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ABSTRACT 

Polymer fibers have broad applications in wearable electronics, bulletproof vests, 

batteries, fuel cells, filters, electrodes, conductive wires, and biomedical materials. 

Polymer fibers display light density and flexibility but are mostly weak and compliant. 

The ceramic, metallic, and carbon nanoparticles have been frequently included in 

polymers for fabricating continuous, durable, and functional composite fibers. 

Nanoparticles display large specific areas, low defect density and can transfer their 

superior properties to polymer matrices. The main focus of this thesis is to design, 

fabricate and characterize the polymer/nanocarbon composite fibers with unique 

microstructures and improved mechanical/thermal performance. The dispersions and 

morphologies of graphene nanoplatelets (GNPs), the interactions with polyvinyl alcohol 

(PVA) molecules and their influences on fiber properties are studied. The fibers were 

fabricated using a dry-jet wet spinning method with engineered spinneret design. Three 

different structured fibers were fabricated, namely, one-phase polymer fiber (1-phase), 

two-phase core-shell composite fiber (2-phase), and three-phase co-axial composite fiber 

(3-phase). These polymer or composite fibers were processed at three stages with 

drawing temperatures of 100˚C, 150˚C, and 200˚C. Different techniques including the 

mechanical tester, wide-angle X-Ray diffraction (WAXD), scanning electron microscope 

(SEM), thermogravimetric analysis (TGA), and differential scanning calorimeter (DSC) 

have been used to characterize the fiber microstructures and properties. 
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CHAPTER 1 INTRODUCTION 

1.1  Polymer-based nanoparticle-included composites 

Polymer nanocomposites are composed of two or more phases with the polymer as 

matrix and nanoparticles as reinforcement fillers. Nanoparticles are materials with sizes 

ranging from one nanometer to a few hundred nanometers.  

1.1.1  Polymers 

Polymers include natural polymers and synthesized polymers. Natural polymers such as 

cellulose, lignin, silk, wool, and latex, have long existed and play ubiquitous roles in 

everyday life. In 1869, the first semi-synthetic polymer was invented by John Wesley 

Hyatt. He treated cellulose derived from cotton fiber and discovered a synthetic plastic 

that could take a variety of shapes and imitate natural materials. Synthesized polymers 

did not appear until the 1900s. In 1907, the first fully synthetic polymer, Bakelite, 

invented by Leo Bakeland was found to be mechanically durable, thermally insulated, 

and shape mouldable. In 1935, Wallace Hume Carothers produced the first commercially 

successful synthetic thermoplastic polymer, nylon, at the DuPont’s research facility. The 

nylon was melt-processed into fibers, films or other complex shapes.  The invention of 

Bakelite and nylon, as well as other macromolecules, inspired the study of polymer 

science, which differentiated the molecules from previously known metals, ceramics, and 

small molecules. The development of polymer science, including the understanding of 

polymeric chain structure as macromolecules with definite molecular weight, expanded 

the syntheses of polymer families to neoprene and polyester.  
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Table 1 Some common types of polymers 

Some common types of polymers 

Example Monomer Polymer 

Polyethylene 

 

 
 

Polypropylene 
 

 

 
 

Polyvinyl Alcohol 
 

  
 

Polystyrene 

 

 

 

Polyvinyl Chloride 
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Terephthalate 

 

 

 

 
 

Polymers are macromolecules made of many repeat units (i.e., monomers) within the 

chained structure (Table 1). The repeating number of monomers, termed as the degree of 

polymerization (DP), ranges from thousands to hundreds of thousands and defines the 

polymer molecular weight (Mw) (Table 1). Larger values of molecular weight generally 

correspond to longer polymer chain length, higher entanglement density, and, better 
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mechanical toughness, thermal stability, and chemical resistance. Polymers based on their 

intra-molecular bonding types can be classified as thermoplastics and thermosets. For 

thermoplastics, the bonding among polymer chains is secondary van der Waals forces 

while for thermosets, the linkages are chemical linkages (figure 1). General 

thermoplastics include polypropylene (PP), polyethylene (PE), poly (ethylene-co-vinyl 

acetate) (EVA), poly (ethylene propylene diene) rubber (EPDM), polyamides (PA), 

polyethylene terephthalate (PET), and polystyrene (PS). General thermosets are bakelite, 

epoxy resin, and polyurethane elastomers.
1
 

 

Figure 1 Thermosets, thermoplastics, and elastomers 

1.1.2  Nanoparticles 

Nanoparticles are fillers that have at least one dimension, at a length scale of nanometers, 

and three dimension numbers that describe the size and shape of such particles. In 

practice, many anisometric particles may be considered as rotational symmetric, for 

example, disks and rods. In this case, only two dimension numbers are necessary for a 
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description of size and shape, i.e., the sizes are the extension in the direction of the 

rotational axis and the maximum extension in the direction perpendicular to it, namely, 

an equivalent diameter and an aspect ratio. Based on their morphology, nanoparticles can 

be categorized into zero-dimensional (0D), one-dimensional (1D), and two-dimensional 

(2D), including 0D quantum dots, 1D nanowires and 2D sheets (Figure 2). 
2
 

 

Figure 2 Different categories of nanofillers 
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Nanoparticles can also be categorized based on the material compositions, which includes 

ceramic, metal, semiconductor, carbon, and polymer nanoparticles (Figure 2). Ceramic 

nanoparticles are inorganic solids made up of oxides, carbides, carbonates, and 

phosphates. They have high heat resistance and chemical inertness for photo-degradation 

of dyes, drug delivery, and imaging. Metal nanoparticles are prepared from metal 

precursors and can be synthesized by chemical, electrochemical, or photochemical 

methods. In chemical methods, the metal nanoparticles are obtained by reducing the 

metal ion precursors in solution by chemical reducing agents. Their considerable surface 

energy and capabilities to adsorb small molecules can be used for detection, imaging of 

biomolecules, and, in environmental and bioanalytical applications. Semiconductor 

nanoparticles have properties like metals and nonmetals. These particles have very wide 

bandgaps and are used in photocatalysis, electronics devices, photo optics, and water 

splitting applications. Some examples are GaN, GaP, InP, ZnO, ZnS, CdS, CdSe, and 

CdTe. Polymeric nanoparticles are organic based nanoparticles. Depending on the 

methods of preparations, they have structured shapes such as nanocapsules or 

nanospheres, with potential applications in drug delivery and diagnostics. Carbon 

nanoparticles include fullerene, carbon nanotubes and graphene, which can be used in 

structural, thermal and electrical applications.  

