.2.3. Rheological properties

The complex viscositiesn}|, of neat polystyrene and the blends were
measured. Both torsion rectangular and 25 mm dempetrallel plate geometries were
used to conduct dynamic temperature ramp tests witliheometer (Advanced
Rheometric Expansion System ARES). The temperatangps were at a heating/
cooling rate of 2 °C-mihin two different temperature ranges. The torsiest was
performed in the temperature range of 35 to 140wkile the parallel plate test was
performed in the temperature range of 130 to 2Q0TH@ oscillation frequency was set
to 1 rad- € with 0.1% strain. The samples that were prepasethg torsion test were 11
mm in width, 1Imm in thickness, and 32 mm in lengthe samples for the parallel plate
test were 25 mm in diameter and 1.5 mm in thicknEse gap of the parallel plates was

set to 1 mm in the rheometer.
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4.2.4. Thermodynamic characterization

DSC system (A Perkin Elmer Pyris 1) was used tdyaeahe thermal property,
l.e., the glass transition temperaturg, &nd melting point, §, of GPPS and their
blends with PE. The sample, ca. 10 mg in weighg placed in a sealed aluminum pan.
Then, a heating and cooling cycle between 40 °C2&d°C was applied at the rates of

10 °C-mint.

4.2.5. Foaming of neat polystyrene and polymer bleis

The pressure-quench batch foaming experiments garéucted using CLas
the blowing agent. Samples were placed in a 120atrtoclave and purged with 99.9%
pure CQ (Showa Tansan Japan). The autoclave was thendhieatike desired foaming
temperature, either 90 °C, 115 °C, 130 °C, or 1@0while the pressure was increased
to 10 MPa with C@QWhen the effect of the crystalline phase of PE @hraorphology
was investigated, two different temperature prefieere applied to reach the desired
foaming temperature: 1) the autoclave temperatuas @irectly increased from room
temperature to the desired temperature, or 2) thieckave temperature was first
increased to 215 °C to completely melt the crystdIBE and then cooled down to the
desired foaming temperature.

The sorption time for CPwas set to 6 hours for all of the samples. Foams
were prepared by rapidly releasing the autoclaesqure from 10 MPa to atmospheric

over a period of 5 to 6 seconds.
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4.2.6. Characterization of cell morphology - cell énsity and size

The cell morphology was observed using a scanniegtren microscope
(SEM, Tiny-SEM 1540 upgraded for higher magnifioati Technex Co. Ltd., Japan).
The obtained micrographs were analyzed by the inpegeessing software, Image J.

The cell densityNr) was calculated by:

_ ﬂ 15
v (1) .

Wheren is the number of bubbles detected in the &réent) of each micrograph.

4.3. Results and Discussion
4.3.1. Rheological characterization

Two different types of rheological measurements eweonducted for this
section. First, values of the complex viscosityj,|of neat PS and all tested types of PE
were measured in the temperature range from 354 °C. Figure 4.1 shows the
measurement results. All three types of PE alonewsd lower 1j*| than PS at
temperatures lower than 100 °C, which is the gtemssition temperature of PS. The
absolute value of the complex viscosity of PS remdi nearly constant at
approximately 2x19Pa-s until the temperature exceeded its glassiti@ntemperature,
100°C. h*| of HMS-PE, HDPE, and LLDPE decreased constawity the increase of
temperature. When crystals began melting at a teatyre around 120 °C, the absolute
values of the complex viscosity of PEs dropped tdraldy. LLDPE shows the lowest

viscosity among PEs in the entire temperature raagd HMS-PE shows the second
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lowest viscosity.
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Figure 4.1.The absolute values of complex viscosities of &RPS, HMS-PE, HDPE,

and LLDPE at temperatures in the range of 35 afd°C4

4.3.2. Influence of remaining PE crystals on cell orphology

To confirm that PE crystals were completely molbeer 130 °C, DSC analysis,
rheological measurements and optical investigatiomgre conducted for
GPPS/HMS-PE, GPPS/HDPE, and GPPS/LLDPE blendsrd-gj2 shows the results
of the DSC measurements of these blends with 9B8MPE blend ratio. All blend
samples showed an inflection point of approximaitely °C, which corresponds to the
T4 of PS, and a melting peak of approximately 125 Whjch is associated with

polyethylene crystals.
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Figure 4.2. DSC heat curves of a) GPPS/HMS-PE, b) GPPS/HDPHE, @n

GPPS/LLDPE.

