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Abstract

Ultra-high-molecular-weight polyethylene (UHMWPE) exhibits outstanding toughness, impact strength, wear
resistance, and self-lubricating properties due to its ultra-high molecular weight above 10°. However, such an ultra-high
molecular weight also results in high melt viscosity and poor melt flowability, limiting its processability in conventional
techniques such as injection molding and extrusion molding. As a result, UHMWPE is commonly processed directly from
reactor powder using compression molding or ram extrusion. In these methods, particle size has a significant effect on
the mechanical properties. Commercial UHMWPE typically consists of macroparticles with average diameters of 80-300
um, and larger particles tend to result in incomplete particle fusion and interparticle voids during molding, which can
deteriorate mechanical properties. Polymer composites with functional fillers can improve properties such as mechanical
performance and conductivity. Since melt mixing is not viable for UHMWPE nanocomposites due to the high melt
viscosity of the polymer, powder-state mixing is the only practical approach for preparing UHMWPE/filler mixtures.
This method relies on simple physical mixing of the polymer particles and fillers, which often results in poor filler
dispersion and incomplete coalescence of the polymer particles. These structural deficiencies have hindered the
development of multifunctional UHMWPE-based composites. To address the aforementioned limitations, this thesis
employs particle size control by introducing microfine UHMWPE synthesized using a nano-sized Ziegler-Natta catalyst.
The microfine particles fill interparticle voids and promote particle fusion. The proposed approach establishes a strategy
to control filler distribution, which in turn enhances the mechanical properties as well as electrical and thermal
conductivities of UHMWPE nanocomposites.

In Chapter 2, UHMWPE composites with graphene nanoplatelets (GNP) were prepared using microfine particles with
1-2 pm and the macroparticles. It was revealed that UHMWPE particle size governed the filler distribution and
consequently the mechanical—electrical performance. The macroparticles induced segregated filler networks, achieving
conductivity at low filler loadings but with poor mechanical properties, whereas the microfine particles enabled uniform
filler dispersion and retained high strength even at higher loadings. A mixed matrix system with the microfine particles
and the macroparticles achieved a favorable balance between mechanical performance and electrical conductivity,
highlighting the role of UHMWPE particle size as a simple yet powerful design parameter.

In Chapter 3, the influence of sintering and drawing conditions was examined to further improve the mechanical
properties of UHMWPE/GNP composites. Increasing sintering temperature effectively enhanced toughness without
compromising conductivity, and high-temperature uniaxial drawing achieved an extension ratio of 38.2, demonstrating
the superior interfacial fusion of the microfine particles and its potential for high-performance tapes and fibers.

In Chapter 4, the functionality of the microfine particles as a reinforcing and nucleating agent in polypropylene (PP)
blends was investigated. The microfine particles enhanced PP crystallinity and stiffness through heterogeneous nucleation,
establishing its versatility beyond UHMWPE-based systems.

In conclusion, this thesis establishes a materials-design strategy for UHMWPE and its composites based on particle
size control, enabling control over filler distribution. This approach allows the fabrication of composites with well-
balanced electrical, thermal, and mechanical properties. The findings provide fundamental insights into structure—
property relationships in UHMWPE-based materials and propose a new design strategy for multifunctional polyolefin
systems through particle size control.

Keywords: Ziegler-Natta catalyst, Ultra-high-molecular-weight polyethylene, Polymer nanocomposite, Particle size
control, Conductivity



Preface

The present thesis is submitted for the Degree of Doctor of Philosophy at Japan
Advanced Institute of Science and Technology, Japan. The thesis is consolidation of results
of the research work on the topic “Materials Design of Ultra-High-Molecular-Weight
Polyethylene Based on Particle Size Control” under the supervision of Prof. Toshiaki
Taniike during April 2023— March 2026 at Graduate School of Advanced Science and

Technology, Japan Advanced Institute of Science and Technology.

Chapter 1 describes a general introduction and the purpose of this thesis. Chapter
2 focuses on the control of filler distribution from segregated structure to homogeneous
distribution by mixing the macroparticles with the microfine particles and investigates
mechanical properties as well as electrical and thermal conductivities of composites.
Chapter 3 eclucidates the effects of sintering time and temperature on the mechanical
properties of ultra-high-molecular-weight polyethylene nanocomposites and further
demonstrates the feasibility of fabricating ultra-high-molecular-weight polyethylene
nanocomposites fibers or tapes via solid-state processing using uniaxial elongation.
Chapter 4 examines the role of the microfine particles as a nanofiller within the
polypropylene matrix. Chapter 5 describes the general summary and conclusion of this
thesis. To the best of my knowledge, the work is original and no part of this thesis has been

plagiarized.

Kohei Amada
Graduate School of Advanced Science and Technology

Japan Advanced Institute of Science and Technology

March 2026
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Chapter 1

General introduction



1.1.  Polymers

1.1.1. Polymer science

Polymers refer to macromolecules composed of covalently linked repeating units forming
long molecular chains or networks. Unlike small organic molecules, polymers inherently
possess a molecular weight distribution (MWD) and exhibit complex molecular structures such
as branching, entanglement, and higher-order structures.' Although natural polymers such as
silk and cotton have long been utilized, the advent of synthetic polymers dates back to the
discovery of nitrocellulose in 1845. Afterwards, these discoveries led to the development of
various synthetic polymers such as celluloid (1861), man-made fiber (1884), urea resin (1896),
phenol resin (1907), and melamine resin (1938).* Before polymer science was formally
established, many of these materials were synthesized through serendipitous discoveries and
gradually advanced toward practical applications.

The concept of macromolecules was first proposed by Hermann Staudinger in the 1920s, who
demonstrated that so-called macromolecular hypothesis, stating that “unit molecules are linked
together in a chain-like structure to form giant molecules,” which later became the foundation
of modern polymer science.* This led to rapid advances in both theoretical understanding and
industrial applications throughout the 20th century.

Polymers are regarded as one of the three major categories of materials, alongside metals
and ceramics. They possess a unique combination of properties: they are lightweight, easy to
process, and their rigidity can be widely tuned from flexible to highly rigid through molecular
design.>® They are also relatively inexpensive, corrosion-resistant’® and electrically
insulating,”!* and can be endowed with various functions.>!'!'"!* These characteristics make
them promising for applications that reduce environmental impact, such as lightweight

components for automobiles or energy-efficient manufacturing enabled by low-temperature



processing. Consequently, the demand for polymer materials is expected to continue expanding

in the future.

1.1.2. Classification of polymers according to their origin
Polymers can be classified by their origins such as starting monomer and difference of
synthetic route into three categories: synthetic polymers, semi-synthetic polymers, and natural
polymers. Representative examples are shown below.
Synthetic polymers: polyolefins (polyethylene, polypropylene), polyamides, polyesters,
polyimides, aramids
Semi-synthetic polymers: cellulose acetate, carboxymethyl cellulose, regenerated fibers
(viscose rayon)
Natural polymers: natural rubber, proteins, polysaccharides, hemp, silk, cotton, cellulose
Among these, synthetic polymers have been the most actively studied and developed class of
polymeric materials, serving as the foundation of modern materials science and industry
(Figure 1.1). One of the key features is that, in addition to being lightweight, their mechanical,
thermal, electrical properties can be precisely controlled through molecular design compared
to semi-synthetic and natural polymers.!®!%!>1¢ Even it is same polymer resin, the physical
properties can be tune by molecular weight, molecular weight distribution, selection of
additives, and processing method, enabling versatile applications in industry. Moreover, it
characterizes easy to process, low cost, corrosion resistance, and is adaptable to mass

production.



Figure 1.1. Proportion of polyethylene, polypropylene, polyvinyl chloride, and other plastics

in global production and applications of plastics. Reproduced from Ref.17.

1.2.  Polyolefins

1.2.1. Outline of polyolefins

Polyolefins are the most widely produced and utilized polymeric materials in the world.
Representative polyolefins include polyethylene (PE) and polypropylene (PP), as well as
polyolefin elastomers and polyolefin rubbers such as ethylene-a-olefin random or block
copolymers. 82!

Polyethylene is primarily classified based on its branching structure and density, which
determine its mechanical and thermal properties. Based on these characteristics, it is divided
into low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE), and high-
density polyethylene (HDPE).?? In addition, ultra-high-molecular-weight polyethylene

(UHMWPE) is distinguished by its extremely high molecular weight and unique properties.
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Polypropylene (PP) is categorized into three types based on stereoregularity: isotactic-
polypropylene (i-PP), syndiotactic polypropylene, and atactic polypropylene.?> The
mechanical properties and processability of these polyolefins vary significantly depending on
molecular weight and stereoregularity.?>> In general, polymers with higher molecular weight
enhance mechanical properties but leads to higher melt viscosity, resulting in reduced
processability. In particular, UHMWPE possesses an extremely high molecular weight, making
it unsuitable for conventional melt-processing techniques such as injection molding, extrusion
molding, and blow molding. Therefore, in polyolefin research, the design of polymers that

balances mechanical performance and processability has been considered a critical issue.?

1.2.2. Olefin polymerization catalysts

18,21,26

Olefin polymerization catalysts are broadly classified into two categories:

heterogeneous (multi-site) catalysts, such as Ziegler-Natta (Figure 1.2a)?’*? and Phillips

systems (Figure 1.2b),3373¢

and homogeneous (single-site) catalysts, such as metallocenes
(Figure 1.2¢)*”*! and post-metallocenes.*>* In the following sections, the fundamental

characteristics of each catalyst and the properties of the obtained polymers are summarized,

followed by a discussion of their challenges and recent advances in catalyst developments.
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Figure 1.2. Chemical structures of (a) Ziegler-Natta, (b) Phillips catalyst, and (c) metallocene

catalyst, and (d) molecular weight distributions synthesized using Ziegler-Natta, Phillips, and

metallocene catalysts. (d) is reproduced from Ref.34.



Ziegler-Natta catalyst: Ziegler-Natta catalysts (ZNC) are polymerization catalysts that
play a significant role in polyolefin production and the MgCl-supported ZNC is the
most used catalyst system in polyolefin industry. ZNC is heterogeneous systems in
which TiCly is supported on MgClz, and it is activated by alkylaluminum compounds
(AIR3, R= alkyl, aryl, or hydride).?’32 These catalysts enable the syntheses of LDPE,
HDPE, UHMWPE, and i-PP and 99 % of PP is synthesized from ZNC. Its main
characteristics include low cost, a moderate MWD (Figure 1.2d), high catalytic activity,
high stereospecificity, and low susceptibility to reactor fouling. Owing to these
advantages, polymers produced using this catalyst are widely utilized as commodity
plastics in products such as plastic bags, bottles, buckets, and wire coatings. The
polymerization mechanism using Ziegler-Natta catalysts follows the Cossee-Arlman
mechanism (Figure 1.3).% In this mechanism, halides on the titanium complex are
displaced by alkylaluminum, generating a vacant coordination site at the metal center,

allowing the successive insertion of additional monomer units.
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Figure 1.3. Monometallic mechanism for the activation, coordination-insertion, and chain

propagation for Ziegler-Natta catalysts. Reproduced from Ref.46.

e Phillips catalyst: The Phillips catalyst is a heterogeneous system in which a chromium
compound is supported on Si0,.333% Polyethylene produced by the Phillips catalysts

typically exhibits a broad MWD (~60) (Figure 1.2d) and a predominantly linear

structure. These features impart excellent moldability and mechanical durability,
making the obtained polyethylene widely used in applications requiring both toughness
and processability such as fuel tanks, pipes, and bottles.

e Metallocene catalyst: The metallocene catalyst is a representative homogeneous
catalyst used in polyolefin polymerization.>”*! In general, it is designed as a transition
metal complex consisting of a Group 4 metal center (e.g., Zr, Ti, or Hf) coordinated

with cyclopentadienyl (Cp) ligands, and it activated by methylaluminoxane. Since all



active sites are uniformly activated, the distribution, composition, and sequence of
comonomer incorporation are consistent among polymer chains, producing polymers
exhibit a narrow MWD (M./M,<2) (Figure 1.2d). Therefore, metallocene catalysts are
particularly effective for the polymerization LLDPE and other copolymers where
uniform comonomer distribution is crucial. However, several challenges remain,
including high catalyst cost, reactor fouling, and the requirement of large amounts of

solvent.

1.3.  Ultra-high-molecular-weight polyethylene (UHMWPE)

1.3.1. General Properties

Ultra-high-molecular-weight polyethylene (UHMWPE) is a linear polyethylene with
minimal branching and the highest molecular weight among all polyethylene. Owing to its
extremely high molecular weight, UHMWPE exhibits outstanding mechanical properties such

as exceptional toughness and impact strength,*’>° along with excellent tribological

13,55 51-54

performance,’®>* durability, chemical resistance,'>> wear resistance, and self-lubricating
characteristics.”* Owing to these superior properties, UHMWPE has found applications in
mechanical components (e.g., O-ring and gears) as well as in biomedical applications such as

artificial joints and catheter components,>®>’

where corrosion resistance and biocompatibility
are required. In addition, UHMWPE fibers, commercially known as Dyneema®, are utilized
as high-strength fibers in climbing ropes and other demanding applications.

However, as the molecular weight increases, the melt viscosity of UHMWPE becomes
exceedingly high, resulting in poor flowability. Consequently, UHMWPE cannot be processed

by conventional melt-processing techniques such as injection molding, blow molding, and

extrusion molding (Figure 1.4), in which polymer pellets are heated, melted, and shaped into



desired forms. This extremely high melt viscosity is strongly governed by the molecular weight

of polymers, and their relationship can be expressed by the Equation (1.1):%

7700 My 4 (1.1),

where 79 is the zero shear viscosity and M, is the weight-average molecular weight.

Therefore, UHMWPE is typically processed by compression molding or ram extrusion,

where polymer powders are consolidated and sintered in the solid state (Figure 1.5).

(a) (b)
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Die head
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Melted
material

Blow pin

Cooling
lines
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side walls with

Mold half air from blow
pin

Parison

; ' Cooling Unit

Figure 1.4. Molding techniques for polymer processing: (a) injection molding reproduced from
Ref.59, (b) blow molding reproduced from Ref.60, and (c) extrusion molding reproduced from

Ref.61.
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Figure 1.5. Schematic illustration of UHMWPE processing methods: (a) compression molding

and (b) ram extrusion. Reproduced from Ref. 46.

1.3.2. Synthesis

Commercial UHMWPE is synthesized using MgClz-supported Ziegler-Natta catalysts, which
are industrially advantageous for slurry and gas-phase processes due to their high scalability,
cost-effectiveness, and lower solvent requirements The typical particle size of MgCl, support

62.63 and the active sites are spatially close to each other, leading to

ranges from 10 to 100 um,
the formation of polymer chains in highly confined regions.? As polymerization proceeds, the
growing chains become entangled even before crystallization, owing to the high local polymer
concentration and limited chain mobility. This restricted chain motion substantially increases
the melt viscosity.** Consequently, conventional melt-processing techniques (e.g., extrusion or
injection molding) are difficult to apply to UHMWPE. In contrast, during compression molding
and ram extrusion, UHMWPE is sintered in the solid state, and its large particle size leads to
insufficient interparticle fusion, resulting in reduced mechanical properties.

For the practical utilization of such highly viscous UHMWPE, the polymers are typically
dissolved in decalin (>90 wt%) to obtain ~10 wt% polymer solutions, from which UHMWPE

fibers and films are fabricated via gel spinning®® or solution spinning.®® However, the use of a

large amount of solvent is economically and environmentally undesirable.

11



Therefore, research on UHMWPE synthesis has primarily focused on improving

processability, which can be categorized into three major strategies:

29,48,67 68,69

1. Broadening the molecular weight distribution by synthesizing or blending
low-molecular-weight polyethylene to improve the flowability of molten state and
overall processability.