1.1.3  Key factors in the polymer/nanoparticle composite structural control 

In nanocomposites, different components exist, and there is a contrast in their 

composition, interaction, and properties. Several key factors affect the role nanoparticles 

play as reinforcing fillers in a polymer matrix, including: 
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(a) Nanoparticle dispersions: The nanoparticle dispersion procedure involves sonication 

in a bath, with a tip, at the absence or presence of surfactants for a period. The 

mechanical energy generated during sonication overcomes the van der Waals forces 

between nanoparticles leading to exfoliation of the fillers. Surfactants are commonly used 

to disperse nanoparticles in solvents. Typical surfactants include sodium dodecyl 

benzenesulfonate (SDBS), sodium dodecyl sulfate (SDS), cetyltrimethylammonium 

bromide (CATB), sodium n-lauroyl sarcosinate, and nonylphenol ethoxylate. For 

example, graphene can be dispersed in water with the aid of surfactants such as SDS, 

SDBS, CATB, and tetradecyl trimethyl ammonium bromide. Organic solvents such as 

DMF, NMP (N-Methyl-2-pyrrolidone), and cyclohexanone have successfully exfoliated 

graphene.  

(b) Polymer/nanoparticle interfacial interactions: The interface between the filler 

particles and the matrix in a polymer nanocomposite constitutes a much higher area 

within the bulk material as compared to conventional composites, and hence, influences 

the composite properties to a much greater extent, even at a low filler loading. There are 

three main material constituents in any composite: the matrix, the reinforcement, and the 

interfacial region. The interfacial area is responsible for ‘communication’ between the 

matrix and filler and is conventionally ascribed properties different from the bulk matrix 

because of its proximity to the surface of the filler. The interfacial strength between filler 

and polymer is an important factor in making filler/polymer nanocomposites. The lack of 

adhesion between the filler and polymer can cause the formation of strongly bonded 

nanoparticles aggregates during the nanocomposite preparation or can result in an early 

failure at the interface, and thus, changes the physical properties of the final composite. 
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To increase interaction between the polymer and the filler, polymers can be grafted to 

nanoparticles. There are two methods: the first, commonly referred to as the “grafting to” 

approach, involves preformed polymer chains reacting with the surface of 

nanoparticles. The second method, referred to as the “grafting from” approach, involves 

the polymerization of monomers on nanotube surfaces. 

(c) Nanoparticle orientations: Nanoparticle alignment generally can be achieved 

through fabrication methods, such as spinning techniques (e.g., dry-jet wet spinning and 

subsequent annealing and drawing of fibers). Other methods, such as electrical field, 

magnetic field, and sonic-based methods, are also used (Table 2). Oriented nanoparticles 

along polymer chains facilitate the anisotropic properties in nanocomposites. 

Table 2 Nanoparticle orientation in ex-situ field 

External fields Description References 

Mechanical/drawing 

A heat-stress coupled technique to induce 

strong molecular orientation and thereby 

crystallization in crystalline polymers.  

2018
3
, 2014

4
, 

2016
5 

, 2005
6
 

Electrical 

 When subjected to an external electric field, 

the particulate particles are polarized, 

generating electric dipoles. The interaction of 

opposite dipoles results in the chaining of 

particles 

2018
3
, 2015

7
,
 

2009
8
, 

 
2012

9
 

Magnetic 

Nanoparticles are oriented parallel to the 

magnetic fields when their suspension in 

organic solvents are placed in a magnetic field 

2018
3
, 2018

10
, 

2018
11

, 2007
12

 

 

1.2  Fiber spinning review 

Fiber spinning is the process of extruding polymer solutions or melts from the spinneret 

and forming continuous fibers. The polymer solutions or melts are referred to as ‘dope” 

or “spinning dope”. Spinneret extrusion methods can be classified as according to the 
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nature of the spinning dope, namely, melt spinning, dry spinning, wet spinning, gel 

spinning, electrospinning, and solution blow spinning (Figure 3).  

 

Figure 3 Different types of spinning techniques (a) melt spinning (b) dry spinning (c) wet 

spinning (d) dry-jet wet spinning 

Table 3 listed all processes and features of these spinnings methods, among which dry-jet 

wet spinning can spin thin diameter high-performance fibers and has been used in this 

research. As compared to dry spinning or wet spinning, dry-jet wet spinning combines 

the advantages of injecting fibers into the air for initial polymer chain alignment, low 

viscosity processing, and coagulating polymer solutions into gels for high draw ratios.  
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Table 3 Features of all spinning methods 

Spinning Method Processes Features 

Melt spinning
13,14,15

  The polymer granules are melted 

and extruded through the spinneret, 

and a metering pump controls the 

flow of molten liquid and the air to 

quench the fibers.  

 No solvent usage; 

 requirement of energy-

consuming and highly 

maintained instruments; 

Dry spinning
16,17,18

 Polymer melts or solutions are 

injected into a heating chamber full 

of hot air or inert gas to solidify the 

fibers.  

 Fast solidification via 

solvent evaporations, 

flexible fiber shape 

controls; 

 flammable solvent 

hazard, slow process; 

Wet  

spinning
19,20,15

 

The spinneret is immersed into a 

coagulation bath in which the 

polymer solution is extruded into a 

nonsolvent, leading to solvent 

removal from the fiber jet and 

solidification of the fiber as 

precipitation occurs.  

