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1.1 Conventional preparation methods of polymer composites

The blending of two or more polymers with different characteristics is one of the most

important techniques used to prepare new materials with novel features not found in any

current constituent polymer. Preparation of polymer composite can be accomplished by:

(1) mechanical mixing

(2) dissolution in co-solvent followed by film casting, freeze or spray drying

(3) latex blending

(4) fine powders mixing

(5) use of monomer(s) as solvent for another blend component followed by

polymerization as in interpenetrating polymer networks (IPNs), manufacture

(6) various other methods of IPN technology

In general, the miscibility of different polymers is so limited that conventional methods

such as melt processing or casting from solution have been successfully employed only in a

few cases, e.g., the polystyrene (PS)/poly(vinyl methyl ether) blend [1]. Especially,

nanometer dispersed semicrystalline/amorphous polymer composites cannot be blended using

conventional methods because the amorphous polymer is excluded from the crystalline

regions during the crystal growth process [2].



1.2 Preparation of polymer composites using supercritical carbon dioxide

Supercritical carbon dioxide (scCO,) is a fluid state of carbon dioxide where it is held at or
above its critical temperature and critical pressure. Carbon dioxide usually behaves as
a gas in air at standard temperature and pressure (STP), or as a solid called dry ice when
frozen. If the temperature and pressure are both increased from STPto be at or above
the critical point for carbon dioxide, it can adopt properties midway between a gas and
a liquid. More specifically, it behaves as a supercritical fluid above its critical temperature
(31.1 °C) and critical pressure (7.38 MPa), expanding to fill its container like a gas but with

a density like that of a liquid.
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Figure 1-1 Carbon dioxide pressure-temperature phase diagram.
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ScCO; is a good solvent for many small molecules [3], and although it is a good swelling

agent for most polymers, it is a very poor solvent for them, even at extremely high pressure

[4]. The density of supercritical fluids (SCFs) and thus their solvent strength is continuously

tunable from gas-like to liquid-like by changing pressure and temperature. This provides them

with the ability to control the degree of polymer swelling as well as the partitioning of small

molecule penetrates between the swollen polymer phase and the fluid phase [5,6]. The low

viscosity and near-zero surface tension of SCFs allow for fast mass transfer of penetrates into

a swollen polymer. ScCO; has been used to impregnate polymers with different additives [7]

and because CO; is a gas at ambient conditions, the removal and recovery of the solvent from

final product are extremely easy.
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Figure 1-2 Diagram of polymer composite preparation using scCO5.
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A synthetic method for producing new polymer composites using supercritical carbon

dioxide (scCO;) has been developed by Watkins and McCarthy [8]. The general objective of

this program is summarized in figure 1-1; reagents (A and B) are infused into a solid polymer

as a SCFs solution where they are induced to react and form products (C and D). The reaction

can be run either in the presence of the SCFs solution or subsequent to removal of the solution

by depressurization.
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1.3 Current situation of polymer composites using supercritical carbon dioxide

A series of new polymer composites have been prepared using scCO, since Watkins and

McCarthy developed the method [8]. These new composites are showed in table 1-1. Here,

some representative examples are introduced. PS composites of semicrystalline and glassy

polymer substrates such as polyethylene (PE), bisphenol-A  polycarbonate,

poly(oxymethylene), nylon 66, poly(4-methyl-l-pentene), and poly(chlorotrifluoroethylene) w

ere also successfully synthesized [8-10]. Kung et al. reported that mechanical properties such

as Young’s modulus and the yield stress of high-density polyethylene (HDPE)/PS composites

obtained using scCO, could be controlled by composition [11]. In addition, they showed that

the mechanical properties of the HDPE/PS composite prepared by using scCO, were superior

to a HDPE/PS blend prepared by means of the conventional melt-mixing process.

Ultra-high-molecular-weight polyethylene (UHMWPE)/methacrylate polymer composites

prepared with various hydrophobic methacrylate monomers featuring alkyl side chains of

varying lengths in place of the styrene and the controlled preparation of copolymer blends of

alky methacrylates within a UHMWPE substrate have also been reported [12-14]. UHMWPE

was also blended with biodegradable polymers — polycaprolactone (PCL) successfully [15].

Moreover, semi-interpenetrating polymer networks (IPNs) of UHMWPE with

PMMA-co-poly(ethylene glycol) dimethacrylate (PEGDMA) were prepared through scCO,

-12-
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facilitated impregnation of (methyl methacrylate) MMA and ethylene glycol dimethacrylate

(EGDMA) monomers into UHMWPE [16]. The mechanical properties of polymer composites

prepared using the scCO; method can be controlled by using a combination of the substrate

and monomer.

The author's laboratory have already succeeded in obtaining micro-phase-separated

polymer composites of polyethylene (PE)/poly(vinyl acetate) (PVAc) and syndiotactic

polystyrene (sPS)/poly(methyl methacrylate) (PMMA), even though they are immiscible and

thus could not have been obtained using conventional methods [17,18]. The PE/PVAc

composite features a biocompatible surface and could be used to fabricate medical devices.

The sPS/PMMA composite was blended at the nanometer level, and thus, favorable

mechanical properties are expected.

-14-



1.4 Scope of the research

There are two purposes in this research work:

1. Preparation of novel nanocomposites that can not be obtained using conventional

methods.

2. Control of the bulk and surface properties of these nanocomposites.

To achieve these purposes, firstly, polypropylene (PP) and PE that are the most used

polyolefin were selected as polymer substrates. Next is the selection of appropriate monomer.

The monomer should meet three conditions below:

a. It can be dissolved in scCO».

b. Corresponding polymer can not be dissolved in scCO,.

c. Corresponding polymer possesses different properties comparing with the polymer

substrate.

According to these three conditions, MMA and octamethylcyclotetrasiloxane (D4) were

selected as monomers. MMA and D4 can be easily dissolved in scCO,. Corresponding

polymers PMMA and polydimethylsiloxane (PDMS) can not be dissolved in scCO; in this

study, although PDMS is considered as one of polymers that are the most easily dissolved in

scCO;. PMMA is an amorphous polymer having high optical properties, good chemical

resistance, and high tensile strength. PDMS is an inorganic polymer possessing excellent
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thermal stability, dielectric properties, and excellent flame retardant. It is also widely known

owing to its extremely low glass transition temperature, flexibility and their hydrophobic

surface properties [27-30]. PMMA and PDMS possess different properties comparing with

polyolefin substrates, and new materials with novel features are expected by blending

polyolefin substrates with PMMA or PDMS.

Three kinds of novel polymer nanocomposites (iPP/PMMA, LLDPE/PMMA,

LLDPE/PDMS) were prepared using the above-mentioned methods. And then, the connection

between constituent content of polymer composites and process parameters such as initial

pressure, polymerization time, and soaking temperature was studied, which would allow the

control of bulk and surface properties.

Chapter 2 introduces the preparative methods of polymer composites and instrumental

analyses used in this study.

In Chapter 3, the composites comprising iPP and PMMA were prepared using scCO,.

The preparation, microstructure, crystallinity, and thermodynamic and mechanical properties

of the iPP/PMMA composites are reported in detail. The microstructure of the iPP/PMMA

composites was investigated using transmission electron microscopy (TEM), atomic force

microscopy (AFM), and small-angle X-ray scattering (SAXS), and these measurements

yielded consistent results. iPP and PMMA were blended at the nanometer level through the

supercritical impregnation of a methyl methacrylate (MMA) monomer and an initiator into

-16-



the amorphous interlamellar regions of a iPP substrate, followed by in situ polymerization of

the MMA monomers. The results of wide-angle X-ray diffraction (WXRD) and differential

scanning calorimetry (DSC) showed that PMMA did not affect the crystallinity, the enthalpy

of melting the iPP crystal, nor the top temperature of the iPP crystal melting, but it did reduce

the starting temperature at which the iPP crystal melting. The dynamic viscoelastic analysis

(DVA) and tensile tests were used to measure the mechanical properties of the composite

including storage modulus, yield stress, fracture stress and strain. It was determined that these

properties depended on the composition of the composite and are dependent on the initial

pressure of CO;,. The DVA results also showed that the iPP and PMMA were somewhat

thermodynamically miscible.

Chapter 4 demonstrates the thermal stabilities of iPP/PMMA composites. The

microstructure was investigated using SAXS and TEM. The crystallinity was analyzed by

DSC and WXRD. The mechanical properties were evaluated by DVA. When the iPP/PMMA

composites were annealed at 140 °C, although the 1PP crystal grew, the nano-structure can be

remained. When the iPP/PMMA composites were annealed at 190 °C, PMMA migrated by

diffusion from the amorphous region of iPP, then macroscopic domain structure was formed,

and the nanostructure cannot be remained.

Chapter 5 demonstrates the preparation of nanometer dispersed LLDPE/PMMA polymer

pseudo-interpenetrating networks (pseudo-IPNs) using scCO,. These pseudo-IPNs were

-17-



formed by the complicated entanglement of the amorphous chain of LLDPE and PMMA

chains through controlling the mass gain of PMMA. SAXS measurement showed that LLDPE

and PMMA were blended at the nanometer level. The thermodynamic miscibility and thermal

stability of pseudo-IPNs were evaluated by DVA and SAXS. The results showed that the

LLDPE and PMMA were somewhat thermodynamically miscible, and the structure of

LLDPE/PMMA composite with a high mass gain was not easily broken when annealed at

temperatures higher than 7, of LLDPE (7, ..ppe). DVA also showed that they retain high

storage modului at temperatures beyond the LLDPE melting transition. Further, the extent of

the storage modulus can be controlled through controlling the mass gain of PMMA.

Chapter 6 demonstrates the preparation of LLDPE/PDMS composite with a hydrophobic

surface. Results of X-ray photoelectron spectroscopy (XPS) and attenuated total reflection

Fourier-transform infrared spectroscopy (ATR-FTIR) indicated that PDMS was located on the

surface of the LLDPE substrate. Scanning electron microscope-energy dispersive X-ray

(SEM-EDX) measurement provided the depth information indicating that PDMS existed in

the LLDPE substrate. Water contact angle measurement revealed that the hydrophobicity of

PE had been improved from 94° to 105° by incorporating PDMS. The microstructure and

mechanical properties of the composite were also investigated by SAXS, WAXD, DSC, DVA,

and tensile tests.

Finally, Chapter 7 gives the general conclusions drawn from Chapter 3 to 6, points out that

-18-



the originality of this research, explains the main problems remaining in future in regard to

the preparation of semicrystalline/amorphous polymer composites using scCO».
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2.1 Materials

A polyolefin (isotactic polypropylene or linear low-density polyethylene) substrate was
prepared from a commercially obtained pellet (Mitsui Chemical, Inc., Tokyo, Japan) by hot
pressing at 190 °C or 170 °C. The substrate was cut into pieces with dimensions of 20 x 20 x
0.5 mm’, extracted with acetone for 24 h in a Soxhlet extractor to remove impurities in the
substrate, and dried in vacuo at room temperature. Methyl methacrylate (MMA) and acetone
were purchased, and used without further purification, from Wako Pure Chemical Industries,
Ltd., Tokyo, Japan, and Kanto Chemical Co., Tokyo, Japan, respectively.
2,2'-Azobis(isobutyronitrile) (AIBN) was purchased from Kanto Chemical Co., Inc., Japan,
and used after recrystallization from methanol. Octamethylcyclotetrasiloxane (D4),
hexamethyldisiloxane and sulfuric acid were purchased from Tokyo Chemical Industry Co.,
Ltd., Japan; Acros Organics, France; and Kanto Chemical Co., Tokyo, Japan, respectively,
and used without further purification. Carbon dioxide (CO,) with a purity of 99.5% was

provided by Tomoe Shokai Co., Tokyo, Japan, and used as received.

-25-



2.2 Preparation of polymer composites using scCO,

Samples were prepared in an apparatus consisting of a 50 mL stainless steel vessel,

magnetic stirrer, constant-temperature air bath (Model SCF-Sro, JASCO Co., Tokyo, Japan),

thermocouple, and pressure gauge. The pressure gauge comprised a transducer (Model

PTX1400, Druck Japan Co., Tokyo, Japan) and an indicator, which had a precision of £0.2%

in the pressure range of 0—40 MPa. The polyolefin substrate was suspended in the vessel by

means of a wire mesh to ensure that no part of the substrate was in contact with the monomer

solution or the vessel wall. The polyolefin substrate, monomer, and initiator were placed in

the vessel, which was then sealed [1]. The vessel was then flushed by CO, at atmospheric

pressure. After the system reached thermal equilibrium, the vessel was pressurized up to a

specific CO, pressure using a CO;, delivery pump (Model SCF-Get, JASCO Co., Tokyo,

Japan). The polyolefin substrate was soaked for 1 h. The vessel was then pressurized to the

last specific pressure (to compensate for the drop in pressure due to dissolution of the

monomer and initiator), heated to the reaction temperature (80 °C), and held for a specific

time. The vessel was then cooled to 10 °C and gradually returned to ambient pressure. After

extracting the sample with acetone or chloroform for 24 h to remove unreacted reagents and

the surface poly(methyl methacrylate) (PMMA) or polydimethylsiloxane (PDMS) using a

Soxhlet extractor, the polymer composite was dried in vacuo at room temperature. The mass

-26-



gain was calculated using the following equation:

Wi—Wo

0

Mass gain (wt%) = x 100 (1)
where W is the initial weight of polyolefin substrate and W, is the weight of polymer

composite sheet after drying. The density of the polymer substrate was calculated using the

following equation:

W
L*xT

Density (g/cm’) = (2)
where L is the average length of the four sides and T is the thickness of the polymer

composite sample. The length and thickness were measured at room temperature.
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2.3 Characteristic of polymer composites

2.3.1 Transmission electron microscopy

Transmission electron microscopy (TEM) micrographs were recorded using a JEOL
JEM-100CX transmission electron microscope at an accelerating voltage of 100 kV. RuO4
was used to stain the composite specimens, which were cut into ultra-thin sections at room

temperature using an ultramicrotome.

