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Abstract: Electroactive polymers (EAPs), also known as artificial muscles, are a type of 

polymer which responds to an electric field with structural or mechanical changes. However, 

current plastic research and manufacturing sectors are still lacking the use of EAP’s for smart 

applications, due to their diverse thermal, mechanical and electrical behavioural changes 

depending on small variations in their processing conditions. Therefore, this research 

investigated the effects of novel supercritical carbon dioxide (scCO2) fluid assisted polymer 

processing techniques on the thermal, mechanical and electrical properties of EAPs. Semi-

crystalline polymer Pebax and rubber elastomer Poly(styrene-ethylene-butylene-styrene) - SEBS 

was chosen as the base polymeric material; and in order to enhance the electroactive properties, 

graphene-graphene oxide were used as filler material. The research begins with preliminary 

investigations of the scCO2 processing of polymers at various critical pressures. This initial study 

indicated that both polymers resulted in increased microphase formation producing a more 

homogeneous co-polymer base material and decreased the mechanical properties due to the 

foaming effect. In order to enhance the electroactive properties of the base polymers, graphene-

based filler materials at low concentrations (<2.5% wt.) were used, processed with and without 

scCO2. Clear enhancement with respect to mechanical properties and crystallisation kinetics 

were observed below 1% filler loading and additional information on the exfoliation and 

agglomeration effects were drawn. Finally, the effects of reprocessing scCO2 processed 

composites were investigated. Various crystallisation kinetics theories were used to understand 

the effects of scCO2 processing on the crystallisation process; these results were validated using 

X-ray diffraction through crystallite size calculation. An in-depth understanding of results 

obtained from thermal, mechanical and electrical behaviour were co-related. The thesis 

concludes that the use of scCO2 processing induced rearrangement of polymer chains into 

favourable configurations resulting in exfoliation of filler particles with improved homogeneity, 

mechanical and electrical properties. Bending capabilities were evaluated by sulfonation of the 

manufactured SEBS graphene oxide composites. The sSEBS graphene oxide composites 

processed with scCO2 demonstrated a maximum bending actuation of 27 degrees.  
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1  Introduction 
 

During the last decade, polymeric materials have garnered attention for applications ranging 

from simple plastic artefacts to sophisticated products, such as electronic chips or biomedical 

devices. The ability to control the behavioural properties, such as the mechanical, thermal or 

electrical behaviour of polymeric material has attracted scientific researchers and industry to 

investigate new approaches, in applications such as drug delivery, artificial muscle or 

stress/strain sensors, in order to develop a stimuli-responsive polymeric matrix.   Specifically, 

thermoplastic elastomers (TPEs), a type of copolymer consisting of a hard thermoplastic and a 

soft rubbery part, are widely used in commercial products, due to the ability of TPEs to perform 

as elastic and plastic re-processable polymers. Among TPEs, electroactive polymers (EAPs) are 

a new class of polymers that have received attention in the field of engineering and material 

science. EAPs have proven to bring about technological changes in the field of actuation and 

sensing applications [1]. EAPs are a type of polymer that can change their shape and size, 

depending on the stimuli applied, such as heat, electrical, light and change in pH.  EAPs are 

considered to possess capabilities that can mimic human muscles, thus emulating biological 

actuation mechanism. A simple EAP-based actuator consists of a conducting or polarising 

polymeric membrane sandwiched between two electrodes. The use of additional nanoparticles to 

improve the performance of EAPs has garnered much attention due to their ability to tailor 

specific properties (thermal, mechanical or electrical activated/responsive) depending on specific 

applications. Moreover, such modifications on the addition of nanoparticles not only result in 

responsive polymer membranes but also become cost-effective polymer composites. However, 

one of the major challenges encountered in this research is the difficulty in confining the 

particles to the nano dimension within the polymer. This is usually achieved by overcoming the 

Van der Waals forces that result in the stacking of the particles, thereby diminishing the inherent 

mechanical and electrical properties of additives. Common processing techniques used to 

manufacture such composites include solution casting, melt-extrusion and in situ polymerisation. 

Of these, in situ polymerisation is most successful in producing highly dispersed polymer 

composites due to the lower viscosity of monomers when compared with polymers. Although a 

plethora of research studies exist on EAPs, the use of EAPs for smart commercial applications is 

still lacking from scientific research, mainly due to: 
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a. Their diverse thermal, mechanical and electrical behaviour changes depending on 

different processing conditions (specifically difference between research lab based 

solution casting method and industrial standard processing techniques such as extrusion 

and injection moulding) 

b. Need of high voltage to energise/activate EAPs for appropriate actuator or sensing 

applications (in the case of dielectric EAPs class) 

c. Knowledge gap to use standard polymer processing techniques for high volume low-cost 

production, which in turn, affects the technological performance and price 

d. Other concerns such as performance deterioration during EAPs lifetime, recycling issues 

that impact the ecological and environmental aspect and effects of additives or flame 

retardants on the health of the factory workers 

The ability to process materials at high density (large-scale production) and how these 

processing conditions affect the performance of the final device are considered as the current 

knowledge gaps. This is suggested as a probable reason behind the failure of EAP technology to 

the transition from the research scale into industrial applications. Therefore, manufacturing 

industries aim to understand the electromechanical behaviour of low-power EAPs and provide 

engineering solutions for the mass production of such EAPs. One of the most common routes to 

enhance the electromechanical performance is to use additional fillers or additives. However, 

issues with respect to uneven dispersion of fillers are persistent, specifically when the additives 

are in the size ranging from micro to nanoparticles. This knowledge gap forms basic motivation 

of this thesis, which is to investigate the electromechanical performance of electroactive 

polymers using a supercritical assisted polymer processing technique. 

The work in this thesis focuses on issues that aim to promote the transition of EAPs to practical 

industrial applications using industry standard polymer processing techniques (such as extrusion 

and injection moulding). These industry standard processing techniques exhibit simpler, faster, 

and cost-effective alternatives, with the ability to easily tailor mechanical and electrical 

properties by using additive/filler particles. In addition, the novelty of this research comes from 

the use of supercritical fluid technology to enhance the electromechanical properties of EAPs by 

providing even dispersion and exfoliation of graphene within the polymeric matrix. The aim of 

this research work is to provide a better understanding of the effects of a supercritical carbon 

dioxide assisted polymer composite processing technique on the electromechanical performances 
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of the manufactured polymer composites. Novel processing techniques which exploit 

supercritical fluids have unique and enormous potential for enhancing the processability of 

polymers. The ability of supercritical fluids to swell and plasticise polymers is crucial to the 

modification of polymeric material which results in reducing the viscosity of the polymer melt 

and changing the mechanical and physical properties of the polymer. In the case of polymer 

composite manufacturing, the supercritical fluid can enhance the even dispersion of 

nanoparticles by separating the tightly stacked layers apart, thereby enhancing the 

electromechanical performance of the polymer. The manufactured composites are evaluated as 

bending actuators on the application of low electric (6-8 V) stimuli.  