 Low viscosity, high 

collection speed; 

 use of coagulants, slow 

diffusion processes; 

Dry-jet wet 

spinning
21,22,23

 

The polymer gels are injected into 

the air for drying and liquid bath for 

gelation and cooling.  

 Low viscosity, high draw 

ratios; 

 massive consumption of 

coagulants, slow 

diffusion processes; 

Electrospinning
24,25,26

 Use of an electric potential to 

overcome the surface tension of a 

solution to produce an ultra-fine jet 

which elongates, slenders, and 

solidifies as it travels through the 

electric field to a collector.  

 High-resolution 

nanoscale fibers, low 

defects in fibers; 

 non-uniform feed rate, 

lack of continuous fiber 

collection, use of highly 

toxic chlorinated or 

fluorinated solvents; 

Solution blow 

spinning
27,28,29

  

Two parallel concentric fluid 

streams, i.e., a polymer dissolved in 

a volatile solvent and a pressurized 

gas that flows around the polymer 

solution are blown into fibers that 

are deposited in the direction of the 

gas flow.  

 deposit capability on 

both planar and 

nonplanar substrates cost 

efficiency; 

 non-uniform fiber sizes, 

lack of continuous fiber 

collection. 
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1.3   Nanocomposite fibers 

While there so many kinds of polymer-based nanoparticle-included composite fibers, this 

work will focus on polyvinyl alcohol (PVA)/graphene nanocomposite fibers.  

1.3.1  PVA 

Poly(vinyl alcohol) (PVA) is a water-soluble, biodegradable, synthetic polymer, and its 

degradability is enhanced through hydrolysis because of the presence of hydroxyl groups. 

PVA can be dissolved in water or DMSO, which require the solvent temperature to be ~ 

100˚C with a holding time of 30 minutes. The properties of polyvinyl acetate depend on 

the extent or degree of hydrolysis, specifically whether it's full or partial. It influences its 

categorization into two types: partially hydrolyzed and fully hydrolyzed. PVA has a 

melting point of 230 °C and 170–190 °C for the fully hydrolysed and partially hydrolysed 

grades, respectively. It decomposes rapidly above 200 °C as it can undergo pyrolysis at 

high temperatures. The molecular weight for PVA products may vary from 10,000 – 

50,000 depending on the length of the initial vinyl acetate polymer, the level of 

hydrolysis to eliminate the acetate groups and whether it occurs in acidic or alkaline 

conditions. Nearly fully hydrolyzed forms result in forming PVA hydrogels with tuneable 

properties through crosslinking of the linear polymers which subsequently result in the 

polymer (gel) - fluid (sol) species. Polymer content affects the physical status of the 

resulting material: low polymer content results in a soft material because the fluid moves 

freely through the matrix while a higher polymer content results in considerable 

stiffening and strengthening of the material’s matrix. PVA has broad applications such as 

in paper adhesion, packaging, medical threads, contacts, a supportive structure in 3D 

printing and reinforcement in structural materials, i.e., cement strengthening
30

.  
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1.3.2 Graphene 

Graphene, one of the allotropes of carbon, is a monolayer of two-dimensional honeycomb 

lattices of sp2 hybridized carbon atoms. It possesses very peculiar electrical properties 

such as anomalous quantum Hall effect and high electron mobility at room temperature.
31

 

In a graphene nanostructure, two carbon atoms are bonded together with a sigma (σ) 

chemical bond, an extremely strong bond in materials due to hybridized orbitals 

generated by the superposition of 2s, 2px, and 2py orbitals. These planar orbitals form 

highly stable and localized σ bonds with the three nearest carbon atoms and mainly 

responsible for the presence of binding energy and the elastic properties of the graphene 

sheet. The 2pz are the remaining “free” orbitals which are perpendicularly oriented to the 

molecular plane and hybridizes to form the conduction (π) and valence (π*) bands, the 

ones responsible for the electrical conduction of graphene. The graphene sheet is 

hydrophobic and forms quick agglomerates due to strong π-π interactions along the 

graphene surface area.
32

 One possible route to harnessing these excellent properties of 

graphene for the application would be to incorporate graphene sheets in a composite 

material. The physical properties of graphene are listed in Table 4.  

Table 4 Properties of graphene 

Young’s modulus (GPa) 400-1000 2010
33

, 2014
34

, 2017
35

, 2018
36

 

Tensile strength (GPa) 10-130 2013
37

, 2014
34

, 2017
35

, 2018
36

 

Thermal conductivity (W/m K) 5000 2018
36

 

Electrical Conductivity (S/m) 100 2012
39

 

Specific surface area (m
2
/g) 200 - 2630 2010

34
, 2013

38
, 2018

36
 

 

Graphene synthesis can be achieved via few methods, for example, mechanical cleaving 

or scotch tape method via exfoliation, chemical synthesis, especially the most commonly 
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used graphite oxidation-reduction method and chemical vapor deposition (CVD)
40

 ( 

advantages and disadvantages are shown in Table 5). Among these methods, 

simultaneous control of the average size, shape, and number of graphene layers, as well 

as the scalability and mass production, are generally not satisfactory. This thesis will 

concentrate on a low-cost, facile, and highly efficient exfoliation method generates one-

layer or few-layer graphene in composite fibers. 

Table 5 Various techniques of graphene synthesis 

Methods Description Advantages Disadvantages 

Liquid phase 

exfoliation
41,42

  

use of an ultrasonic treatment 

for stabilizing graphite flakes 

in a solvent or surfactant 

solution.  

high yield, low 

cost, simple 

scalability  

structural and 

manufacturing 

defects 

Mechanical 

peeling
43,44

 

graphene is detached from a 

graphite crystal using 

adhesive tape via one-step or 

more often a few-step 

repetitive process.  

simple 

technique, 

high-quality 

graphene. 

labor intensive, 

low scalability, 

non-uniform sizes 

Chemical 

synthesis
44,45

 

oxidation-reduction of 

graphite or intercalated agents 

are penetrated between 

graphene layers to exfoliate 

graphene.  

mass 

production 

high cost, safety 

issues 

Chemical vapor 

deposition
43,46

 

when heated with plasma, 

gaseous compounds (e.g., a 

gas mixture of H2, CH4, and 

argon) decompose on the 

substrate surface (e.g., nickel, 

copper) to grow thin films of 

graphene.  

well-controlled 

graphene sizes, 

shape, layers  

 

uncertain purity, 

high-cost, complex 

transfer process 
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1.3.2  State-of-the-art 

Several processing methods including solution mixing, simple solution casting, 

electrospinning, gel spinning, compression molding, and in-situ reduction have been used 

to fabricate PVA/graphene nanocomposite fibers by researchers as listed in table 6. 