2.3.2 Atomic force microscopy

Atomic force microscopy (AFM) experiments were performed using a Nanoscope
[Ta-controlled Dimension 3000 AFM (Digital Instrument, Santa Barbara, CA). Commercial
silicon cantilever probes, with a nominal tip radius of less than 10 nm (Nanoscope Olympus,
160 pum cantilever length and spring constant ranging 12-103 N m™), were employed just
under their fundamental resonance frequencies of about 300 kHz. Height and phase images

were acquired simultaneously under ambient conditions. Scan rates were set at 2 Hz for all
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images.

2.3.3 Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) experiments were carried out using synchrotron
radiation as the X-ray source at the Photon Factory of the High Energy Accelerator
Organization at Tsukuba, Ibaragi, Japan. The wavelength of the X-rays was 0.1488 nm and
the scattered intensity was detected using a one-dimensional position-sensitive proportional
counter (PSPC) with 512 channels that was located about 2 m from the sample. The set-up
was calibrated on a sample of expanded chicken collagen, which gave a set of sharp
diffractions corresponding to a Bragg spacing of 653 A. The details of the instrumentation

and procedure are described elsewhere [2].

2.3.4 Wide-angle X-ray diffraction

Wide-angle X-ray diffraction (WXRD) experiments were performed at 20 °C using a

Panalytical X’Pert Pro diffractometer. The Cu Ka radiation (wavelength, 4 = 0.154 nm) was
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generated at 45 kV and 40 mA. All samples were scanned at a rate of 3 °/min between 10°

and 40° in reflectance mode. The crystallinity was determined by assuming that the total

diffraction within a certain region of reciprocal space is independent of the state of

aggregation of the material. The crystallinity, Xc, expressed as the mass fraction of the

crystalline component, is then given as

Xe= D¢ 3)
Ac+Aa
where Aa is the area under the peaks corresponding to the amorphous region and Ac is the

area remaining under the crystalline peaks [3].

2.3.5 Differential scanning calorimetry

The thermal behavior of the composite was measured using differential scanning

calorimetry (DSC) (Seiko Instruments, Inc., DSC6100). The instrument was calibrated using

known standards: indium (7, = 165.8 °C) and zinc (7,, = 419.5 °C). The sample (2-3 mg)

was packed into aluminum DSC sample pans with the lid tightly crimped. Measurements

were taken between —50 and 200 °C at a scanning rate of 10 °C/min under a nitrogen gas

flow.

-30-



2.3.6 Dynamic viscoelastic analysis

The dynamic viscoelastic properties of the composite were measured in a tensile mode,

using a dynamic viscoelastic analysis (DVA-220, IT Keisoku Seigyo Company, Japan) with a

chuck distance of 10 mm and a frequency of 10 Hz. The storage modulus (E'), loss modulus

(E") and loss tangent (tan ) were measured as a function of temperature, using a heating rate

of 5 °C/min.

2.3.7 Tensile test

The tensile tests were carried out using a screw-driven model Intesco Co. tensile machine

(IM-20ST). The grip interval was 10 mm. All samples were deformed at 20 °C at a strain rate

of 100 %/min.

2.3.8 Attenuated total reflection Fourier-transform infrared spectroscopy
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To analyze the functional groups on the surface of polymer composite, the attenuated total
reflection Fourier-transform infrared spectroscopy (ATR-FTIR) spectra were measured using
a FTIR spectrophotometer (PerkineElmer Spectrum One) equipped with a universal ATR
sampling accessory. All the measurements were performed under identical conditions

(number of scans: 8, resolution: 4 cm ™', 5 points).

2.3.9 X-ray photoelectron spectroscopy

To evaluate the chemical structure of the samples and assess the near-surface composition
of the polymer composite, X-ray photoelectron spectroscopy (XPS) was conducted on an
AXIS-HSi (Shimadzu/Kratos, Kyoto, Japan) employing Mg Ka excitation radiation (1253.6

eV). The take-off angles of the photoelectron for each atom were fixed at 30° or 90°.

2.3.10 Scanning electron microscope-energy dispersive X-ray

To evaluate the silicon concentration, scanning electron microscope (SEM) (Hitachi

S-3000N) and energy dispersive X-ray (EDX) (Hitachi S-3000N, 132-10) analyses of the
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cross sections of the polymer composite were performed. The polymer composite was cut

normally in an ultramicrotome (Leica EM UC6) at —160°C and then sputter coated with a thin

layer of Pt—Pd to improve the electrical conductivity. In all measurements, the acceleration

voltage was 15 kV.

2.3.11 Water contact angle

The hydrophilicity of the sample surface was characterized on the basis of water static

contact angle measurements. The contact angle with water was measured at room temperature

(21°C) by a sessile drop method using a contact angle goniometer. The data shown are an

average of three different measurements.

2.3.12 Gel permeation chromatograph

The molecular weight was determined by GPC (TOSOH HLC-8220GPC) with a

TOSOHTSK gel GMHxL-G3000HxL-G2000HXL column system. The molecular weight was

calibrated using poly(methyl methacrylate) standards. Tetrahydrofuran was used as an eluent,
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and the measurement was performed at 40 °C.
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3.1 Introduction

Isotactic polypropylene (iPP) is one of the largest volume polyolefins in the plastics
industry. It has many desirable physical properties including low density, high melting
temperature, high tensile modulus, and excellent chemical resistance [1]. Combined with its
low cost, these properties make iPP ideal for a variety of applications including appliances,
packaging, textiles, reinforcing fibers, monofilaments, films, automotive parts, reusable
containers of various types, and other durable items for home and garden use. Additionally,
the ranges of applications for iPP can also be extended by various physical treatments, for
example, thermal treatment and plastic deformation [2—6].

Table 1-1 Production of plastics.

(Unit 1000 t)
2004 2005 2006 2007 2008 2009 2010 2011 2012
3,238 3,240 3,166 3,232 3,089 2,805 2,684 2,834 2,605
2,908 3,063 3,049 3,087 2,869 2,411 2,467 2,448 2,390
2,153 2,151 2,146 2,162 1,797 1,668 1,602 1,529 1,331
1,824 1,734 1,745 1,749 1,594 1,240 1,265 1,275 1,168
720 684 686 698 685 500 572 565 472

However, iPP has the disadvantages such as low surface energy, lack of chemical
functionalities, difficulty in dyeing. Moreover, when a polymer composite of iPP with other
polymers is prepared, phase separation occurs, and a macro domain structure is formed
because of the crystal growth of iPP from the melt or soluble state [7]. The properties of iPP

such as storage modulus, yield stress, fracture stress and strain could be changed through the
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blending of another amorphous polymer into the amorphous phases of iPP to meet various

needs. Poly(methyl methacrylate) (PMMA) is an amorphous polymer having high optical

properties, good chemical resistance, and high tensile strength. The present study establishes a

method to prepare a new nanocomposite material with PMMA dispersed on a nanometer scale

in the amorphous phase of iPP. iPP and PMMA have quite different physical properties and

cannot be sufficiently blended using conventional methods. In this study, scCO; is used as a

processing medium to facilitate effective impregnation of methyl methacrylate (MMA)

monomer into the amorphous phase of iPP, followed by radical-initiated in situ

polymerization.

To date, although there is extensive work in the area of semicrystalline/amorphous polymer

composites (such as polyethylene/amorphous polymer composites) prepared in scCO,, the

study of iPP as a polymer substrate is rather limited. Additionally, changes of melting

temperature of substrate polymer after blending with an amorphous polymer, thermodynamic

miscibility of respective component, and thermal stability of the composites haven’t been

evaluated. In this study, the details of the preparation of an iPP/PMMA composite are firstly

reported. We investigate the microstructure of the composite by combining transmission

electron microscopy (TEM), atomic force microscopy (AFM), and small-angle X-ray

scattering (SAXS). The crystallinity of the composite was investigated by wide-angle X-ray

diffraction (WXRD), and the melting temperature and enthalpy of crystal were determined by
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differential scanning calorimetry (DSC). The mechanical properties of the composite were

analyzed by means of dynamic viscoelastic analysis (DVA) and tensile tests. The

thermodynamic miscibility was evaluated by DSC and DVA.
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3.2 Experimental section

The iPP substrate (20 x 20 x 0.5 mm?), MMA monomer (2 g), and AIBN initiator (0.03 g)
were placed in the vessel, which was then sealed [8]. The vessel was then flushed by CO, at
atmospheric pressure. After the system reached thermal equilibrium (35°C), the vessel was
pressurized up to a specific CO; pressure using a CO, delivery pump. The iPP substrate was
soaked for 1 h. The vessel was then pressurized to the last specific pressure, heated to the
reaction temperature (80 °C), and held for 24 h to ensure that the polymerization of MMA
was complete. The vessel was then cooled to 10 °C and gradually returned to ambient
pressure. After treating the product sample with acetone for 24 h to remove unreacted
reagents and the surface PMMA using a Soxhlet extractor, the iPP/PMMA composite was
dried in vacuo at room temperature.

The molecular weight of PMMA produced inside and outside iPP substrate was determined
by a gel permeation chromatograph (GPC) with THF as the mobile phase. The PMMA
produced inside of iPP substrate was separated using the method as follows. The iPP/PMMA
composite was dissolved in hot xylene. The precipitate (iPP) was produced by precipitation
by addition of acetone and removed by filtration. The remaining solution was rotary
evaporated to isolate the PMMA.

A reference sample was also prepared for SAXS and other analyses from the solution as
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follows: equal masses of iPP and PMMA were dissolved in xylene at reflux temperature and

the solution was poured into methanol to obtain the precipitate, which was vacuum-dried

under heat. The obtained precipitate was shaped into a sheet following the same process as

was used for the iPP substrate.
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3.3 Results and discussion

3.3.1 Preparation of iPP/PMMA composite in scCO;

12¢ Pr—r—"r—r—T—r—T"T""rTTrTrT"TTT

Mass gain (wt%)

8

Initial pressure (MPa)

Figure 3-1 Effect of initial pressure on the mass gain of PMMA into iPP

substrate after polymerization.

Figure 3-1 shows the effect of the initial pressure of CO;, on the mass gain of PMMA into
the 1PP substrate after polymerization. The mass gain initially increases in correlation with the
initial pressure, reaching a maximum of 109 wt% when the initial pressure of CO; is about 9

MPa, and then decreases with further increases in the initial pressure. Therefore, the mass
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gain of the PMMA sample can be controlled by modulating the initial pressure of CO,. These

results are similar to those obtained in our previous study [9].

ScCO, is a good swelling agent and generally a poor solvent for most polymers.

Impregnation of scCO; starts on the surface of the substrate followed by gradual permeation

into the inner substrate. The swelling kinetics of CO; into the polymer matrix depends on

both the temperature and pressure [10,11]. Differing from other polymers, PMMA possesses

the swelling properties in CO; that depend on the temperature and pressure [12]. When the

initial pressure of CO; is low, both the solubility of MMA and the swelling of the amorphous

PP region are low, resulting in insufficient generation of PMMA in the iPP substrate. An

increase in the initial pressure results in improved solubility of MMA, and swelling of the

amorphous iPP region, which results in an increase in the mass gain with higher initial

pressures. However, the partition coefficient of MMA in CO; becomes larger than that in iPP

substrate at even higher pressures. Additionally, at high pressure, the rate of the

decomposition of AIBN is relatively slow [13,14]. A combination of these factors explains

the mass gain decreases with increasing initial pressures over 9 MPa (see Figure 3-1).

We also notes that after incorporation of PMMA, the dimensions (length, thickness) of the

specimens have grown significantly from their initial substrate dimensions while retaining

their original square shape (the lengths of four sides are almost same even after the

polymerization). Figure 3-2 shows the changes in length, thickness, and density of the
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1PP/PMMA composites as a function of the mass gain of PMMA. As expected, the higher the
PMMA incorporation, the larger the final dimensions. Interestingly, although the dimensions
show a nearly linear growth up until 75 wt%, the growth significantly slows after 75 wt%. iPP
and PMMA have densities of 0.881 g/cm’ and 1.19 g/cm’, respectively, and the iPP/PMMA
composites with a mass gain of 75 wt% and 109 wt% have densities of 0.910 g/cm’ and 0.960
g/em’, respectively. This demonstrates a significant increase in the density of the composites
above 75 wt%, which is due to the constriction of the dimensions with increasing mass gain at
this point. In addition, the interactions between the chains of generated PMMA occur
gradually, after which the density of the iPP/PMMA composite is closer to the density of

PMMA.
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Figure 3-2 Changes in length, thickness, and density of iPP/PMMA composites
as a function of the mass gain of PMMA.
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GPC measurements indicate the molecular weight of PMMA produced inside of iPP
substrate is higher than that produced outside of iPP substrate. PMMA from a 75 wt%
iPP/PMMA composite exhibited a M, = 62.3 x 10* with a PDI (M/M,) = 1.9. The
corresponding PMMA produced outside of iPP substrate exhibited a M,, = 5.8 x 10" with a
PDI =2.5. PMMA from a 109 wt% iPP/PMMA composite exhibited a M,, = 84.8 x 10* with a
PDI = 1.6. The corresponding PMMA produced outside of iPP substrate exhibited a M,, = 6.5

x 10* with a PDI = 2.7. These results are similar to those obtained in the literature [15].