1.1 Organisation of Thesis 

The objectives of the research work are divided into a number of chapters.  

Chapter 1 of the thesis gives a brief introduction and defines the aims and objectives, materials 

selected and methodology for this research work.  

Chapter 2 provides a literature survey of the materials used, manufacturing processes used and 

the effects of these on the electromechanical performance of polymeric membranes.  

Chapter 3 presents experimental methodologies carried throughout the chapters. Specifically, 

characterisation techniques such as thermal gravimetric analysis, differential scanning 

calorimetry, dynamic thermal-mechanical analysis and fourier transform infrared spectra were 

used to evaluate the thermal properties and understand interactions of the manufactured 

extrudates. dynamic mechanical thermal analysis, tensile test and conductivity test were carried 

out to evaluate the mechanical properties and electrical properties of the polymer composites.  

Chapter 4 focuses on the effect of supercritical assisted processing of polymers at various critical 

pressures (800psi, 1000psi and 1200psi) on the thermal and mechanical properties. The effects of 

such processing conditions were validated using differential scanning calorimetry, dynamic 

mechanical analysis, Fourier transform spectra and tensile test.  

Chapter 5 and Chapter 6 investigated the effect of adding filler particles such as graphene and 

graphene oxide when processed with assisted supercritical carbon dioxide for Pebax (Ch-5) and 

SEBS (Ch-6) polymer matrices. Graphene was selected as the additive or filler material due to its 

ability to be easily tailored providing additional functionality (graphene oxide). These chapters 

provide a complete insight into how the addition of graphene and graphene oxide particles affect 
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the thermal mechanical and electrical characteristics of the manufactured porous Pebax and 

SEBS composites.  

Chapter 7 (Pebax composites) and Chapter 8 (SEBS composites) look at the effect of 

reprocessing the polymer composites that were discussed in Chapter 5 and Chapter 6 in relation 

to the thermal, mechanical and electrical behaviour. The composites which were produced with 

assisted supercritical fluid (porous membrane) were reprocessed and the characteristic results 

were compared against composites which were extruded without supercritical fluid at various 

filler concentrations. Chapter 8 provides the evaluation of all the processed polymer composites 

to act as bending actuator.  

Finally, Chapter 9 includes the conclusions and suggested future work. Throughout the thesis, an 

in-depth study of the crystallisation kinetics under the isothermal and non-isothermal condition is 

presented, specifically for the Pebax composites. Additional X-ray diffraction analysis was 

carried out to evaluate the effect of filler particles and supercritical processing on the actual 

crystallite size of the polymer composites.  
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2  Literature Review 

2.1  Introduction 

Electroactive polymers (EAPs) are a type of material which changes its shape or size upon 

external stimuli. EAPs open up new applications in emerging technologies that are low cost, are 

compatible with various fabrication techniques and are stable at different environmental 

conditions [2].  EAPs are not only proposed for possible applications in biomedical engineering 

as actuators or sensors but also in microelectronic mechanical systems (MEMS) and robotic 

systems [3]. Based on the type of activation mechanism, EAPs are divided into Ionic EAPs, 

which involve mobility or diffusion of ions and Electronic EAPs, which are driven by an electric 

field or Maxwell forces [2-4]. Ionic EAPs (carbon nanotubes, conductive polymers, ionic 

polymer gels, ionic polymer metallic composite) require low voltage and can produce 

bidirectional activation depending on the voltage polarity.  

 
Figure 2.1 Classification of Electronic EAPs (adapted from [1, 5]) 

On the other hand, electronic EAPs (electrostrictive, electrostatic, piezoelectric, and 

ferroelectric) exhibit higher mechanical strength requiring high voltage and can hold induced 

displacement under DC voltage, and are thus suitable for robotic applications [5, 6]. A clear 
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Ionic polymer gels 
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(IPMCs) 
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(ICPs) 
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(CNTs) 

Electronic EAPs 

Ferroelectric polymers 

Electrostrictive graft 
elastomers 

Electrostrictive paper 

Piezoelectric polymer 
(PVDF) 

Liquid crystal elastomers 
(LCEs) 
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classification of electroactive polymers is shown in Figure 2.1. Federico [5] reported that the 

ionic class of EAPs are more suitable for artificial muscle applications because of low voltage 

requirement, bi-directional actuation depending on voltage polarity and wet/dry state operation 

Table 2.1. 

 Table 2.1 Difference between Ionic and Electronic EAPs (adapted from [1, 5]) 

Ionic EAPs Electronic EAPs 

Mostly bending actuators with strong bending 

capability 

Planar actuators with large in-plane 

deformation 

Actuators may require electrolyte (“wet /dry 

actuators”) 

Actuators work also in the dry state (“dry 

actuators”) 

Low voltages in the range of a few volts High activation voltages in the range of 

several kilovolts 

Slow response (tenths of a second) and 

relaxation(minutes) 

Rapid response (milliseconds) and relaxation 

(seconds) 

Strain/stress against an external load is not 

held under DC activation 

Deformed state/stress against an external load 

maintained under DC activation 

Low activation stresses Large activation stresses 

Production of stable material/actuator difficult Long life under ambient conditions 

Expensive, often not commercially available Cheap, usually commercially available 

Hydrolysis in aqueous conditions (> 1.23 V) Requires compromise between achievable 

strain and stress 

2.2 Working Principles of Ionic Polymer Metal Composites 

A type of EAP known as ionic polymer metal composites (IPMC) has brought much attention to 

the field of actuators and sensor for the biomimetic application. IPMCs consist of an ion-

exchange polymer film coated with metal electrodes. IPMCs have large bending capabilities with 

low applied voltage, simple fabrication processes and beneficial miniaturisation capabilities [7, 

8]. Hunter and Oguro et al [9, 10] reported Nafion (ion exchange membrane)-platinum 

composites which show fast response under low applied voltage. When an electric field is 

applied, the mobile cations move towards stationary anion groups. The movement of cations and 

water causes a change in shape of the IPMC depending on the polarity of applied voltage [11, 

12]. Thus, the IPMC device can be divided into two stages with respect to their functionality and 

fabrication process as shown in Figure 2.2: Ion-Exchange Membrane (IEM) and Surface 
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Electrode. IEMs are characterised by their ionic side groups, allowing ions to be transported 

through the membrane. Nafion (Dupont) and Flemion (Asahi Glass) are the most commonly 

used membranes, having sulfonate (SO3
-
) and carboxylate (COO

-
) side groups, respectively [11]. 

Nafion is considered for most of the actuator applications because of its high ion-exchange 

capacity, thermal and chemical stability, and good mechanical properties, whereas the 

electrolytes such as H 
+
, Li 

+
, and Na

+
 play an important role during bending [13, 14].  

 

Figure 2.2 IPMCs based Actuator: (a) before the voltage is applied and (b,c) after the application 

of voltage [14] 

Ionic EAP’s still face issues due to their inability to tailor the mechanical, electrical or thermal 

properties of the manufactured polymeric membrane due to use of standard polymers [8, 15, 16]. 