Nanoparticles ranging from GNPs, FLGs, exfoliated graphene, reduced GO, BGOs, GOs, 

d-GO, P-GO, S-rGO, tryp-graphene, and ADS-Gs have been used. The researchers have 

incorporated graphene of concentrations as low as 0.1 wt% to as high as 40 wt% for 

mixing with PVA matrix. These different graphene types have been synthesized by 

various techniques that include mechanical peeling, chemical synthesis, and chemical 

vapor deposition. The increase in Young’s modulus and tensile strength can go up to 27 

GPa and 1600MPa, respectively.  

Their full potential hasn’t been achieved yet because of partial dispersion, incomplete 

alignment of graphene sheets in the polymer matrix, limited interfacial adhesion between 

graphene and polymer, and, the maximum graphene content the composite can 

accommodate to achieve the best outcome. These obstacles are associated with the 

inherent characteristics of graphene such as extremely low bulk density, large surface 

area, and high aspect ratio.
47

 More research is necessary to recognize the aforementioned 

pitfalls, namely, the dispersion techniques to get better graphene exfoliation and reduce 

agglomerations, methods to increase interface strength and bring tensile and modulus 

values closer to theoretical values of the graphene. This research focuses on sonication 

methods for instant graphene dispersions, and the dry-jet wet spinning method to achieve 

controlled graphene morphology and dimensions, which eventually enhances the 

mechanical properties that include improved tensile strength and elastic modulus. 
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Table 6 PVA/ graphene-related composites  

Graphene Concentration 

(wt%)  

Fiber fabrication 

method 

Modulus 

(GPa) 

Strength 

(GPa) 

Reference 

GNP 2  Solution mixing 1.5 38 2016
48 

FLG 2 Solution casting 3.83 0.09 2012
49

 

Mechanically 

exfoliated 

graphene 

0.3  Electrospinning 2.1   2018
50

 

rGO 2  Electrospinning 0.085 0.0055 2013
51

 

GO 1 Solution casting  4.5 0.1 2013
52

 

BGO  Solution mixing  0.65 2014
53

 

rGO 10 Solution mixing 3.25 .660 2018
36

 

dGO 0.1 Gel spinning 27.2 1.58 2017
54

 

rGO 0.7 Solution 

processing/comp

ression molding 

4.9 0.154 2014
46

 

GO 0.7 Solution mixing 

method 

3.45 0.0876 2009
55

 

tryp-

Graphene 

0.2 Solution mixing 1.56 0.0472 2011
56

 

P-rGO 0.7 Solution mixing 4.9 .154 2013
57

 

S-rGO 0.5 Solution mixing 4.3 0.135 2013
57

 

GO 30 Simple solution 

casting 

13.5 0.28 2015
58

 

SRGO 40 Simple solution 

casting 

8.5 0.252 2015
58

 

rGO 1.5 In-situ reduction 5.51 0.085 2014
59

 

ADS-G 2.5 Simple solution 

casting 

6.31 0.123 2014
59

 

Note: GNP, graphene nano-platelets; FLG, Few layer graphene; rGO, reduced graphite 

oxide; GO, graphene oxide; BGO, boron cross-linked graphene oxide; dGO,  poly 

(dopamine) coated graphene oxide; tryp-Graphene, tryptophan functionalized graphene; 

SRGO, sulfonated graphene oxide; P-rGO, Poly(N-vinyl-2-pyrrolidone) (PVP) stabilized 

rGO; ADS-G, aryl diazonium salt functionalized graphene  

1.3.3  Challenges 

One of the challenges in developing polymer composites for advanced technology 

applications is the limited ability to disperse graphene evenly in a polymer matrix, 

especially at high graphene concentrations. Techniques such as ultrasonicators, magnetic 

fields, and surfactants to enhance the dispersion of graphene have been used.
60

 Several 
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strategies have been used to improve dispersion quality, including either chemical or 

physical approaches. Surface modification is often used to enhance the compatibility of 

the matrix and fillers for example through the grafting of organosilanes or through the use 

of long chains alkyl ammonium clay platelets intercalating ions. Also, in-situ 

polymerization may be preferred to reach a good dispersion state which is sometimes 

difficult to reach when processing nanocomposites in highly viscous media.
61

  

The second challenge is to achieve efficient interfacial interactions due to the graphene 

tendency to wrap or curl surround by polymer chain. As is already known that small size 

of the fillers leads to a dramatic increase in interfacial area and that this area creates a 

significant volume fraction of interfacial polymer with properties different from the bulk 

polymer even at low loadings. The properties and structure of this interfacial region are 

not yet known quantitatively, presenting a challenge both for controlling and predicting 

the properties of polymer nanocomposites.
62

 

The third challenge is the alignment of graphene. During dispersion and mixing with the 

polymer matrix, the graphene sheets fold, crumple, and bend which hampers the process 

of structured alignment and orientation with polymer chains.
63

 

1.4  Characterization of microstructures 

Some powerful techniques are available for studying the degree of exfoliation, get 

optimized properties/performances and microstructures, and to know their effect on the 

corresponding polymer nanocomposites.
64

 Also they are helpful in quantifying property 

and structure features including mechanical, thermal, conformational, optical, and other 

functional behaviors.
65
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1.4.1  Scanning electron microscopy (SEM) 