3.3.2 Microstructure analyses of the iPP/PMMA composite

Figure 3-3 displays TEM micrographs of the reference sample (iPP/PMMA = 100/100) and
1iPP/PMMA composite (mass gain: 109 wt%; iPP/PMMA = 100/109). The dark portions in the
micrographs are iPP domains and the light portions are PMMA domains. In the reference
sample (a and d), large PMMA domains of micron scale were formed in the iPP substrate and
the phase boundary was clear. Conversely, in the iPP/PMMA composite prepared by scCO,
(b, c, and e), the PMMA domains are finely dispersed within the iPP substrate on a nanometer
scale and the phase boundary was ambiguous. Nevertheless, when the micrographs of both

the reference sample and iPP/PMMA composite are magnified (d and e), numerous streaks
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Figure 3-3 TEM images of reference sample and iPP/PMMA composite (mass gain: 109 wt%).
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Figure 3-4 AFM height (left) and phase (right) images of reference sample and
iPP/PMMA composite (mass gain: 109 wt%).
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are evident. These streaks signify lamellar crystal of iPP. This indicates that some portions of

the original crystalline phases of iPP are preserved throughout the preparation process.

Figure 3-4 shows the AFM height and phase images of the reference sample and the

iPP/PMMA composite (mass gain: 109 wt%). From the height images, it can be seen that the

surface of the reference sample is rougher than that of the iPP/PMMA composite. This may

indicate that the scCO, impregnation assists in producing a more homogeneous internal

structure of the polymer. The height image of the iPP/PMMA composite also differs from that

of the reference sample due to the presence of a granular-shaped feature. This change in

topography is likely due to the incorporation of PMMA into iPP, which results in a change in

the internal structure of the iPP. In the phase images, a strong contrast of bright and dark

regions was observed for all samples. This is consistent with the fact that iPP and the

composite are semicrystalline polymers consisting of crystalline and amorphous phases with

different moduli. The bright portions are attributed to the stiffer materials whereas the dark

portions are attributed to the softer materials [16,17]. In the reference sample, the left side

shows a strong contrast of bright and dark regions, which is attributed to the crystalline and

amorphous phases of iPP. Conversely, the right side shows only bright regions, which are

attributed to PMMA. The phase boundary is clear. In contrast, in the iPP/PMMA composite,

the phase boundary is ambiguous and the amorphous regions of iPP expand, as a result of the

polymerization of PMMA within the amorphous regions.
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Figure 3-5 Plots of Lorenz-corrected SAXS intensity Iq” vs. g of reference sample and

iPP/PMMA composites.

Assuming that the morphology is globally isotropic but locally lamellar, the microstructural
periodicity of the iPP/PMMA composite and reference sample can be obtained from
unoriented SAXS patterns. Figure 3-5 plots the scattering data in the form of the
Lorenz-corrected SAXS intensity, Ig°, versus the scattering vector, g, where [ is the scattering
intensity and ¢ is defined by
q= 4Tnsing (D

where A is the wavelength of the X-ray, and 0 is the scattering angle. The iPP sample shows
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both first- and second-order reflections, which are assigned to the long period corresponding
to the sum of thickness of a crystalline layer, iPPc, and an amorphous layer, iPPa, in
semicrystalline lamellae. This shows that the interface between the crystalline and amorphous
regions is sharp, so the application of a two-phase model is appropriate. The Bragg spacing
was estimated from the maximum ¢* using the relation d; = 2n/g*. The magnitude, d;, of
14.3 nm for iPP, estimated from ¢* = 0.439 nm™, is comparable with the reported value of
15.3 nm [18].

First- and second-order reflections are also observed in the reference sample. In this case,
the scattering intensity for a ¢ smaller than 0.3 nm™ tends to increase as g decreases, which
indicates the presence of large domains in the reference sample. These results are reasonable
since the phases of iPP and PMMA in the reference sample are macroscopically separated, as
is shown in figure 3-3a, and so the microstructure of iPP would remain intact.

In the iPP/PMMA composite, the SAXS profiles gradually change with increases in the
mass gain of PMMA: The first-order reflection (approximately ¢ = 0.4 nm™) tends to shift to
a larger ¢ and both intensities of the first- and second-order (approximately q = 0.8 nm™)
reflection tend to become weaker, and the second-order reflection even disappears finally
(This can be seen clearly in Figure 11). In the iPP/PMMA composite with a mass gain of 17
wt%, a shoulder appears in a ¢ range around 0.3 nm™, which becomes a bump as the mass

gain of PMMA increases up to a maximum of ¢ of ~0.20 nm™ at 109 wt% mass gain, which
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corresponds to a dimension of ~31 nm. From these results, it is evident that MMA and AIBN,
dissolved in scCO,, are impregnated into the amorphous phase of iPP and subsequently
polymerized in situ to form new phases consisting of polymerized PMMA embedded in
amorphous phases of iPP. The structures of the rest of the amorphous phases and crystalline

phases of iPP are unchanged or only slightly modified, as shown in Figure 3-6.

Stage 1 Stage 2

Impregnation
———
35°C

Polymerization
————

80°C

iPP Substrate

Amorphous
region

Lamellar
structure

(e0)
v P24 ||
co,M

iPP/PMMA composite 109wt%

Figure 3-6 Formation mechanism model of iPP/PMMA composite (M: Monomer (MMA); P:
(PMMA); I: Initiator (AIBN) ).

Based on the results of TEM, AFM, and SAXS analyses, the mechanism of the formation
of the iPP/PMMA composite was established (Figure 3-6). In stage 1, the monomer and
initiator were dissolved in scCO; and impregnated into the amorphous interlamellar regions

of iPP substrate. In stage 2, after reaching the polymerization temperature, the monomer
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polymerized within the amorphous interlamellar regions of iPP substrate. The polymerization

of monomer led to the imbalance of the partition coefficient of monomer within and outside

of the iPP substrate. The monomer outside of the iPP substrate thus permeated into the

amorphous regions of the iPP substrate, and the polymerization reaction was continuous. As a

result, iPP and PMMA were effectively blended at the nanometer level.

3.3.3 Crystallinity of the iPP/PMMA composite

Figure 3-7 shows the WXRD patterns of PMMA, iPP, and iPP/PMMA composites. It can

be seen that the WXRD patterns of both the iPP and iPP/PMMA composite present the

characteristic peaks for the (110), (040), (130), (111), and (041) planes of the well-known

a-form (monoclinic phase) [4,6,19,20]. The angular positions of the diffraction peaks of the

crystalline iPP are almost identical for original iPP substrate and for the iPP/PMMA

composite, indicating that the crystal forms are not changed upon the addition of PMMA.

However, the amorphous regions of the iPP/PMMA composite increased with the mass gain

of PMMA, which indicates that the overall crystallinity decreases with increases in the mass

gain of PMMA (figure 3-8). The reduction in sample crystallinity is due to dilution as a result

of the addition of PMMA to the amorphous iPP regions, and the resultant increase in the size
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Figure 3-7 WXRD patterns of PMMA, iPP, and iPP/PMMA composites.
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Figure 3-8 Relationship between crystallinity and mass gain of PMMA.
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of the amorphous regions. Percent crystallinity in iPP, Xipp, was calculated as follows:

Xipp (%) = % (2)

where Xipp is the crystallinity of iPP/PMMA composite assumed to be dependent only on the
crystalline regions of iPP, Xipppmma 1S the crystallinity of the iPP/PMMA composite, and
Wipp 1s the weight fraction of iPP. Xjpp does not change, although Xipppmma decreases
according to an increase in the mass gain of PMMA. The total amount of crystalline PP

remains unchanged. These results indicate that the MMA polymerizes solely within the

amorphous regions of the polymer.

3.3.4 Thermodynamic and mechanical properties of the iPP/PMMA composite

Differential scanning calorimetry, shown in figure 3-9, confirmed the WXRD data. In
iPP/PMMA composites, strong iPP melting endotherms were observed. The melting
endotherms reveal that the composite preparation does not affect the crystalline region of the
iPP substrate. Further, the melting endotherm peaks became broad and shallow with
increasing mass gain of PMMA. This is due entirely to dilution of the crystalline regions by
the addition of PMMA to amorphous iPP regions. Although the top temperature of the

melting endotherm peaks (7,2) was not significantly affected by the mass gain of PMMA, the
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starting temperature of melting endotherm peaks (7,,;) decreased with the mass gain of
PMMA, as shown in figure 3-10. Generally, a decrease in T, is caused by changes in the
kinds of crystals, or crystallinity of the sample. However, the WXRD data confirmed that the
crystal types and crystallinity are independent of the addition of PMMA (figures 3-7 and 3-8).
It 1s possible that the decrease in 7),; can be explained by the formation mechanism of the
1PP/PMMA composite, as was discussed in microstructure analyses. From the SAXS profiles,
slight changes in the lamellar structure can be postulated. Figure 3-11 shows the
corresponding relationship between the SAXS profiles and lamellar models. In PP, both the
first- and second-order reflections are evident. In the iPP/PMMA composite with a mass gain
of 17 wt%, a shoulder appears at a ¢ of ~0.3 nm™, which corresponds to a relatively large
dimension of ~21 nm. Because the mass of PMMA is relatively low, most of the iPP lamellar
structures are retained, and the first- and second-order reflections can still be observed,
although they are weak. However, in the iPP/PMMA composite with a mass gain of 109 wt%,
a strong peak appears at a g of ~ 0.2 nm™', which corresponds to a larger dimension of ~31 nm,
and the first-order reflection is weaker, while the second-order reflection is not observed. As
the amount of crystal is constant, the formation of new lamellar structures causes the
reflections originating from the iPP lamellar to weaken or even disappear. The changes of 7),,;
and T, are attributed to changes in the microstructure; as the volume of the amorphous

regions of iPP increase, melting the crystal is more facile, so 7,,; decreases with the mass gain

-55-



Endotherm (W.g)

o N

iPP/PMMA 75wi%
IPF/PMBMA 109w1%
T,
st ron PMMA B
-50 ¢ 50 100 150 200
Temperature (°C)

Figure 3-9 DSC thermograms of iPP, PMMA, and iPP/PMMA composites.

Im L] L] L] . L] [} L] l [ ] L] L] I L] L] L] . L] L] L] . [ ] L] [ ] o 180
.A[‘IM .Tlll ‘T.ﬂ
8@ i 3 175
S 100 = — 1
= . - | -
§ ‘ 1 170
E‘ 80 |- ] Q
- A — E
A E
s T B » | x A {1
& 6 k- ] E
E : z
[} - 160 g
; 1 i
40 . B
E r R
w ] — ] =
g :
§ 2 - 1\ 4 150
0 [ M R BEECEECEE I DI B 145
1} 20 49 60 80 100 120

Mass gain of PMMA (wt%0)
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Figure 3-11 Corresponding relationship between SAXS profiles and lamellar models ((a):

iPP; (b): iPP/PMMA composite 17 wt%; (c): iPP/PMMA composite 109 wt%).

of PMMA. However, because the amorphous regions of iPP were slightly modified by

PMMA, T, did not change significantly with the mass gain of PMMA. Accordingly, the

enthalpy change of the melting of the iPP crystal, AHipp, was calculated as follows:
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AHipp = % (6)

where AHipppmma 18 the enthalpy change of the melting of the iPP/PMMA composite crystal,
which was assumed to be dependent only on the crystalline regions of iPP. The relationship
between AHipp and the mass gain of PMMA is shown in figure 3-10. It is evident that AH;pp
is constant with the mass gain of PMMA. This is further confirmation that the total amount of
1PP crystal does not change upon the addition of PMMA, which is in accord with the results
of WXRD. These results indicate that although the addition of PMMA does not affect the
enthalpy change of the melting of the iPP crystal nor the top temperature of iPP crystal

melting, it did reduce the temperature at which the iPP crystal begins to melt.

The measurement of dynamic viscoelastic behavior is an effective method of evaluating
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Figure 3-12 Temperature dispersion curves of the loss tangent (tan d) for original iPP, PMMA,
reference sample, and iPP/PMMA composites.
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the miscibility of two components through the determination of the glass transition

temperature, T, of the respective components. Figure 3-12 shows the temperature dispersion

curves of the loss tangent (tan &) for iPP, PMMA, the reference sample, and the iPP/PMMA

composites. For iPP, the a-relaxation peak appeared at ~0 °C corresponding to the 7, of the

1PP amorphous chain (7 ipp). For PMMA, the o-relaxation peak appeared at ~130 °C, which

corresponds to the T of the PMMA chain (7 pmma). Because iPP and PMMA are immiscible,

the peaks in the reference sample correspond to those of iPP and PMMA. The analysis of the

1iPP/PMMA composite also showed the three peaks which correspond to Tgipp, Tgpmma and

T,, of iPP (T,ipp). The two peaks corresponding to 7 ipp and 7gpmma are shifted with respect

to each other: The Ty ipp peak (T ipppmma) Was shifted towards a higher temperature, while

the Typmma peak (7g2ipppmma) shifted towards a lower temperature. Further, the shifting

extent increased with increasing the mass gain of PMMA. This is also observed in DSC

thermograms (figure 3-13). Although it is hard to see the Tgppp by DSC, the Tgpmma

component can be observed in the enlargement of DSC. With increasing the mass gain of

PMMA, the Typmma Was shifted towards a lower temperature. These results imply that, using

this method, the iPP and PMMA polymers were somewhat thermodynamically miscible [21].