Figure 4.3 shows the complex viscosity-temperatunees of three different
blends. The complex viscosity was measured witkadihg/cooling cycle between 130
and 200°C at a rate of 2C/min. As seen in Figures 4.3-b and 4.3-c, thedrgsis was
not significant, and the differences were negligilgspecially for the blends of b)
GPPS/HDPE and c) GPPS/LLDPE. Both the DSC andhbelogy data indicated that
PE crystals in blend were molten or remained toalno affect the rheological

properties once the blends were heated to ovef@30
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Figure 4.3. Absolute value of complex viscosities of a) GPPSHNE (90/10), b)
GPPS/HDPE (90/10), and c) GPPS/LLDPE (90/10) mealsur a heating and cooling

cycle.

Two different temperature profiles were employed fiaming to observe the
effect of crystallinity on the cell morphology abdmed blends at temperatures higher
than 130°C. In the first temperature profile, the samplesemglaced in the autoclave
and purged with Ceat room temperature. Then, the temperature of theckave was
increased from room temperature to 280while pressurizing with C£0 10 MPa. The
temperature and the pressure were kept consta6thours to saturate the sample with

CQO,. Then, the samples were foamed at 130 °C and inatedg cooled down. In the
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second temperature profile, while controlling tmegsure to 10 MPa, the temperature of
the autoclave was increased from room temperatore215 °C, which took
approximately 30 minutes, and cooled down to 13Mfthin approximately one hour.
The samples were kept in contact with 10 MPg @D the remaining 4.5 hours before
the autoclave was depressurized. If the crystaame and affect the foaming behavior
at temperature over 13C, cell sizes and cell density should be signifiyadifferent.
Figure 4.4 shows the SEM micrograph of the cross@®al area of the blend foamed at
130 °C after being thermally treated with two differeemperature profiles. Figures
4.4-a, -c, and -e show (a) GPPS/HMS-PE (90/10)GePS/HDPE (90/10), and (e)
GPPS/LLDPE (90/10) blends foamed at 130°C with tingt temperature profile.
Figures 4.4-b, -d, and -f show (b) GPPS/HMS-PE10)/(d) GPPS/HDPE (90/10), and
(f) GPPS/LLDPE (90/10) foamed at 13T after being treated with the second
temperature profile. It can be observed that tfferéince in cell size is subtle. There is
some difference observed in the cell size of tleerfed GPPS/LLDPE: the cell sizes of
the blend foamed using the first temperature prafifigure 4.4-e) were smaller than
those foamed using the second temperature pré&iidgie 4.4-f). This difference might
indicate the effect of the remaining PE crystaldhe blend, but any effect was very

small.
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Figure 4.4. Comparison between the samples foamed at 130°Ghansamples which
were firstly heated up to 215°C in order to makeedhat all crystals of polyethylene
were in the molten state. Figures 4.4-a to 4.4terr®o® HMS-PE (Fig. 4.4-a), HDPE
(Fig. 4.4-c), and LLDPE (Fig. 4.4-e). A similar ktstructure could be obtained after

melting HMS-PE (Fig. 4.4-b), HDPE (Fig. 4.4-d), dadDPE (Fig. 4.4-).
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4.3.3. Influence of polyethylene viscosity on cetiorphology