For example: silicones and acrylics in the case of dielectric EAPs (elastomeric material - good 

mechanical and fair electrical properties), ferroelectric polymers which maintain permanent 

electric polarisation such as PVDF (polyvinylidene fluoride) (stiff material- mechanically bad 

electrically good), and in case of ionic EAPs such as conductive polymers (polypyrrole and 

polyaniline)  and IPMCs (consist of Nafion and Flemion membranes) face difficulties in both 

mechanical and electrical compliance due to limited knowledge on the available charge transfer 

sites and motion of ions in and out of the polymeric films [8]. 
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2.3 Characteristic Enhancement using Additives/Fillers Materials 

A composite results from of mixing two or more materials and usually enhance the properties of 

the consequential material. Composites have paved a long way since the ancient Egyptian era 

with first ever use of mud-straw mixture to construct stronger buildings. Specifically, over the 

last three decades, materials manufacturers are constantly finding new ways to combine the 

intrinsic properties of a specific loading material onto the primary carrier material (usually 

polymers) in order to achieve lightweight yet mechanically strong parts. Although the current 

material manufacturing industry has achieved huge success in terms of commercialisation and 

meeting the needs of low volume production of carbon fibre based composite materials; these 

advancements are limited to the aerospace market only concentrating on how to achieve 

relatively high strength to weight ratio and an easy yet inexpensive way to manufacture. 

Unfortunately, researchers/designers fail to foresee the complexities surfacing the carbon-based 

filler materials in order to meet specific smart applications, where not only mechanical properties 

but thermal and electrical properties have also become one of the prime design considerations for 

complete system design. For example, an application like structural health monitoring systems in 

the case of bridges and wind turbines, artificial muscle applications in the case of robotic 

systems, construction and rails and/or medical devices, well-established carbon fiber composite 

technologies have a limited applications compared to their traditional counterpart virgin 

materials such as polyvinylidene fluoride, nafion, polyaniline and polypyrole. For these reasons, 

graphene-based additive materials have been chosen for this research, where mechanical, thermal 

or electrical characteristics can be easily tuned depending on the design specification, in spite of 

major roadblocks and challenges that arise in terms of scalability, particle dispersion within the 

polymer matrix and lack of standardised testing methods. Although this research does not focus 

on how to achieve high scalability at low cost, it investigates how the properties of the graphene-

based electroactive polymer composite matrices can be tailored (mechanically, thermally or 

electrically) depending on specific requirements by using supercritical assisted polymer 

processing technique to attain even dispersion, exfoliation and maintaining the functionalised 

properties of graphene filler materials.  

2.4 Supercritical Fluid (SCF) 

A supercritical fluid is any substance or matter at a temperature and pressure beyond its critical 

point. Supercritical fluids are characterised by any phase i.e. there is no distinction between gas 

and liquid beyond the critical point. Supercritical fluids (SCF) has the capabilities to fill up a 
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container behaving near to gas from one aspect and take the shape of the container acting near to 

liquid in different aspects [2, 17]. Thus, SCF is characterised by the inability to distinguish if the 

substance as a liquid or a gas. A phase curve represents the idealised temperature-pressure 

behaviour on the phase of any material. The phase curve also defines the boundaries of the phase 

region for a given material [18, 19]. Consider a material which is placed in a closed system along 

with a gradual increase in temperature and pressure until the characteristic critical point is 

reached. It can be observed from Figure 2.3, as the temperature and pressure increase, the phase 

curve between liquid and gas disappears beyond the critical point. This dynamic equilibrium 

beyond critical points is called a supercritical fluid region [20, 21].  

 

Figure 2.3 Phase diagram representing the supercritical region [21] 

A supercritical fluid shows physical and chemical properties intermediate between those of 

liquids and gases. Supercritical fluids have the following characteristics [13, 20, 22]: (i) 

solubility approaching the liquid phase, and (ii) diffusivities approaching the gas phase. 

Therefore, supercritical fluids have densities and diffusivities similar to liquids and viscosities 

comparable to gases, as outlined in Table 2.2. 

 Table 2.2 Comparison of phase densities and diffusivities (adapted from [20]) 

Phase Density (g/cm
3
) Viscosity (Poise) Diffusivity (cm

2
/s) 

Gas 10
-3

 0.5-3.5x10
-4

 0.01-1.0 

Supercritical Fluid 0.2-0.9 0.2-1.0x10
-3

 0.1-3.3x10
-4

 

Liquid 0.8-1.0 0.3-2.4x10
-2

 0.5-2.0x10
-5
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As observed in Table 2.2, the supercritical fluid diffusion coefficient is more than ten times that 

of a liquid and both the viscosity and diffusivity are dependent on temperature and pressure. In 

the region of the critical point, viscosity and diffusivity are considerably less than that of a liquid 

[22-24]. The properties of gas-like diffusivity, gas-like viscosity and liquid-like density have 

provided the motivation to use supercritical fluid technology to a variety of problems [23, 25]. 

Kazarian reported that one of the major advantages of a supercritical fluid is that the density can 

be easily tuned from gas to liquid without changing the molecular structure by simply changing 

the pressure of the fluid. This tunable property of supercritical fluids makes it advantageous for 

adjusting many properties of process operation that can be realised through density tuning. The 

list of compounds used as SCF is presented in Table 2.3 

Table 2.3 List of compounds used as supercritical fluid [21, 23, 25] 

Solvents Tc(°C) Pc(MPa) ρc(g cm
-3

) 

N-Methyl-2-pyrrolidone (NMP) 450.9 4.8 0.318 

N, N-Dimethylformamide (DMF) 376.5 4.4 0.293 

Water 374.0 22.1 0.322 

1-Butanol 289.3 4.4 0.270 

1-Propanol 263.5 5.2 0.275 

Ethanol 240.9 6.1 0.276 

Methanol 239.5 8.1 0.272 

Isopropanol 234.9 4.8 0.273 

Hexane 234.1 3.0 0.233 

Ammonia 133.0 11.4 0.244 

Carbon dioxide (CO2)  31.0 7.3 0.469 

Although many compounds are available to be used as a supercritical fluid (Table 2.3), 

supercritical carbon dioxide (scCO2) is most commonly used due to its unique characteristics, 

such as having a low critical temperature, being non-toxic and non-flammable, it is inexpensive 

and does not contribute to the net global warming effect [23, 26]. scCO2 is a clean and 

multipurpose solvent and a promising alternative to noxious organic solvents and 

chlorofluorocarbons [26]. Therefore, scCO2 saves cost and energy when compared to traditional 

polymer processing techniques such as drying and solvent removal, as CO2 is readily available as 

a gas under ambient conditions. The supercritical condition for carbon dioxide is attained at a 

low operating pressure and temperature (Tc=304 K/ 31.1 °C, Pc=7.38 MPa / 71.1Bar / 1058 psi) 

and it can be removed from a system by simple depressurisation [24]. Moreover, polymer 
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manufacturing processes such as extrusion or injection moulding can readily use the supercritical 

temperature and pressure range and as such, are cost effective. Many polymers become highly 

swollen and plasticised in the presence of CO2, allowing processing at low temperatures [26]. 