Figure 3-14 shows the temperature dispersion curves of the storage modulus (E') of iPP,

PMMA, the reference sample, and the iPP/PMMA composites. At temperatures lower than

T'g2ipp/pMma, the E' of the iIPP/PMMA composite was larger than that of iPP. Conversely, at
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Figure 3-13 The enlargement of DSC thermograms of PMMA and iPP/PMMA composites. (a)
iPP/PMMA; (b) iPP/PMMA 75 wt%; (c) PMMA 109 wt%.

temperatures higher than T, pmma, the E' of the iPP/PMMA composite was smaller than that
of iPP. Therefore, the change of E' occurs between the Tgzipppmma and T pvma. The
temperature dependence of E' can be explained via the mobility of the polymer chain. At

temperatures lower than Ty, ipp/pmma, the chain mobility of the amorphous regions of iPP was
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Figure 3-14 Temperature dispersion curves of the storage modulus (E') for original iPP,
PMMA, reference sample, and iPP/PMMA composite (mass gain: 109 wt%).

prevented by the glassy PMMA generated in the amorphous regions. The E' of PMMA was
larger than that of iPP at temperatures lower than T ipppmma. Therefore, the lowered
mobility of the amorphous iPP chains resulted in the E' of the iPP/PMMA composite being
higher than that of iPP. At temperatures higher than T, pmma, the amorphous regions of
1PP/PMMA composite increased to more than that of iPP to allow micro-Brownian motion of
the PMMA. Therefore, the E' of PMMA decreased quickly so that the E' of the iPP/PMMA
composite was smaller than that of iPP. Similarly, the changes of E' of iPP/PMMA
composites can be also explained via the mobility of the polymer chain. Namely, the E' of

1PP/PMMA composite can be controlled through the mass gain of PMMA.
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Table 3-2 Results of tensile tests.

Szmple nzme Yield stress (MPa) Fracture stress {MPa) Fracture strain (%)

PP 31 30 129D

iPP /PMMA composite (17 wi%s) 34 36 1600

iPP /PMMA composite (28 wide) 37 35 860
iPP /PMMA. composite (59 wide) 38 33 9%
iPP /PMMA composite (74 wi%a) 33 33 55
PP PMMA composite (109 wi%e} 32 M4 30
reference sample — 27 4
PMMA — 42 5

Table 3-1 lists the results of the tensile test at 20 °C. In the reference sample, a
macro-phase separation was induced because iPP and PMMA are immiscible. The conversion
of the sample to a macro-phase separated structure was usually had a deleterious effect on its
mechanical properties. However, the yield stress of the iPP/PMMA composites is
considerably higher than that of iPP. Further, it increased gradually with the mass gain of
PMMA and reached a plateau at a mass gain of 59 wt%. The fracture stress of the iPP/PMMA
composites is also improved as compared to that of iPP. In addition, the fracture strain
decreased rapidly with the mass gain of PMMA. Therefore, nanometer-sized PMMA
generated in the amorphous regions significantly affected the mechanical properties of

1PP/PMMA composite, which can be controlled through the mass gain of PMMA.
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3.4 Conclusion

A composite composed of iPP and PMMA was prepared by in situ polymerization of

MMA in the presence of iPP in scCO,. PMMA was generated in the amorphous regions

between the crystalline lamellae of iPP. PMMA generated in the amorphous region of iPP did

not affect its crystallinity, the enthalpy of melting the iPP crystal, nor the top temperature of

iPP crystal melting, but it did reduce the starting temperature of iPP crystal melting.

Experimental evidence demonstrates that the iPP and PMMA were blended at the nanometer

level, and achieved thermodynamic miscibility to some extent. PMMA generated in the

amorphous regions of iPP substrate significantly affected the viscoelastic and mechanical

properties of the iPP/PMMA composite. At temperatures lower than 72 ipppmma, the E' of the

1iPP/PMMA composite was larger than that of iPP. At temperatures higher than T, pvma, the

E' of the iPP/PMMA composite was smaller than that of iPP. Mechanical properties such as

yield stress, fracture stress and strain can be controlled by changing the mass gain of PMMA.
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Chapter 4

Thermal Stability of Isotactic Polypropylene/Poly(methyl methacrylate)
Composite using Supercritical Carbon Dioxide
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4.1 Introduction

Since the new polymer composites prepared using supercritical carbon dioxide (scCO,) are

forcibly blended, their thermal stability will become a problem when they are in actual use or

processing. However, thermal stability of these composites has not been evaluated to date. In

this chapter, the author studied the thermal stability of polymer composites prepared in scCO,

using an isotactic polypropylene/poly(methyl methacrylate) (iPP/PMMA) composite. So the

iIPP/PMMA composite was selected, it facilitates analysis because of the glass transition

temperature of 1PP (7, ipp) < the glass transition temperature of PMMA (7Tgpmma) < the

temperature of iPP crystal melting (7,,ipp). The annealing temperature could be selected

between T ipp and Tgpmma, and Tgpmma and 7, ipp, at which the chain mobility of iPP and

PMMA will be divided easily. (The Tgipp Tgpvma and T ipp can be obtained from figure 4-1.)

Moreover, the microstructure, crystallinity, thermal behavior, and mechanical properties of

iIPP/PMMA composite have been discussed in chapter 3. PMMA is generated in the

amorphous region between the crystalline lamellae of iPP, and doesn’t affect the crystallinity

of iPP. The iPP and PMMA are blended at the nanometer level and achieved thermodynamic

miscibility to some extent. Mechanical properties such as yield stress, fracture stress, strain,

and viscoelasticity can be controlled by changing the mass gain of PMMA. The author

annealed the iPP/PMMA composite at 140 °C and 190 °C for different period of times, and

investigated the effect of annealing on microstructure by small-angle X-ray scatting (SAXS)
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Figure 4-1 DSC thermograms of iPP and PMMA.

and transmission electron microscopy (TEM), crystallinity by wide-angle X-ray diffraction

(WXRD), thermal behavior by differential scanning calorimetry (DSC), and mechanical

properties by dynamic viscoelastic analyzer (DVA).
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4.2 Experimental section

The iPP and iPP/PMMA composites with different mass gain of PMMA were annealed in a

vacuo oven at 140 and 190 °C for 1, 5, 20 min. The accuracy of the vacuo oven was + 2 °C.

When the required annealing time was reached, the samples were quickly removed from the

vacuo oven and quenched in ice water for 1 min. And then these samples were stored at

ambient temperature. For comparison, original iPP was also annealed at 140 and 190 °C for 1,

5, 20 min.
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4.3 Results and discussion

4.3.1 Annealing at 140 °C

The effect of annealing on microstructure was investigated by SAXS measurement. Figure
4-2, 4-3, 4-4 plot the scattering data in the form of the Lorenz-corrected SAXS intensity, Iq°,
versus the scattering vector, g, where / is the scattering intensity and ¢ is defined by
q= 4Tnsin— (D)
where A is the wavelength of the X-ray, and @ is the scattering angle. The iPP sample shows
an obvious first-order peak, which is assigned to the long period corresponding to the sum of
thickness of a crystalline layer, iPPc, and an amorphous layer, iPPa, in semicrystalline
lamellae. The Bragg spacing was estimated from the maximum ¢* using the relation d; =
2n/g*. The magnitude, d;, of 143 A for iPP, estimated from ¢* = 0.439 A!, is comparable
with the reported value of 153 A [1]. In the iPP/PMMA composite, the SAXS profiles
gradually change with increases in the mass gain of PMMA: A new reflection appears in a ¢
range around 0.02 A™', which corresponds to a dimension of ~314 A. This is because MMA
and AIBN, dissolved in scCO,, are impregnated into the amorphous phase of iPP and

subsequently polymerized in situ to form new phases consisting of polymerized PMMA
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Figure 4-3 Lorentz-corrected SAXS plofiles of iPP/PMMA 24 wt% and iPP/PMMA 24 wt%
annealed at 140°C for 1, 5, 20 min.
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Figure 4-4 Lorentz-corrected SAXS plofiles of iPP/PMMA 24 wt% and iPP/PMMA 109 wt%
annealed at 140 °C for 1, 5, 20 min.
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embedded in amorphous phases of iPP. The existence of original iPP's long period in

iIPP/PMMA composite means that some structures of rest of the amorphous phases and

crystalline phases of iPP are unchanged or only slightly modified. With an increase in the

mass gain of PMMA, the intensity of the first-order reflection tends to become weaker, and

the intensity of the first-order reflection tends to become stronger. This implies that the

unchanged or only slightly modified amorphous phases of iPP becomes less and less.

First-order peak is also observed in the iPP that were annealed at 140 °C for different times.

However, it tends to shift to a smaller ¢ with increases in the annealing time, corresponding to

a larger long period. Moreover, the peak of iPP annealed at 140 °C become much sharper.

These results imply that the crystal growth of iPP happens with annealing at 140 °C and the

1PPc becomes thicker. In the iPP/PMMA composite, the new reflection peak is also observed

to shift to a smaller ¢ with increases in the annealing time, besides the shift of peak from

original iPP's long period. The difference is that the shift of peak from original iPP's long

period is much easier than that of new reflection peak. This indicates the existence of PMMA

is not conducive to the increases of 1PPc's thinkness. These results also illustrate the

nano-structure can be maintained when the iPP/PMMA composites are annealed at 140 °C.

Figures 4-5, 4-6 and 4-7 show the DSC thermograms of iPP, iPP/PMMA composites, and

them annealed at 140 °C for 1, 5, 20 min. The main melting temperature is always close to

165 °C. The shapes of the endotherm of the untreated samples seem to be simple, but, after
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Figure 4-5 DSC thermograms of iPP, and iPP
annealed at 140 °C for 1, 5, 20 min.

Fig 4-6 DSC thermograms of iPP/PMMA
24 wt%, and iPP/PMMA 24 wt% anncaled
at 140 for 1, 5, 20 min.
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Figure 4-7 DSC thermograms of iPP/PMMA
109 wt%, and iPP/PMMA annealed at 140 °C

for 1, 5, 20 min.

-74-

Figure 4-8 Relation between the top
temperature of small crystals and

annealing time at 140 °C .



annealing, some shoulders appear on the lower temperature side, indicating small crystals

were generated by the heat treatment [2-4]. With increasing the annealing time, the shoulders

shift to a higher temperature, due to the small crystal growth. The top melting temperatures of

small crystal were shown in figure 4-8. A lower top melting temperature is observed with an

increase in the mass gain of PMMA. The top melting temperature corresponds to the size of

small crystal, meaning the size of small crystal is smaller in the iPP/PMMA composite with a

high mass gain of PMMA when these composites are annealed at 140 °C. This is because the

free volume is relative narrow in the iPP/PMMA composite with a high mass gain of PMMA,

the new generated small crystals exclude mutually, leading to a small size of small crystal.

Figures 4-9, 4-10, 4-11 show the WXRD patterns of iPP, iPP/PMMA composites, and them

annealed at 140 °C for 1, 5, 20 min. The results on untreated samples and all annealed

samples exhibit only the monoclinic a form of iPP [5-8]. However, some changes such as

relative intensities of peaks and a better separation between 111 and 041 peaks are also

observed. These derive from the thermodynamic molecular motion ability of iPP molecular

chain. Percent crystallinity in iPP, Xipp, was calculated as follows:

Xiep (%) = o 2)
where Xipp is the crystallinity of iPP/PMMA composite assumed to be dependent only on the

crystalline regions of iPP, Xipppmma 1S the crystallinity of the iPP/PMMA composite, and

Wipp is the weight fraction of iPP. Figure 4-12 shows the variation of crystallinity versus the
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annealed at 140 °C for 1, 5, 20 min. 24wt%, and iPP/PMMA 24 wt% anncaled
at 140 °C for 1, 5, 20min.

58 =TT T T
s ) i
z L — ° ]
= =~ 5 ," o= e ° J
3 c\o 4 --': ----- o
% ; o’ P 1
s = ’ 5% i
a = 52 'l o5 -
s = A 4 ;
- 2 [] of
P o ¢ J% E
‘B O 50 pF 050 -
c
o Pes L
- l'l
= ,' ==@==iPP ]
8 === 107 wi% | ]
==0==24w1% | ]
46 PR S T T T W T N TR N TN NN BN EECE R
0 5 10 15 20 25
Diffraction angle 2 8 (°) Annealing time (min)
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annealing time at 140 °C. The crystallinity rapidly increases in correlation with annealing

time in 5 min, and then tends to slow. As it was predicted and expected that crystallization

is assisted at the interface [9-12], because the more interfaces are formed with an increase

in the mass gain of PMMA, the crystallization rate is in proportion to the mass gain of

PMMA.

4.3.2 Annealing at 190 °C

Figures 4-13, 4-14 and 4-15 show the Lorentz-corrected SAXS profiles of original iPP,

1PP/PMMA composites, and them annealed at 140 °C for 1, 5, 20 min. The first-order peak

from long period is observed in the iPP that were annealed at 190 °C for different times. It

tends to shift to a larger ¢ with increases in the annealing time, corresponding to a smaller

long period. Moreover, the peak of iPP annealed at 190 °C become much broader. A

possible reason is that when iPP is annealed at 190 °C, the crystal melts, and the

amorphous chains entangle mutually, so that the crystallization becomes difficult in the

quenching process.