Electron microscopy investigates the structure, morphology and composition of polymer 

nanocomposites using different characterization techniques like transmission electron 

microscopy (TEM) and SEM.
66

 In scanning electron microscopy (SEM), a beam of 

electrons strike the surface of the specimen and interact with the atoms of the sample, 

generating signals in the form of secondary electrons. Backscattered electrons and 

characteristic X-rays are generated which contain information about the sample’s surface 

topography, composition and so on.
67

 

1.4.2  Wide-angle x-ray diffraction (WAXD) 

By this transmission experiment, the X-ray beam passes through the sample and produces 

a diffraction pattern which is a plot of the intensity of X-rays scattered at different angles 

by a sample. The X-ray detector collects the X-rays and its position is recorded as 2theta 

(2ϴ). The crystal structure determines the position and intensity of the diffraction peaks 

in an X-ray scattering pattern. Each diffraction peak is attributed to the scattering from a 

specific set of parallel planes of atoms and Miller indices (hkl) are used to identify them. 

Several parameters that can be detected are listed in Table 7. 
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Table 7 XRD analysis important parameters 

Structural 

features 

Theory/basis Reference 

d-spacing Bragg’s law Basics of X-ray 

diffraction(Speakman)
68

 

Crystallinity Ratio of diffraction (crystalline) peak 

area to the total of crystalline and 

amorphous regions 

Murthy (2018)
69

 

Crystal size and 

shape factor 

Scherrer equation Estimating crystallite size 

(Speakman)
70

 

Note: Bragg’s law, λ = 2 * dhkl * Sinϴ, where Scherrer equation, B(2ϴ) = 
𝐾∗ 𝜆

𝐿∗𝐶𝑜𝑠(𝛳)
, 

where K is the dimensionless shape factor, λ is the X-ray wavelength, L is the crystallite 

size in Angstroms, ϴ is the Bragg angle, and B is the line broadening at Full Width half 

Maximum (FWHM). 

 

1.4.3 Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) 

The thermal analysis provides property information of materials as they change with 

temperatures. Methods including, but not limited to, differential scanning calorimetry 

(DSC), thermogravimetric analysis (TGA), dynamic mechanical analyzer (DMA), and 

thermo-mechanical analysis (TMA) are used. Based on the parameters measured, DSC 

monitors the heat difference, TGA examines the mass upon heating, DMA examines the 

mechanical stiffness and damping with thermal scanning, and TMA probes the 

dimensional changes during shrinking/expansion. For polymer-based materials, DSC, 

TGA, and DMA provide crystallization, environmental resistant behaviors such as glass 

transition and degradation temperatures, and content regarding alternative phases present 

in composites.   
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1.4.4  Static mechanical tests  

Static mechanical test includes methods such as stretching, compressing, bending, and 

indenting samples without any coupled exterior field. The tested parameters include 

modulus, strength, yield, fracture strain etc. 
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CHAPTER 2 MATERIALS AND EXPERIMENTAL METHODS 

2.1.  Materials 

2.1.1  Nanoparticles 

Graphene nanoplatelets grade C-750 is purchased from Sigma Aldrich with bulk 

density 0.2-0.4 g/cm
−3

, relative gravity 2–2.25 g/cm
−3 

average in-plane 

dimensions ≤ 2 um and surface area = 750 m
2
/g. The microstructure of GNPs look like 

as shown in figure 4. 

 

Figure 4 SEM showing microstructure of GNP particles 

2.1.2  Polymers 

PVA Kuraray 28–98 (Mw ∼ 145,000 g/mol and degree of hydrolysis 98-99%) was 

purchased from Kuraray. 20 gram of PVA granules were dispersed in 100 ml dimethyl 

sulphoxide (DMSO) and stirred using a mechanical stir for 2 hours at room 150˚C.  
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2.1.3  Dispersion of nanoparticles 

8 gram of graphene nanoplatelets (GNP) powder was dispersed in 40 ml dimethyl 

sulphoxide (DMSO) and stirred using a magnetic stir for 20 minutes at room temperature. 

The dispersion was then sonicated for 15 minutes using a tip sonicator (brand) with 40% 

amplitude. Room temperature was maintained by resting for 5 seconds after every 5 

seconds of sonication. The obtained dispersed GNPs looked like as shown in figure 5. 

 

Figure 5 Dispersion of graphite nanoplatelets (GNP) in different solvents of xylene, 

toluene, water, dimethyl sulfoxide (DMSO), and dimethylformamide (DMF) 

Several solvents have been identified for dispersing graphene, in particular NMP, DMSO, 

and DMF. For solvent interactions with graphene, the following results were obtained 

through the recent molecular dynamics simulation
71

: 

NMP~DMSO>DMF>Xylene>Toluene>Water 

NMP and DMSO exhibit similar traits from a good solvent perspective.
71

 As prepared 

GNP dispersions in four organic solvents (DMSO, ethylene glycol, DMF, NMP, and 

THF) exhibit long-term stability comparable to that observed for the dispersion of the 
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same material in water.
72

 The Gibbs energy of mixing a species and solvent per unit 

volume (ΔGmix) is given by 

ΔGmix =  Δ Hmix − TΔSmix ---------------------------------(1) 

where T is temperature; ΔHmix and ΔSmix are the enthalpy and entropy, respectively, of 

mixing per unit volume. ΔSmix will be positive, although small, for a rigid structure like 

graphene.
73

 DMSO and DMF, being good solvents minimize the enthalpic cost of 

mixing, from equation (1), and in turn the thermodynamic instability of these dispersions, 

by having similar surface energy to graphene nanoplatelets. The surface energy of 

graphene is estimated to be ca. 68 m J m
−2

, which is very close to DMSO.
73

 PVA is also 

readily soluble in polar solvents like DMSO, which is reported to be a better solvent for 

PVA than water. The intrinsic viscosity of PVA in DMSO is observed to be higher (3.25 

dL/g) than in water (0.93 dL/g).  The high molecular weight of DMSO and high degree of 

its interaction with PVA causes PVA chains to remain in extended conformation 

compared to that in water.
74

 