2. Minimizing chain entanglement during polymerization®”*24470-76 to enable processing
at lower temperature or in the solid state. 2%7%77-7%

3. Reducing particle size by designing nano-sized Ziegler-Natta catalysts with controlled
active site distribution.?’-2

Ziegler—Natta catalysts exhibit a replica effect, in which the morphology of the catalyst
particles is replicated in the produced polymer.539-#3 Therefore, by controlling the morphology
and active sites of nano-sized catalysts, smaller and more uniform UHMWPE powder particles

can be obtained. This results in improved powder flowability and interfacial fusion, thereby

enhancing the moldability during compression molding or sintering.

1.3.3. Areplica effect for heterogeneous polyolefin catalysts

In olefin polymerization using heterogeneous catalysts such as Ziegler-Natta catalysts, the
morphology of the resulting polymer particles is well known to be strongly influenced by that
of the catalyst particles. This phenomenon is referred to as the replica effect.%>%33 In this
phenomenon, the characteristics of the catalyst particles, such as particle size, structure, and
porosity are replicated in the polymer particles through polymer growth within catalyst pores,
stress accumulation, and subsequent catalyst fragmentation. Assuming volume conservation
between the catalyst and polymer particles, the polymer particle size can be approximately

estimated using following Equation (1.2):

12



1

Dps = (52Y)’ Deae (1.2)

PE

where d.,; and dpp are the densities of catalyst and polymer, Dpgand D, are their particle

sizes of the polymer and catalyst, and Y is the polymer yield.

Thus, the polymer particle size is proportional to the catalyst particle size and to the one-third
power of the polymer yield. Therefore, to reduce the polymer particle size without lowering
the yield, it is effective to decrease the catalyst particle size.

The replica effect is a key factor that influencing the final morphology and handling

properties of polymer particles, and thus plays a significant role in catalyst design.

1.3.4. Smaller and less-entangled UHMWPE synthesized from nano-dispersed Ziegler-
Natta catalysts?7-32
In conventional Ziegler-Natta catalysts, UHMWPE chains are formed under diffusion-limited
conditions within catalyst particles, leading to a highly entangled state that makes melt

t.%4 To address this issue, it is essential to control the distribution of active

processing difficul
site of the catalyst particles, which directly influence the polymer morphology.
Chammingkwan et al. developed a MgO/MgCly/TiCls Ziegler-Natta catalyst using MgO
nanoparticles as a core template to induce uniform MgCl> deposition and obtained nanosized
catalyst particle. A surfactant was used to enhance dispersion during the chlorination step
(Figure 1.6a). The degree of chlorination of MgO to MgCl> was controlled by varying the

chlorination time, thereby tuning the Ti density and distribution of active sites. Ethylene

polymerization was carried out under industrially relevant conditions (70 °C, 0.8 MPa).

13



The obtained UHMWPE exhibited the viscosity-average molecular weight exceeding 5x10°
g mol !, as determined from intrinsic viscosity measurements. The resulting polymer consisted
of submicron-sized particles that closely reflected the morphology of the catalyst (Figure 1.6b).
Analyses of its thermal behavior, rheological properties (Figure 1.6c), and solid-state
drawability indirectly indicated a significantly lower chain entanglement density compared to
conventional UHMWPE. In particular, the PE-0.5 sample could be drawn to over 20 times its
original length at 125—-130 °C, demonstrating a remarkable improvement in processability.

These results demonstrate that nano-dispersed Ziegler-Natta catalysts represent a promising
strategy for synthesizing microfine and less-entangled UHMWPE with high molecular weight
and excellent drawability.

(a)

Catalyst synthesis Ethylenfe polym?rizafion with a
constrained active site

l Surfactant . ITiCL,/Kerosene . = 1}
o )
0 -

+

&) QQ
%30 o 3o @ 09S o X
oouoqu Yo JlJ‘J OOOOOO -
Q0 ) 00
- Nano-dispersed °
MgO
- Modified MgO ZN catalyst
(b) (C) 1x108
30 1
D50 =0.45 Mm 1 , S
S =
g/
[ -
z10f (L) 1
o
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Figure 1.6. (a) Schematic illustration of the synthesis of a nano-dispersed Ziegler-Natta

catalyst and UHMWPE. Reproduced from Ref.32. (b) Particle size distribution of obtained
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UHMWPE powder. (c) Time-sweep curve of the storage modulus at the fixed strain of 0.5%

and frequency of 10 rad s '. Reproduced from Ref.32.

1.3.5. Structural characteristics of UHMWPE with low chain entanglement

For UHMWPE, its extremely high molecular weight leads to severe chain entanglement and
very high melt viscosity, which are the primary factors limiting its processability. Numerous
studies have focused on the initial entanglement state,>*36+78487 the degree of

crystallinity,3>-88%

and the hierarchical morphology of crystalline and amorphous regions in
UHMWPE #9991 Conventional melt processing techniques such as extrusion molding, blow
molding, and injection molding are largely unsuitable for UHMWPE, so processing has been
limited to methods such as solution spinning®® or gel spinning® for high-strength fibers and

85,86,89,92-94

compression molding under constrained conditions.

More recently, research has been devoted to UHMWPE with low chain

entanglernent,S,S8,64,79,84787

including the characterization of its distinctive chain dynamics,
mechanical behavior, and improved processability.’®7®7 It has been reported that UHMWPE

with less-entanglement exhibits a relatively low modulus in the initial state due to its loosely

packed morphology, and that upon heating, it rapidly develops chain entanglements. When

1 264,86,91,95

heated at rates above 1 °C min',%> a phenomenon known as “melt explosion occurs,

characterized by rapid melting and void formation caused by sudden chain relaxation (Figure
1.7).

The chain dynamics of UHMWPE with low chain entanglement cannot be fully explained by
conventional polymer relaxation models such as the reptation theory,”® which assumes an
equilibrium entangled network.”® Instead, they are considered to result from rapid chain
diffusion driven by an increase in entropy to relieve the initial non-equilibrium entanglement

state. Other studies have reported that reducing voids generated during sintering can improve

15



the mechanical integrity of UHMWPE.®*7 Furthermore, the effect of molecular weight’® and

47,85,87

sintering temperature on interparticle fusion and crystallinity have been explored to

achieve enhanced mechanical performance.

(a) Highly entangled UHMWPE

Nascent Crystal and Constrained Chain Poor Interface Healing
Amorphous Region Motions In Melts during Sintering

(b) Less entangled UHMWPE

Nascent Crystal and Less Confined Pronounced Interface
Amorphous Region Motions In Melts Healing during Sintering

Figure 1.7. Schematic illustration for the influence of the initial entanglement state: (a) highly
entangled state and (b) less entangled state. In the highly entangled state, a large number of
entanglements in the amorphous regions strongly constrain chain mobility, resulting in poor
interfacial fusion. In contrast, in the less entangled state, the less constrained chain mobility
promotes rapid chain diffusion driven by an increase in entropy, referred to as a “melt

explosion” which enhances interfacial fusion. Reproduced from Ref.64.
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1.3.6. Higher-order structure of polyolefins

Crystalline polymers and semi-crystalline polymers form hierarchical structures ranging from
the nanometer to the micrometer scale through molecular self-assembly during crystallization
(Figure 1.8). In polyethylene, the molecular chains align the c-axis of orthorhombic unit cell,
with characteristic reflections from the (200) and (110) lattice planes.”” The chains repeatedly
fold to form fold-chain crystals (FCC), typically 5-30 nm thick, which can stack into larger
lamellar assemblies.”” When the lamellar structures aggregate on the macroscopic scale, they
form spherulites,!?%!%! typically a few to several tens of micrometers in diameter, consisting of
radially oriented crystalline lamellae and interlamellar amorphous regions that grow in multiple

directions from a nucleation point, resembling the spokes of a wheel.

Polymer chains Lamella Lamellae Spherulite Film
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Figure 1.8. Schematic illustration of the hierarchical structure of crystalline polymers and
semi-crystalline polymers, showing the structural evolution from molecular chains to lamellae,

spherulites, and polymer films.

It is well known that when the crystallization rate is slow, large and well-ordered spherulites
are formed,'9*!% leading to reduced light transmittance due to light scattering and decreased
toughness because of stress concentration at interspherulitic boundaries.!*!> Conversely,

when the crystallization rate is high, the resulting spherulites are smaller, resulting in less light
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scattering and improved toughness due to fewer interspherulitic boundaries. Based on these
structural characteristics, polyethylene films with thicknesses exceeding several hundred
micrometers are often fabricated, and their macroscopic mechanical properties are evaluated
through tensile, bending, and compression tests.

During tensile deformation, the tensile stress (o) and strain (¢) are defined as Equations (1.3)

and (1.4):

os=F/A (1.3),
where o5 is the stress (N m ™2 or Pa), F is a force (N), and 4 is the area (m?).

e=(L—Lo)/Lo (1.4),
where ¢ is the strain, L is a stretched length (mm), and Lo is an initial length (mm).

A representative stress-strain curve is shown below (Figure 1.9). In the elastic region (region
I), stress increases linearly with strain according to Hooke’s law, mainly due to the stretching
of amorphous tie chains and elastic deformation of lamellar stacks.!°*1%” From the slope of this
linear portion, the elastic modulus, an indicator of material stiffness, can be determined. In this
region, the crystalline domains of polymer chains are stretched, and a small strain results in a
rapid increase in stress. Beyond region I, the relationship between stress and strain deviates
from Hooke’s law, entering region II, where linearity is lost. In this region, the stress reaches
a maximum and then decreases with increasing strain. This peak point is referred to as the yield
stress, marking the onset of plastic deformation.!® This stress reduction occurs because
lamellae begin to shear and fragment, allowing molecular chains to slip between crystalline
and amorphous phases.'’” Subsequently, in region III, as strain continues to increase, both
amorphous and crystalline regions are stretched, leading to molecular chain alignment and
stress transfer through taut-tie molecules, which causes stress to rise again. This phenomenon

is generally referred to as strain hardening.!®
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Two main interpretations exist for the mechanism of strain hardening—rubber elasticity and

plastic deformation (Figure 1.10). Kimura et al.'

investigated this phenomenon by combining
temperature-modulated in situ Raman spectroscopy with tensile testing, discussing strain
hardening from both perspectives. They found that below the crystal relaxation temperature,
the taut-tie molecules in the amorphous regions between lamellae transmit stress. As strong
tensile forces act on these taut-tie molecules, molecular chains are pulled out from the
crystalline domains. Consequently, with increasing strain, the fraction of taut-tie chains that
bear load increases, resulting in a higher elastic modulus. This mechanism explains the
occurrence of strain hardening. Conversely, above the crystal relaxation temperature, crystal
relaxation leads to fragmentation of crystalline domains into smaller crystallites, and stretching
promotes plastic flow and slippage among these fragments. Thus, strain hardening elasticity

shows a negative correlation with stretching temperature above the melting-relaxation

transition temperature.
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Figure 1.9. Representative stress-strain curve. Regions I, II, and III correspond to the

elastic deformation, yielding, and plastic deformation regions, respectively.
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Figure 1.10. Schematic of the deformation mechanism during strain hardening above and

below the crystal relaxation temperature. Reproduced from Ref.108.
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1.4. Polymer nanocomposites

1.4.1. Definition of polymer nanocomposite (PNC) and key issue for PNC research
PNC!% is a material consisting of a polymer matrix with nanoscale filler materials such as

55,110-114

inorganic and carbon fillers'®!%!1512! dispersed throughout and intended to enhance

physical properties,!!712%!122 designed to enhance physical properties such as electrical/thermal

16,110,117,119,122,123

conductivity and barrier properties,'?* and to achieve multifunctionality while

maintain reasonable cost performance. Representative examples of nanofillers are layered

110,114 10,121 117,118

silicates (clay),'>> metal oxide nanoparticles, carbon nanotubes, graphene and
graphene nanoplatelets (GNP).!%!!? These fillers have higher specific surface area and aspect
ratio than conventional microscale fillers, influencing macroscopic physical properties through
interfacial interactions with polymer chains.

The properties of polymer nanocomposites are strongly influenced by the dispersion state of
the filler and the interfacial structure. PNC performance depend on filler morphologies
(spherical, sheet-like, and fibrous), volume fraction filler, polymer structure, and polymer
crystallinity.'#126127 When the filler is uniformly dispersed at the nanoscale without
aggregation, the efficiency of stress transfer as well as the formation of thermal and electrical
conduction pathways are improved, leading to enhanced overall material performance.!'!#!21:128
In contrast, when the agglomerates are formed, the interfacial area decreases, acting as defect
sites that limit mechanical strength and conductivity.!®!?%12° Therefore, controlling the

polymer-filler interface, including surface modification of the filler and/or polymer and

optimization of filler dispersion, is essential.
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1.4.2. Conductive polymer nanocomposites and percolation threshold

In general, well-controlled dispersion of fillers improves the mechanical properties of PNC
by enabling homogeneous stress transfer and reducing stress concentration and crack
propagation. On the other hand, enhancement of thermal and electrical conductivity in PNC
requires the formation of continuous conductive pathways, which can be effectively achieved
by structures such as segregated networks.!?%13° Therefore, the morphological control and filler
distribution are critical issues in improving PNC performance. Achieving the desired properties
at a low filler loadings is a key target of PNC research.!?°

With the increase of filler loading, the properties associated with the nanofiller, such as
thermal and electrical conductivity, generally increase. However, higher filler content
deteriorates mechanical performance due to disruption of polymer network.'® As the filler
loading increases, fillers approach each other, and there is a certain filler concentration called
percolation threshold that they form network, leading to a sharp increase in conductivity and
other related properties. (Figure 1.11).16126131°137 Regearchers have targeted uniform filler
dispersion to maximize the polymer-filler interfacial area at low filler contents, while at higher
filler loadings they have sought to reduce the percolation threshold and refine the network
structure to enhance conductivity, which is especially important for conductive polymer

nanocomposites.
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Figure 1.11. Schematic illustration of the effect of filler loading on polymer properties. At low
filler content, fillers are well-dispersed, maximizing polymer-filler interactions. As loading
approaches the percolation threshold, a connected network forms even at low filler content, A
further increase in loading leads to a finer, higher-quality filler network and enhanced polymer

properties.

1.4.3. UHMWPE nanocomposites
Due to its extremely high molecular weight and poor melt flowability, UHMWPE is often
processed in powder form. When conductive fillers are mixed with UHMWPE through dry-

mixing'?’ or latex-based blending'3!:13%13¢

methods, the fillers tend to localize at the interfaces
between polymer particles, forming a so-called segregated structure. This morphology is
advantageous for achieving high electrical and thermal conductivities'**!*° because it allows

the formation of effective conductive pathways at low filler contents, thereby significantly

reducing the percolation threshold. 16:126:131-137
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However, such segregated structures generally exhibit poor mechanical properties due to
insufficient interparticle fusion and limited chain entanglement.!® Moreover, few reports have
investigated the correlation between mechanical properties and electrical/thermal

16,130

conductivities, which is crucial for developing practically applicable UHMWPE-based

conductive nanocomposites, as most previous works have mainly focused on enhancing

conductivity at high filler loadings and investigating composite morphology. '3

1.5.  Purpose of this thesis

UHMWPE is a linear polyethylene with a molecular weight exceeding several million g
mol . The extremely long molecular chains provide UHMWPE with unique properties such as
outstanding mechanical strength, excellent wear resistance, and self-lubricating behavior.
Despite these remarkable functional properties, UHMWPE suffers from poor processability
due to severe chain entanglement and extremely low melt flow. As a result, conventional
processing techniques such as injection molding, blow molding, and extrusion molding are
difficult to apply. To address these challenges, this study focuses on the synthesis and
application of a novel form of UHMWPE, termed microfine UHMWPE, which consists of
submicron-sized particles with reduced chain entanglement. The UHMWPE was synthesized
using nanosized Ziegler—Natta catalysts whose active sites were finely tuned to control
molecular architecture and reduce interchain entanglement. Using this microfine UHMWPE,
conductive polymer nanocomposites were fabricated, and their mechanical properties as well
as electrical and thermal conductivities were systematically investigated in Chapters 2 and 3.
In Chapter 4, the potential use of microfine UHMWPE as a filler is examined for the first time.
In Chapter 2, the dispersion strategy of conductive fillers was studied using three types of
polymer matrices: conventional UHMWPE, microfine UHMWPE, and their mixed systems.