To clarify the influence of the PE disperse domainthe cell morphology of
blends at lower temperature ranges (lower thathef PE), the blends were foamed
at two different temperatures: 90 and £5 These foaming temperatures were chosen
because of the viscosity differences between tepedse domain and the matrix. As
shown in Figure 4.1, the neat PS has a higher aampscosity than those of the three
PEs at temperatures lower than 105 °C. A suddemctieth in complex viscosity was
detected in PS when the temperature exceeded 11 1Ge temperature range from
105 to 125°C, the absolute values of the complex viscositieslDPE and HMS-PE
were higher than that of GPPS. Accordingly, thenfom temperature, 96C, was
chosen as a temperature wherein the complex vigocoSthe matrix (PS) was higher
than those of disperse domain (PE). The other teatyre, 118C, was chosen as a
temperature wherein the complex viscosity of thérimavas lower than the complex
viscosities of the PEs. These foaming temperatwese realized by simply increasing
the autoclave temperature from room temperaturénegospecified temperatures while

the autoclave was being pressurized withb, CO
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Figure 4.5. SEM micrographs of the blend foamed at 90 °C é4t6-4.5-c) and 115 °C

(4.5-d to 4.5-€). (4.5-a, 4.5-d): neat GPPS, (4.8:5-e): GPPS/HDPE (90/10), (4.5-C,

4.5-f): GPPS/HMS-PE (90/10).

Table 4.2.Averaged cell diameters of the neat GPPS and lteands.

Foaming

Temperature (°C)

Neat GPPS;
averaged cell

diameter gm)

GPPS/HDPE 90/1(
averaged cell

diameter gm)

GPPS/HMS-PE
90/10; averaged ce

diameter gm)

90 °C

175

29.75

41.46

115 °C

384.18

94.12

156.34

Figure 4.5 shows SEM micrographs of the cross-@eatiarea of the neat

GPPS, GPPS/ HDPE (90/10), and GPPS/HMS-PE (906HD)éd at 90 and 115 °C. At

the lower foaming temperature, microcellular foamsre prepared from the

GPPS/HDPE and GPPS/HMS-PE blends, while the foameaf GPPS could not be

foamed uniformly as shown in Fig. 4.5-a. The averagll size was measured from
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SEM micrographs, and the results are listed inddk. The cell size increased at each
polymer as the foaming temperature increased. €hesize of GPPS/HDPE foam was
smaller than that of GPPS/HMS-PE foam. This phemamecould be caused by the
viscosity difference between HDPE and HMS-PM. Asveh in Figure 4.1, the absolute
value of the complex viscosity of HDPE was highwart that of HMS-PE. The higher
complex viscosity might make the bubble growth "ovand the cell size smaller.
However, the higher elongational viscosity of HMS-BPould not be exploited in the
low expansion foams to make the cell size smatidrthe cell wall thinner.

Comparing the cell morphology of the neat GPPS wlithse of the blend
foams, it was found that the PE disperse domairddcenhance bubble nucleation at
both temperatures. The similar results were obtaatethe blend with different blend
ratios. However, it was not certain whether theassty difference between the matrix
and disperse domain polymers is needed for enharteof bubble nucleation. As
Sharudin et df! indicated, the higher interfacial tension betwebe matrix and
disperse phase polymers might be a major pararf@teontrolling bubble nucleation
in blend foams.

To more clearly see the effect of the viscosityeddnce between the matrix
and disperse domain, GPPS/LLDPE blends were foanhtuee different temperatures:
90 °C, 115 °C, and 130 °C. At both of the lower pematures, the absolute value of
complex viscosity of LLDPE was lower than that o6.Pin particular, at 115 °C,
HMS-PE and HDPE showed a higher complex viscobiy tthe matrix polymer GPPS,
while LLDPE showed a lower complex viscosity. Thetdh-pressure quench foaming
experiments of GPPS/LLDPE blends with three difietdend ratios were conducted at

three different temperatures: 90, 115, and 130 Tl average cell sizes and cell
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densities of the obtained foams were measured sndh@own in Figures 4.7- 4.9. For
comparison, cell sizes and densities of GPPS foah®@, 115, and 130 °C were also

measured and are shown in Figure 4.6.