In the iPP/PMMA composites with mass gain of PMMA 24 wt% and 109 wt%, after

annealing at 190 °C for 1 min, the new reflection peaks disappear, instead, the scattering
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Figure 4-15 Lorentz-corrected SAXS plofiles of iPP, iPP/PMMA composite 109wt%
and iPP/PMMA composite 109wt% annealed at 190°C for 1, 5, 20 min.
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intensity for a ¢ smaller than 0.015 A tends to increase as ¢ decreases, which indicates the
presence of large domains. When the iPP/PMMA composite was annealed at a temperature
higher than 7, ;,,p, PMMA was considered to have migrated by diffusion from the
amorphous region of iPP and a macroscopic domain structure was formed. Moreover, as

same as in iPP, the first-order peak showed a tendency to shift to a larger ¢ with increases

L

L Aats

i

‘3:.‘ b X

(b)

Figure 4-16 TEM images of iPP/PMMA 109 wt% (a) and iPP/PMMA 109 wt% annealed at
190 for 1min (b).

in the annealing time. Transmission images confirmed the SAXS data as shown in figure
4-16. The dark and light portions in the micrographs are due to iPP and PMMA domains,
respectively. In the iPP/PMMA composite with a mass gain of 109 wt%, the PMMA

domains are finely dispersed within the iPP substrate on a nanometer scale and the phase
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boundary was ambiguous. Conversely, in the iPP/PMMA composite with a mass gain of
109 wt% annealed at 190 °C for 1 min, PMMA domains of micron scale were formed in
the 1PP substrate and the phase boundary was clear. These results indicate that when the
iPP/PMMA composite was annealed at 190 °C, a macroscopic domain structure was

formed, and the nano-structure could be remained.

10" g
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PMMA(Mn=1.1X 10°)
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iPPIPMMA 24 wt%
106

iPP/PMMA 24 wt% 190°C1min
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Figure 4-17 Temperature dispersion curves of the storage modulus (E’) for iPP, PMMA,
iPP/PMMA composite 24 wt%, and iPP/PMMA composite 24 wt% annealed at 190 °C for

Imin.

The results of DVA are in accord with SAXS and TEM data. In figure 4-17, 4-18, the
results for DVA are represented as a function of temperature for original iPP, iPP/PMMA
composites, and them annealed at 190 °C for 1 min. The temperature dependencies of the
storage modulus (E') of iPP alone show features characteristic of a semicrystalline

polymer: a slow decrease in E' throughout the temperature region between -20 and 165 °C.
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Figure 4-18 Temperature dispersion curves of the storage modulus (E’) for iPP, PMMA,
1iPP/PMMA composite 109 wt%, and iPP/PMMA composite 109 wt% annealed at 190 °C
for 1min.

At T = 165 °C, the crystalline phase of iPP melts, which is seen as a marked decrease in the
modulus. In the iPP/PMMA composites, with increasing mass of PMMA, new plateaus
appeared, and the melting break temperature shifted to a higher temperature. After
annealing at 190 °C for 5 min, the iPP/PMMA composites showed a poor storage modulus,

indicating the macroscopic domain structure was formed.
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4. 4 Conclusions

In summary, we have evaluated the thermal stability of iPP/PMMA composite using

scCO;. When the iPP/PMMA composites were annealed at 140 °C, although iPP crystal

grew, the nano-structure remained. When the iPP/PMMA composites were annealed at

190 °C, PMMA migrated by diffusion from the amorphous region of iPP, then macroscopic

domain structure was formed, and the nanostructure cannot be remained.
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Chapter 5

Preparation of Linear Low-Density Polyethylene/ Poly(methyl
methacrylate) Composite using Supercritical Carbon Dioxide
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5.1 Introduction

Phase dispersion crosslinking synergism, or synthesis of interpenetrating polymer

networks (IPNs) is an effective method for improving the properties of polymeric materials.

Several groups have prepared semi-IPNs using supercritical carbon dioxide (scCO;). Han

et al. showed that semi-IPNs of crosslinked poly(methyl methacrylate) (PMMA) within a

silicone rubber matrix and crosslinked PS in a polypropylene matrix could be prepared in

scCO; [1,2]. Howdle et al. prepared semi-IPNs of ultra-high-molecular-weight

polyethylene (UHMWPE) with PMMA-co-poly(ethylene glycol) dimethacrylate

(PEGDMA) through scCO, facilitated impregnation of MMA and ethylene glycol

dimethacrylate (EGDMA) monomers into UHMWPE, and this composite remains

mechanically strong even at temperatures above the melting temperature (7)) of

UHMWPE [3]. These composites have all been extended to the preparation of semi-IPNs

by incorporating crosslinking agents or IPNs if the substrate is a crosslinked polymer.

In previous studies, LLDPE/PMMA composites were prepared using different

compatibilizers but these composites display phase separation on the micron scale and do

not offer desirable mechanical properties [4-6]. In chapter 5, the author describes the

preparation of linear low-density polyethylene (LLDPE)/PMMA pseudo-IPNs using scCO,

as a swelling agent, where the term “pseudo-IPNs” is used because there is no real
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chemical crosslinking in LLDPE/PMMA composites. The pseudo-IPNs were formed by

the complicated entanglement of the amorphous chain of LLDPE and PMMA chains

through controlling the mass gain of PMMA using scCO,, a technique not found in a

literature survey. This work aimed to: (1) prepare LLDPE/PMMA pseudo-IPNs with

nanometer dispersion; (2) prove the formation of LLDPE/PMMA pseudo-IPNs; (3) study

the features of the pseudo-IPNs using scCO,.

The author investigated the microstructure of LLDPE/PMMA pseudo-IPNs by

small-angle X-ray scattering (SAXS). The crystallinity of the composite was investigated

by wide-angle X-ray diffraction (WXRD) and differential scanning calorimetry (DSC).

The mechanical properties of the composite were analyzed by means of dynamic

viscoelastic analysis (DVA) and tensile tests. The molecular weight of PMMA was

determined by gel permeation chromatograph (GPC).
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5.2 Experimental Section

The LLDPE substrate, MMA monomer (2 g), and AIBN initiator (0.03 g) were placed in

the vessel, which was then sealed. The vessel was then flushed by CO, at atmospheric

pressure. After the system reached thermal equilibrium (40 °C), the vessel was pressurized

a specific CO, pressure using a CO; delivery pump. The LLDPE substrate was soaked for

1 h. The vessel was then pressurized to the last specific pressure heated to the reaction

temperature (80 °C), and held for 24 h to ensure that the polymerization of MMA was

complete. The vessel was then cooled to 10 °C and gradually returned to ambient pressure.

After extracting the unreacted reagents and the surface PMMA from the sample with

acetone for 24 h on a Soxhlet extractor, the LLDPE/PMMA composite was dried in vacuo

at room temperature.
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5.3 Results and Discussion

5.3.1 Preparation of LLDPE/PMMA composite in scCO;

Mass gain (wt%)
g

100

4 5 6 7 8 9 10 11
Initial pressure (MPa)

Figure 5-1 Effect of initial pressure on the mass gain of PMMA into LLDPE after

polymerization.

Figure 5-1 shows the effect of the initial pressure of CO, on the mass gain of PMMA
into the LLDPE substrate after polymerization. The mass gain initially increases in

correlation with the initial pressure, reaching a maximum of 450 wt% when the initial
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pressure of CO;, is about 7 MPa, and then decreases with further increases in the initial

pressure. Therefore, the mass gain of the PMMA sample can be controlled by modulating

the initial pressure of CO,.

ScCO; is a good swelling agent and generally a poor solvent for most polymers.

Impregnation of scCO, starts on the surface of the substrate followed by gradual

permeation into the inner substrate. The swelling kinetics of CO; into the polymer matrix

depends on both the temperature and pressure [7,8]. Differing from other polymers,

PMMA possesses the swelling properties in CO, that depend on the temperature and

pressure [9]. When the initial pressure of CO; is low, both the solubility of MMA and the

swelling of the amorphous LLDPE region are low, resulting in insufficient generation of

PMMA in the LLDPE substrate. An increase in the initial pressure results in improved

solubility of MMA, and swelling of the amorphous LLDPE region, which results in an

increase in the mass gain with higher initial pressures. However, the partition coefficient of

MMA in CO; becomes larger than that in LLDPE substrate at even higher pressures.

Additionally, at high pressure, the rate of the decomposition of AIBN is relatively slow

[10,11]. A combination of these factors explains the mass gain decreases with increasing

initial pressures over 7 MPa.
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5.3.2 Microstructure analyses of the LLDPE/PMMA composite

[}
o
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LLDPE/PMMA 328 wt%
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lq2 (arbitrary units)

Figure 5-2 Lorentz-corrected small-angle X-ray scattering plofiles of LLDPE and
LLDPE/PMMA composite.

SAXS is a powerful tool for probing the detailed microstructure of
semicrystalline/amorphous composites [12,13]. The morphological parameters in the
lamellar level, such as the long period, can be deduced from the one-dimensional
correlation function or the interphase distribution function. Figure 5-2 shows the
Lorentz-corrected SAXS profiles of original LLDPE and LLDPE/PMMA composites. In
the original LLDPE, the scattering vector q of the peak top was 0.390 nm™ (calculated 16.1

nm Bragg spacing). This peak was due to the long period of the lamellar structure [14,15].
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In the LLDPE/PMMA composite, enhanced scattering intensity was observed through the
lower scattering vector q (q < 0.3 nm™), while the peak from the long period of LLDPE
became progressively weaker with increasing mass of PMMA. This enhanced scattering
intensity was not observed for the original LLDPE. The enhanced scattering intensity of
the LLDPE/PMMA composite depended on the mass gain, which is consistent with the
generation of small-angle scattering from extensive disruption of the crystalline layer upon

incorporation of PMMA into the polymer composites.

5.3.3 Crystallinity of the LLDPE/PMMA composite

Figure 5-3 shows the WXRD patterns of LLDPE and LLDPE/PMMA composites. It can
be seen that the WXRD patterns of both the LLDPE and LLDPE/PMMA composite
present the characteristic peaks for the (110), (200) planes [16]. The angular positions of
the diffraction peaks of the crystalline LLDPE are almost identical for original LLDPE
substrate and for the LLDPE/PMMA composite, indicating that the crystal forms are not
changed upon the addition of PMMA. However, the amorphous regions of the
LLDPE/PMMA composite increased with the mass gain of PMMA, which indicates that

the overall crystallinity decreases with increases in the mass gain of PMMA (Figure 5-4).
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Figure 5-3 WXRD patterns of LLDPE, and LLDPE/PMMA composites.
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Figure 5-4 Relationship between crystallinity and mass gain of PMMA.
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The reduction in sample crystallinity is due to dilution as a result of the addition of PMMA
to the amorphous LLDPE regions, and the resultant increase in the size of the amorphous
regions. Percent crystallinity in LLDPE, X7 ppg, was calculated as follows:

Xiipeg (%0) = Aroremoin (2)

WiLopE

where X1 ppg is the crystallinity of LLDPE/PMMA composite assumed to be dependent
only on the crystalline regions of LLDPE, Xiippepmma 1s the crystallinity of the
LLDPE/PMMA composite, and Wy ppg is the weight fraction of LLDPE. Xy ppr does not
change, although Xiippppvmma decreases according to an increase in the mass gain of

PMMA. The total amount of crystalline LLDPE remains unchanged. These results indicate

that the MMA polymerizes solely within the amorphous regions of the polymer.

LLDPE/PMMA 328 wt%

Endothermie

-164 =50 0 50 160 156

Temperature (C)

Figure 5-5 DSC thermograms of LLDPE, LLDPE/PMMA composite 328wt%.
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Differential scanning calorimetry, shown in Figure 5-5, confirmed the WAXD data. In

LLDPE/PMMA composites, strong LLDPE melting endotherms were observed. The

melting endotherms reveal that the composite preparation does not affect the crystalline

region of the LLDPE substrate. Further, the melting endotherm peaks became broad and

shallow with increasing mass gain of PMMA. This is due entirely to dilution of the

crystalline regions by the addition of PMMA to amorphous LLDPE regions.

5.3.4 Mechanical properties of the LLDPE/PMMA composite
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£ A PMMA g,
2 . F <LLDPE/PMMA 18 wt% Y
2 10" f O LLDPE/PMMA 117 wt% s
[0 LLDPE/PMMA 328 wt%. l e
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10°
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Temperature (C)

Figure 5-6 Temperature dispersion curves of the storage modulus (E').

-95.



DVA is a sensitive technique that measures the mechanical response of materials by

monitoring property changes with respect to temperature and/or frequency of oscillation. In

Figure 5-6, the results for DVA are represented as a function of temperature for original

LLDPE and LLDPE/PMMA composites. The temperature dependencies of the storage

modulus (E') of LLDPE alone show features characteristic of a semicrystalline polymer: a

slow decrease in E' throughout the temperature region between -20 and 120 °C. At T =

120 °C, the crystalline phase of LLDPE melts, which is seen as a marked decrease in the

modulus. In the LLDPE/PMMA composites, with increasing mass of PMMA, new

plateaus appeared, and the melting break temperature shifted to a higher temperature. In

particular, the LLDPE/PMMA composite at 328 wt% shows a remarkable plateau that

extends to 300 °C. We attribute these plateaus to the formation of pseudo-IPNs by a

complicated entanglement of the amorphous chain of LLDPE and PMMA chains. The

detailed reason will be explained in 5.3.5.

Table 5-1 lists the results of the tensile test at 20 °C. In the solution blend, a

macro-phase separation was induced because LLDPE and PMMA are immiscible. The

conversion of the sample to a macro-phase separated structure was usually had a

deleterious effect on its mechanical properties. However, the yield stress of the

LLDPE/PMMA composites is considerably higher than that of LLDPE. Further, it

increased gradually with the mass gain of PMMA. The fracture stress of the
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LLDPE/PMMA composites is also improved as compared to that of LLDPE. In addition,

the fracture strain decreased rapidly with the mass gain of PMMA. Therefore,

nanometer-sized PMMA generated in the amorphous regions significantly affected the

mechanical properties of LLDPE/PMMA composite, which can be controlled through the

mass gain of PMMA.

Table 5-1 Stress and strain of LLDPE/PMMA disperse system.