Hyatt et al, Nalawade et al and other researchers [24, 26, 27] have reported that scCO2 has a 

restricted capability to dissolve in all polymers (except silicones or fluorinated polymers) and 

high molecular weight polymers, however, it can plasticise thermoplastic polymers with a 

reduction in the glass transition temperature that could lead to processing with less energy.  

2.5 Polymer Processing using Supercritical Fluids 

The use of SCF has garnered much attention, not only due to their impressive density tuneability, 

low environmental effects or lower energy consumption, but SCF has a number of unique 

properties that can be useful to the present polymer processing techniques. Specifically, the 

molecular structure of carbon dioxide plays an important role in the processing of polymers. The 

overall effect of scCO2 on polymers is presented schematically in Figure 2.4.  

 

Figure 2.4 Effect of Supercritical carbon dioxide on glassy polymers [17]  

Usually, the adsorption of scCO2 into the polymer brings about swelling effects within the 

polymer matrix, in turn changing the mechanical and physical properties of the polymer. This 

swelling effect usually results in a reduction of the glass transition temperature due to enhanced 

segmental and chain mobility. However, upon returning to atmospheric pressure, effects such as 

foaming, impregnation or even extraction can be obtained accordingly. A review by Kazarian 

[23], summarised how the use of different methodologies or temperature-pressure conditions 

results in various outcomes.  The following sections concentrate on the specific composite-based 

processing techniques using scCO2. 
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2.6 Supercritical Fluid Technology in Processing Graphene Nanoparticles 

Graphene is becoming more popular due to its remarkable mechanical strength, elasticity, 

electrical conductivity and thermal stability. However, one of the crucial challenges that 

graphene-based materials face for complete industrial transition, is the inability to produce a 

more stable dispersion of graphene and its derivatives at a large scale. Therefore, methods of 

graphene production are growing rapidly to meet many applications [28-33]. One of the most 

simple and common means of graphene production is through solvent exfoliation yielding a 

graphene oxide (GO) monolayer and further reducing to graphene via thermal treatment. The use 

of additional reduction and exfoliation step to produce graphene monolayers, often use harsh 

reducing agents and high temperatures; this, in turn, limits the use of graphene in many 

applications, such as drug delivery systems or use of graphene in composites. The main 

disadvantage of this processing technique is that the chemical residue which difficult to remove 

and it gives a low yield. Another method of producing graphene is the chemical vapour 

deposition technique, which is an industrial standard technique that incurs the high cost and is 

difficult to strip off once deposited [30-32, 34, 35]. Figure 2.5 shows the current SCF techniques 

such as rapid expansion of supercritical solution (RESS), supercritical chemical deposition 

technique (SFCD) and supercritical anti-solvent technique (SAS) used in the processing of 

graphene particles.  

 

 

Figure 2.5 General representation of current SCF techniques used in the processing of graphene 

particles and their respective applications (adapted from [25, 36, 37]) 

 

Recently, researchers have reported the use of a supercritical fluid (SCF) for the synthesis of 

organic and inorganic material for the semiconductor device fabrication industry (as seen (Figure 

RESS (Exfoliated Graphene Sheets) 

Conductive electrodes and Fuel cells 

SFCD and SAS (Composite Particles) 

Bio-imaging, Polymer composites and Drug 
delivery  

Supercritical Drying 

(3D structures) 

Solar cells, TFT and Lithography  

Supercritical Foaming 

(3D structures)  

Batteries, Supercapacitors and tissue 
engineering,  

Current SCF techniques 
used for processing 
graphene particles 
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2.5) [33, 34, 36]. SCF offers potential benefits to tailor specific properties of graphene thereby 

enhancing the processibility of such graphene and functional graphene materials [30-34, 36-38]. 

One of the main advantages of using supercritical fluid is that it replaces the long duration ultra-

sonication usually used in mechanical exfoliation which results in defective graphene sheets, 

thereby disturbing the mechanical and electrical properties. A brief introduction is given to the 

current state of the art techniques used and their application in the context of processing of 

graphene using SCF.  

2.6.1 Rapid Expansion of Supercritical Solution (RESS):  In the case of graphene production, 

this process is mainly used for the exfoliation of graphite to produce graphene [37-40]. In a 

typical experiment, either CO2 or organic solvents such as dimethylformamide (DMF) or N-

methyl-2-pyrrolidone (NMP) are used. Graphite is immersed in the required solvent and 

pressurised until the critical temperature and pressure are reached. This process allows SCF to 

diffuse through the graphite layers. After a specified time, the pressurised cell is depressurised 

rapidly, where SCF expands the graphite interlayers producing graphene monolayers. Usually, 

organic solvents are used, where these exfoliated particles do not stack up again in interlayers of 

graphite. Therefore, the SCF process can completely eliminate the use of harsh chemicals, long 

ultra-sonication duration and additional reduction processes, which is a common process in the 

case of the chemical route of graphene synthesis. 

2.6.2 Supercritical Anti-Solvent Technique (SAS): This technique is mainly used to synthesise 

polymer-graphene composites. SAS is one of the industrial standardised micronisation 

techniques used for pharmaceutical and natural compounds. Typically, a solvent is chosen which 

has less affinity for CO2 and is highly mixable with the polymer. The solvent is mixed with a 

polymer and placed in an autoclave with the gradual introduction of graphene (depending on the 

wt. or vol. %). This autoclave is further pressurised to reach the critical temperature, where the 

scCO2 reaches a supersaturation condition due to its insolubility with the polymer molecules. 

This supersaturation and insolubility of the polymer provides mass transfer and results in the 

homogenous dispersion of graphene sheets in polymers [36, 41, 42]. A typical SAS technique 

was reported by Xiaolia et al [43] to produce a high throughput exfoliated graphene-pyrene 

polymer composite using dimethyl sulfoxide (DMSO) as the anti-solvent. While Rangappa et al 

[36, 42, 43] reported a one-pot impregnation of pyrene sulfonic acid (PSA) on graphene 

nanosheets using in situ supercritical exfoliation technique for a battery application.  
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2.6.3 Supercritical Chemical Deposition Technique (SFCD): This technique is similar to 

conventional CVD processes, except that a supercritical fluid (SCF) is used to deposit metallic 

nanoparticles on graphene nanosheets. Horibe et al demonstrated a method to deposit TiO2 

nanoparticles on the surface of carbon nanotubes for fuel cell/capacitor applications  [43, 44]. A 

typical experiment consists of two pressure chambers connected to each other by piping and 

separated by a needle valve. One of the chambers contains the metal precursors and the other 

container of graphene substrates/ nanotubes. The metal-containing precursor particles are 

sprayed over the graphene sheets in the reaction chamber and upon depressurisation, the metal 

molecules impregnate the surface of graphene. This is followed by nucleation and particle 

growth on the surface of the graphene. Similarly, silver nanoparticle-decorated graphene using 

supercritical synthesis for engine-oil nanofluids was reported by Yuan Meng et al [42, 45].  