As discussed in Section 1.3.1 and 1.4.3, UHMWPE exhibits poor flowability, which causes
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fillers to segregate at interparticle boundaries. Therefore, the particle size of the matrix (i.e.,
the size ratio between the matrix and filler) strongly influences the filler distribution.
Controlling this distribution enables not only the optimization of mechanical properties but
also the tuning of the electrical percolation threshold. Chapter 3 explores the effects of sintering
temperature and duration on the morphology of UHMWPE and investigates how these
parameters influence the thermal conductivity of UHMWPE-based nanocomposites. By
optimizing the sintering conditions, nanocomposites with improved mechanical strength were
obtained. Furthermore, the stretchability of these materials was examined below the melting
temperature to fabricate fibers from UHMWPE-based films. In Chapter 4, the potential use of
microfine UHMWPE as a filler was investigated for the first time. The synthesized microfine
UHMWPE has an average particle size of approximately 500 nm, which is comparable to that
of conventional nanofillers. Due to its relatively low melting point (~140 °C), smaller
UHMWPE is expected to exhibit unique film morphologies and physical properties when used
as a filler. Specifically, UHMWPE was melt-blended with PP using a twin-screw extruder,
followed by hot pressing to fabricate 200 um-thick films. The resulting composites were
characterized by microscopic observation, differential scanning calorimetry, and tensile testing
to analyze the phase morphology, thermal behavior, and mechanical performance of the
UHMWPE/PP blend. Finally, Chapter 5 summarizes the structure-property design of
UHMWPE and its composites achieved through particle design and structural control, drawing

upon the findings discussed in Chapters 2-4.
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ABSTRACT:

Efforts to enhance the multifunctionality of ultra-high-molecular-weight polyethylene
(UHMWPE) involve integrating nanomaterials to impart properties such as electrical and
thermal conductivity. However, the inherent high viscosity and processing limitations pose
challenges for controlling distribution of nanofillers in nanocomposites. In this Chapter, I
introduce a strategy to control the distribution of nanofillers in the solvent-free solid-state
fabrication of UHMWPE/graphene nanoplatelet (GNP) nanocomposites. By utilizing
extremely fine UHMWPE particles, synthesized from a nano-dispersed Ziegler-Natta catalyst,
either as the matrix or mixed with commercial UHMWPE powder, the control of the GNP
distribution, ranging from homogeneous to semi-segregated structures, was achieved.
Mechanical properties, especially elongation at break and toughness, were found to be
significantly influenced by the filler distribution pattern. The electrical and thermal conductive
properties of these nanocomposites were also investigated, revealing that precise control over
filler distribution overcomes the conventional trade-off between mechanical and conductive
properties. In this Chapter, I demonstrate the feasibility of designing and optimizing conductive
yet stretchable UHMWPE nanocomposites, providing versatility toward various types of

nanofillers.

KEYWORDS: Ultra-high-molecular-weight polyethylene / Nanocomposite / Graphene

nanoplatelet / Conductivity / Stretchability
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2.1. Introduction

Ultra-high-molecular-weight polyethylene (UHMWPE) is linear polyethylene with a
molecular weight exceeding 1 million g mol™'.!-® Its semi-crystalline structure comprises
ordered crystalline lamellae and disordered amorphous regions, interconnected by tie
molecules and entangled chains that act as physical crosslinks between the lamellae.”"!° This
molecular architecture imparts UHMWPE with outstanding mechanical and tribological
properties, including exceptional toughness, durability, chemical and abrasion resistance, and
self-lubricating properties among all thermoplastics currently available.!!~'* With a low density
0f0.93-0.95 g cm ™, UHMWPE films are highly promising in terms of their strength-to-weight
ratio, often compared to Kevlar.!> However, due to its ultra-high-molecular-weight and strong
intramolecular interactions, which result in a viscosity approximately 2,500 times higher than
that of high-density polyethylene (HDPE),'®!” typical bulk products are fabricated using solid-
state consolidation methods, such as compression molding of reactor powder. In this process,
grain boundary defects caused by incomplete compaction and inter-diffusion of polymer chains
often become a processing issue that leads to mechanical failure. '8

Owing to the excellent intrinsic properties of UHMWPE, efforts have been made to

19-22 21,23

introduce new functionalities, such as electrical conductivity, thermal conductivity,
and electromagnetic shield properties**** through the incorporation of nanomaterials. As the
polymer melt lacks the viscous flow state, the introduction of nanofillers is predominantly done
by pre-mixing UHMWPE powder with nanofillers followed by compression molding to form
nanocomposite sheets or films.?*?!?> In this fabrication process, fillers concentrate at the
boundaries between UHMWPE particles due to the incompatibility between the two phases, as
well as the high viscosity and low mobility of UHMWPE chains. This results in a segregated

structure where the fillers form a continuous or semi-continuous network along polymer

particle interfaces. Such a segregated structure is particularly promising for conductive
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properties, as the continuous network shortens the filler-filler distance and enables achieving
the percolation threshold at a low loading.?**?%?” On the other hand, the presence of
agglomerated fillers at the interfaces impedes compaction and polymer chain diffusion, leading
to deterioration in mechanical properties or potentially brittle films. While UHMWPE tape and
fibers can achieve ultimate tensile strength through stretching for effective chain
alignment,>?*2° the weak boundaries caused by the segregated network of fillers significantly
limit this capability. Attempts have been made to control the distribution of fillers in the
polymer matrix to mitigate the mechanical deterioration. One method involves forming
homogeneous filler distribution, which can be accomplished through solution processing,
where fillers are added to a polymer solution followed by solvent evaporation, gelation-

crystallization or gel-spinning.’%-33

Nonetheless, UHMWPE has limited solubility,
necessitating a large quantity of solvents. Alternative ways to avoid the use of a large amount
of solvents includes the mechanochemical synthesis,>* swelling treatment,>> and in-situ
polymerization.>*—° Although these methods assist in the homogeneous distribution of fillers,
resulting in enhanced mechanical properties of nanocomposites, a trade-off with conductive
properties often arises. This highlights the need for a method to control the filler distribution,
ranging from homogeneous to segregated networks, to resolve this trade-off and to suit the
desired properties, all within a simple preparation protocol.

From the replicating phenomenon where polymer chains grow and encapsulate a single
catalyst particle to form a single polymer particle,>**+ the size of final polymer particles
directly correlates with the catalyst particle size. Chammingkwan et al. developed a nano-sized
Ziegler-Natta catalyst using MgO nanoparticles as a support.**#° Chlorination of MgO with
TiCls formed a thin MgCl> layer, onto which TiCls adsorbed, creating a core-shell

MgO/MgCly/TiCly structure. Through surface modification to enable the dispersion of MgO in

a hydrocarbon solvent, a nanocatalyst with nano-level dispersion was successfully synthesized,
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facilitating the synthesis of less entangled and extremely fine UHMWPE particles with sizes
ranging from 1 to 2 um.**" In this Chapter, I synthesized and exploited these UHMWPE
particles as a polymer matrix to fabricate UHMWPE/GNP nanocomposites. Leveraging an
extremely small polymer particle size, nanocomposites with homogeneous GNP distribution
were achieved in a solvent-free and straightforward solid-state processing approach for the first
time. Furthermore, controlling filler distribution into a semi-segregated structure could also be
achieved by mixing fine UHMWPE with commercially available UHMWPE powder. I found
that by precisely controlling filler distribution, I can achieve both conductive and stretchable
UHMWPE nanocomposites, despite these properties requiring opposite extremes in filler

distribution patterns.

2.2. Methods

2.2.1. Materials

MgO nanoparticles with the mean particle size of 50 nm (Wako Pure Chemical Industries
Ltd.) were used after dehydration at 160 °C under vacuum for 2 h. Polyoxyethylene alkylamine
(PA) was purchased from NOF Corp. Titanium tetrachloride (TiCls, Kanto Chemical Industry
Co., Ltd.) and kerosene of research grade (Wako Pure Chemical Industries, Ltd.) were used as
received. n-Heptane was dried under molecular 3 A, followed by N> bubbling for 2 h prior to
use. Triethylaluminium (TEA) was donated by Tosoh Finechem Corp. Commercial ultra-high-
molecular-weight polyethylene (UHMWPE) powder (M, = 3,000,000—-6,000,000 g mol™!,
denoted as Large) was purchased from Sigma-Aldrich Co., LCC. MIPELON PM-200 (the
viscosity average molecular weight= 1.8 x 10% g mol~!, Dso=10 pm, denoted as Middle) was
provided from Mitsui Chemical, Inc. Graphene nanoplatelets (GNP, 6—8 nm thick and 5 pm

width) were purchased from Tokyo Chemical Industry Co., Ltd. Irganox 1010 was purchased
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from Toyotsu Chemiplas Corp. Ethanol (purity > 99.5%, Kanto chemical Industry Co., Ltd.)

was used as received.

2.2.2. Nano-dispersed Ziegler-Natta catalyst preparation and characterization

A nano-dispersed MgO-based Ziegler-Natta type catalyst was prepared according to the
previously reported procedure.**° First, MgO nanoparticles were organically modified using
PA as a surface modifier. In the modification procedure, 2.0 g of dehydrated MgO
nanoparticles suspended in 8.0 mL of PA and 25 mL of kerosene was sonicated for 1 h to assist
nanoparticle dispersion, followed by heat treatment at 160 °C for 1 h. The organically modified
MgO was repetitively washed with heptane for eight times. After the last washing, the
supernatant was removed and the solid product was redispersed in 100 mL of heptane.
Thereafter, 30 mL of TiCl4 was added to the suspension and the chlorination was performed at
the heptane reflux temperature for 1 h. The obtained catalyst was repetitively washed with
heptane and kept as a slurry in heptane.

The Ti content of a catalyst was analyzed using a colorimetric method with ultraviolet-visible
spectrometry (UV-vis, Jasco V670). A catalyst (50 mg) was dissolved in a hot aqueous solution
of H>SO4 and HCI. After dissolution, 200 pL of H202 (35% aqueous solution) was added,
forming a yellowish titanium peroxo complex. The Ti content was calculated based on an
adsorption intensity at 410 nm using an external calibration curve acquired from Ti standard
solutions. The catalyst particle size was analyzed using light scattering (LA-950V2, HORIBA
Ltd.) in heptane suspension under N> atmosphere. The mean particle size (Dso) was defined as

the particle diameter at 50% in the cumulative number-based particle size distribution.
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2.2.3. Synthesis of ultra-high-molecular-weight polyethylene

Ethylene polymerization was carried out in a 1 L stainless steel reactor equipped with a
mechanical stirrer rotating at 500 rpm. After replacing the atmosphere through repetitive
evacuation and N> purging, 500 mL of heptane as a polymerization medium and 1.0 mmol of
TEA as an activator were introduced. The solvent was saturated with 0.8 MPa of ethylene at
70 °C for 30 min. A predetermined amount of a catalyst was then injected to initiate the
polymerization at 70 °C and 0.8 MPa of ethylene pressure. After 30 min of polymerization, the
resulting polymer was filtered, redispersed in ethanol using an ultrasonic homogenizer (UH-
50, SMT Co. Ltd.), and finally dried under vacuum at 60 °C for 6 h. The sample is labeled as

Small.

2.2.4. Preparation of nanocomposites

A 500 pm-thick nanocomposite film was prepared through compression molding. Small
powder, along with Irganox1010 as a stabilizer (0.7 wt%), and GNPs at a desired loading
amount were physically blended in a dry powder form until GNPs were homogeneously
distributed in the powder matrix. The blended powder was then filled into a 5 cm x 5 cm hollow
aluminum sheet, sandwiched between polyimide films and iron plates, and placed in a hot press
machine (AH-2003, AS ONE Corp.). The blended powder was compressed at a contact
pressure at room temperature for 5 min before raising the temperature to 160 °C. Subsequently,
the powder was hot-pressed at 20 MPa at 160 °C for 5 min, and then quenched to room
temperature. The nanocomposite films are denoted as Small/GNPx, where x represents the
GNP loading in weight percent. Reference films with the identical GNP content were also
prepared using the same procedure, except commercially available UHMWPE powder (Large)

was used as a matrix. These samples are denoted as Large/GNPx.
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2.2.5. Characterization

The particle size of UHMWPE was analyzed by light scattering in ethanol suspension. The
morphology of UHMWPE particles and the film cross-section was observed by scanning
electron microscope (SEM, S-4100, Hitachi High-Tech Science Corp.) operated at an
acceleration voltage of 15 kV. A sample was coated by Pt or Au prior to the measurement. The
GNP distribution was observed from the film cross-section using optical microscopes (BX51,
Olympus Corp. with a digital camera (DP28 camera, Olympus Corp.) and BH-2, Olympus
Corp.). Mechanical properties of nanocomposites were measured using a tensile tester (Abe
Dat-100, Abecks Inc.) at room temperature and a cross-head speed of 1.5 mm min~!. Dumbbell
shape specimens were die-cut from the film sample and the measured properties were reported
as an average value from repetitive tests. Electrical conductivity of nanocomposite films was
measured by a four-point probe method on an Ossila four-point probe (T2001A3, Ossila BV).
Electrical conductivity of the samples with very low conductivity (< 10~ S cm™!) was measured
by a super insulation resistance tester (SM7110, HIOKI E. E. Corp.) with a plate sample
electrode (SME-8310, HIOKI E. E. Corp.). Thermal diffusivity was measured using a laser
flash method on an ai-Phase mobile 1u/2 instrument (Hitachi High-Tech Science Corp.).
Thermal conductivity was calculated from the thermal diffusivity using Equation (2.1)
K = apC, (2.1),
where K and « are the thermal conductivity and thermal diffusivity of the nanocomposite. p

and G, are the density and heat capacity of the nanocomposite.
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2.3. Results and discussion

2.3.1. Synthesis of a nanosized Ziegler-Natta catalyst and microfine UHMWPE

A nano-dispersed catalyst was synthesized according to the previously reported
procedure.**° It was used in ethylene polymerization to prepare polymers with a small particle
size. Figure 2.1a depicts the number-based particle size distribution of organically modified
MgO and the resulting catalyst. The particle size and the nano-dispersed nature of the catalyst
were maintained from the organically modified MgO support, with the mean particle size (Dso)
of 68 nm. The Ti content of the catalyst was analyzed as 0.81 wt% and the catalyst exhibited a
moderate activity in ethylene polymerization of 2,200 g-Polymer g-Cat™' in 30 min of
polymerization. The appearance of the reactor powder after polymerization is shown in Figure
2.1b. Due to the nanosize of the catalyst particles, small polyethylene particles were produced.
These particles encountered electrostatic attraction during polymerization, leading to the
agglomeration of as-obtained reactor powder. However, physically agglomerated particles can
be redispersed in ethanol with the aid of sonication. The redispersion process resulted in
polymer powder with an extremely small particle size of 448 nm and relative span factor (RSF)
of 0.486 (Figure 2.1c). The viscosity average molecular weight (My) was measured as 4.42
million g mol™!, indicating that the polyethylene produced is ultra-high-molecular-weight

polyethylene (UHMWPE), denoted as Small.
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Figure 2.1. A nano-dispersed catalyst and obtained polymers: a) Number-based particle size
distribution of organically modified MgO and the resultant catalyst, b) appearance of as-
obtained reactor powder and after redispersion by sonication in ethanol, and ¢) number-based

particle size distribution of polymer powder after redispersion.