Yield Fracture Fracture
Stress(MPa) Stress(MPa) Strain(%)

LLDPE 7.4 8.7 776
LLDPE:PMMA=100:18 10.8 9.8 740
LLDPE:PMMA=100:34 9.2 9.3 666
LLDPE:PMMA=100:44 15.6 14.7 175
LLDPE:PMMA=100:117 23.0 21.0 21
LLDPE:PMMA=100:126 — 26.5 12
LLDPE:PMMA=100:227 - 31.5 10

PMMA - 42.0 3

Solution Blend(LLDPE:PMMA=100:100) — 7.3 2

(Gauge length:10mm, Cross-head speed:10mm/min, Measured at 21°C)
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5.3.5 Thermodynamic miscibility and thermal stability of LLDPE/PMMA

pseudo-1PNs

In figure 5-6, some new plateaus appeared with increasing mass of PMMA. We

attribute these plateaus to the formation of pseudo-IPNs by a complicated entanglement of

the amorphous chain of LLDPE and PMMA chains. To support this explanation, some

doubts must be solved:

1) Whether these new plateaus are from PMMA?

2) Whether crosslinking of MMA or reaction between MMA and LLDPE happened?

3) How are the thermodynamic miscibility and thermal stability of pseudo-IPNs?
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Figure 5-7 DVA curves of different molecular weight of PMMA.
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Figure 5-7 show the DVA curves of different molecular weight of PMMA. In PMMA
with M, = 0.5x10%, the break appears at about 120 °C. With increasing the molecular
weight of PMMA, new plateaus appeared, and the break temperature shifted to a higher
temperature. These plateaus are from the entanglement of amorphous chain of PMMA.
However, when the M, is increased to 20><104, the break temperatures collected at about
250 °C, and no further increase. This may be attributed to the saturation of the

entanglement, namely, the maximal number of entanglement points achieved.

Hot xylene

Zh

‘.\F’z -’_"{r1 .

LLDPE/crosslinked PMMA  60wt%

Figure 5-8 Pictures of swelling experiment of LLDPE/PMMA pseudo-IPNs

and LLDPE/crosslinked PMMA.
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In general, the plateaus in figure 5-6 are considered to be an effect of crosslinking, but

no crosslinking agents were added and the polymer substrate was not crosslinked either. To

further illustrate this point, we prepared a reference sample LLDPE/crosslinked PMMA

using the same method, and then a swelling experiment was carried out. In figure 5-8, it is

clearly seen that the LLDPE/PMMA pseudo-IPNs was dissolved in hot xylene after 2 h,

and the LLDPE/crosslinked PMMA only swelled and wasn’t dissolved in hot xylene. In

addition, the molecular weight of LLDPE after DVA measurement was also the same as

that of original LLDPE. These results illustrate no crosslinking took place in the

preparation of LLDPE/PMMA pseudo-IPNs or any measurement.
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Figure 5-9 Temperature dispersion curves of the loss tangent (tan d).

The thermodynamic miscibility of LLDPE and PMMA was evaluated by DVA. Figure

5-9 shows the temperature dispersion curves of the loss tangent (tan d) for LLDPE, PMMA,
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and the LLDPE/PMMA composites. For LLDPE, the a-relaxation peak appeared at ~

-20 °C corresponding to the T, of the LLDPE amorphous chain (7 ippe). For PMMA, the

a-relaxation peak appeared at ca. 140 °C, which corresponds to the 7, of the PMMA chain

(Tgpmma). The LLDPE/PMMA composite showed the three peaks which correspond to

Tyrippe, Tegpmma and the 7, of LLDPE (7, iippe). The two peaks corresponding to

Terippee and Tgpmma are shifted with respect to each other, with the 7,1 1ppe peak shifted

towards a higher temperature and the T,pmma peak shifted towards a lower temperature.

Furthermore, the extent of the shifts increased with increasing mass of PMMA. These

results imply that, using this method, the LLDPE and PMMA polymers were somewhat

thermodynamically miscible [17].

The thermal stability of LLDPE/PMMA composites was evaluated by the following

method. LLDPE/PMMA composites with different mass gains of PMMA were annealed at

170 °C for 5 min, and their microstructure and mechanical properties were investigated by

SAXS and DVA methods, respectively. The results are shown in figure 5-10 and figure

5-11. After annealing at 170 °C for 5 min, a new peak was observed in the LLDPE/PMMA

composite of 18 wt%, which derived from LLDPE. In contrast, the LLDPE/PMMA

composite of 328 wt% showed almost no changes. The reason for this difference in

behavior is that when the LLDPE/PMMA composite with a low mass gain of PMMA was
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Figure 5-10 Lorentz-corrected small-angle X-ray scattering plofiles.
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Figure 5-11 Temperature dispersion curves of the storage modulus (E').
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annealed at a temperature higher than Ty rrppe, PMMA migrated by diffusion from the

amorphous region of LLDPE and a macroscopic domain structure was formed. On the

contrary, when the mass gain of PMMA was high, a complicated entanglement between

PMMA and the amorphous chains of the lamellar structure was formed, so PMMA could

not easily migrate by diffusion from the amorphous region of LLDPE. Therefore, the

nano-structure of this composite was retained after annealing. The results of DVA are in

accord with SAXS data. The LLDPE/PMMA composite at 18 wt% annealed at 170 °C was

not studied because its melting break is below 170 °C. In contrast, the LLDPE/PMMA

composite at 117 wt% could be used to evaluate the thermal stability. After annealing at

170 °C for 5 min, the LLDPE/PMMA composite at 117 wt% showed a poor storage

modulus while there was almost no change in the LLDPE/PMMA composite at 328 wt%.

To further confirm the thermal stability, a longer annealing time and different temperatures

are necessary and this is the subject of ongoing investigations.

5.3.6 Formation mechanism of LLDPE/PMMA pseudo-1PNs

To explain the formation reason of LLDPE/PMMA pseudo-IPNs, the investigation of

molecular weight of PMMA produced inside LLDPE is necessary. We found out the
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Figure 5-12 Effect of polymerization time on the mass gain of the PMMA into LLDPE

and monomer conversion.
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molecular weight of PMMA produced inside LLDPE is higher than that produced outside

LLDPE. Although similar results were obtained in the literature and our paper [13,18],

there 1s no explanation until now. We investigated the effect of polymerization time on the

mass gain of PMMA and monomer conversion (initial pressure is 6MPa). The results were

shown in figure 5-12. An obvious mass gain by successive addition was observed until 13

h, and then it remained almost constant. Consistent with this, the conversion of MMA

produced inside LLDPE reached a constant value of about 8 % at 13 h. However, the

amount of the conversion of MMA produced outside LLDPE reached the constant value at

7 h, a time shorter than that outside LLDPE. This maybe is because the cessation reaction

outside LLDPE is rapid.

Figure 5-13 shows GPC curves of PMMA inside and outside LLDPE. Two peaks are

observed in the molecular weight of PMMA produced outside LLDPE. Further, with

increases in polymerization, the left peak gradually weakened, and the right peak gradually

increased. This phenomenon is related to abnormal properties of PMMA in scCO; [19]. In

the primary stage of polymerization, thousands of molecular weight of PMMA

corresponding to the left peak is considered to be generated. Because of its insolubility in

scCOa, it precipitates out from scCO,. Then unpolymerized MMA is impregnated into the

amorphous region of PMMA, and polymerized in narrow regions. In the narrow region,

because the mobility of MMA radicals is lowered by the entanglement of amorphous chain,

- 105 -



1 | I I |
Outside LLDPE 1 h
(Mn=0.53 X 10)
Outside LLDPE 3h
(Mn=1.3 x10%
Outside LLDPE 24 h
(Mn=1.6 x 10%)

2 3 4 b 6 7 8
Tog™
a. Qulside LLDPE

Inside LLDPE 3 h
Vn=3.2 X 103

Inside LLDPE 24 h
(Mn=8 X 10°)

Log M
b. Inside LLDPE

Figure 5-13 Effect of polymerization time on the mass gain of the PMMA into LLDPE

and monomer conversion.

- 106 -



'SNJI-0pnosd VINWJ/AdATT J0 WSTusydour SupuLio) sy, #1-§ samay

g J10} ), (L1 € sujjesuue e

%M 87 31sodwod VINIWG/AdATT oI 87 31sodwod VINING/Ad AT

VNI

Rt e
[ iy W@Q;:
s a8 i g AIURUR U T

=l | unws D, 0LT AN ey

i um .‘.,.M\ - s -L““\ {111}, E_}huﬂl B

4 Iy ML e DS )

v Boily Frfv..
- 7l ‘ ".W‘r_
ity

£

v

ujuig J10j O, 0L1 18 Supsouus 191w
9%1M 81 apsodmod VINING/AdA'TT 07,34 |1 31s0dwod VINWA/AdATT

s h)
AT
o &

upg 3, 0L1

- 107 -



the cessation reaction is prevented so that the PMMA of relatively high molecular weight

is generated. As regards PMMA inside LLDPE, it was polymerized in a much narrower

region. Therefore, the hundreds of thousands of molecular weight and only one peak is

observed in figure 5-13b.

On the basis of the above results, the mechanism for the formation of pseudo-IPNs is

shown in Figure 5-14. In LLDPE/PMMA composites with a low mass gain, the generated

PMMA is dispersed in the amorphous region of LLDPE. When annealed at temperatures

higher than 71, 1ippe, the PMMA migrates by diffusion from the amorphous region of

LLDPE and pseudo-IPNs are not formed. In LLDPE/PMMA composites with a high mass

gain, the generated PMMA forms a new successive phase and entangles with the

amorphous chain of LLDPE. This structure is not easily broken when annealed at

temperatures higher than 7, 1ippe, and therefore pseudo-IPNs are formed. It should be

pointed out that there is no distinct boundary between low and high mass gain.

Pseudo-IPNs are gradually formed with increasing mass gain of PMMA.
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5.4 Conclusions

In summary, we have demonstrated that LLDPE/PMMA pseudo-IPNs with nanometer

dispersion can be prepared in scCO,. These pseudo-IPNs are formed by the complicated

entanglement of the amorphous chain of LLDPE and PMMA chains. Since the formation

of pseudo-IPNs structures restricts the movement of the LLDPE and PMMA chains, this

composite retains a high storage modulus at temperatures beyond the LLDPE melting

transition. It was also demonstrated that PMMA generated in the amorphous region of iPP

did not affect its crystallinity, and the mechanical properties such as storage modulus, yield

stress, fracture stress and strain can be controlled through controlling the mass gain of

PMMA.
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Chapter 6

Preparation of Linear Low-Density Polyethylene/Polydimethylsiloxane Composite
using Supercritical Carbon Dioxide
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6.1. Introduction

Linear low-density polyethylene (LLDPE) is considered to be the most important class

of thermoplastics among all polymers known thus far because of its low cost, good

processability, and wide range of technical properties. Therefore, it is the most widely used

polymer. However, LLDPE has a few disadvantages such as low surface energy, lack of

chemical functionalities, difficulty in dyeing, and poor compatibility with synthetic polar

polymers. Moreover, when a polymer composite of LLDPE and other polymers is prepared,

phase separation occurs, and a macro domain structure is formed because of the crystal

growth of LLDPE from the melt or soluble state [1]. Because of the stress concentration of

the interface of this macro domain, only poor mechanical characteristics can be expected.

It is very difficult to realize an improvement in the surface properties of LLDPE.

Polydimethylsiloxane (PDMS) is an inorganic polymer possessing excellent thermal

stability, dielectric properties, and excellent flame retardant. It is also widely known for its

extremely low glass transition temperature, flexibility and its hydrophobic surface

properties [2-5]. These properties of PDMS make it suitable for use in different industries

[6-10]. Blending LLDPE and PDMS should allow new and useful polymer products that

should possess specific properties from the base polymers to be fabricated.

Several studies have been reported on the phase behavior of LLDPE/PDMS composites
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[11,12]. These studies reported that LLDPE and PDMS are immiscible due to structural

dissimilarity, lack of specific interaction and the difference between their surface energies.

Kiran et al. prepared a LLDPE/PDMS composite by direct impregnation and blending of

LLDPE and PDMS in scCO; [13]. However, this method is limited by the molecular

weight of PDMS, and requires high temperatures and pressures. In this study, we prepared

a LLDPE/PDMS composite using scCO, to obtain LLDPE with a highly hydrophobic

surface. The microstructure and mechanical properties of this composite were evaluated.

We also studied relationship between wettability and the structure of LLDPE/PDMS

polymer composite. Thus, the LLDPE/PDMS composite can be applied to some fields,

particularly in the biological field. For example, it can replace PDMS and become one of

biochip materials. Not only the cost is reduced, but also mechanical properties of biochip

could be expected.