2.6.4 Supercritical Drying (SD): In the case of graphene, the SD process is mainly used for 

drying of graphene-based hydrogels to form aerogels. The ability of hydrogels to retain the 

porous gel matrix is one of the major drawbacks of using the solvent evaporation process. As 

such, the evaporation process can result in the creation of an additional liquid-vapour interface, 

which, in turn, increases the surface tension leading to shrinkage and collapse of pore volume 

within the hydrogel matrix. In a typical SD process, the hydrogels are immersed in SCF soluble 

alcohol solvents such as acetone or ethanol and are placed in an autoclave. When pressurised, the 

scCO2 is completely soluble in acetone or ethanol. When depressurised, the soluble alcohol 

converts from the liquid to the supercritical state and to the gas state without entering the liquid- 

vapour state. This retains the porous gel matrix. Tewari et al [46] and De Cicco et al [47] have 

reported the drying of aerogels using the supercritical drying technique.   

2.6.5 Supercritical Fluid Foaming Technique (SF): CO2 is one of the most abundantly available, 

environmentally friendly and non-toxic foaming agents. In a typical foaming process, a pre-

fabricated graphene-polymer composite, usually prepared by in situ polymerisation or solution 

cast method is placed in an autoclave [48, 49]. It is then filled with scCO2 and the critical points 

are maintained for the desired duration. Due to the supersaturation of CO2 within the polymer 

matrix, the antiplasticisation effect is observed because of the sudden withdrawal of CO2. This 

results in nucleation and growth of bubbles within the polymer matrix. Yang et al [50] reported 

well controlled porous foams of graphene oxide-polypropylene carbonate using the scCO2 

foaming technique. This optimisation was controlled by carefully varying critical temperature 

and pressure to specifically meet the requirements of pore size for tissue engineering 

applications. Edward et al [51] demonstrated the use of the scCO2 foaming technique to enhance 
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and control the porosity, mechanical and biocompatibility characteristics for bone grafting 

application.   

2.7 Graphene-based Polymer Nanocomposites using Supercritical Fluid 

Graphene-based polymer composites are becoming more attractive due to their exceptional 

mechanical, electrical and thermal properties. However, one of the major issues with graphene 

composites is poor dispersion levels due to aggregation of graphene within the polymer matrix 

[36, 40, 50-52]. Because of these reasons, graphene oxide (GO) (which has an oxygen-rich 

surface) has replaced graphene fillers particles, due to its inherent ability to uniformly disperse 

within the polymer matrix [35, 36, 50, 52]. One of the most commonly reported techniques for 

preparing graphene/GO-based polymer composites is the solution intercalation method (or in situ 

polymerisation). This preparation method usually uses a readily available polymer or monomer 

mixed with graphene/GO under long ultra-sonication to provide an even dispersion. In addition 

to producing defective graphene/GO particles, this process also suffers from the poor interaction 

between the polymer and GO interface (fewer particles interact with the polymer chains). The 

supercritical fluid (SCF) processing technique produces homogenous composites due to its 

ability to interact with graphene/GO particles while also swelling the polymers. Therefore, SCF 

not only provides exfoliation of the graphene interlayer but also enhances the interaction 

between the polymer chain and the nanoparticle as one step process. Exfoliation of the graphite 

interlayer occurs when SCF solubilised polymer chains, diffuse and interact with the 

graphene/GO interlayer surface and in turn push the tightly stacked layers apart upon 

depressurisation [35, 36, 42, 43]. A proof of this concept is reported by Jang et al and Rangappa 

et al [43], where graphene sheet modified pyrene sulfonic acid with SCF produced more than 

60% of bilayer graphene particles when compared to that produced without utilising the SCF 

technique. In another case, Zhang et al [53], demonstrated the two-step synthesis process, where 

GO was first mixed with the polymer (polyethene-b-poly (ethylene oxide - PE-PEO) and then 

subsequently exposed to scCO2. It was observed that the polymer chain interacted with both the 

edges and the surface of the GO sheets resulting in a homogenous distribution of PEO 

crystallites on the surface of GO (similar experiments were also conducted on carbon nanotube 

PEO composites). However, the same process without SCF resulted in an amorphous PEO 

graphene composite. The authors (Zhang et al) suggest that the SCF process influences the 

polymer crystallite size and arrangement. In addition, the anti-solvent technique was also 

reported by Zheng et al to produce uniformly wrapped poly(vinylidene fluoride) on carbon 
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nanotubes (CNTs) using three different organic solvents (namely: dimethyl sulfoxide (DMSO), 

N,N-dimethylformamide (DMF) and N,N-dimethylacetamide (DMAc). It was reported that use 

of the high-pressure SCF anti-solvent - DMF and DMAc, showed more dispersion and wrapping 

of PVDF when compared to DMSO [53, 54]. Xu et al [55] and D Gui et al [56] have reported the 

scCO2 assisted in situ polymerisation of graphene oxide/polyaniline nanocomposites for 

supercapacitor applications [57]. The reported synthesis procedures used various ratios of GO 

and aniline monomer mixed into a solution with ethanol. This solution was then exposed to 

scCO2 using the anti-solvent technique, where the diffusivity and mass transfer characteristics of 

scCO2 help to impregnate polyaniline on the surface of GO. Similar RESS techniques have also 

been reported by S. Xu et al [56] in the preparation of highly conductive pyrrole graphene 

nanocomposite films.  The authors (S. Xu et al) suggest that SCF technique has a greater 

advantage in terms of producing graphene monolayer and even dispersion within polymer 

composites. 

2.8 Graphene Polymer Foams using Supercritical Fluid  

The use of scCO2 assisted foaming of polymer composites using high-pressure autoclaves are 

well documented, mainly due to the reason the scCO2 is more environmentally friendly when 

compared to ozone-depleting conventional blowing agents such as chlorofluorocarbons (CFC) 

and hydrochlorofluorocarbons (HCFC) [36, 55, 58, 59]. More specifically, one of the major 

applications of foaming is in the fabrication of scaffolds for tissue engineering [50, 60, 61]. The 

conventional chemical foaming agents cannot be used for tissue engineering applications due to 

their toxicity. Such a tissue engineering application, using the scCO2 foaming technique, is 

reported by G Yang et al [50, 60]. G Yang et al demonstrated enhanced mechanical strength and 

thermal stability of poly(propylene carbonate) by adding graphene oxide and using scCO2 as the 

foaming agent. The use of SCF further enhanced the storage modulus by 50% when compared to 

initial GO composite without SCF.  In addition, Gedler et al and M Antunes et al [62-64] also 

investigated the effect of higher CO2 critical pressure and critical temperature, which results in 

smaller denser cells. In addition, SCF not only provides even dispersion of nanoparticles within 

the matrix but also affects the crystallisation of polycarbonate. Typical experimental procedures 

consist of the preparation of a polymer composite/membrane, usually using the solution cast 

method or hot melt extrusion. These composites are then placed inside a high-pressure vessel for 

a specific duration to initiate the foaming process [62, 63]. In similar work by Tai-Rong Kuang 

et al [65], the fabrication of poly(lactic acid)/graphene oxide foams with high orientation and 
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elongated cell structure using scCO2 as blowing agent were reported. C Li et al [66], reported his 

work on polystyrene functionalised graphene nanocomposite foams prepared using scCO2. Li’s 

study reports the effect of SCF and fillers on the nucleation and thermal stability. It was reported 

that the GO agglomerated due to the non-polar nature of styrene and thus, reduced the nucleation 

efficiency. However, the higher GO ratio (more than 3%) improved the foam structure (pore size 