2.3.2. UHMWPE/GNP nanocomposites with a single matrix
Nanocomposite films were prepared by direct physical mixing of Small powder and GNP in
the presence of a stabilizer, followed by compression molding. The samples are denoted as

Small/GNPx, where x represents the GNP loading at 0.5, 1.0, 3.0, and 5.0 wt%. The reference
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nanocomposites were also prepared using commercial UHMWPE powder (measured M, =5.28
million g mol~!, Dsp = 69.5 um, RSF = 1.09) as the matrix at identical GNP loadings, denoted
as Large/GNPx. Figure 2.2 illustrates the film preparation process and the appearance of the
samples. SEM images of the polymer particles as well as their particle size distribution
analyzed by light scattering for both Small and Large samples are provided in Figure 2.3. From
the photographs in Figure 2.2, while both of the Small/GNP and Large/GNP mixed powder
appeared homogeneous in color, Small/GNP exhibited a lighter grey hue compared to
Large/GNP due to the lower bulk density of Small and its small particles covering the GNPs.
After compression molding, the films exhibited the black color from GNPs even at low loading
levels. The Small/GNP films exhibited a uniform appearance across all weight loadings in
contrast to the Large/GNP films that showed non-uniformity above 3.0 wt%, which was

believed to result from GNP agglomerations.
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Figure 2.3. Particle size distribution acquired by light scattering and SEM images of

UHMWPE powder: a) Small and b) Large.

The morphology of the film cross-section was observed by SEM. In Figure 2.4a,
Small/GNPS5 exhibited a smooth cross-sectional surface, indicating complete fusion of polymer
particles across the film thickness. There were only trace presences of dark spots from large
GNP particles and voids. The distribution of GNPs in the polymer matrix was observed by the
optical microscope. Figure 2.4b shows that GNPs were homogeneously distributed throughout

the matrix. Optical microscope observation in the transmission mode using a thin cross-
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sectional specimen further confirmed the homogeneous distribution of the fillers (Figure 2.4c).
In the case of Large/GNP, the SEM image evidenced the presence of large voids along the
interfaces of original Large particles (Figure 2.4d). Optical microscope images revealed that
these are indeed interconnected networks of GNPs (Figure 2.4e,f), referred to as a segregated
structure.??”#! Such a structure prevented the polymer particles from complete fusion. It is
worth noting that the segregated structure is typically observed in the solid-state processing of
polymer nanocomposites, where fillers deposited on the polymer particles remain localized at
the original interface due to the high viscosity of the polymer matrix. This is a particularly
relevant process in UHMWPE nanocomposites, where melt processing is not viable.**** On
the other hand, achieving a homogeneous distribution of fillers typically requires either the
dissolution of UHMWPE followed by solution blending with nanofillers*>2%* or in-situ
blending during polymerization using nanofillers as catalyst supports.’®*%¢ The former
necessitates a large amount of a solvent for dissolution, while the latter is limited by the low
production yield. I demonstrate for the first time that the homogeneous distribution of fillers
can be achieved via solvent-free solid-state processing of UHMWPE nanocomposites, by

leveraging the extremely fine polymer particles.
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Figure 2.4. SEM and optical microscope images of cross-sectioned films: a-c) Small/GNP, and
d-f) Large/GNP nanocomposites. All images were taken from 5.0 wt% GNP loading, except ¢

and f that were taken from 3.0 wt% GNP loading.

The tensile properties of the nanocomposites were evaluated at room temperature using a
tensile tester. The representative stress-strain curves are plotted in Figure 2.5 with inset
photographs illustrating the specimen appearance after break for the samples containing 5.0
wt% GNPs. The mechanical properties acquired from the stress-strain curve are summarized
in Table 2.1. As seen in Figure 2.5, both of the pristine Small and Large samples exhibited the
strain hardening behavior, which is attributed to the polymer chain entanglement and chain
orientation.®® The increase in the tensile strength after the yield point was similar for both of
the samples, suggesting similarity in the entanglement network. On the other hand, the
elongation at break was higher by 28 % for Small, resulting in higher ultimate tensile strength

at the break point, and consequently, greater toughness. It is commonly known that
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consolidated UHMWPE is prone to fusion defects due to incomplete compaction (voids) and
insufficient inter-particle diffusion.*’ During the sintering process especially with short
sintering times, chain diffusion through a mechanism known as chain explosion—where the
radius of gyration increases abnormally—plays a significant role.*® The much smaller particle
size of Small not only increases the contact interfaces to promote the intertwining of chains
across adjacent particles at the interfaces, but also creates smaller interparticle voids in
compaction. This enhances the likelihood of polymer chains from nearby particles reaching
each other within the interparticle voids, thereby improving the quality of fusion and enhancing
ductility. The introduction of GNPs resulted in deterioration in the mechanical properties,
particularly the decrease in elongation at break and toughness with increasing GNP loadings.
Such deterioration was much more pronounced in the Large matrix. For instance, Large/GNPS5
exhibited a 96 % reduction in elongation at break from the pristine polymer, whereas
Small/GNP5 experienced only an 18 % reduction. Accordingly, Small/GNPS5 still retained
exceptional stretchability, exceeding 500 %, which surpasses many types of pristine polymer.*
The reduction in ductility upon the incorporation of fillers has been extensively reported in
UHMWPE nanocomposites®'*>46 as fillers residing at the polymer particle interfaces prevent
the contact and complete fusion of adjacent polymer particles. Additionally, the surface
mismatch between polymers and GNP particles, i.e., the much lower external surface area of
Large compared to GNPs, further promotes GNP agglomeration and fusion defects that weaken
the interfaces. On the contrary, the homogeneous distribution of GNPs in the Small matrix
allowed the majority of polymer particles to remain in contact and fuse. This resulted in
remarkably higher mechanical properties, 115 % higher ultimate tensile strength and 4400 %

higher toughness, for Small/GNP compared to Large/GNP at the same 5.0 wt% loading.
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Figure 2.5. Representative stress-strain curves of a) Small/GNP, and b) Large/GNP

nanocomposites. Inset photographs show the appearance of specimens at break for 5.0 wt%

GNP loading.

Table 2.1. Mechanical properties of UHMWPE/GNP nanocomposites.

Strain at Young’s Stress at
U.T.S. Toughness
Sample break modulus yield
(MPa) (MJ m—)
(mm mm™) (MPa) (MPa)
Small 41£1.5 6.3+0.25 250+7.1 150£10 17+0.1
Small/GNPO0.5 43+0.9 6.6+0.19 200+7.1 170+£7.1 18+0.1
Small/GNP1 39+1.6 6.2+0.13 150+3.5 150+6.0 17+0.2
Small/GNP3 32+1.2 5.2+0.18 250+4.4 110+£5.7 17+0.1
Small/GNP5 30+1.3 5.240.22 280+13 110+£6.4 17+0.1
Large 33+0.2 4.940.15 220+9.7 1004+3.4 15+0.1
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Large/GNPO0.5 33+1.2 5.0+0.18 190+14 100+5.9 16+0.1

Large/GNP1 27+0.5 4.2+0.06 190+8.4 80+1.6 15+0.1
Large/GNP3 15+0.2 0.58+0.05 180+3.9 7.6+0.8 15+0.2
Large/GNP5 14+0.6 0.21+0.06 230+9.1 2.3+0.9 n.a.

The electrical conductivity of the nanocomposites was measured and plotted against the
GNP loading. Note that additional samples with high GNP loadings were also prepared to
observe the percolation threshold. For Large/GNP films at 10 and 17.5 wt%, they were too
brittle to undergo die-cutting for mechanical testing (see Figure 2.6 for the film appearance).
Therefore, only the mechanical properties of Small films were measured and the results are
provided in Table 2.2. As depicted in Figure 2.7a, the electrical conductivity for both
Small/GNP and Large/GNP films increased with the increase in the GNP loading. However,
Large/GNP with a segregated structure exhibited superior conductivity compared to
Small/GNP with a homogeneous GNP distribution. An abrupt change in the electrical
conductivity was evident for Large/GNP at a very low loading of around 2 wt% (corresponding
to 0.8 vol%), while for Small/GNP, it occurred in the range of 5-10 wt%. The former is
consistent with literature where the electrical percolation threshold was reported at 2—-3 wt%
for UHMWPE/GNP nanocomposites with the segregated structure.?!*? No available literature
was found for the electrical percolation threshold of UHMWPE/GNP nanocomposites with a
homogeneous GNP distribution; however, a threshold of around 10 wt% was reported for melt-
blended high-density polyethylene (HDPE)/GNP>® and HDPE/expanded graphite

nanocomposites.’! This result clearly showed that controlling the distribution of fillers to
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preferentially form a segregated network benefits the formation of an efficient conductive path,
facilitating better electron transportation.

It has been well-accepted that the macroscopic conductance of polymer composites follows
a power scaling law dependence on the filler volume fraction. Above the percolation threshold,

the conductivity follows the Equation (2.2)

o=ai(p—¢)" 2.2),

where o and or are the electrical conductivity of the composite and filler. ¢, ¢ and #p are the
volume fraction of fillers, the critical volume fraction of fillers at which a significant increase
in conductivity occurs (percolation threshold), and the universal critical exponent that describes

the nature of the percolation, in which p ~ 2 represents the percolation in three dimensions.>*->4

Figure 2.7b presents a plot of log o versus log (¢ — ¢). The tp values acquired from the slope
are 4.2 and 2.9 for Small/GNP and Large/GNP, respectively. The #p value higher than 2 might
indicate the higher-dimensionality of the system or specific types of percolation. The larger
value for Small/GNP indicated that after reaching the percolation threshold, the conductive
network of Small/GNP became more efficient, which is believed to result from the formation
of finer network structures in the Small matrix. Additionally, the agglomeration of fillers in
Large/GNP might create vacancy defects that act as scattering centers for charge carriers,
leading to a small increase in the electrical conductivity with loadings above the percolation
threshold. It is important to emphasize that in this high loading range, Small/GNP retained
flexibility which was not the case for Large/GNP, thereby gaining benefits over Large/GNP in

terms of conductivity and stretchability.
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Figure 2.6. Film appearance of Large/GNP with high loadings after die-cutting: a)

Large/GNP10, and b) Large/GNP17.5.

Table 2.2. Mechanical properties of Small/GNP nanocomposites with high loadings.

Strain at Young’s Stress at
U.T.S. Toughness
Sample break modulus yield
(MPa) (MJ m™)
(mm mm™) (MPa) (MPa)
Small/GNP10 26+0.8 4.4+0.16 310+16 85+3.7 17+0.2
Small/GNP17.5 18+0.3 0.70+0.12 180+6.3 11+£2.2 18+0.3

58



(b)

10" 1
10~ & 3 0.5 :
- o » )
g 107 o hd 03 /
Q ’, .'
£10-5 't '0.5 a‘,
E‘ r” -1 4 ,"
2107 / b
3 : 1.5 | ;
-g 1079 r" - @ .f"
8 H -2 i
— -11 'f l,.r
g10 / 2.5
g 1013 3 | .
Y 1015 ) ® Small/GNP a5 ® Small/GNP
e ® Large/GNP ' ® Large/GNP
10717 +——— -4 . .
0 5 10 15 20 3 2 1
GNP loading (wt%) Log (¢4— ¢.)
(4

Figure 2.7. Electrical conductivity of nanocomposites: a) Relationship between electrical

conductivity and GNP loadings, and b) plots of log & versus log (¢ — ¢) above the percolation

threshold.

Figure 2.8a showed the thermal conductivity of nanocomposites. Similar to the electrical
conductivity, the thermal conductivity increased with the loading. On the other hand, the
increment is rather linear in the studied range. The gradual increase in thermal conductivity
with filler loading is commonly observed in polymer nanocomposites.>® This is explained by
the ability of polymers to transport thermal energy via phonons due to its semi-crystalline
nature, in contrast to an electron transport that required a connected or percolation network of
fillers.>>~>® Furthermore, the difference in the thermal conductivity between the Large and
Small matrices was negligible at low loadings but became more pronounced as the loading
increased. This contrasts with electrical conductivity, which approached similar values at a
high loading. Such a different response suggests that the thermal conductive pathway differs

from electrical conductivity, relying on both the matrix and filler distribution. Particularly, the
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distribution of GNPs may impact the polymer's crystalline structure and subsequent heat
transfer properties.

Several models have been established to explain the thermal conductivity of polymer
nanocomposites. Figure 2.8b presents fittings of the experimental data with common models,
including Maxwell-Eucken, Cheng-Vachon, Agari, and Lewis-Nielsen. While the former two
models consider only the volume fraction of fillers and the intrinsic thermal conductivity of the
matrix and fillers,” Agari model incorporates the thermal conductivity network for spherical
particles,®® and Lewis-Nielsen model accounts for filler aspect ratio and how they are oriented
with respect to the thermal flow.®! The thermal conductivity of GNPs was set at 380 W m™!
K-! for fittings.’®> It was found that Lewis-Neilsen model provided the best fitting for the

experimental data. This model is expressed in Equation (2.3)%!

K _ (1+ABg)

K1 (1-Byg)

(2.3),

where 4 is the generalized Einstein coefficient kg, expressed as 4 = kg — 1, and it depends on
the shape of the fillers and orientation. B is related to the relative thermal conductivity of the
two phases, given by the Equation B = (K2/K1— 1)/(K2/K1+ A) where K and K are the thermal
conductivity of the matrix and fillers, respectively. ¢ is the volume fraction of the filler and the
parameter  is related to the maximum packing fraction (¢m) of fillers, expressed as =1+ (1
— ¢m)/¢n>. The values for parameters 4 and ¢n for different particle shapes and packings are
given in literature.®! However, GNPs have an irregular shape and the maximum packing
volume is not known. Therefore, 4 and ¢n were used as adjustable parameters. The results of
the fitting give relatively large 4 values of 23 and 34 for the Small and Large systems,
respectively. The obtained ¢m values are 0.176 for Small and 0.181 for Large, reasonably close

to each other since the same fillers were used. As A is related to the shape and aspect ratio of

60



Thermal conductivity (Wm1 K1)

the fillers, a lager A value for Large indicates the formation of a longer thermally conductive

path compared to Small.
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Figure 2.8. Thermal conductivity of nanocomposites: a) Relationship between thermal

conductivity and GNP loadings, and b) fittings of thermal conductivity with different models.

2.3.3. UHMWPE/GNP nanocomposites with a semi-segregated structure

The results in 2.3.2. indicated that UHMWPE/GNP nanocomposites with a homogeneous
GNP distribution have superior mechanical properties and stretchability, whereas those with a
segregated structure exhibit better conductive properties at equivalent loadings. In this section,
I aimed to improve the conductive properties while maintaining the mechanical properties of
the composite film by forming a semi-segregated network using a mixed matrix. Specifically,
Small powder and GNPs were physically blended prior to blending with Large. The mixture
was finally subjected to compression molding. The weight ratio between Small and Large was

set at 25:75, 50:50, and 75:25. The film samples are designated as Mixm/GNPx, where m
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represents the weight percentage of Small in the mixed matrix, and x corresponds to the GNP
loading. It must be noted that this approach was analogous to a ternary blend, where immiscible
polymers such as HDPE®*% and polypropylene*' were exploited as a continuous phase within
the UHMWPE matrix to facilitate the distribution of fillers within this phase. However,
complete polymer fusion requires chain entanglements and cocrystallization at the boundary,
which is unlikely between different polymer chain microstructures. In addition, significant
differences in melt viscosity between the host matrix and the continuous phase can lead to
severe phase separation, and the inferior mechanical properties of the continuous phase may
limit its overall performance. These issues are circumvented in this Chapter as the same type
of polymer was exploited. Optical microscope images of the cross-sectioned films prepared
from the mixed matrix at 5.0 wt% GNP loading are shown in Figure 2.9a,b. In contrast to
Large/GNPS5, in which GNPs appeared as thick continuous lines (Figure 2.9c), the
Mix25/GNP5 film did not show such rigid thick lines, but consisted of Small domains with
dispersed GNPs between Large particles. Compared with Small/GNPS having the same loading
(Figure 2.9d), the particle density of GNPs in these domains was much greater. Assuming all
GNPs preferentially situate in the Small domain, the local density would be equivalent to a
loading of 17.4 wt%, and indeed these domains showed a similar particle density to that of the
Small/GNP17.5 sample (Figure 2.9¢,f). Likewise, the use of a mixed matrix results in the
successful formation of a semi-segregated structure, where GNPs are preferentially distributed

within the Small phase.
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Figure 2.9. Optical microscope images of cross-sectioned UHMWPE/GNP films: a,b)
Mix25/GNP5 at different magnifications, c) Large/GNP5, d) Small/GNP5, and e,f)

Small/GNP17.5 at different magnifications.