2.1.4  Preparation of PVA-GNP suspensions  

 Fiber spinning was done using a syringe pump and syringe needle. PVA-DMSO dope 

and dispersed homogeneous graphene solution were added to different syringe needles 

(diameter 1 mm) and controlled by different syringe pumps. Syringe operation was 

controlled for 1-phase, 2-phase, and 3-phase at different rates as shown in Table 8. The 

as-spun dispersion formed a gel in the methanol bath. Gel fiber was continuously 

collected on a fiber take-up unit. The gel fiber was kept immersed in a methanol bath for 

more than 6 hours before drawing on a hot plate at 100°C, 150°C, and 200 °C. 
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Table 8 Spinning parameters input data 

Fiber Type Syringe piston diameter Syringe volume Injection rate 

1-phase PVA-DMSO (19mm) 30 ml  3 ml/min 

2-phase PVA-DMSO (28mm) 100 ml 3 ml/min 

GNP-DMSO (19 mm) 30 ml 1ml/min 

3-phase PVA-DMSO (28mm) (Two needles) 100 ml 3ml/min 

GNP-DMSO (19 mm) 30 ml 0.5 ml/min 

 

2.2  Structural formation in fibers 

Fiber spinning is the process of converting the polymers in the form of melts or solutions 

into the fibers. The fiber forming material could be in a liquid/semi-liquid/concentrated 

state, which is then extruded through the spinneret, and then returned to the solid state by 

solidification into fiber form. This thesis involves the dry-jet wet spinning/gel-spinning 

process. The gel-spinning involves spinning dopes in the form of gels, which keeps the 

polymer chain bounds together and produces high-strength polymer fibers. These 

polymers include polyacrylonitrile (PAN) and ultra-high molecular weight polyethylene 

(UHMWPE) as well as polyvinyl alcohol (PVA) that is going to be studied in this study. 

The polymer solution or gel is extruded from the spinnerets in fiber forms, cooled in a 

nonsolvent or water, and stretched into gel fiber by ultra-high extension. During the 

process of cooling, the polymer solution will gradually lose the solution mobility, which 

is known as the gelation of the polymers. This allows the individual molecular chains in 

solution to connect optimally with each other, and on coagulation, form a network 

structure. As the new forming fiber contains a large amount of solvent and is in the gel 

state, it requires ultra-drawing to produce the ultra-high strength and high modulus 

fiber.
75

  

The general gel spinning process can be subdivided into the following four steps: 
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2.2.1  Dissolution 

First, the polymer is dissolved in the solvent to prepare a homogeneous dope. The 

molecular chains of the solid polymers may be entangled and the entanglements will 

affect the molecular chain stretching. In the dilute solution, the entanglement density is 

very low, the stresses applied during spinning and drawing do not completely transfer 

from one chain to another chain because of poor connectivity, and the molecular chains 

remain in coiled or folded configuration. This results in poor spinnability. This means 

that for making fibers with enhanced properties from flexible polymers, the spinning 

process should be modified in such a manner that it allows the formation of fully 

extended and oriented polymer chains. In semi-dilute and concentrated solution within an 

appropriate solvent, the polymer molecular chains are forced into extended chain 

structure using physical interactions in the gel state. Also, in this state just sufficient 

entanglements exist between polymer chains, thus the spinning stresses are able to 

transfer to all the chains without any hindrance. Such an optimum level of entanglement 

density facilitates high drawability of the polymer network. Figure 7(a) exhibits the 

dissolution process wherein the PVA and DMSO are being mechanically stirred. 

2.2.2  Spinneret injection 

The PVA solution has unique non-Newtonian behavior. At lower spinning speed, the 

extruded solution exhibits quite a large die swell, which is related to PVA solution’s high 

elastic property. With increasing spinning speed, the size of die swell become smaller due 

to the stretching under the spinneret, and at much higher spinning speed, a phenomenon 

known as “pull-out” is observed up to filament breakage. This typical behavior is due to 

the combination of higher elongation strength of the solution and its high elastic property. 
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When the solution is pressed through the spinneret and the strain is applied, the 

molecules are forced into a highly elongated form. This forms the first step in the 

orientation process (Figure 6). 

 

Figure 6  The morphology of fibers during spinning 

 

Fibers are extruded from the spinneret through a gear pump and cooled rapidly by air or 

water. The rapid cooling process can lead to the formation of the crystals and the 

crystallization begins. During the crystallization process, some of the entanglements are 

lost because the chain will be disentangled before crystallization. Therefore, all 

entanglements can’t be incorporated in the crystal and this is another reason for the 

success of gel spinning even at high concentration. The retention of the disentangled state 

of polymers aids in the formation of high strength and high elastic modulus fibers. 

Through the crystallization process, the solution is solidified into a more rigid gel-like 

structure having dispersed crystallites connected by a small number of entanglements 

remaining as pseudo crosslinking points. Such a structure is ideal for the drawing. The 
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injection process is exhibited by figure 7 (b) wherein three syringes are shown, two for 

PVA and one for GNPs. 

2.2.3  Coagulation 

During the dry-jet wet spinning process, the solution of fiber-forming material is 

extruded into the air before entering coagulating bath that causes the jets to harden as a 

result of the chemical or physical change. A coagulant is used in the coagulation bath to 

remove the solvent from the spun fibers. To achieve this, the natural drying method and 

the use of extractant are the most common methods. The extractant is primarily used to 

remove the solvent residuals from the gel fiber. In gel-spinning, the selection of solvent 

and extractant directly affect the stretching ability and is key to the gel spinning process. 