- 4.3 µm) and increased the glass transition temperature by 5 °C. At the same time, incorporation 

of reduced GO within the styrene group resulted in a dispersed system with high cell density. 

Additionally, the GO and reduced GO foams showed better mechanical and thermal stability 

when compared to virgin PS foams [66]. Recently, a polycarbonate graphene nanocomposite was 

prepared using a 1-step supercritical carbon dioxide process by G. Gedler et al [64] for 

electromagnetic shielding applications. The results showed that the shielding effectiveness was 

increased by 15 times after foaming (30 dB cm
3
/g- which is 4 x of copper - 35 times greater than 

that of non-foamed) and the relative permittivity of polycarbonate increased upon foaming and 

the addition of graphene. Here the samples were melt-compounded first by physical mixing of 

graphene into polycarbonate and further saturated in scCO2, up to 120 min at various critical 

temperatures (200-213 °C) and pressures (12-16MPa) with a rapid depressurisation rate of 

0.3MPa/s. This reported work showed that graphene-based polymer foaming using supercritical 

fluid produces a highly controlled cell size and enhances the thermal, mechanical and electrical 

properties of the foamed composites. However, potential applications of such foaming 

techniques using SCF, other than tissue engineering are limited. Such limitations arise mainly 

due to the poor justification of significant relation between the tunable properties of SCF 

(specific pressure and temperature used) on the properties of the foamed composites, and lack of 

investigation on direct one-step foam production using industrial standard polymer processing 

technique such as extrusion or injection moulding. 

2.9 Materials used in this Study 

Electroactive Polymers (EAP’s): The most common polymer membrane used in the fabrication 

of actuators is the perfluorinated membrane, such as Nafion (DuPont). Nafion is not 

environmentally friendly as it is a fluorinated polymer, and it is expensive for practical 

applications [67]. Although Nafion-based actuators are considered to perform well, they have 

problems such as the straightening-back phenomenon under a DC electric field [6, 68-72]. Thus, 

industry and research groups are constantly looking for much cheaper and ecologically 

acceptable polymer membranes to replace the most widely used Nafion polymer membranes. 
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This research proposes the use of Pebax and Poly (styrene–ethylene–butylene–styrene) (SEBS) 

as membrane materials.  

Pebax is a registered trade name for a group of polyether block amides manufactured by 

Arkema. The properties of Pebax such as mechanical stiffness, flexibility, biocompatibility, 

chemical resistance, ease of sterilisation which makes Pebax, a good choice for biomedical 

devices such as catheters and haemodialysis membrane tubings. Interest in the use of Pebax for 

sporting equipment and gas separation membranes has grown, mainly due to its low density, 

high mechanical performance and reverse selectivity for CO2 and H2. The general formula of 

Pebax is (A-B)
n
, and it combines linear chains of rigid polyamide segments (PA hard segment) 

interspaced with flexible polyether segments (PE soft segment) [33, 73].  

Figure 2.6 shows the chemical structure of Pebax. The presence of a polar (NH) amine functional 

group in the polyamide segment and (CO) carbonyl oxygen forming a polar ester linkage 

between the PA and PE segments within the copolymer makes Pebax an appropriate material for 

membrane-based applications, as these functional groups act as suggested charge transfer sites, 

which may provide mass transfer of charges. Pebax grade 5533 was chosen for this study.  

 

Figure 2.6 Chemical structure of Pebax
®
 [74] 

Poly(styrene–ethylene–butylene–styrene) – is a triblock copolymer (SEBS) which is a 

thermoplastic elastomer with high thermal and mechanical stability. SEBS consists of soft or 

amorphous ethylene-butylene block in between the hard styrene blocks [75]. Further, they 

maintain their mechanical properties; have high proton conductivity and high water uptake over 

a wide temperature range [73, 75-78]. Figure 2.7 shows the chemical structure of SEBS. SEBS 

has a low production cost with respect to that of Nafion. The styrene blocks of the SEBS can be 

subsequently sulfonated to provides high ionic conductivity [77-79]. Ehrenberg et al [80, 81] 

synthesised sulfonated polystyrene-block-poly(ethylene-butylene)-block polystyrene (SEBS) and 

reported proton conductivity of over 10
−2 

S/cm. 
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Figure 2.7 Chemical structure of SEBS 

Graphene and Graphene Oxide: Graphene is a two-dimensional, highly conjugated single-

atom-thick carbon material. It has drawn scientific and commercial interest in various 

applications in the field of electronics, quantum physics, novel material and chemistry [80-83]. 

Due to its unique single atom structure of hexagonally arranged sp
2
 hybridised carbon atoms [34, 

82-90], graphene has been proved to have better electrical, optical, mechanical and thermal 

properties. 

Carbon, the sixth element of the periodic table, has 4 valence electrons and a ground state 

electron configuration of 1s
2
, 2s

2
, 2p

2
. Every carbon atom in graphene has three covalent σ bonds 

with its nearest carbon neighbour in the trigonal xy plane forming 120° angles [82-86, 89, 90].  

The remaining pz electron orbital forms a π-bond whose electron density lies above and below 

the nodal xy plane. The valence electron wave functions are sp
2
 hybridised. The aromatic π 

electron cloud [91] and the crystal structure are responsible for the extraordinary electronic and 

thermal properties of the monolayer, bilayer and few-layer graphene [82-86, 89, 90]. The 

Schrodinger equation for the electron wave function using the tight binding approximation was 

calculated by Wallace [92] to estimate the electronic properties of single layer and multilayer 

graphene structure. The Fermi level lies exactly at the Dirac points in graphene which also 

separates the bonding and anti-bonding energy states [82-86, 89, 90]. In graphene, a linear 

(parabolic in metals and semi-metals) energy dispersion is observed at the Dirac points which are 

responsible for its electronic properties [34, 93]. The electrons in the linear dispersive region 

behave as massless Dirac fermions [34, 93]. Due to this reason, graphene is considered as a zero 

bandgap semiconductor or semi-metal. Morozov [87], indicated that up to a few layers of 

graphene can behave as conductive metals. This shows that as the number of layers is increased, 

the Dirac points separate from the Fermi level allowing for tuning the band-gap accordingly. The 

intrinsic Van der Waal force on the surface of graphene results in agglomeration of graphene 

particles. This, in turn, reduces the conductivity and reinforcement properties of nanocomposites. 