Figure 2.10 shows the stress-strain curves of the films, with mechanical properties obtained

from the curves presented in Table 2.3. For pristine polymer samples (Figure 2.10a,¢), the
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elongation at break of the mixed matrix laid between Small and Large, with elongation at break
approaching that of Small as the Small fraction increased. When the ratio of Small to Large
was 25:75, the properties of Mix25 were only slightly better than that of Large, indicating that
the fusion of Large dominated the mechanical properties of the film. This is reasonable
considering the ideal close packing volume of 74 %, where Small primarily fills the
interparticle voids, but the interfaces of Large remain in contact. Stretchability is then governed
by the weakest boundary, which is the interface between Large particles.

The stress-strain curves of the nanocomposites prepared using the mixed matrix are presented
in Figure 2.10b,c. It can be seen that the formation of the semi-segregated structure
significantly improved the mechanical properties of the nanocomposites compared to
UHMWPE/GNP having the segregated structure. The degree of improvement increased with
the Small fraction (Table 2.3). For clarity, the toughness and elongation at break were plotted
in bar charts against loadings in Figure 2.10d,e. It is important to note that while the mechanical
properties of the pristine films approximately follow the rule of mixtures of two types of
polymers, the mechanical properties of the nanocomposites are dominated by the dispersion of
GNPs in the Small domain. This is evidenced by much better mechanical properties for Mix25
compared to Large matrices in the presence of GNPs. Additionally, the elongation at break of
Mix25/GNP3 was found to be close to that of Small/GNP10 (see Table 2.2), both of which

contain a similar GNP particle density in the Small matrix.
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Figure 2.10. Mechanical properties UHMWPE/GNP nanocomposites with semi-segregated
networks: Stress-strain curves of a) pristine UHMWPE films, b) UHMWPE/GNP3 films, c)
UHMWPE/GNPS films, d) toughness of nanocomposites, and e) strain at break acquired from

the stress-strain curves.
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Table 2.3. Mechanical properties of UHMWPE/GNP nanocomposites prepared using the

mixed matrix at different Small and Large ratios.

Strain at Young’s Stress at
U.T.S. Toughness
Sample break modulus yield
(MPa) (MJ m3)

(mm mm™) (MPa) (MPa)
Mix25 34+1.2 5.1£0.18 200+1.8 110+£5.3 15+0.1
Mix25/GNP3 26+0.4 4.1+£0.06 210+4.5 76+1.0 15+0.1
Mix25/GNP5 18+0.3 2.4+0.08 220+6.8 38+1.6 15+0.1
Mix25/GNP10 17+0.3 0.45+0.05 150+11 5.8+0.79 n.a
Mix50 38+0.2 5.9+0.0 130+4.7 130£1.0 16+0.2
Mix50/GNP3 30+0.6 4.5+0.08 170+29 96+1.7 18+0.6
Mix50/GNP5 25+0.5 3.4+0.16 170+2.9 69+3.6 18+0.1
Mix50/GNP10 17+0.3 0.98+0.13 170+24 15+2.0 17+0.3
Mix75 39+3.4 6.0+0.49 160£10 140+18 17+0.2
Mix75/GNP3.0 30+1.3 4.8+0.19 160+18 100£6.0 17+0.2
Mix75/GNP5.0 29+0.3 4.3+0.03 210+6.6 91+0.8 18+0.1
Mix75/GNP10.0 19+0.2 1.8+0.05 190+23 32+0.4 18+0.3

The conductive properties of nanocomposites prepared using the mixed matrix with the

Small to Large ratio of 25:75 were evaluated. As shown in Figure 2.11a, the threshold for

electrical conductivity of the nanocomposites was found at around 3.0 wt% loading,
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significantly lower than that of nanocomposites with the homogeneous GNP distribution. At
this loading, the local density of GNPs in the Small phase is calculated as 12.4 wt%, exceeding
the percolation threshold for the Small/GNP system. Therefore, the observed shift of the
percolation threshold to a lower loading is attributed to domain-specific densification, allowing
the threshold to be achieved specially within that domain. Figure 2.11b depicts the thermal
conductivity of the nanocomposites. By forming the semi-segregated structure, the thermal
conductivity improved similarly to the electrical conductivity. The values obtained with the

semi-segregated structure were also very close to those of the segregated structure, signifying

that the network formed by the densification of fillers in the Small domain effectively promotes

thermal conduction.
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Figure 2.11. Properties Mix25/GNP nanocomposites with a semi-segregated structure: a)

Electrical conductivity, and b) thermal conductivity. Properties for Small/GNP and Large/GNP

were also plotted for comparison.
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The mechanical and electrical properties of the nanocomposites consisting of middle-sized
UHMWPE (average particle size: 10 pm) and 5 wt% GNP, referred to as Middle/GNPS5, were
evaluated and compared with those of previously reported systems such as Mix25/GNP. The
GNP was uniformly dispersed within the matrix in Middle/GNP5 (Figure 2.12), a trend
consistent with that observed in Small/GNP. Middle/GNP5 exhibited a toughness of 100 MJ
m > and an electrical conductivity of 1.2x107'® S cm™ (Figure 2.13). This result indicated that
selecting an intermediate particle size (Middle) cannot replicate the synergistic effects of the
Mix/GNP systems. Consequently, the formation of a semi-segregated structure is essential to

achieve a balance between electrical conductivity and toughness.

Figure 2.12. Optical microscope images of cross-sectioned Middle/GNPS5 film.
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Figure 2.13. Effects of UHMWPE particle size and particle size control on the correlation

between electrical conductivity and toughness.

Lastly, from an application perspective, the conductivity of 107¢ S cm™! is required to meet
the antistatic criterion of thin films.>? This level of conductivity is satisfied at approximately
3.0 wt% for the segregated structure, 5.0 wt% for the semi-segregated structure, and 10.0 wt%
for the homogeneous distribution. At loadings satisfying the criterion, the nanocomposite film
with the homogeneous GNP distribution exhibited the highest elongation at break and
toughness, followed by the semi-segregated structure and the segregated structure. Similarly,
thermal conductivity followed the same trend, as illustrated in the three-dimensional plot in
Figure 2.14. Unlike the commonly observed trade-off between mechanical properties and
conductive properties, precise control of filler distribution resulted in simultaneous
improvements in both attributes. Specifically, improvements in conductive properties can be

achieved with increased loadings. At the same time, the deterioration in elongation at break
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and toughness with increased loadings can be overcome by controlling the GNP distribution
pattern from the segregated structure to semi-segregated structure or homogeneous
distribution. This finding provides a straightforward and effective approach to design and

optimize conductive and stretchable UHMWPE nanocomposite films, which can be applied to

any types of nanofillers.
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Figure 2.14. Three-dimensional plot illustrating the relationship between mechanical

properties (elongation at break, toughness) and thermal conductivity for nanocomposites with

different GNP distribution at loadings satisfying the antistatic criterion.

70



2.4. Conclusions

In this Chapter, I introduced a strategy to control the distribution of fillers in UHMWPE/GNP
nanocomposites based on direct solid-state processing. The key of this strategy lies in the use
of extremely fine UHMWPE particles synthesized from the nano-dispersed Ziegler-Natta type
catalyst, either as the polymer matrix or in combination with commercially available
UHMWPE. The small particle size of the polymer enhanced contact interfaces and suspension
properties, facilitating homogeneous mixing of GNPs and polymer particles in simple, solvent-
free physical blending. When used as a matrix, the subsequent compression molding resulted
in nanocomposites with a homogeneous GNP distribution. When mixed with commercially
available UHMWPE, pre-mixing GNPs with fine polymer particles before blending allows the
preferential GNP distribution, resulting in the formation of nanocomposites with a semi-
segregated structure. In this way, control of GNP distribution from homogeneous to semi-
segregated structures becomes possible without the need of additional polymer for GNP
dispersion, as in ternary blends. This result indicated that mechanical properties of the
nanocomposites, particularly elongation at break and toughness, were primarily influenced by
polymer fusion degree. Unlike UHMWPE nanocomposites with segregated structures, which
suffered from mechanical deterioration due to the incomplete fusion, those with the
homogeneous distribution and the semi-segregated structure maintained contact between
polymer particles, preserving mechanical properties and stretchability even at high filler
loadings. The conductive properties were also investigated on nanocomposites having distinct
GNP distribution patterns. I found that segregated or semi-segregated structures facilitated
efficient conductive paths to achieve the electrical percolation threshold at lower loadings,
whereas those with the homogeneous GNP distribution required a higher loading to meet the
thin film antistatic criterion. In contrast, the thermal conductivity increased in a more linear

manner with loadings, indicating contributions from both fillers and the polymer matrix to the
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thermal transport. At loadings satisfying the antistatic criterion, nanocomposites with
homogeneous GNP distribution showed the highest elongation at break and toughness,
followed by the semi-segregated and segregated structures. Thermal conductivity followed the
same trend, highlighting that precise control of the filler distributions can overcome the typical
trade-off between mechanical and conductive properties, which usually requires opposite ends
of the filler distribution patterns. This strategy demonstrates the feasibility of designing and
optimizing conductive yet stretchable UHMWPE nanocomposites using a straightforward

fabrication method versatile for diverse nanofillers.
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Chapter 3

Controlling sintering behavior of UHMWPE
nanocomposites for mechanical properties
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ABSTRACT:

Research on ultrahigh-molecular-weight polyethylene (UHMWPE) nanocomposites has
advanced toward multifunctionality, but mechanical properties remain limited by incomplete
polymer fusion during sintering due to restrictions in polymer chain diffusion as well as
nanoparticle agglomeration at the polymer particle interfaces. In this Chapter, the sintering and
processing-dependent mechanical behavior of UHMWPE and its nanocomposites with
graphene nanoplatelets (GNP) in the presence of microfine UHMWPE (Small) was
investigated. Owing to their sub-micron size, the introduction of Small promoted the formation
of nanocomposites with a semi-segregated structure that facilitated polymer fusion and
enhanced mechanical properties. Increasing the sintering temperature further enhanced chain
interdiffusion, resulting in significant strengthening in nanocomposites. Moreover, high-
temperature uniaxial stretching demonstrated the potential of fabricating UHMWPE/GNP
nanocomposite tapes and fibers via a solvent-free route. Despite the presence of high-aspect-
ratio GNP that typically hinder fusion, a high draw ratio was achieved in the presence of Small,

demonstrating its critical role in enabling both processability and mechanical reinforcement.

KEYWORDS: Ultrahigh-molecular-weight polyethylene / Nanocomposite / Graphene

nanoplatelet / Conductivity / Uniaxial stretching
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3.1. Introduction

Ultrahigh-molecular-weight polyethylene (UHMWPE) is a linear homopolyethylene that
used as an engineering thermoplastic, owing to its exceptional high impact resistance, extreme
chemical inertness, low coefficient of friction, and superior wear resistance.'™ Despite its
outstanding properties, the processing of UHMWPE presents a considerable challenge.
Conventional melt-processing methods are largely ineffective due to the absence of melt flow,
which arises from an extremely high molecular weight and highly entangled chain structure.>®
In practical applications, UHMWPE is commonly processed directly from reactor powder
using powder metallurgy techniques, which involve cold compaction followed by sintering at
elevated temperature.” During compaction, the powder is compressed within a rigid die, leading
to particle rearrangement and plastic deformation at the contact points. This is followed by
sintering, where elevated temperature promote melting and coalescence of the particles. In the
sintering step, integrity of the product relies on the diffusion of polymer chains into compaction
voids and across particle boundaries. Due to the extremely high molecular weight and the
restricted chain mobility arising from entangled network, the diffusion is significantly hindered.

As a result, microstructural regions with varying degrees of fusion develop, especially at the
interparticle interfaces. These weakly fused regions can serve as stress concentrators,
compromising the mechanical properties of the final product.®*1° This polymer integrity issue
is further amplified in UHMWPE nanocomposites, where various fillers are incorporated to
enhance mechanical, thermal, electrical, electromagnetic shielding, or tribological
properties.!! ¢ Since melt mixing is not viable, fillers are typically mixed with UHMWPE
powder prior to processing. In this approach, the fillers tend to segregate at the polymer
interfaces, forming physical barriers that hinder interparticle diffusion and ultimately resulting

in a significant reduction in mechanical properties even at a small amount of filler loadings. >
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The efficiency of polymer sintering is influenced by several factors, including the initial

state of polymer chain entanglement,*%!"!8 the morphology of UHMWPE powder,!”!%%

21-24 and processing conditions.”!”?> Reactor powder with a fibril-like

polymer particle size,
morphology®® and reduced chain entanglement®>?’ has been shown to promote enhanced
sintering. By contrast, large UHMWPE particles that create substantial interparticle voids

2829 or particles with significant intraparticle porosity® often display poor

during compaction
consolidation because chain diffusion must occur over longer distances. To improve the
integrity of pristine UHMWPE, various strategies have been investigated. These include using

less-entangled UHMWPE polymers,?>?®3! employing polymers with small particle sizes*® or

bimodal particle distributions,?"-**

applying mechanical vibration treatment to densify
packing,* and sintering through the transient hexagonal phase,** among others. For UHMWPE
nanocomposites, research has focused primarily on controlling filler distribution, such as using

123435 in-situ polymerization with fillers serving

solvents to disperse both polymers and fillers,
as catalyst supports,'® and incorporating secondary polymers that promote filler dispersion
within the interstitial spaces between UHMWPE particles.>**” Such strategies help suppressing
filler segregation to minimize weakly bonded zones, thereby restoring the mechanical integrity
of UHMWPE nanocomposites.

In Chapter 2, I reported the control of filler distribution patterns using Small (Figure 3.1).%!
Owing to its extremely small particle size of less than 1 pm, the greatly increased polymer
interface area enables uniform dispersion of the fillers in a simple physical mixing, resulting in
a homogeneous filler distribution in the final nanocomposites instead of segregated structure
reported for typical UHMWPE nanocomposites. Furthermore, when Small serves as the
continuous phase in which the filler is uniformly dispersed, a semi-segregated structure is

formed. This architecture allows for the preservation of mechanical properties while

simultaneously achieving the percolation threshold for electrical conductivity at low filler
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loadings. In this Chapter, I investigate the sintering and processing-dependent mechanical
behavior of UHMWPE and its nanocomposites in the presence of Small. Specifically, I
evaluate how the mechanical response of the semi-segregated structure is influenced by
sintering temperature and time. Furthermore, high-temperature uniaxial stretching was
performed on the nanocomposites to understand their potential to form nanocomposite tapes

and fibers via a solvent-free route.

50 pm
—

Figure 3.1. Filler distribution patterns of UHMWPE nanocomposites: a) segregated structure,

b) semi-segregated structure, and ¢) homogeneous filler distribution.