After removal of the solvent, the fiber consists of microcrystalline crystals embedded in 

the non-crystalline material. Figure 7c gives a glimpse on the coagulation apparatus an 

process for the dry jet wet spinning. The effect of coagulation can be seen in figure 8, 

where the microcrystalline sructures are embedded polymer chains. In the subsequent 

drawing stage, the apparently random crystals and most of the non-crystalline material is 

transformed into a highly crystalline, highly oriented fiber.
76

 

2.2.4  Stretching and drawing 

The final properties of the fiber in the gel spinning process are achieved in the drawing 

stage. The strength and modulus are directly related to the draw ratio. The maximum 

attainable draw ratio is related to the molecular weight and the concentration. The 

attainable draw ratio increases with decreasing concentration, however for each 

molecular weight there is a minimum concentration below which drawing isn’t possible 
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due to insufficient molecular overlap. The drawing behavior is related to the number of 

chain-chain entanglements. The drawing involves the high magnification stretching of the 

gel fiber. It can change the folded polymer molecular chains to straight chains and 

improve polymer crystallinity and orientation. It’s a unique feature of gel spinning and 

the key to enhancing gel fiber performance.
75

 Figure 7(d) shows the lab apparatus for 

drawing fibers through hot plate. The morphology of a drawn fiber with aligned fillers is 

as shown in figure 6. 

 

Figure 7 Apparatus setting for the spinning and drawing process (a) solution preparation 

(b) injection (c) coagulation (d) drawing 
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2.3  Spinneret engineering  

The spinning of the polymer into filaments involves two types of fluid flow:  

1) shear flow before the extrusion i.e., flow through a spinneret,  

2) elongational flow (extensional flow).  

These flows have to be in a stable region in order for the spinning to occur without 

defects or breaks in the spun filament. In most polymer production operations, the 

production rate is often limited by the onset of flow instabilities. Therefore, 

understanding the causes of fluid instabilities is important for the successful polymer 

fluid spinning. 

 

Figure 8 Internal morphology of solutions 

The spinnerets used in the production of most manufactured fibers are similar to a shower 

head and they may have one to several hundred holes. As the filaments emerge from the 

holes in the spinneret, the liquid polymer is converted first to a rubbery state and then 

solidified. This process of extrusion and solidification of endless filaments is called 

spinning. Spinneret is the starting position where the spinning dope begins to form tow, 
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which is the key part for forming tow, and the initial spinning conditions will greatly 

affect the fiber geometrically and mechanically.
76

  

For research purpose, the spinneret is designed on Creo Direct Express 6.0. Three 

different models are created to accommodate the needs of spinning PVA, core-shell 2- 

Phase and 3-phase fibers. For PVA fibers, only one input and output is necessary as 

shown in figure 9(a). For 2-phase, two inputs, one for PVA solution and the other for 

GNP solution is provided (as shown in figure 9(b) and for 3-phase, three inputs have been 

provided, one for GNPs and two for PVA solution (as shown in figure 9(c)). 

 

Figure 9 (a) 1-phase spinneret (b) 2-phase spinneret (c) 3-phase spinneret 

  

The spinneret hole was supposed to achieve a fiber diameter on a length scale of  

micrometers, but due to the limitations of 3D printing technology, the least diameter 



 

29 

 

achievable and feasible to fabricate co-axial fibers was 1mm. This design allows the 

multi-material inclusion i.e., the core-shell or laminate structures.   
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CHAPTER 3 RESULTS AND DISCUSSION 

The microstructures and properties of the obtained polymer and composite fibers have 

been characterized using TGA, DSC, WAXD, and tensile testers.  

3.1  Thermal gravimetric analysis and Diffraction scanning calorimetry 

TGA/DSC (LABSYS EVO) was used to for all fiber analysis. The samples were placed 

in an alumina crucible along with an alumina sample as reference. The chamber was 

purged with helium gas at 0.5 °C/min for 30 mins and was heated under a rate of 

10 °C/min up to 600 °C. As shown in Figures 10 and 11, the graphene concentrations in 

2-phase fiber and 3-phases fibers are around 4 wt% and 20 wt%. 

   

 Figure 10 TGA result comparing 1-phase with 2-phase at 100˚C, 150˚C, 200˚C 

   

Figure 11 TGA result comparing 1-phase with 3-phase at 100˚C, 150˚C, 200˚C 
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3.2  Wide angle x-ray diffraction (WAXD) 

X-ray diffraction patterns of samples were obtained by a wide angle X-ray diffractometer 

(XRD, Kristallo-Flex 710D X-ray generator, Bruker D5000, Siemens) with Cu Kα radiation 

(40 kV, 40 mA). The scanning range of the Bragg 2θ angle ranged from 5° to 70° under a 

scanning rate of 2° min
−1

. 1-phase, 2-phase, and 3-phase fibers were analysed and Intensity 

vs 2theta plots were generated as shown in Figure 12, 13, and 14. The crystallinity degree 

of polymer and composite fibers are summarized in Table 9, suggesting the higher 

crystallinity of 3-phase fibers than the 2-phase and PVA fibers. 

 

Figure 12 WXRD plots of 1-phase, 2-phase, and 3-phase fibers at 100˚C 
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Figure 13 WXRD plots of 1-phase, 2-phase, and 3-phase fibers at 150˚C 

 

 

Figure 14 WXRD plots of 1-phase, 2-phase, and 3-phase fibers at 200˚C 

 

Table 9 Crystallinity in 1-phase, 2-phase, and 3-phase fibers 

 100 150 200 

1-phase 67.64 83.95 66.81 

2-phase 52.3 76.54 81.42 

3-phase 48.7 80.68 86.02 
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3.3  Mechanical Test 

The tensile test was performed using Instron
®
 3300 series electromechanical universal 

testing machine (Norwood, MA, United States) with the cross head speed of 15 mm/min. 

The initial length was 5 mm. The number of the test specimens was at least 10 for each 

sample. Tensile modulus, tensile strength, tensile strain were directly measured. 1-phase, 

2-phase, and 3-phase fibers were stretched until they broke and tensile stress vs tensile 

strain plots were generated (Tables 10, 11 and 12, and Figures 15, 16 and 17). The data in 

Tables 10 to 12 clearly showed that the introduction of nanoparticles could improve the 

mechanical parameters of elastic modulus and tensile strength although the tensile strains 

in the composites are smaller than that in the pure polymer fibers. Moreover, the 3-phase 

fibers showed better mechanical properties than the 2-phase fibers although the graphitic 

fillers are higher in former, namely, 20 wt% in 2-phase fibers and 4 wt% in 3-phase 

fibers.  The obtained mechanical data is compared with data from other literature studies 

as shown in figure 18. 