Therefore, it is crucial to control the thickness of graphene to attain specific electromechanical 

properties. Graphene particles offer the capability to modify or functionalise the carbon 

backbone, therefore, the graphene particles can be easily tailored according to specific 
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conductive or insulator requirements. The functionalisation of graphene can effectively reduce 

the agglomeration within the polymer matrix. Graphene Oxide (GO) is a thin sheet of graphite 

that is covalently decorated with oxygen-containing functional groups on the basal plane or at 

the edges. Graphene oxide acts as an electron insulator while it provides ion conduction due to 

specific site interaction of sp
2
 and sp

3
 hybridised carbon atoms [34, 87, 93]. The oxygen-

containing functional groups include hydroxyl, epoxide, carboxyl, diols and ketones. The heavy 

oxidation of graphene makes GO hydrophilic and thereby provides better dispersion in water. 

Studies have shown that the oxygenated basal plane enhances the interaction between the filler 

and polymer matrix thereby enhancing the electromechanical performance of the polymer matrix 

[34, 93]. 

Methodology: The composites were processed by using twin screw melt extrusion. Hot melt 

extrusion offers low cost and solvent-free approach to large-scale membrane fabrication. The key 

advantage of using melt extrusion method is that the degree of molecular alignment and the 

degree of crystallinity can be easily controlled compared to solvent casting method which in turn 

leads to improved mechanical strength and durability of polymer membranes [77-79]. 

 

Figure 2.8 Schematic of scCO2 assisted hot-melt extrusion process 

 

The use of high shear screws during the extrusion process promotes mixing of nanoparticles 

within the polymer matrix (process as shown in Figure 2.8). In addition, an appropriately porous 

morphology can be obtained by incorporating supercritical carbon dioxide during the process of 

extrusion. The extruded-calendared membrane is sandblasted to achieve an appropriately rough 

surface. Kazarian et al [25, 94, 95] reported that use of scCO2 reduces the viscosity with an 
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increase in the diffusion rate of the polymer. Rangappa et al [41, 43] demonstrated a one-pot 

supercritical fluid (SCF) assisted the exfoliation process to produce high-quality, large-scale, and 

processable graphene. The exfoliated sheets were described as 90 to 95% of the exfoliated sheets 

were < 8 layers with about 6–10% monolayers and the remaining 5–10% is ≥ 10 layers. On the 

other hand, Gulari et al [96] have reported a supercritical CO2 assisted technique to exfoliate 

layered silicates and delaminating graphite structure. Here, supercritical fluid assisted graphene 

exfoliation is proposed to open the cross-sectional number of graphene layers, thereby producing 

highly conductive graphene. Graphene oxide was synthesised using Hummer’s method [97, 98].  

2.10 Aims and Objectives 

Although several well-established processes/techniques have been reported to disperse 

nanofillers within the polymer matrix, solution-based SCF techniques have shown extraordinary 

results in the exfoliation of graphene-based nanoparticles (bilayers or few-layer graphene can be 

produced easily). SCF processing technique in the case of composites has shown even dispersion 

throughout the polymer matrix with short processing duration, which is otherwise difficult to 

achieve when compared to long duration ultra-sonication. This, in turn, enhances the mechanical, 

thermal and electrical property of the polymer nanocomposite. It is also unknown to how SCF 

processing effect the molecules or microphases/crystallite structure and size of the polymer. 

Therefore, this research hypothesises that SCF processing can play a crucial role not only in 

terms of exfoliation of graphene, or even dispersion, but also plays a key role in the alignment of 

crystallites size and the lamellar structure of the polymer. SCF-assisted foaming has also resulted 

in a more environmentally friendly technique to produce a well-controlled porous composite. 

Despite the number of SCF techniques available on the scientific research front, industrial 

standardised processing of polymers composites using supercritical fluid still remains 

unexplored. In addition to the advantages of SCF in the preparation of composites, there is a lack 

of sufficient investigation on graphene-polymer foams and their respective effects on the 

properties. Therefore, this research focuses on the use of supercritical fluid in preparing 

graphene-based polymeric composites using industrial standard polymer processing techniques. 

Potential modifications to polymer processing techniques using supercritical fluid in this 

research work include the following:  

a. The proposed study will investigate the electroactive polymer composite properties of 

nanocomposite based thermoplastic elastomers 
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b. This research will exploit the high-volume continuous scCO2 assisted polymer extrusion 

and injection moulding technologies to add value to existing low-volume batch 

production systems currently employed.  

The novelty of this work is in the use of nanofillers, such as graphene and graphene oxide that 

further improve the electromechanical behaviour of the EAP. The use of supercritical assisted 

polymer processing technique provides a homogeneous dispersion of nanoparticles and enhances 

their performance by interfacial interactions between the filler and the polymer matrix. The 

functionalisation of graphene enhances the interaction between the polymer matrices and 

enhances the electromechanical performance of the membranes. The ability to tailor the 

properties of EAPs using supercritical carbon dioxide assisted processing technique helps to 

provide an industrial solution with respect to the needs of low-powered, lightweight, 

environment-friendly and easy industrial production of EAPs for use in a broad range of 

applications.  

The aim of this work was to investigate the electromechanical performance of graphene-based 

electroactive polymer composites using supercritical assisted polymer processing technique.  The 

following objectives were proposed for the study,  

1. To investigate and understand the effects of supercritical assisted processing at various critical 

pressures (sub @ 800 psi, near @ 900 psi and beyond @1200 psi critical pressure) on the 

thermal and mechanical properties of Pebax and SEBS polymer matrix. 

2. To investigate the effect of incorporating graphene-based (graphene and graphene oxide) filler 

particles (at loading less than equal to 2.5 wt. %) into Pebax and SEBS polymeric matrices when 

processed with scCO2. 

- To understand the effects of various filler loading concentrations on the actual crystallisation 

kinetics of the manufactured Pebax polymer composites 

3. To understand the effects of reprocessing the scCO2 processed graphene-based polymer 

composites on the thermal and electromechanical performances of the manufactured polymer 

matrix.  

- To understand the effects of various filler loading concentrations on the actual crystallisation 

kinetics of the manufactured Pebax polymer composites 

4. Evaluation of bending actuating mechanism for all the manufactured composites 
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3 Experimental Methods 

3.1 Materials 

Poly (ether-block-amide) - Pebax
®
 was procured from Arkema, France. For ease of illustration of 

the trade name Pebax
® 

throughout the thesis, the word Pebax alone will be used. The received 

Pebax was stored at room temperature for several months before extrusion and material 

characterisation. Pebax (refer to Figure 2.6) was dried using a vacuum oven at 75 °C for 5-6 

hours to remove the moisture content before the start of any process. The 33 series of Pebax is 

composed of polyamide 12 (Nylon 12) as the hard segment and poly(tetramethylene oxide) 

PTMO as the soft segment. Pebax consists of 80% hard segments of polyamide-12 (PA12) and 

20% soft segments of poly(tetramethylene oxide) (PTMO) by molecular weight. The density of 

grade 33 series Pebax is around 1.01g/cm
3
 by ISO 1183.  