3.2. Methods

3.2.1. Materials

Commercial ultrahigh-molecular-weight polyethylene powder (the viscosity average
molecular weight (M) = 4.50 x 10° g mol~!, Ds¢=68.6 pum, relative span factor (RSF) = 1.65,
denoted as Large) was provided by Asahi Kasei Corp. Graphene nanoplatelets (GNP, 6—8 nm
thick and 5 um width) were purchased from Tokyo Chemical Industry Co., Ltd. Irganox 1010

was purchased from Toyotsu Chemiplas Corp. Ethanol (purity > 99.5%, Kanto chemical
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Industry Co., Ltd.) was used as received. Small (M, = 4.42 x 10% g mol~!, Dsp=523 nm, RSF =

0.321) was synthesized following previous researches.?>?

3.2.2. Preparation of nanocomposites

Nanocomposite films with a thickness of 500 pm were prepared using compression molding:
the Large powder was physically mixed with Irganox 1010 (0.7 wt%) as a stabilizer and a
desired loading of GNP in a dry powder form until the GNP was uniformly dispersed in the
powder matrix. The blended powder was then filled into a 5 cm x 5 cm hollow aluminum sheet,
sandwiched between polyimide films and iron plates, and placed in a hot press machine (AH-
2003, AS ONE Corp.). The blended powder was compacted at room temperature under contact
pressure for 5 min and then raised to the desired temperature. Subsequently, the powder was
hot-pressed at 20 MPa at 160—-230 °C for 5 min, and then quenched to room temperature. The
nanocomposite films are denoted as Large/GNPx-y, where x and y represent the GNP loading
in weight percent and sintering temperature, respectively. Small was introduced to Large to
form a mixed matrix (denoted as Mix25) at a weight percent of 25 wt%, the composite was
referred as Mix25/GNPx-y. Additionally, nanocomposites were prepared at 160 °C and 190 °C
with extended sintering time of 2h and 20 h to evaluate the effect of sintering time on the
mechanical properties. The sample was labeled as Mix25/GNPx-y-z, where z represents

sintering time.

3.2.3. Preparation of nanocomposites fibers by uniaxial stretching at high temperature
Nanocomposite fibers were prepared by stretching dumbbell shape specimens using a tensile

tester (3365, Instron). The sample was placed in a chamber at 135 °C and held for 10 min to

ensure thermal softening and stress relaxation. The specimen was then subjected to stretching

at a constant rate of 20 mm min" until fracture.
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3.2.4. Characterization

The particle size of UHMWPE was analyzed by light scattering (LA-950V2, HORIBA Ltd.)
in ethanol suspension. The mean particle size (Dso) was defined as the particle diameter at 50%
in the cumulative number-based particle size distribution. The film cross-section was observed
by scanning electron microscope (SEM, JCM-6000Plus, JEOL Ltd.,) and optical microscope
(BX51, Olympus Corp. with a digital camera (DP28 camera, Olympus Corp.)). Mechanical
properties of nanocomposites were measured using a tensile tester (3365, Instron) at room
temperature and a cross-head speed of 1.5 mm min~!. Dumbbell shape specimens were die-cut
from the film sample and the measured properties were reported as an average value from
repetitive tests. The Fourier-transform infrared spectra were obtained with an FTIR

spectrometer (Spectrum 100, PerkinElmer Japan G.K.) between 4000 and 400 cm™!

using
diamond attenuated total reflection (ATR) accessory. Thermal diffusivity was measured using
a laser flash method on an ai-Phase mobile 1u/2 instrument (Hitachi High-Tech Science Corp.).
Thermal conductivity was calculated from the thermal diffusivity as

K=opCp (1),
where K and « are the thermal conductivity and thermal diffusivity of the nanocomposite. p
and C, are the density and heat capacity of the nanocomposite. In this Chapter, p and C, were
not measured directly because determining C, of the nanocomposites experimentally is
challenging and requires a relatively large, homogeneous sample. Instead, I calculated p and
C, based on the rule of mixtures using the known values of the constituent materials
(UHMWPE: p=0.94 gcm>and C,=2.0kJ K ' kg ', GNP: p=23 gem> and C, = 1.2 kJ
K™! kg").* This approach has been commonly employed in nanocomposite systems and
provides reasonable accuracy for comparative analysis.***? Differential scanning calorimetry

(DSC) measurements were performed on a DSC 822 (Mettler Toledo) under a nitrogen flow
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rate of 75 mL min!. To evaluate the entanglement state of nascent UHMWPE powders, the
samples were heated from 30 °C to either 160 or 230 °C at a heating rate of 4 °C min ! and
held for 5 min. Subsequently, the samples were cooled at a rate of 10 °C min!. The
crystallization temperature during the cooling process was used as an indicator of the
entanglement density of the nascent UHMWPE powders. For the evaluation of melting
behavior before and after stretching, UHMWPE/GNP nanocomposite films were heated from
30 °C to 200 °C at a heating rate of 10 °C min"!, held for 1 min, and then cooled to =50 °C at

a rate of 10 °C min .

3.3. Results and discussion

3.3.1. Influence of Small powder introduction on the sintering behavior of pristine
polymer

The pristine UHMWPE films were prepared using either a single-component matrix (Large)
or a blended matrix (Mix25). The latter was done by physically mixing Large and Small in a
75:25 weight ratio. This ratio is decided based on the ideal packing fraction of 74% for
spherical particles wherein the addition of Small fills the interstitial voids between larger
particles. The particle size distribution of the Large and Small is presented in Figure 3.2. The
mean particle size (Dso) of Large and Small was 68.6 um and 523 nm, respectively. Figure 3.3
shows SEM images of the cryo-fractured surfaces of films prepared at different temperatures.
At 160 °C, the Large film exhibited a rough fracture surface with the presence of large voids
(Figure 3.3a). The surface became progressively smoother at 190 °C and above, with large
voids no longer observed, indicating improved fusion at elevated temperatures. In contrast,
Mix25 maintained a smooth fracture surface without large voids regardless of the fabrication
temperature (Figure 3.3b), demonstrating that the incorporation of smaller UHMWPE particles
enhances the packing and sintering behavior of the matrix.
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Figure 3.2. Particle size distribution of a) Large and b) Small UHMWPE.
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Figure 3.3. SEM images of cryo-fractured surface of pristine films: a) Large, and b) Mix25
prepared at different temperatures. The much smoother fractured surface observed in Mix25
especially at a low sintering temperature demonstrates that incorporating smaller UHMWPE

particles enhances particle packing and sintering behavior in the matrix.
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Mechanical properties were evaluated using a tensile tester. A dual yielding behavior was
observed at sintering temperature above 190 °C (Figure 3.4).%% The first yield point is
associated with slippage of micro-sized crystals,** followed by strain hardening as polymer
chains align under continued deformation to increase the resistance to further strain. The
second yield point corresponds to chain slippage or yielding of more structurally robust
domains, after which the material ultimately fractures. Differences in the mechanical property
response to the sintering temperature were observed between the Large and Mix25 samples.
Specifically, the Large sample showed improvements in stress at yield, strain at break, and
toughness as the temperature increased (Figure 3.4a, Table 3.1). On the other hand, the Mix25
sample exhibited peak mechanical properties at the sintering temperature of 190 °C. At
temperature above 210 °C, the elongation at break and the toughness decreased by 11-22%
(Figure 3.4b, Table 3.1). To evaluate the degree of entanglement, DSC measurements were
performed, and the crystallization temperature (7¢) during the cooling process was used as an
indicator of the entanglement state of nascent UHMWPE powders. A lower 7. was interpreted
as a higher degree of entanglement due to restricted chain mobility during crystallization.
Compared with the Large and Small sintered at 160 °C, the Small exhibited a 0.9 °C higher T,
indicating a lower degree of entanglement (Figure 3.5a,c, Table 3.2). The samples sintered at
230 °C showed lower T values than those sintered at 160 °C, with decrease of 5.2 °C and
8.0 °C for the Large and Small, respectively. In addition, a crystallization peak was observed
around 80-85 °C in the samples sintered at 230 °C (Figure 3.5b,d, Table 3.2). These results
indicate that polymer chain entanglement increases with increasing sintering temperature.
Although all obtained films were transparent and showed no visible signs of degradation after
compression molding, FTIR-ATR was employed to assess the possibility of thermal

degradation as a cause of the observed mechanical deterioration. A trace C=O signal was
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detected at 1740 cm™! (Figure 3.6), however, its intensity is independent of the mechanical
properties, and is rather attributed to the stabilizer than the polymer backbone. Therefore,
polymer degradation can be excluded as the origin of the reduced mechanical properties. One
potential cause of the reduced elongation at break for Mix25 at high temperature might be
related to the molecular structure of the Small. The powder was produced using a poreless and
nano-sized Ziegler-Natta catalyst to yield less-entangled polymer chains.?! During high-
temperature processing, these initially less entangled chains can undergo rapid relaxation,
sometimes referred to as a "chain explosion", which encourages the formation of new
entanglements.””® The newly formed entanglements might act like physical crosslinks,
ultimately leading to decreased elongation at break. Investigation on pristine polymer showed
that the mechanical properties of UHMWPE are dependent on the processing temperature,
where incorporating Small to fill intraparticle voids enables effective compaction and sintering

to achieve superior mechanical properties even at low-temperature processing.
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Figure 3.4. Stress-strain curves of pristine UHMWPE films prepared at different temperature:

a) Large-y, and b) Mix25-y, where y represents the compression temperature.
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Table 3.1. Mechanical Properties of UHMWPE Films.

Sample U.T.S. Strain Young’s Toughness Stress at
(MPa) at break modulus (MJ m3) yield (MPa)
(mm mm ) (MPa)
Large-160 37+1.8 6.0+0.23 310+19 140+9.8 16+0.4
Large-190 48+0.9 8.6£0.13 200+6.9 26049.1 17+0.3
Large-210 49+0.4 8.6+0.25 210+3.1 260+10 17+0.2
Large-230 50+1.7 9.2+0.82 220+1.9 290+42 18+0.1
Mix25-160 38+0.9 6.2+0.14 220+5.0 140+4.7 18+0.2
Mix25-190 48+0.8 9.3+0.28 200+£10 280+5.7 16+0.8
Mix25-210 48+0.9 8.3+0.37 210+2.3 240+19 19+0.1
Mix25-230 47+0.8 7.7£0.23 220+2.1 220«£11 19+0.1
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Figure 3.5. DSC cooling curves of UHMWPE nascent powders after heating to different
temperatures. (a) Large heated at 160 °C, (b) Large heated at 230 °C, (c) Small heated at 160 °C,

and (d) Small heated at 230 °C.

Table 3.2. 7. of UHMWPE After Heating to 160 °C and 230 °C

Sample Tc (°C)
Large-160 119.6
Large-230 114.4 (84.0)*
Small-160 120.5
Small-230 112.5 (81.1)*

a) Secondary crystallization peak observed at lower temperature
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3.3.2. Influence of sintering temperature and sintering time on the mechanical

properties of UHMWPE nanocomposites

I have previously reported the use of Small to control the distribution pattern of fillers in
UHMWPE nanocomposites.?! For instance, when Small was used as the matrix alone, it
promoted a homogeneous distribution of the fillers, in contrast to the typical segregated
structure observed when commercial UHMWPE was used as the matrix. Furthermore, when it
was pre-mixed with the fillers prior to blending with Large, it formed a semi-segregated
network, where the fillers were distributed within the continuous phase of Small. This semi-
segregated structure helps retain both the conductive network, which is otherwise lost when
fillers are homogeneously distributed, and the mechanical properties of the nanocomposites,
which typically deteriorate due to poor polymer fusion. In this Chapter, I focus on the
mechanical property response of the semi-segregated structures to processing temperature and
time. The nanocomposites containing GNP of 5.0 wt% loading, Large/GNP5-y and
Mix25/GNP5-y, where y represents the sintering temperature, were prepared following the
previously reported method to form films with segregated and semi-segregated structures,
respectively. Figure 3.7 shows optical microscope images of the film cross-sections. In the
Large/GNP sample, GNP appears as a thick continuous line along the interfaces between
polymer particles, indicating a typical segregated structure. On the other hand, with the
introduction of Small powder in the Mix25/GNP sample, the GNP is more finely dispersed
within the continuous domain between Large particles, forming a semi-segregated network.
Figure 3.8a,b depicts the stress-strain curves of the films prepared at different temperature and
the mechanical properties acquired from the stress-strain curves are summarized in Figure
3.8c,d and Table 3.3. Unlike the pristine films, the nanocomposites did not exhibit dual yielding,
and the fracture occurred at lower strain, especially for Large/GNP nanocomposites. This is

attributed to the introduction of weak interfacial boundaries between the polymer and the
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fillers.'> These interfaces act as stress concentrators, promoting localized failure in
mechanically weak regions where filler aggregation occurs. Increasing the sintering
temperature from 160 °C to 230 °C led to improvements in both elongation at break and
toughness, particularly in the Mix25/GNP samples. This enhancement can be attributed to
several factors associated with the semi-segregated structure. In this configuration, GNP is not
strictly confined at the interparticle boundaries but is distributed within the continuous phase.
At higher temperature, the increased Brownian motion of fillers facilitates their movement

within the continuous phase,**¢

enhancing filler redistribution. Furthermore, the semi-
segregated structure contains fewer fillers at the interfaces of the larger matrix particles,
allowing better polymer chain diffusion and fusion, which further strengthens the overall
structure. This results in 8—15 times higher in toughness and 7—11 times higher in strain at
break compared with Large/GNP5 (Figure 3.8c,d). In addition to mechanical properties, the
thermal conductivity of the nanocomposites was evaluated. As shown in Figure 3.8e, the
thermal conductivity remained relatively similar in the range of 0.8—-1.0 Wm'K™!, regardless
of the matrix type (Large or Mix25) or the sintering temperature. I attribute this to the fact that
both GNP and UHMWPE inherently contribute to thermal conduction, and the structural

variations introduced by fusion degree exert only a minor influence on the overall thermal

transport pathways.
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Figure 3.7. Cross-sectional optical microscope images of nanocomposites: a,b) Large/GNP5-
160 and c,d) Mix25/GNP5-160. In Large/GNP, GNP forms thick, continuous lines, typical of
a segregated structure, whereas in Mix25/GNP, GNP is more uniformly dispersed within the

continuous polymer domains, forming a semi-segregated network.
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Figure 3.8. Stress-strain curves of obtained UHMWPE/GNP nanocomposites with Large and
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Table 3.3. Mechanical Properties of Large/GNPS5 and Mix25/GNP5 with Varying Sintering

Temperature.
Sample U.T.S. Strain Young’s Toughness Stress at
(MPa) at break modulus (MJ m3) yield
(mm mm ') (MPa) (MPa)
Large/GNP5-160 18+0.2 0.21+0.01 270+4.4 3.1£0.2 17+0.3
Large/GNP5-190 1740.2 0.21+0.01 250+1.7 3.1£0.3 16+0.1
Large/GNP5-210 18+0.5 0.29+0.03 260+8.2 4.5+0.6 17+0.4
Large/GNP5-230 19+0.4 0.30+0.03 260+8.3 4.9+0.7 18+0.1
Mix25/GNP5-160 18+0.4 1.5+£0.12 230+7.3 25+1.8 17+0.6
Mix25/GNP5-190 22+0.5 2.4+0.20 260+£10 47+4.1 19+0.3
Mix25/GNP5-210 22+0.5 2.3+0.05 240+23 46+1.7 19+0.3
Mix25/GNP5-230 214+2.0 3.1+£0.19 220+£18 58+7.9 16+1.3

The effect of sintering time was examined on the Mix25/GNP samples to understand how

extended thermal exposure influences polymer fusion in the presence of fillers. As shown in

Figure 3.9a,b, at 160 °C, the elongation at break increased with longer sintering time. In

contrast, at 190 °C, elongation at break reached its maximum at 2 h, and further increase in

sintering time did not result in significant changes in the property. In UHMWPE, which has

extremely long polymer chains and a high degree of entanglement, polymer chains cannot

move freely in all directions due to constraints from neighboring chains, but instead slides back

and forth within a tube-like region formed by the surrounding chains according to the chain
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reptation theory.*’ This motion is slow and requires time for the chain to diffuse out of its
original tube into a new configuration. On the other hand, compression-molded films can be
formed at much shorter time than the reptation time due to the so-called chain explosion
mechanism. In this process, entropy-driven melting facilitates the rapid formation of random
coils, enabling interwinding and entanglement with neighboring chains.!?**#4° Unlike
reptation, chain explosion is strongly dependent on temperature and heating rate, and is
particularly effective in less-entangled chains.®* Based on this framework, the observed
behavior can be interpreted as follows: at 160 °C, the chain explosion mechanism is less
effective, and entanglement develops gradually through slower reptation-driven interdiffusion
of chains, leading to progressive improvements in mechanical properties. In contrast, at 190 °C,
the higher temperature strongly activates chain explosion, rapidly forming heterogeneous
entanglement structures. Once these structures are established, further chain mobility becomes
restricted, resulting in a plateau of mechanical properties. As a result, at short sintering time
(i.e., 5 min), the elongation at break is significantly higher at 190 °C than at 160 °C, indicating
more efficient chain diffusion and faster structural development. However, with increasing
sintering time, gradual chain interdiffusion at 160 °C allows the network structure to approach

equilibrium, reducing the difference in elongation at break between the two temperatures.
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Figure 3.9. a) Mechanical properties of Mix25/GNPS5 nanocomposites prepared at different

temperature and time: a) stress-strain curves, and b) strain at break at different sintering time.