Table 10 Tensile test results at 100˚C 

 

Temperature 
Modulus (GPa) Tensile Strength (MPa) Tensile Strain (mm/mm)% 

1-phase 0.22±0.03 53.77±5.75 160±0.1 

2-phase 1.04±0.11 286.88±29.44 42±0.07 

3-phase 4.04±0.3 365.13±21.77 61±0.04 
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Table 11 Tensile test results at 150˚C 

Temperature Modulus (GPa) Tensile Strength(MPa) Tensile Strain (mm/mm) % 

1-phase 0.38±0.05 120.39±10.32 46±0.08 

2-phase 2.53±0.16 326.59±15.93 21±0.02 

3-phase 9.95±0.28 422.76±22.92 23±0.07 

 

Table 12 Tensile test results at 200˚C 

Temperature Modulus (GPa) Tensile Strength (MPa) Tensile Strain (mm/mm) % 

1-phase 4.04±1.519 145.52±2.91 10±0.01 

2-phase 2.8±0.08 358.23±30.88 16±0.00 

3-phase 15.64±1.33 427.00±52.34 16±0.02 

 

A simple analysis based on mechanics models such as the Rule-of-the-mixture or Halpin-

Tsai generated the modulus prediction of graphene, i.e., 530.3 GPa assuming graphene 

alignment and 1400.0 GPa for randomly distributed fillers. Known from the theoretical 

values that the graphene displays an intrinsic modulus up to 1000 GPa, the graphene in 

this study cannot be randomly aligned. Table 13 exhibits the composite mechanics 

analysis performed for the 3-phase 200˚C fibers. 
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Figure 15 Tensile stress vs. strain plots 1-phase, 2-phase, and 3-phase fibers at 100˚C 

 

Figure 16 Tensile stress vs. strain plots 1-phase, 2-phase, and 3-phase fibers at 150˚C 

 

Figure 17 Tensile stress vs. strain plots 1-phase, 2-phase, and 3-phase fibers at 200˚C 
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Table 13 Composite mechanics analysis for 3-phase 200˚C drawn fibers 

Theories Formulas 

Predicted 

graphene 

filler 

modulus 

(GPa) 

Samples 

Rule-of-mixture Ec = EmVm +E fVf  530.3 3-phase 

Halpin-Tsai 

model in 

calculating 

lower bound 

modulus for 

randomly 

aligned particle 

reinforcement 

Ec = Em[
3

8
(

1+

E f

Em
-1

E f

Em
+e

eVf

1-

E f

Em
-1

E f

Em
+e

Vf

)+
5

8
(

1+ 2

E f

Em
-1

E f

Em
+ 2

Vf

1-

E f

Em
-1

E f

Em
+ 2

Vf

)] 

1400.0 

Note: PVA modulus is 4.04 GPa, 3-phase graphene concentration is 5 wt% (2.02 vol%); 

where E and V stand for the modulus and volume fraction for composites (i.e., Ec and Vc) 

and fibers (i.e., Ef and Vf).  stands for the aspect ratio of incorporated nanotubes. 

 

Figure 18 Summary of Young’s modulus and tensile strength properties for various 

PVA/graphene composites produced at the research scale (Note: References available in 

Table 6) 
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3.4  Scanning electron microscopy (SEM) 

 SEM (XL30 ESEM-FEG) was used to obtain visual conformation on the coaxial and tri-

axial fiber structures. All fibers were cooled with liquid nitrogen for 5 minutes prior to 

cutting into 2 cm long fibers, and were mounted on 45º mount pins for cross-sectional 

examination. A 15 nm gold layer was deposited on the surface to improve the 

conductivity. Energy of 10 KV was used for all fibers.  

Figure 19 shows all fiber cross-sections, suggesting the successful fabrication of 1-phase, 

2-phase core-shelled structure and 3-phase co-axial laminations. The pores/voids 

noticeable in 2-phase fibers could have been manifested due to multiple hypothetical 

reasons. During coagulation, DMSO might have exchanged with methanol and later 

heating-drawn stages may have evaporated the methanol leaving voids in the graphitic 

regions. In comparion, the 3-phase fibers showed a denser graphtic content, mainly due to 

the constraining of polymers in the interior and exterior regions of graphite. The 

existence of polymers on both sides of graphene materials can potentially facilicate the 

alignment of 2D graphene sheets and improve the mechanical stiffness and strength. 

Figure 20 showed the images of cross-section areas after tensile tests, confirming the 

brittle fracture in 2-phase fibers and loose state of graphite. Fractured cross-section of 3-

phase fibers showed finer fibril structure and distinct graphite regions that can reinforce 

the polymers in sandwiched layers.  
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Figure 19 SEM results for the fractured surface showing differnet phases in (a) PVA and 

(b-c) composite fibers . 

 

Figure 20 SEM cross section for the fracture surfaces in 2-phase and 3-phase fibers  
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CHAPTER 4 CONCLUSION 

The primary conclusion of this study of PVA/graphene nanocomposites is that the 

engineered spinnerets are effective in spinning 1-phase, 2-phase, and 3-phase fibers. The 

composite fibers showed improved mechanical properties and modified microstructures. 

The 3-phase fibers have achieved enhanced mechanical properties i.e., ~15.64 GPa of 

tensile modulus and ~427.00 MPa of tensile strength, and in comparison to neat 1-phase 

PVA fibers, 3-phase fibers have an increase of 4 times in modulus. This high increase 

may be due to the crystallinity change in polymers and graphitic layer alignment, as 

shown from mechanics analyses. The 3-phase fibers showed less defective 

microstructures from SEM, suggesting the facilitation of graphite constraining during 

fiber fabrications. The future research will provide quantitative evidence for graphitic 

layer exfoliations and orientations.  
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