Neat GPPS
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Figure 4.6. Averaged cell density and cell size of neat GP&8nk prepared at 90 °C,

115 °C, and 130 °C.
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GPPS-LLDPE 99/01
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Figure 4.7.Averaged cell density and cell size of GPPS/LLOP®#01) foams prepared

at 90 °C, 115 °C, and 130 °C.
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GPPS-LLDPE 95/05

1E9 +——7——7—— — - 200
1 —u— Averaged cell density
—o— Averaged cell size 175
s 1E8 4 n T 150
3 G
> ~ 125 ;;
‘» N
GC.) (2]
- 1E7 3 T % 100 3§
I9) ] e
O -
= ] -75 3,
o - o
© s - >
© 1E6 5 = ‘ 50 Z
> ]
< ] +

% - :-25

0

1E5 — 7T T T T T T T T T T T 1T ' 1T T
85 90 95 100 105 110 115 120 125 130 135

Temperature (C)

Figure 4.8. Averaged cell density and cell size of GPPS/LLOP®05) foams prepared

at 90 °C, 115 °C, and 130 °C.
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GPPS-LLDPE 90/10
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Figure 4.9.Averaged cell density and cell size of GPPS/LLDB&10) foams prepared

at 90 °C, 115 °C, and 130 °C.

For GPPS/LLDPE blends and for GPPS alone, as thmifig temperature
increased, the complex viscosity decreased antiubble growth was less suppressed.
Consequently, the cell size was increased as showhigures 4.6- 4.9. The cell
densities of the GPPS/LLDPE blend decreased afotming temperature increased.
Comparison of the neat GPPS foam with the GPPS/IE.BIRnd foams clearly shows
that the GPPS/LLDPE blend foams had a much higk#rdensity than the GPPS
foams at any temperature and any blend ratio.dpgarent that the disperse PE domain
plays a role as a bubble nucleating agent in blead it could thus increase the cell
density and decrease the cell size. The result® wery similar to the foaming

behaviors of GPPS/HMS-PE and GPPS/HDPE blends. &vtre foaming temperature
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115 °C, we could not find any prominent features of eetirphology caused by the
viscosity difference between the matrix and dispgyslymers. It could be concluded
that the enhancement of bubble nucleation mighteatssociated with the differences
in viscosity between matrix and disperse domainympels but rather, it might be
primarily determined by interfacial tensions betwesatrix and disperse domain
polymers.

The result was different when the foaming tempeeatuas increased to 13C and
higher. Over 130C, the absolute values of complex viscosities bblainds were lower
than 16 Pa-s, which made it difficult for microcellularaim to be formed. Figures 4.10
and 4.11 show the cell sizes and densities oflireetdifferent PS/PE blends with the
same blend ratio, 90/10, foamed at 130 and 140nt€restingly, the averaged cell size
was reduced and the cell density was increaseddrgasing the foaming temperature
from 130 to 140 °C. The reduction of cell size @imel increase of cell density were due
to formation of small pores on the wall of largellceFigure 4.12 shows SEM
micrographs of the three different PS/PE blendsnixh at 140 °C and shows the
existence of interconnecting pores on the cell widble 4.3 shows the average wall
thickness of blends foamed at both 130 and 140TH@. open cellular structure was
observed in all three blend foams. Wong é®'aéported similar results for PS/LLDPE
blend foams: A significant increase in bulk foanmsiey was measured for the samples
foamed at 127 °C, where a significant increas@énnumber of open cell was observed.
In our study, the degree of cell opening variechwiite grade of PE. The degree of cell
opening was associated with the molecular architecof PE, i.e., melt tension
(elongational viscosity). LLDPE, which has the Isiveomplex viscosity among the