H;C  CH;
~Si |
H3CH;| CH
HyC. / \ CH; H,SO, ? 3|CH;3| CH;
Si Si » H,C—SiO—8i i—CH;
HC ) / CH,4 T é i
O\Si/ | | H;| CH5 CH;
/ \ H3C—S|i—0—|Si—CH3
H;C CH; am
D4 PDMS

Figure 6-1 Synthetic scheme for preparation of PDMS.
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The details of the preparation of LLDPE/PDMS composite are reported here. PDMS

was prepared by octamethylcyclotetrasiloxane (D4). Figure 6-1 shows synthetic scheme

for preparation of PDMS. This reaction belongs to cationic polymerization because of the

presence of H,SO4 [14]. The amount of added of hexamethyldisiloxane can control the

molecular weight of PDMS. The monomer (D4) was impregnated into the LLDPE

substrate by scCO, and polymerized in situ in scCO,. Surface properties and depth

analysis of LLDPE/PDMS composite were evaluated by X-ray photoelectron spectroscopy

(XPS), attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR),

scanning electron microscope-energy dispersive X-ray (SEM-EDX), and static contact

angle measurement. The microstructure and mechanical properties of LLDPE/PDMS

composite were investigated by small-angle X-ray scattering (SAXS), wide-angle X-ray

diffraction (WXRD), differential scanning calorimetry (DSC), dynamic viscoelastic

measurements, and tensile tests.
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6.2 Experimental

The LLDPE substrate, D4 (5g), hexamethyldisiloxane (0.006g) as a chain transfer agent,

and sulfuric acid (0.013mL) as an initiator were placed in the vessel and sealed [15]. Air in

the vessel was replaced by CO; at atmospheric pressure. After the system reached thermal

equilibrium (35°C), the vessel was pressurized upto a CO; pressure of 6.0 MPa by using a

CO;, delivery pump (Model SCF-Get, JASCO Co.). The LLDPE substrate was soaked in

sub-critical CO; for 1 h. Then the vessel was repressurized upto 6.0 MPa, and heated to the

reaction temperature (80°C) for a given time. After the completion of the reaction, the

vessel was cooled to 10°C in an ice bath and gradually released to ambient pressure. The

LLDPE/PDMS polymer composite was dried in vacuo at room temperature after extraction

with chloroform for 24 h at 50°C to remove unreacted reagents and the PDMS generated

on the surface of the LLDPE/PDMS composite by using a Soxhlet extractor.
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6.3 Results and discussion

6.3.1 Preparation of LLDPE/PDMS composite in scCO,
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Figure 6-2 Effect of polymerization time on mass gain of PDMS into LLDPE substrate and

the pressure after polymerization (triangles: mass gain; circles : pressure).

Figure 6-2 shows the effect of polymerization time on the percentage mass gain of

PDMS in the LLDPE substrate and the pressure after polymerization. As expected, an

obvious mass gain by successive addition was observed until 3 h, and then it remains
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almost constant. Under these conditions (P < 10 MPa, T=80 °C), PDMS does not dissolve

in scCO; [16,17]. When PDMS is generated on the exterior of the LLDPE substrate, the

pressure increases so that the volume of the gas phase in the vessel decreases. The

polymerization process can be divided into three stages. In the primary stage of

polymerization (polymerization time < 3 h), the mass gain and pressure increase with

polymerization time. Therefore, PDMS was polymerized both in the interior and exterior

of the LLDPE substrate. The formation mechanism of the LLDPE/PDMS polymer

composite is thought to be as follows: the monomer and initiator dissolve in scCO, and

impregnate the amorphous interlamellar regions of the LLDPE substrate; after reaching the

polymerization temperature, the monomer polymerizes within the amorphous interlamellar

regions of the LLDPE substrate. Polymerization of the monomer leads to an imbalance in

the partition coefficient of the monomer within and outside the LLDPE substrate. The

monomer outside the LLDPE substrate then permeates into the amorphous regions of the

LLDPE substrate, and polymerization continues. As a result, LLDPE and PDMS were

effectively blended at the nanometer level. In the secondary stage (3 h < polymerization

time < 10 h), only the pressure increases as polymerization progresses. Therefore, PDMS is

only polymerized outside the LLDPE substrate. A possible reason for PDMS not being

polymerized in the interior of the LLDPE substrate is that the PDMS formed on the surface

of the LLDPE substrate prevents impregnation of the monomer and initiator. In the third
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stage (polymerization time > 10 h), the mass gain and pressure do not increase with

polymerization time. This indicates that polymerization is complete.
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Figure 6-3 Effect of polymerization time on the monomer conversion inside and outside of
LLDPE. (triangles: inside of LLDPE; circles : outside of LLDPE).

Figure 6-3 shows the effect of polymerization time on monomer conversion inside and
outside LLDPE. Monomer conversion inside the LLDPE substrate increases initially and
reaches a plateau after 3 h, while monomer conversion outside LLDPE becomes saturated
after 10 h. This is consistent with the polymerization process being divided into three

stages.
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It is necessary to increase the mass gain of PDMS because it affects mechanical

properties such as storage and Young's moduli, fracture stress and strain (described in

section 6.3.3.3). To increase the mass gain, the amount of monomer inside the LLDPE

substrate should be increased. This could be realized by changing the initial pressure or

soaking time. It is considered that increasing the initial pressure will increase the solubility

of the monomer in scCO; [18,19]. The amount of impregnated low-molecular weight

components also depends on the soaking time, where an equilibrium value is obtained after

a certain time [20]. The soaking time results in an equilibrium of the monomer

concentration inside and outside the LLDPE substrate. Thus, the concentration of polymer

in the substrate can be further enhanced by changing the initial pressure and soaking time.

In addition, the impregnation of scCO, starts on the surface of the substrate and then

gradually progresses to the inner substrate. The role of scCO; is then to dissolve D4 and

H,SO4 and to carry the monomer and initiator into the amorphous regions of the LLDPE

substrate. The swelling kinetics of CO; in the polymer matrix depend on the temperature

and pressure [21,22]. Therefore, controlling the penetration depth of PDMS can be

achieved by controlling the diffusion and solubility of scCO, according to temperature and

pressure.
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6.3.2 Surface properties and depth analysis of LLDPE/PDMS composite

6.3.2.1 Surface analysis of LLDPE/PDMS polymer composite

C(X1) Oy (X 1) Siz(X1)
LLDPE JL
VAN
(% 0.5)
LLDPE: PDMSV/\\‘
=100:2.90 I\
LLDPE:PDMS \_//L J\ AL

Binding energy (eV)

Figure 6-4 XPS charts of LLDPE, PDMS, and LLDPE/PDMS polymer composites.
(Take-off angle is 90°)

Figure 6-4 shows the XPS diagrams of LLDPE, PDMS, and LLDPE/PDMS

composites. In the case of LLDPE, a strong intensity is observed at 285 eV. This is

attributed to the carbon atoms in the ethylene chain. In addition, two small peaks are

observed at 533 and 102 eV. These peaks are attributed to the oxygen atoms and they may
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arise from the oxidation or contamination of LLDPE. In PDMS, three strong peaks are

observed at 285, 533, and 102 eV. These are attributed to the constituent atoms in the

PDMS chain. In the LLDPE/PDMS polymer composite, except for the carbon peak of

LLDPE, the strength of the oxygen and silicon peaks increases. Further, it increases with

the mass gain of the LLDPE/PDMS polymer composite (this is more evident in Figure 6-6).

It can be concluded that PDMS prepared by cationic polymerization was generated in the

vicinity of the surface.
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Figure 6-5 ATR-FTIR spectra of (a) original LLDPE substrate, (b) LLDPE treated with
scCO3,, (¢) LLDPE/PDMS polymer composite with a mass gain of 8.15%, (d) differential
spectrum ((LLDPE/PDMS polymer blend)-(LLDPE)), and (¢) PDMS.
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Fig. 6-5 shows the ATR-FTIR spectra. (a) shows the spectrum of the original LLDPE
substrate. (b) shows the spectrum of the LLDPE treated with scCO,. It can be seen that
they are almost identical. This implies that scCO, does not affect the chemical structure of
LLDPE during the course of swelling [23]. (¢) shows the spectrum of the LLDPE/PDMS
polymer composite with a mass gain of 8.15 wt%. New peaks are observed at 800, 1021,
1093 and 1261 cm™. They are attributed to PDMS. (d) shows the differential spectrum
((PE/PDMS polymer blend)-(PE)). (¢) shows the spectrum of PDMS. As expected, the
differential spectrum almost corresponds to the spectrum of PDMS. The spectra confirm

that PDMS was formed within the LLDPE substrate.
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Figure 6-6 (a) Relationship between the ratio of ATR-FTIR intensities at 1261 cm’ to 719
cm'and the mass gain of PDMS. (b) and (c) Relationship between the ratio of XPS atom

concentration of silicon to carbon and the mass gain of PDMS.
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In Figure 6-6, (a) shows the relationship between the ratio of ATR-FTIR intensities at
1261 cm™ to 719 cm™ ([A]1261em /[Al719em ™) and the mass gain of PDMS. The ATR-FTIR
absorption at 719 cm’! ([A]mcm'l) can be attributed to the methylene chain in the LLDPE
substrate. The new absorption at 1261cm™ ([A]lzﬁ]cm_l) can be attributed to the Si-CHj;
bond in PDMS. Further, the intensity increased with the mass gain of PDMS. (b) and (c)
show the relationship between the ratio of the XPS atom concentration of silicon to carbon
(Si2,/Cjs) and the mass gain of PDMS. The take-off angles of the photoelectron for each
atom of (b) and (c) were 30° and 90°, respectively. In (b), the value of Si»,/Cjs 1s almost
constant. This implies that the amount of PDMS in the topmost surface is almost constant.
Overall, the value of Si,,/Ci in (c) is larger than that in (b). The variation trends of curves
are different in (a), (b), and (c). This can be attributed to the different measurement depths
of IR and XPS (30° and 90°). These results imply that the PDMS near the surface could be
controlled by the mass gain of PDMS, namely the polymerization time.

SEM-EDX analysis provides further evidence that PDMS is generated in the LLDPE
substrate. The mapping micrographs detected by EDX analysis show an accumulation of
silicon and carbon in the LLDPE/PDMS polymer composite. The silicon concentration
confirms the strong presence of PDMS. Thus, in Figure 6-7, in the case of small mass gain
(2.86 wt%), PDMS exists near surface of the LLDPE substrate. In the case of large mass

gain (8.97 wt%), PDMS exists within and near surface of the LLDPE substrate, and the

- 125 -



Surface

LLDPE:PDMS
100:8.97

)
>
(@)
g
B o
Do
LO
Ll

Carbon Silicon

SEM image

Figure 6-7 SEM micrographs of cross section of the LLDPE/PDMS composite and EDX
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Figure 6-8 Si concentration, detected by



LLDPE/PDMS composite approaches a uniform structure. This is more obvious in Figure

6-8. Figure 6-8 shows the relationship between the ratio of the EDX atom concentration of

silicon to carbon (Si/C) and the distance from the polymer surface of LLDPE/PDMS. It is

evident that relative to the surface (0-50 um), the value of Si/C is very small in the

200-250 um region in the case of small mass gain (2.75 wt%); however, it does not change

much in the case of large mass gain (8.87 wt%). This indicates that the result shown in

Figure 6-7 is correct. Structure control in the depth direction is possible depending on the

control of the mass gain, that is, the polymerization time.

6.3.2.2 Surface properties of LLDPE/PDMS composite

Figure 6-9 shows the static contact angle of all the specimens. These photos were

obtained by using a normal digital camera. The contact angles can be observed intuitively

from these photos. For surfaces with comparable structures, a relatively high contact angle

value generally implies high hydrophobicity. In table 6-1, the value of the LLDPE/PDMS

polymer composite is larger than that of LLDPE, less than that of PDMS, and almost

constant with changing the mass gain of PDMS. This is because only the PDMS that is at a

depth of 0.2—-3 nm affects the hydrophobicity [24]. These results imply that the
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Figure 6-9 Pictures of static contact angle measurements of the surface of LLDPE and

LLDPE/PDMS composites.

Table 6-1 Results of static contact angle measurements of LLDPE, PDMS and
LLDPE/PDMS composites.

Sample Runl Rum?2 Run3 Average
LLDPE 95 9 94 94
PDMS _— _— —_— 117139

LLDPE:PDMS=100:2.58 104 102 105 104
LLDPE:PDMS=100:544 105 105 105 105
LLDPE:PDMS=100:8.37 104 101 106 105
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hydrophobicity of LLDPE has been improved. It should be noted that the hydrophobicity

of LLDPE has been improved greatly when the mass gain of PDMS generated in the

surface of LLDPE is small (2.58 wt%).

6.3.3 Microstructure and mechanical properties of LLDPE/PDMS composite

6.3.3.1. Characterization of LLDPE/PDMS composite

Figure 6-10 shows WXRD patterns of the original LLDPE, LLDPE treated with scCO»,

and LLDPE/PDMS composites, which exhibit characteristic peaks of the (110) and (200)

planes. The angular positions of the diffraction peaks of crystalline LLDPE are almost

identical in original LLDPE, LLDPE treated with scCO,, and LLDPE/PDMS composites,

indicating that the crystal forms do not change upon scCO; treatment or addition of PDMS.

However, the amorphous region of the LLDPE/PDMS composite increases as the mass

gain of PDMS increases, which indicates that the overall crystallinity decreases as the mass

gain of PDMS increases (Figure 6-11). The reduction in sample crystallinity is caused by

dilution as a result of formation of PDMS in the amorphous regions of LLDPE and the
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Figure 6-10 WAXD patterns of original LLDPE, LLDPE treated with scCO; and
LLDPE/PDMS composites.
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Figure 6-11 Relationship between crystallinity and mass gain of PDMS.
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resultant increase in the size of these regions. The percentage crystallinity in LLDPE,

XiLppe, Was calculated as follows:

Xi1ope (%) = XLLDPE/PDMS (6-1)

WiLpPE

where Xpippe is the crystallinity of LLDPE/PDMS composite that is assumed to be

dependent only on the crystalline regions of LLDPE, X1 ppgrpums is the crystallinity of the

entire LLDPE/PDMS composite, and Wyppg is the weight fraction of LLDPE. Xiippg

does not change although Xi1pprrpms decreases as the mass gain of PDMS increases. The

total amount of crystalline LLDPE remains unchanged. These results indicate that D4

polymerizes solely within the amorphous regions of LLDPE.