3.3.3. Nanocomposites fibers by uniaxial stretching at high temperature

The potential for fabricating UHMWPE/GNP nanocomposite tapes and fibers was evaluated
through uniaxial stretching of the film at elevated temperature. Dumbbell-shaped specimens,
die-cut from the pressed films, were first equilibrated at 135 °C for 10 min in a temperature-
controlled chamber to ensure thermal softening and stress relaxation. The specimen was then
subjected to stretching at a constant rate of 20 mm min " until fracture. The experimental setup
and the appearance of the specimen during stretching are shown in Figure 3.10a. The stress—
draw ratio curves for Large/GNP5-230 and Mix25/GNP5-230, prepared by pressing at 230 °C
for 5 min, are shown in Figure 3.10b,c. The draw ratio is defined as the ratio of the final length
(L) to the initial length (Ly), given by L/Ly. In Figure 3.10b, the Large/GNP5-230 sample

achieved a draw ratio of 21.9 until breaking. In contrast, the Mix25/GNP5-230 sample
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exhibited superior ductility and did not fracture at the maximum extension limit with the draw
ratio of 27.5 (Figure 3.10c). To further enhance the draw ratio, a two-step stretching process
was employed. In the first step, the specimen was stretched at 135 °C to the maximum
instrumental limit. While held under tension, the sample was cooled to room temperature. The
second stretching step was then carried out using a 4 cm-long segment cut from the stretched
samples. Since stretching induces polymer chain orientation,’>! the melting temperature of the
sample after the first stretching increased from 136 °C to 143 °C (Figure 3.11). Therefore, the
second stretching was carried out at 145 °C, empirically optimized to approach the softening
point of the sample. This temperature, slightly above the melting point of the sample,
compensates for heat loss in the chamber. The total draw ratio is the product of the draw ratios
from each stretching step, resulting in a total draw ratio of 38.2 after the two-step stretching
process.

As far as I have been able to investigate, high draw ratios up to 70 of UHMWPE/graphene
or graphene oxide nanocomposites have been reported only for nanocomposite films prepared
via solution casting®® and the xerogel method.”® However, in a solvent-free solid-state
processing route, achieving such high draw ratios in nanocomposites containing high-aspect-
ratio fillers like graphene nanoplatelets has not been reported. High-aspect-ratio fillers,
compared to spherical ones, tend to align horizontally along the surface of polymer particles
during sintering. This alignment allows them to more effectively cover the polymer particle
interfaces, which greatly hinder polymer fusion. However, in this Chapter, a high draw ratio of
38.2 was achieved even with a relatively high weight percent loading of GNP. This exceptional
stretchability is attributed to the use of Small, which facilitates the formation of a semi-
segregated filler structure and promotes better sintering of the polymer matrix, demonstrating

potential for fabrication of nanocomposite tapes and fibers via a solvent-free route.
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Figure 3.10. Uniaxial tensile test for UHMWPE/GNP fiber preparation: a) experimental setup
and specimen appearance during the stretching process. Stress as a function of draw ratio for
b) Large/GNP5-230 and c¢) Mix25/GNP5-230. The second stretching step of the Mix25/GNP5-

230 sample is shown as an inset in Figure 3.10c. Ly= 8.0 mm.
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Figure 3.11. Melting profiles of Mix25/GNP5-230 before and after the first stretching at 135
°C.

34. Conclusions

In this Chapter, the sintering and processing-dependent mechanical behavior of UHMWPE
and its nanocomposites in the presence of Small was investigated. In pristine films, increasing
the sintering temperature promoted polymer particle fusion, and when sufficient sintering was
achieved at the elevated temperature, the polymer exhibited dual yielding behavior.
Morphological and mechanical analyses revealed that the addition of Small to fill intraparticle
voids between commercial UHMWPE particles enabled effective compaction and the
formation of well-fused structures, resulting in superior mechanical properties even at low
processing temperature. In UHMWPE/GNP nanocomposites, the addition of Small promoted
the formation of a semi-segregated structure, in which the fillers were finely dispersed within
the continuous domain of Small. This configuration minimized the segregation of nanoparticles
at the interfaces of larger polymer particles, leading to improved mechanical properties
compared to nanocomposites prepared without Small. As the sintering temperature increased,
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the mechanical properties improved further due to enhanced interdiffusion of polymer chains.
At low temperature, prolonged sintering enhanced polymer fusion and consequently the
mechanical properties, whereas at high temperature, the properties reached their maximum
within a short period of time, likely due to a chain explosion mechanism. The potential for
fabricating UHMWPE/GNP nanocomposite tapes and fibers via a solvent-free route was
demonstrated through high-temperature uniaxial stretching. Despite the presence of high-
aspect-ratio graphene nanoplatelets, which typically hinder polymer fusion, a high draw ratio
was achieved, particularly in the sample containing Small. This enhanced stretchability was
attributed to the formation of a semi-segregated filler structure and improved sintering,
highlighting the effectiveness of Small in enabling both processability and mechanical

performance.
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Chapter 4

Microfine UHMWPE as a functional filler in
polypropylene blends
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ABSTRACT:

Polymer blends is a technique to enable functions such as mechanical, optical, and thermal
properties that cannot be achieved with a single polymer and fascinated to improve such
functions without complex polymer synthetic routes. In this Chapter, I prepared a
polypropylene/ultra-high-molecular-weight polyethylene (PP/UHMWPE) blend film with
microfine UHMWPE (Small, average particle size: 523 nm). The addition of Small decreased
melting temperature due to partial miscibility between PP and Small, while it enhanced the
degree of crystallinity. Tensile tests revealed that Young’s modulus and yield stress were
enhanced by 40 % and 42 %, respectively, with 1 wt% Small loading. This can be attributed to
the nucleating effect of Small, which promoted heterogeneous crystallization of PP. In this
Chapter, I demonstrated that Small can serve as a functional filler to improve degree of

crystallinity and the stiffness of PP.

KEYWORDS: Polypropylene / Ultrahigh-molecular-weight polyethylene / filler /

Nucleation agent / Polymer blends
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4.1. Introduction

Polyolefin-based resins are widely used due to their excellent chemical stability, light weight,
low cost, and good processability. Polypropylene (PP), in particular, is a versatile thermoplastic
polymer that exhibits high mechanical strength, chemical resistance, and excellent moldability,
making it suitable for applications such as packaging materials and automotive components.!
However, PP shows brittle at low temperatures > and exhibits insufficient toughness* and wear
resistance.’ Various approaches have been explored to improve its mechanical performance,
including blending with elastomers>> or other polyolefins,®® and incorporating fillers.>’

Among these strategies, blending PP with other polymers such as high-density polyethylene
(HDPE) or ultra-high-molecular-weight polyethylene (UHMWPE) has attracted considerable
attention as an effective and relatively simple method for enhancing mechanical
properties.®!*!"! UHMWPE possesses an extremely high molecular weight, leading to a large
degree of chain entanglement, which imparts exceptional toughness, ductility, abrasion
resistance, and impact strength.!>"!* On the other hand, its extremely high melt viscosity makes
conventional melt processing techniques such as injection or extrusion molding difficult.
Consequently, the use of UHMWPE as a nascent polymer is limited, and property enhancement
through blending with other polymers such as isotactic polypropylene provides a promising
alternative approach.

Commercial UHMWPE is synthesized using MgCl-supported Ziegler—Natta catalysts,
which are industrially advantageous for slurry and gas-phase processes owing to their high
scalability, cost-effectiveness, and reduced solvent requirements.!>!¢ The typical particle size
of MgCl,-supported catalysts ranges from 10 to 100 pum.!®!” Because the active sites of
Ziegler—Natta catalysts are spatially close to each other, polymer chains form within spatially
constrained regions, which promotes molecular entanglement before crystallization,'® and

result in significantly restricted chain mobility and a drastic increase in melt viscosity as
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molecular weight increases. As a result, conventional melt-processing techniques such as
extrusion and injection molding are hardly applicable to UHMWPE.

In UHMWPE with large particle sizes, insufficient interparticle fusion often occurs during
molding, which can lead to structural defects and stress concentration,!*?° thereby deteriorating
the mechanical performance. To overcome these challenges, various approaches have been

21

investigated in PP/PE blends, including the addition of compatibilizers,**' chemical

2123 and crosslinking.??> However, these methods generally

modification,?? copolymerization,
involve complex processes and increased production costs.

Alternatively, from a more physical standpoint, improving the dispersibility and interfacial
fusion by controlling the size and morphology of UHMWPE particles represents a promising
approach for improvement of mechanical properties of PP/UHMWPE blends. Chammingkwan
et al. synthesized UHMWPE with particle sizes below 1 um (Small) using nanosized Ziegler—
Natta catalysts, resulting in less entangled polymer chains.!>?* The smaller and more uniform
particle morphology enhanced the powder flowability and filling rate of voids, leading to
improved moldability during compression and sintering processes.

In this Chapter, PP/UHMWPE with small amounts of Small were prepared to investigate
their thermal and mechanical properties. In addition, to further enhance the toughness of the
blends, the effect of incorporating a polyolefin-based elastomer was also examined. Through

these investigations, I provide new design insights for all-polyolefin composites based on Small,

focusing on the thermal and mechanical performance.
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4.2. Methods

4.2.1. Materials

Isotactic polypropylene pellet (PP, mmmm= 96.0 mol%, M,= 7.27x10* g mol™!, My~
2.98x10° g mol ™!, My/M,= 4.11) was purchased from Japan Polypropylene. Commercial
ultrahigh-molecular-weight polyethylene (the viscosity average molecular weight (My) = 4.50
x 10° g mol™!, Ds¢=68.6 um, denoted as Large) was provided by Asahi Kasei Corp. MIPELON
PM-200 (My= 1.8 x 10° g mol~!, Dsy=10 pum, denoted as Middle) was provided from Mitsui
Chemical, Inc. Microfine UHMWPE (M, = 4.42 x 10° g mol~!, Dsy=523 nm, denoted as Small)
was synthesized following previous publications.!>?* Irganox 1010 was purchased from

Toyotsu Chemiplas Corp.

4.2.2. Film preparation of PP and PP/UHMWPE

PP, a certain amount of UHMWPE, and Irganox 1010 (1 wt%) were physically mixed and
melt-mixed at 180 °C and 100 rpm for 20 min using a twin screw extruder (MC5 micro
compounders, Xplore Instrument BV) and showed an extrusion force of 1400 N. The strand
was cut into pellet form using scissors and then filled into a 7 cm x 7 cm hollow aluminum
sheet with 200 pm thickness, sandwiched between polyimide films and iron plates, and placed
in a hot press machine (AH-2003, AS ONE Corp. The plates were compacted at 230 °C under
contact pressure for 5 min and then hot-pressed at 20 MPa for 5 min. Subsequently, the film
was quenched at 100 °C for 5 min, and then cooled at 0 °C for 5 min. The film was labelled as
PP/X (Y/Z), where X, Y, Z represent UHMWPE samples, weight percent of PP and UHMWPE,

respectively.
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4.2.3. Characterization

The film cross-section was observed by scanning electron microscope (SEM, JCM-6000Plus,
JEOL Ltd.,). The sample was cryo-fractured by soaking liquid nitrogen and sputter-coated Au
on 10 nm. Mechanical properties of nanocomposites were measured using a tensile tester (3365,
Instron) at room temperature and a cross-head speed of 1.5 mm min~'. Dumbbell shape
specimens were die-cut from the film sample and the measured properties were reported as an
average value from repetitive tests. Differential scanning calorimetry of polymer was
performed on a DSC 822 (Mettler Toledo) under a nitrogen flow (75 mL min'). The sample
was sealed in an aluminum pan. The temperature range was —50-200 °C at a heating and

cooling rate of 10 °C min

. The temperature reached to maximum and minimum value, the
temperature was held for 1 min. The melting enthalpy (AHm) was calculated from heat flow

curve and the crystallinity (X;) was calculated using following equation (4.1):

AHm
Xc: m (4 1),

Where AH?n was the melting enthalpy which was calculated from the blend ratio of PP and PE
using the melting enthalpy of their complete crystalline form (209 J/g for PP and 293 J/g for
PE). Scratch properties were evaluated using Hoffman scratch tester (BYK-Gardner).
Specifically, a cylindrical scratch blade with a diameter of 7 mm was set to contact the film

surface at an angle of 45 °, and the testing machine was moved relative to the film.

4.3. Results and discussion

4.3.1. Cross-sectional morphology of PP/UHMWPE blends
In this Chapter, I prepared PP/UHMWPE blend film using melt-mixing by twin screw

extruder at 180 °C and 100 rpm for 20 min followed by hot-pressed at 230 °C for 5 min and
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then quenched at 100 °C and cooled to 0 °C. The opaque film was obtained and the cross-
sectional morphology of cryo-fractured sample was observed by SEM (Figure 4.1). The
interface between PP and UHMWPE was clearly observed, indicating that these polymers are
immiscible. As indicated by the green arrows, PP/Small (99/1) exhibited a structure in which
spherical Small UHMWPE particles with diameters of 0.5—1 pm were dispersed within the PP
matrix (Figure 4.1a). In contrast, PP/Large (99/1) exhibited ellipsoidal or trapezoidal particles
with sizes of approximately 50 um (Figure 4.1b). When comparing the PP matrices, the surface
of PP/Small appeared rougher than that of PP/Large. This can be attributed to Small likely
acted as nucleation sites for PP crystallization,®? resulting in the formation of smaller crystals.
Therefore, the surface of PP/Small appeared rough due to crystal cleavage from cryo-fractured.

On the other hand, Large had a smoother surface area, indicating a weaker nucleation effect.