investigated PE, showed the thinnest cell wall #mel highest degree of cell wall
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opening. For HMS-PE, which has a higher degredanigational viscosity, the cell wall
thickness was not changed by the temperature iseraad the degree of cell opening
was not increased with the increase of the foamémgperature. The dispersed PE
domains are surrounded by PS matrix, and theyhereveakest points that tend to be
broken up during bubble expansion. As the viscaslityE was lower, the degree of cell
opening increased. However, the higher elongatiersdosity could prevent the cell

wall from opening.
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Figure 4.10.Averaged cell sizes of all blend systems contgiriid wt.-% PE foamed at

130 °C and 140 °C, respectively.
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Figure 4.11. Averaged cell densities of all blend systems damtg 10 wt.-% PE

foamed at 130 °C and 140 °C, respectively.
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Figure 4.12. SEM- Micrographs of a) GPPS/LLDPE, b) GPPS/HDPEd &)

GPPS/HMS-PE 90/10 blend ratio, foamed at 140 °C.

Table 4.3.Averaged cell wall thickness of all blends with \W0-% PE content foamed

at 130 °C and 140 °C, respectively.

Temperature (°C) GPPS-HDPE GPPS-HMS-PE GPPS-LLDPE
130 18.34 15.26 16.41
140 12.53 15.46 11.4
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4.3.4. Influence of polyethylene concentration

To investigate the effect of PE concentration iendls on cell morphology
foamed at higher temperatures, the blend samplgb wifferent polyethylene
concentrations were foamed at 130 °C. Figures 4.43.5 show the average cell sizes

and densities for the foamed blends.
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Figure 4.13. Averaged cell density and cell size of GPPS/HMS9ELO blends with

different blend ratios (foamed at 130 °C).
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Figure 4.14. Averaged cell density and cell size of GPPS/HDREL® blends with

different blend ratios (foamed at 130 °C).
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Figure 4.15. Averaged cell density and cell size of GPPS/LLDOP&10) blends with

different blend ratios (foamed at 130 °C).

The average cell density of the neat GPPS foamapasoximately 19cm™
with an average cell diameter of 24@n. The blend of PE in PS increased the cell
density for all concentrations. The maximum cehsigy was approximately 4x16n>
for 5% HMS-PE (Fig. 4.13) and 1% HDPE (Fig. 4.18pr the PS/LLDPE, the cell
density could be increased to 6X&f™> with 5 weight %, as shown in Figure 15. As
seen in Figures 13-15, the cell density did notease monotonically with increasing
PE content. The similar effect of PE content waseoked in blends foamed at

temperatures lower than 136 (Figures 7-9).
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4.4. Conclusion

The formability of PS and PE blends was examinedibgussing the effect of
the PE domain on cell morphology. Three differerstdgs of polyethylene, High Melt
Strength PE (HMS-PE), High Density PE (HDPE), andebr Low Density PE
(LLDPE), were used with different PS/PE blend matio foaming experiments. We
investigated how strongly the interfacial tensiansl viscosity differences between PE
and PS affected the cell size and cell density. fbaeing temperature was changed in
the range of 90 to 140 °C to control the degreeistosity difference between the
matrix and disperse domain polymers as well asatisolute value of the PE complex
viscosity. At all foaming temperatures in the invgsted temperature range, the blend
of PE could enhance bubble nucleation and incréfasecell density. The viscosity
differences between the matrix and disperse domalymers did not play a major role
in enhancing bubble nucleation in the temperatarge of 90 to 136C, where the
absolute values of the complex viscosity of bothrimand disperse domain polymers
were higher than fOPas. However, the viscosity of the disperse domammyplan
important role in cell opening at the higher foaghilemperatures where the absolute
values of the complex viscosity of PS, PE and th&nds were lower than 1®as.
When the foam expansion ratio was increased wehirtbrease in cell density, the cell
walls became thinner and the disperse domain vaitet viscosity opened the cell
walls. A higher melt-tension, i.e., a high elongaal viscosity of HMS-PE, could
prevent the cell wall from opening. These experitakeresults show that it would be
difficult to make an open microcellular foam by gimblending a polymer with lower
or higher viscosity than the matrix polymer, esplyithe polymers with shear