LLDPE/PDMS composite 9.09 wt%
[ ———

LILDPE trcated with scCﬂz
__\

LLDPE

+————  Endotherm (W.g!)

Figure 6-12 DSC thermograms of LLDPE, LLDPE treated with scCO,,and LLDPE/PDMS

composite (mass gain: 9.09 wt%).
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Figure 6-12 shows DSC thermograms of the original LLDPE, LLDPE treated with

scCO,, and LLDPE/PDMS composite with a mass gain of 9.09 wt%. The DSC

thermogram of LLDPE treated with scCO, changed without increasing the degree of

crystallinity compared with the original LLDPE. This result implies that the swelling of

scCO;, at a treatment temperature of 80 °C produces the same effect as isothermal

crystallization [26]. In the LLDPE/PDMS composite, a strong LLDPE melting endotherm

was observed. The melting endotherm reveals that the composite does not affect the

crystalline region of the LLDPE substrate. The degree of crystallinity of the original

LLDPE and LLDPE/PDMS composite was found to be 35.2 and 32.5 wt%, respectively.

The reduction in sample crystallinity is entirely because of dilution by the addition of

PDMS to the amorphous LLDPE regions. The total amount of crystalline region of LLDPE

remained unchanged. In addition, it was found that the DSC traces of the LLDPE treated

with scCO, and LLDPE/PDMS composite exhibited a second low T, endothermic peak as

well as from the main crystalline melting peak. This means that small crystals were present

in the LLDPE treated with scCO, and LLDPE/PDMS composite.
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6.3.3.2 Microstructural analysis of the LLDPE/PDMS composite

I(q)q? (arbitrary units)

Scattering vector q (nm™)

Figure 6-13 Lorentz-corrected SAXS plofiles of original LLDPE, LLDPE treated with
scCO,, and LLDPE/PDMS composites.

The effect of formation of PDMS in the amorphous regions of the LLDPE substrate on
its microstructure was investigated by SAXS. Figure 6-13 shows the Lorentz-corrected
SAXS profiles of original LLDPE, LLDPE treated with scCO,, and LLDPE/PDMS
composites. In the spectrum of original LLDPE, the scattering vector q of the peak top was
0.397 nm ' (calculated using a Bragg spacing of 15.8 nm). This peak was caused by the
long period of the lamellar structure [27,28]. The positions of the peak in the LLDPE
treated with scCO, was the same as that in the original LLDPE. However, the peak of the

LLDPE treated with scCO, was sharper. This implies that a small crystal of LLDPE grew,
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which is consistent with the DSC results. In the LLDPE/PDMS composite, the peak from

long period shifted slightly toward lower q. This change was not observed for the

CO,-treated LLDPE. The extent of this change depended on the mass gain of PDMS. This

result is consistent with the generation of small-angle scattering from extensive disruption

of the crystalline lamellar upon incorporation of PDMS into the polymer composites. The

results of DSC and WAXD measurements indicate that the total amount of crystalline

region of LLDPE and the crystal structure of LLDPE do not change. Therefore, these

SAXS measurements indicate that PDMS formed in the amorphous regions between the

crystalline lamellar of LLDPE, and that LLDPE and PDMS were blended at the nanometer

level.

6.3.3.3 Mechanical properties

The dynamic viscoelastic behavior of LLDPE and the LLDPE/PDMS composites is

represented as a function of temperature in Figure 6-14. At a lower temperature than the

glass transition temperature of PDMS (7, ppms) at ~123 °C [29], the storage modulus of the

LLDPE/PDMS composite was larger than that of LLDPE. Furthermore, at temperatures
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Figure 6-14 Temperature dispersion curves of the storage modulus (E') for original LLDPE
and LLDPE/PDMS composites.

Table 6-2 Results of tensile tests at 20 °C.

Sample name Young's modulus (MPa) Fracture stress (MPa) Fracture strain (%)
LLDPE 130 9.0 922
LLDPE/PDMS (5.76 wt%) 70 76 836
LLDPE /FDMS (8.84 wt%) 57 56 738
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higher than T ppums, the storage modulus of the LLDPE/PDMS composite was smaller than
that of LLDPE. This change in the storage modulus of the LLDPE/PDMS composite
depends on the mass gain. This occurs because, at temperatures lower than Tgppums, the
chain mobility of the amorphous regions of LLDPE is retarded by the glassy PDMS that is
generated in the amorphous regions. The decreased mobility of the amorphous LLDPE
chains increases the storage modulus of the LLDPE/PDMS composite so that is larger than
that of LLDPE. Above T,ppwms, the amorphous regions of the LLDPE/PDMS composite
increase more than that of LLDPE because of the micro-Brownian motion of PDMS.

Table 6-2 lists the results of tensile testing at 20 °C above Tgppms. Because the
amorphous regions of the LLDPE/PDMS composite increase more than that of PE because
of the micro-Brownian motion of PDMS at 20 °C, the Young’s modulus, fracture stress and
strain of the LLDPE/PDMS composite decrease as the mass gain of PDMS increases. This
is consistent with the results of DVA. Therefore, the nanometer-sized PDMS generated in
the amorphous regions significantly affects the mechanical properties of the

LLDPE/PDMS composite, which can be controlled through the mass gain of PDMS.
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6.4 Conclusion

We have succeeded in obtaining a LLDPE/PDMS composite by in situ cationic

polymerization using scCO,. PDMS formed in the amorphous regions between the

crystalline lamellar of LLDPE, which did not affect its crystallinity. LLDPE and PDMS

were blended at the nanometer level. Further, the depth to which PDMS was excited in the

LLDPE substrate was analyzed by XPS, IR and SEM-EDX, in order to control the

structure of the LLDPE/PDMS polymer composite by varying the polymerization time.

The hydrophobicity of LLDPE has been improved. Surface modification of LLDPE could

be realized. The presence of PDMS in the amorphous regions significantly affects the

viscoelasticity and mechanical properties of the LLDPE/PDMS composite. The storage

modulus of the LLDPE/PDMS composite changes at Tgppms. Below Ty ppms, the chain

mobility of the amorphous regions of LLDPE is retarded by the glassy PDMS, and the

storage modulus of the LLDPE/PDMS composite is larger than that of LLDPE. Above

T¢ppms, the amorphous regions of the LLDPE/PDMS composite increase more than that of

LLDPE because of the micro-Brownian motion of PDMS, so the storage modulus of the

LLDPE/PDMS composite is smaller than that of LLDPE. Mechanical properties such as

Young’s modulus, tensile strength and elongation at break of the LLDPE/PDMS composite

can be controlled by the mass gain of PDMS.
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Chapter 7

Concluding Remarks
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Concluding Remarks

The purpose of this thesis work is to prepare novel nanocomposites and control their

bulk and surface properties. In the new preparation method for nanocomposites using

supercritical carbon dioxide (scCO;), three kinds of novel semicrystalline/amorphous

polymer nanocomposites were obtained by changing the kind of polyolefins and blending

polymers. Also, the relationship among the experimental parameters (initial pressure and

polymerization time), constituent contents of polymer composites (mass gain of

amorphous polymer), and properties (microstructure, physical properties, and surface

properties) was studied to control material characteristics.

In Chapter 3, a composite comprised of isotactic polypropylene (iPP) and poly(methyl

methacrylate) (PMMA) was prepared by in situ radical polymerization of methyl

methacrylate (MMA) using scCO,. The connection of initial pressure, mass gain of

PMMA, and microstructure and mechanical properties was created. The mass gain initially

increased in correlation with the initial pressure, reaching a maximum of 109 wt% when

the initial pressure of CO, was about 9 MPa, and then decreased with further increases in

the initial pressure. iPP and PMMA were blended at the nanometer scale. PMMA did not

affect the crystallinity, the enthalpy of melting the iPP crystal, nor the top temperature of

the iPP crystal melting, but it did reduce the starting temperature at which the iPP crystal

started melting. The mechanical properties of the composites: storage modulus, yield stress,
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fracture stress and strain, were determined to depend on the mass gain of PMMA.

In Chapter 4, the thermal stability of iPP/PMMA composites was evaluated. When the

iIPP/PMMA composites were annealed at 140 °C, although iPP crystal grew, the

nano-structure eas—be remained. When the iPP/PMMA composites were annealed at

190 °C, PMMA migrated by diffusion from the amorphous region of iPP, then macroscopic

domain structure was formed, and the nanostructure could not be remain.

In Chapter 5, the linear low-density polyethylene (LLDPE)/PMMA polymer

nanometer-dispersed and having pseudo-interpenetrating networks (pseudo-IPNs) were

prepared using scCO,. As in the case of iPP/PMMA composite, the connection of initial

pressure, mass gain of PMMA, and microstructure and mechanical properties was created.

The mass gain initially increased in correlation with the initial pressure, reaching a

maximum of 450 wt% when the initial pressure of CO, was about 7 MPa, and then

decreased with further increases in the initial pressure. The pseudo-IPNs were formed by

the complicated entanglement of the amorphous chain of LLDPE and PMMA chains

through controlling the mass gain of PMMA. LLDPE and PMMA were blended at the

nanometer level. They were also somewhat thermodynamically miscible. The structure of

LLDPE/PMMA composite with a high mass gain was not easily broken when annealed at

temperatures higher than crystal melting temperature of LLDPE (7, 1ippe). High storage

moduli remained at temperatures beyond the LLDPE melting transition. Further, the extent
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of the storage modulus can be controlled through controlling the mass gain of PMMA.

In Chapter 6, a composite comprising LLDPE and polydimethylsiloxane (PDMS) was

prepared by in situ cationic polymerization of octamethylcyclotetrasiloxane (D4) using

scCO;. The connection of polymerization time, mass gain of PDMS, and microstructure,

mechanical properties, and surface properties was created. LLDPE and PDMS were

blended at the nanometer level. The depth that PDMS exists in LLDPE can be controlled

by adjusting the mass gain of PMMA. The hydrophobicity of LLDPE had been improved

from 94° to 105° by incorporating PDMS. Also, as the same as iPP/PMMA and

LLDPE/PMMA, the microstructure and mechanical properties depend on the mass gain of

PMMA.

When these three polymer nanocomposites were compared, they showed similar

microstructure because of the similar preparation mechanism, that is, the monomer and

initiator were dissolved in scCO, and impregnated into the amorphous interlamellar

regions of semicrystalline polymer substrate. After reaching the polymerization

temperature, the monomer polymerized within the amorphous interlamellar regions of

semicrystalline polymer substrate. The polymerization of monomer led to the imbalance of

the partition coefficient of monomer within and outside of the semicrystalline polymer

substrate. The monomer outside of the semicrystalline polymer substrate thus permeated

into the amorphous regions of the semicrystalline polymer substrate, and the
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polymerization reaction was continuous. As a result, the semicrystalline polymer and

amorphous polymer were effectively blended at the nanometer level.

However, these three polymer nanocomposites showed some differences in mechanical

properties such as the formation of pseudo-IPNs. Pseudo-IPNs can be formed in

LLDPE/PMMA nanocomposites with high mass gain of PMMA, and can not be formed in

iPP/PMMA and LLDPE/PDMS nanocomposites. The most fundamental reason is the

difference in mass gain maximum of amorphous polymer that can be reached. The mass

gain maximum of PMMA was 450 wt% in LLDPE/PMMA, and was 109wt% in

1iPP/PMMA. The mass gain maximum of PDMS was only 9 wt%. It is considered that a

larger mass gain will broaden the mechanical property changes. To increase the mass gain

maximum, the experimental parameters such as the amount of monomer and initiator,

initial pressure, polymerization time and temperature, impregnating time and temperature,

should be considered once again.

When compared with other researches in the area of semicrystalline/amorphous polymer

nanocomposites prepared in scCO; in the literature, the novelty of this research work can

be concluded to lie in: (1) Three kinds of novel nanocomposites, iPP/PMMA,

LLDPE/PMMA and LLDPE/PDMS, were prepared for the first time. (2) The changes in

crystal melting temperature of semicrystalline polymer substrate after combining

amorphous polymer were found for the first time. (3) Thermal stability of
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semicrystalline/amorphous polymer nanocomposite was studied anew. (4) Pseudo-IPNs

have never been prepared before using scCO».

In situ polymerization using scCO,, as one of polymer blend preparation methods, has

been used to prepare dozens of new nanocomposites that couldn’t be obtained by

conventional methods. The laboratory where the author belonged also prepared six kinds of

semicrystalline/amorphous polymer nanocomposites using this method. In the opinion of

the author, there remain two major questions to be answered in this area. One is the reason

why the amorphous polymer generated in the interlamellar regions of semicrystalline

polymer is of high molecular weight. The other is the further research about thermal

stability. The former will help to further understand the in situ polymerization mechanism

using scCO,. The latter will make the semicrystalline/amorphous polymer nanocomposite

prepared using scCO; can be used in practical production. The author expects these two

problems can be solved in the future research.

- 146 -



Appendix

A. Abbreviation

Supercritical carbon dioxide scCO,
Isotactic polypropylene iPP
Linear low-density polyethylene LLDPE
Methyl methacrylate MMA
Poly(methyl methacrylate) PMMA
Octamethylcyclotetrasiloxane D4
Polydimethylsiloxane PDMS
Interpenetrating polymer networks IPNs
Transmission electron microscopy TEM
Atomic force microscopy AFM
Small-angle X-ray scattering SAXS
Wide-angle X-ray diffraction WXRD
Differential scanning calorimetry DSC
Dynamic viscoelastic analysis DVA
X-ray photoelectron spectroscopy XPS
Attenuated total reflection Fourier-transform infrared spectroscopy ATR-FTIR
Scanning electron microscope-energy dispersive X-ray SEM-EDX
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