(b)

Figure 4.1. Cross-sectional SEM images of cryo-fractured surfaces. (a) PP/Small (99/1) and

(b) PP/Large (99/1).
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4.3.2. Thermal behavior and crystallization characteristics of PP/UHMWPE blends

To clarify the influence of UHMWPE addition on the crystallization behavior and thermal
stability of PP, differential scanning calorimetry (DSC) was conducted. PP is a semi-crystalline
polymer, and its crystallization temperature (7¢) and melting temperature (7m) strongly depend
on the interactions with the blend components and the nucleation behavior.®*> Therefore,
thermal transitions during the heating and cooling processes were compared for blends
containing UHMWPE with different particle sizes. The measurements were performed over a
temperature range of —50 °C to 200 °C, with both heating and cooling rates set to 10 °C min™".
Figure 4.2 shows the DSC curves of neat PP, Small, and PP/UHMWPE blends. Neat PP
exhibited T of 167 °C, Tc of 112 °C, and AHy, of 78.4 J g ! (Table 4.1). The addition of
UHMWPE resulted in a decrease in 7w by 2-3 °C and an increase in 7c by 3—4 °C. The degree
of crystallinity (X¢) increased by 7.7 % for PP/Small (99/1) and by 1.0 % for PP/Large (99/1)
compared to neat PP (Table 4.1). These results suggest that UHMWPE partially diffused or
interacted within the PP matrix, thereby affecting the crystallization behavior of PP chains. The
effect was more pronounced for Small, indicating that Small promotes the crystallization of PP
more effectively. Furthermore, in the DSC curve of PP/Small, a shoulder peak was observed
around 158 °C during the first heating cycle, and the AHn slightly increased with increasing
Small content. This suggests the presence of heterogeneous nucleation induced by Small or

differences in the lamellar thickness distribution.
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Figure 4.2. DSC curves of first heating cycle for PP, PP/UHMWPE, and Small at a heating

rate of 10 °C min .

Table 4.1. Thermal Properties of Obtained PP, PP/UHMWPE, and Small.

Sample Tm,pp(°C) T, unmwre (°C) Tc (°C) AHm(Jg")  Xc (%)
PP 166.7 - 112.1 78.4 37.5
PP/Small (99/1) 164.6 n.d. 115.9 94.9 452
PP/Small (93/7) 163.7 135.1 116.2 98.1 45.7
PP/Large (99/1) 163.7 n.d. 115.1 80.7 38.5
PP/Large (93/7) 161.2 134.9 115.7 84.4 39.3
Small - 140.0 116.7 131.7 45.7
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Tm, pp, Tm, unmweE refer to melting temperatures of PP and UHMWPE, respectively. T
represents the crystallization temperature, while AH, and X. denote the melting enthalpy and

degree of crystallinity, respectively.

4.3.4. Effect of UHMWPE content and size on the tensile behavior of PP/UHMWPE
blends

In the previous section, it was demonstrated that the addition of UHMWPE affected the
crystallization behavior of PP. Changes in the crystalline structure are expected to be closely
related to the mechanical properties of the blend materials.?® Therefore, tensile tests were
conducted to clarify the mechanical behavior of the PP/UHMWPE blends. Figure 4.3 shows
the stress—strain curves of PP/Small. When Small content was below 3 wt%, strain-hardening
behavior was observed. As Small content increased, the ultimate tensile stress, elongation at
break, and toughness decreased, whereas the yield stress and Young’s modulus reached their
maximum values at 1 wt% Small. Specifically, the addition of 1 wt% Small increased the
Young’s modulus by 40% and the yield stress by 42% compared to neat PP (Figure 4.3b, Table
4.2).

The decreases in maximum stress and toughness with increasing Small content were
attributed to the weak interfacial interaction between PP and UHMWPE, which caused stress
concentration and served as fracture initiation sites. On the other hand, Small acted as
heterogeneous nucleation sites that promoted the crystallization of PP chains. As a result, the
crystallinity of PP increased with the addition of Small, leading to higher Young’s modulus
and yield stress than those of the neat PP matrix.?® In PP/Small (93/7), the elongation at break
and toughness decreased dramatically. This was likely due to the formation of large aggregates
of Small, which weakened the interface with PP and reduced its ability to withstand
deformation.
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Figure 4.3. Stress-strain curves of (a) PP and PP/Small with 0.5-7.0 wt% Small loadings, and

(b) an enlarged view of the strain up to 0.8 from Figure 4.3a. (Blue) PP, (orange) PP/Small

(99.5/0.5), (red) PP/Small (99/1), (green) PP/Small (97/3), and (black) PP/Small (93/7).

Table 4.2. Mechanical Properties of PP and PP/Small with 0.5-7.0 wt% Small Loadings.

Sample U.T.S. Strain Young’s Toughness Stress at
(MPa) at break modulus (MJ m™3) yield (MPa)
(mm mm ) (MPa)
PP 36+3.0 14+0.9 300420 320+47 21+1.4
PP/Small
+1.4 12+0. +5. 280+1 27+0.
(99.5/0.5) 35 0.5 380+5.8 80+18 7+0.3
PP/Small (99/1) 34+1.4 10+0.7 420+36 260+27 30=+1.3
PP/Small (97/3) 27+1.4 7.2+0.3 390+5.6 160+7.9 27+0.4
PP/Small (93/7) 23+1.9 0.25+0 340430 6.8+0.4 23+1.9
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Based on these results, the optimal UHMWPE content was determined to be 1 wt%, and the
effect of UHMWPE particle size on tensile properties was further investigated. Specifically,
blends containing 1 wt% of UHMWPE with three different particle sizes (Dso = 523 nm for
Small, 10 um for Middle, and 68.5 um for Large) were prepared and tested. As the UHMWPE
particle size increased, the maximum stress, Young’s modulus, toughness, and yield stress
decreased (Figure 4.4, Table 4.3). This can be explained by the fact that Small exhibited better
dispersion within the PP matrix, which helped to alleviate stress concentration and thereby
enhanced toughness. Furthermore, the microfine UHMWPE particles likely functioned as
effective nucleating agents, improving the crystallinity of the PP matrix and contributing to the

enhancement of material stiffness.

40
g 30
=
& 20 -
(]
=
» —FPP
10 - ——— PP/Small (99/1)
PP/Middle (99/1
-~ PP/Large (99/1)
0 Ll 1 1
0 5 10 15

Strain (mm mm™")

Figure 4.4. Stress-strain curves of PP and PP/UHMWPE with different UHMWPE particle

sizes. (Blue) PP, (red) PP/Small (99/1), (orange) PP/Middle (99/1), and (green) PP/Large (99/1).
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Table 4.3. Mechanical Properties of PP and PP/UHMWPE Blends with Varying Particle Sizes

of UHMWPE.
Sample U.T.S. Strain Young’s Toughness Stress at
(MPa) at break modulus (MJ m3) yield (MPa)
(mm mm ) (MPa)

PP 36+3.0 14+0.9 300+20 320+47 21+1.4

PP/Small (99/1) 34£1.4 10+0.7 420436 260427 30+1.3

PP/Middle (99/1) 31=£1.1 11+0.8 380+25 240+15 26+1.7

PP/Large (99/1) 28+1.4 9.2+0.6 360+9.7 200+17 26+1.1

4.3.5. Scratch properties of PP and PP/Small

Scratch properties were evaluated using a Hoffman scratch tester. Figure 4.5 showed SEM
images of the surfaces of PP and PP/Small after scratching. SEM observation revealed distinct
deformation mechanisms between PP and PP/Small. In PP, the scratches were continuously
connected, indicating dominant plastic flow and damage delocalization along the scratching
direction. In contrast, PP/Small exhibited similar scratch widths but suppressed scratch
propagation, suggesting localized deformation. This behavior can be attributed to the presence
of UHMWPE, which possesses a high molecular weight and chain entanglement network,
providing enhanced resistance against plastic flow. Consequently, PP/Small demonstrated

higher resistance to scratch propagation and improved wear resistance compared to PP.
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Figure 4.5. SEM images of the surfaces of (a) PP and (b) PP/Small (99/1) films after the scratch

test.

4.3.6. Toughening of PP/UHMWPE blends by POE addition

When UHMWPE was added to PP, the crystallinity increased, and both the yield stress and
Young’s modulus improved. However, even with 1 wt% UHMWPE addition, the toughness
decreased by 19 %. Therefore, to improve the toughness of PP, which is generally achieved by
incorporating a polyolefin elastomer (POE), the tensile properties of PP/POE/Small blends
were investigated. The blends were prepared by melt-mixing PP pellets, POE, and Small at 84
wt%, 15 wt%, and 1 wt%, respectively, using a twin screw extruder, followed by compression
molding at 230 °C to obtain blend films. Figure 4.6 shows the stress—strain curves of the
PP/POE/Small blends. The addition of POE led to a decrease in mechanical properties
compared with PP/Small (Figure 4.6, Table 4.4), indicating that the introduction of POE
reduced both the rigidity and interfacial adhesion.?’?° Furthermore, the phase-separated
structure of POE likely disrupted the dispersion state of Small and the interfacial interaction
between PP and UHMWPE, thereby suppressing the reinforcing and nucleating effects of

Small. In the PP/POE/Small blend, the introduction of the soft POE phase decreased the
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stiffness and yield stress of the PP matrix. Consequently, the mechanical properties deteriorated
compared with those of PP/Small.

To improve this system, three possible approaches are proposed: (1) the use of alternative
compatibilizers (e.g., olefin block copolymer (OBC) or PP-g-maleic anhydride);**° (2)
optimization of melt-mixing conditions; and (3) surface modification of UHMWPE.?!

The POE used in this system was a random copolymer of ethylene and 1-octene, and its
random molecular arrangement likely reduced the fraction that can be compatible with both PP
and UHMWPE, thereby decreasing the miscibility of the PP/UHMWPE blend.® Therefore,
using a block copolymer such as OBC is expected to provide segments compatible with both
PP and UHMWPE, acting as a molecular bridge between the two phases.

In addition, although all three components were mixed simultaneously in this Chapter, it is
expected that optimizing the mixing sequence, for example by pre-mixing POE and UHMWPE
to achieve a uniform dispersion of UHMWPE within the POE phase before mixing with PP,
could enhance the blend morphology and mechanical performance. Surface modification of
UHMWPE is also expected to improve interfacial compatibility between PP and UHMWPE,
promoting better dispersion and interfacial adhesion, and thus achieving blends with superior

mechanical properties.
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Figure 4.6. Stress-strain curves of (blue) PP, (red) PP/Small (99/1), (purple) PP/POE/Small

(84/15/1), and (orange) PP/POE (85/15).

Table 4.4. Mechanical Properties of PP and PP/UHMWPE, and PP/POE Blends.

Sample U.T.S. Strain Young’s Toughness Stress at
(MPa) at break modulus (MJ m3) yield (MPa)
(mm mm ) (MPa)
PP 36+3.0 14+0.9 300+20 320+47 21+1.4
PP/Small (99/1) 34+1.4 10+0.7 420+36 260+27 30+1.3
PP/POE/Small
22+40. RES NI 300+4.2 130+22 20+0.1
(84/15/1) ) ’
PP/POE (85/15) 29+1.2 12+£1.1 330+9.0 250425 21+0.6
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4.4. Conclusions

Small can be processed using twin screw extruder by blending with PP, producing PP/Small
blend film. SEM observations revealed clear phase separation between PP and Small,
confirming their immiscibility, while Small was agglomerated in the PP matrix to minimize
their surface free energy and formed 2040 pm agglomerates. It was demonstrated that the
addition of UHMWPE slightly decreased the melting temperature and increased the
crystallization temperature of PP, with the degree of crystallinity enhanced by up to 7.7 % for
PP/Small (99/1). This indicates that Small acted as a nucleating agent, promoting PP
crystallization more efficiently than larger UHMWPE particles. Tensile testing showed that the
incorporation of 1 wt% Small improved the Young’s modulus and yield stress by 40 % and 42
%, respectively, although toughness decreased by 19 % due to limited interfacial fusion
between PP and UHMWPE. The optimal UHMWPE content was determined to be 1 wt%, and
the mechanical performance degraded with increasing UHMWPE particle size, owing to poorer
dispersion and weaker nucleation ability. In ternary blends of PP/POE/Small, the introduction
of the soft POE phase led to reductions in stiffness and interfacial adhesion, suppressing the
reinforcing and nucleation effects of Small. Overall, I revealed that microfine UHMWPE with
submicron particle size can serve as a functional filler and nucleating agent to enhance the
stiffness of PP while maintaining processability. Future improvements may be achieved
through compatibilizer addition, optimized mixing sequences, or surface modification of

UHMWPE to strengthen interfacial adhesion and balance rigidity with toughness.
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Chapter 5

General conclusion
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Ultra-high-molecular-weight polyethylene (UHMWPE) possesses unique properties,
including low density, high mechanical performance (e.g., toughness and impact strength),
excellent tribological characteristics (e.g., wear resistance and self-lubrication), corrosion
resistance, and biocompatibility. Commercial UHMWPE is typically synthesized using MgCl»-
supported Ziegler-Natta catalysts, which offer high catalytic activity, stereoregularity control,
scalability, and cost-effectiveness. These catalysts generate macroparticles with an average
particle size of 80—300 pum. In general, UHMWPE possesses highly entangled chains, resulting
in extremely high melt viscosity and low melt flowability. It is difficult to process using
conventional methods such as injection molding and extrusion molding. Consequently,
UHMWPE is commonly processed using solid-state methods such as compression molding or
ram extrusion. In these methods, particle size significantly affects the mechanical properties,
with larger UHMWPE particles leading to incomplete particle fusion and decreased mechanical
performance. In composite matrices, filler segregation at particle interfaces further inhibits
particle fusion, dramatically reducing mechanical properties. To address these challenges, a
particle engineering approach is employed that fills interparticle voids to enhance polymer
fusion and control filler distribution. This is achieved by introducing microfine UHMWPE (<1
pum, termed “Small”) synthesized from a nano-sized MgO/MgCl,/TiCly catalyst.

In Chapter 2, UHMWPE composites with graphene nanoplatelets (GNP) were prepared
using Small (448 nm) and conventional Large (69.5 pm) UHMWPE particles. The particle size
of UHMWPE was shown to control filler distribution: Large UHMWPE led to filler
segregation at particle interfaces, yielding low mechanical performance despite achieving
electrical conductivity at low filler loading. In contrast, Small allowed uniform GNP dispersion
within the particles, maintaining high mechanical properties even at high filler loading,
although electrical conductivity increased only at higher filler loading. A mixture of Small and

Large (Mix) demonstrated a balance of high mechanical performance and electrical
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conductivity even at low filler loading. These results highlight that UHMWPE particle size can
be used as an effective tool to control filler distribution and mechanical and electrical properties
in a simple manner.

In Chapter 3, I focused on improving mechanical performance of the Mix system by
optimizing sintering conditions. The results indicated that increasing sintering temperature,
rather than duration, effectively enhanced toughness by 1.7-2 times. Thermal conductivity of
the composites was relatively unaffected by sintering temperature, likely due to the strong
influence of polymer crystallinity, GNP defects, and the polymer-filler interface, all of which
vary with sintering conditions. High-temperature uniaxial drawing of the composites achieved
an extension ratio of 38.2, demonstrating that Small promoted interfacial fusion and formed a
superior entanglement network. These findings suggest the potential of solid-state
nanocomposite tapes and fibers.

In Chapter 4, the role of Small UHMWPE as a reinforcing component in polypropylene (PP)
blends was investigated. Small acted as a nucleating agent, enhancing crystallinity and stiffness
of the PP matrix. Small is demonstrated to function as an effective nucleating and reinforcing
agent in polymer blends, highlighting its versatility for polymer blend applications.

In conclusion, this thesis establishes a materials-design strategy in which the particle size of
UHMWPE serves as a key parameter for controlling filler distribution, thereby enabling a
balance between electrical/thermal conductivity and mechanical properties. In particular, Small
allowed uniform filler dispersion, maintaining high mechanical strength even at high filler
loadings, and functioned as a nucleating agent in polymer blends to enhance matrix rigidity.
These findings provide valuable insights into the structure—property relationships of
UHMWPE-based composites and offer a new design strategy for high-performance polyolefin
materials. These insights are expected to inspire future studies on particle-engineered

polyolefin systems and the rational design of multifunctional nanocomposites.
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