viscosities higher than ®as. In our study, the viscosity difference betwdsnratrix
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and disperse domain polymers was not large enoagimake a difference in cell
morphology. However, it is possible to control thegree of cell opening by adjusting
the absolute value of the shear viscosity as welthe elongational viscosity of the

disperse domain polymer to obtain foams with higbagsion ratios and thin cell walls.
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Chapter 5

5.1. General Conclusion

In this dissertation, foamablity of polymer blentteving non-homogeneity was
observed in detail and the relation between seveeah morphologies and material’s
mechanical properties obtained by rheological nregsents was investigated. It was
possible to modify open cell content (OCC), expamsratios, bimodality of cell
structure as well as cell sizes and cell densibgsusing Interpenetrating polymer
Networks and blends made of two immiscible polymérsthe following, the detailed
results of all studies are summarized.

In chapter 2, a solvent mixing process was appbepgrepare polylactic acid {(BLA)-
polymethyl methacrylate (PMMA) and BLA-PS (polystyrene) blends with different
weight ratios and different degrees of cross-ligkifor the formation of
Semi-Interpenetrating Polymer Networks (Semi- IPNEhe samples were foamed
during a physical batch foaming process using supieal carbon dioxide. It was
possible to modify the open cell content, the agedacell size of the bubbles in the
polymer matrix, and the cell density. Rheologiealastigations have shown that a local
non-homogeneity, i.e. a partial miscibility of PMMand PS in the BLA matrix,
caused harder and softer domains. The softer denvegme ruptured during foaming
whereas the harder domains could maintain the foanmphology without collapsing.

In chapter 3, the concept of exploiting non-homaisn on the base of

Semi-Interpenetrating Networks was extended andieappo the system PS-PMMA.

99



Contrary to the previous study, it was not necgsgause an additional solvent to mix
the matrix polymer with monomers and cross-linkiagent. The used polystyrene
pellets could be dissolved homogeneously in methgthacrylate monomers. An

In-Situ process was applied to saturate the mixture wigeisuitical carbon dioxide, to

polymerize and cross-link the methyl methacrylatepolystyrene, and to foam the
blend eventually. Subsequent visual observatioastified the PS matrix having large
bubbles and cross-linked PMMA having small onesaée study has shown that small
bubbles definitely belonged to the cross-linked dors of PMMA.

In chapter 4, immiscible blends of amorphous pgtgste and three different types of
polyethylene (PE) were prepared without using IRNicsures. The polyethylene

components had different melt flow indices (MFls)daa comparative study of

morphologies of foams prepared in a pressure-qu@mohess was conducted. The
foams were prepared at temperatures lower thars gtassition of PS and melting

temperature of PE, over glass transition of PSvitit PE in the solid state, and over
glass transition of PS and melting point of PE tiedg the influence of the MFIs on

foam morphology. By adding PE in the range of losnaentrations, a significant

decrease of averaged cell size and homogeneousrfaaphology could be observed,;
moreover, foams prepared at elevated temperatuee® tshown open cellular

morphologies.

It was shown in the aforementioned sections thdiversity of different foam
morphologies could be prepared by modifying thepprties of the polymer sample, i.e.,
cross-linking and non-homogeneity through blendiolg immiscible components,
without changing the foaming process. The investidjaystems were used as model

systems and the general principles presented sthigsis can be transferred to any
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other system having similar properties. Thus, thesfble applications can be related to
porous materials for cell seeding in the fieldis$tie engineering, improvement of heat

transfer properties for insulators as well as tdizations in packaging industry.
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