Poly (styrene-b-ethylene butylene-b-styrene)-(SEBS) (Kraton
®
 G1652E Polymer) with linear 

triblock structure and styrene/rubber ratio of 29/71 was supplied by Kraton Polymer Research, 

Belgium. The received SEBS (refer to Figure 2.7) was stored at room temperature for several 

months before extrusion and material characterisation. 

Graphene with a thickness of 6-8 nm, a specific surface area of 120 m
2
/g and purity of 99.5% 

was procured from Ionic Liquid Technologies, USA. Graphene was stored at room temperature 

for several months before any experiment. No additional graphene modification was carried out 

during the experimental procedure. 

3.2 Synthesis of Graphene Oxide using Hummer’s Method  

Chemicals required: Graphite flakes, Sodium nitrate (98%, Alfa Aesar), Potassium permanganate 

(99%, Alfa Aesar), Hydrogen peroxide (35% wt. Alfa Aesar), Sulphuric acid (98%, ACS) and 

Hydrochloric acid (35%, Alfa Aesar) 

 

Graphene oxide was synthesised through oxidation of graphite particles using Hummer’s method 

[98, 99]. The stepwise preparation is as follows: 

a. Graphite flakes (5 g) and NaNO3 (2.5 g) were mixed in a 1000 ml volumetric flask and 

kept in an ice bath (0-5 °C) with continuous stirring for 5 minutes. 110 ml of H2SO4 was 

added and kept stirring for 2 hours at the same temperature.  



24 

 

b. Potassium permanganate (15 g) was slowly added to the continuously stirred suspension 

under controlled conditions for about 1 hour by keeping the reaction temperature below 15 

°C (colour changes from black to green).  

c. The ice bath was removed and the mixture was stirred at room temperature for 15 minutes 

and then the temperature was increased to 35 °C until it was a thick brownish paste or for 

30 minutes. 

d. Deionized water (230 ml) was slowly added under continuous stirring. The temperature 

was then increased to 98 °C when effervescence was observed. The colour changes to 

copper or orange-brown (exothermic reaction – GO production process).  

e. The solution was further diluted with 400 ml of water and stirred continuously for 2 hours 

(golden brown).  

f. The solution was treated with 50 ml H2O2 to terminate the reaction when the colour 

changed to yellowish brown.  

g. The mixture was allowed to settle overnight, washed with HCl and then with deionized 

water several times using centrifugation until the pH was 6 or 7.  

h. After filtration, the GO cake was dried under vacuum at room temperature for 48 hours 

and cake was crushed to obtain powdered GO.  

3.3 Preparation of Polymer Composites  

A co-rotating twin screw extruder with length/diameter (L/D) ratio of 40:1 and/or 25:1 was used 

for the preparation of polymer composite of Pebax and SEBS combined with graphene and 

graphene oxide. Table 3.1 provides the details of polymer composite selection made under 

different conditions. 

Pebax and SEBS without scCO2 were extruded in a co-rotating twin screw extruder with L/D 

ratio of 40:1. Extrusion was carried out at a screw speed of 55 revolutions per minute, torque 

between 15 to 10 Nm, die pressure was maintained between 5-10 psi and temperature profile as 

per Table 3.2. 

For scCO2 assisted extrusion, an additional scCO2 setup consisting of a CO2 cylinder, injection 

pump and controller were installed together using stainless tubes to prevent the fluctuating 

pressure at the injection point and along the barrel (up and down). Additional kneading blocks 

were incorporated along the length of the screw to provide better mixing and avoid pressure 

fluctuation.  
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Table 3.1 Experimental matrix for extrusion of polymers/composites under different conditions 

 

 

Exp. 

No 

 

 

Polymers 

used 

 

 

Additives used 

(wt. %) 

Stage 1 processing 

– hot melt 

extrusion 

Stage 2 

reprocessing 

without 

scCO2 

 

 

Chapters 

 With 

scCO2 

Without 

scCO2 

1 a. Pebax 0 √ √ × 4.1 

b. SEBS 0 √ √ × 4.2 

 

2 

 

Pebax 

Graphene (0%, 0.25%, 

0.5%, 1%, 2.5%)  

√ × × 5 

Graphene Oxide (0%, 

0.5%, 1%, 2.5%) 

√ × × 5 

 

3 

 

SEBS 

Graphene (0%, 0.25%,  

0.5%, 1%, 2.5%)  

√ × × 6 

Graphene Oxide (0%, 

0.5%, 1%, 2.5%) 

√ × × 6 

 

4 

 

Pebax 

Graphene (0%, 0.25%, 

0.5%, 1%, 2.5%)  

√ √ √ 7 

Graphene Oxide (0%, 

0.5%, 1%, 2.5%) 

√ √ √ 7 

 

5 

 

SEBS 

Graphene (0%, 0.25%, 

0.5%, 1%, 2.5%)  

√ √ √ 8 

Graphene Oxide (0%, 

0.5%, 1%, 2.5%) 

√ √ √ 8 

 

Table 3.2 Temperature profile for extrusion of Pebax and SEBS composites 

The critical temperature and pressure of 31 °C and 1200 psi were maintained throughout the 

extrusion process for all the SCF-assisted samples as designed in experiment number 4 and 5 in 

Table 3.1. The flow rate was maintained at 2 ml/min and alternatively, the injection pump was 

refilled to avoid fluctuation in the flow rate (refer to Figure 2.8). All extrudates were then passed 

through a pelletiser system. The granulated composite material (Step 1) was further divided 

equally into two parts and where the first part was processed again without scCO2 (Step-2, 

reprocessed). All the reprocessed extrusion temperature parameters were maintained as described 

in Table 3.2. The second part was processed using injection moulding (Table 3.3) to attain a 

homogeneous and evenly dispersed flat polymer matrix (Step 2 Extrusion and Step 2 Injection).  

Material Temperature profile (Zones) (°C) 

1 2 3 4 5 6 7 8 9 Die 

Pebax 30 60 110 130 155 155 160 170 180 180 

SEBS 40 120 150 180 190 200 210 220 230 240 



26 

 

Table 3.3 Temperature profile for Injection Moulded Pebax graphene composites without SCF 

(Step-2 Injection Moulding without SCF) 

 

 

 

 

 

The formulation of graphene nanoparticles in the polymer nanocomposites was varied from 0%, 

0.25%, 0.5%, 1% and 2.5%. The term “treated” and “untreated” in the context of this Chapter 

means that the materials were processed with scCO2 (treated) and without scCO2 (untreated). 

The formulations of GO nanoparticles in polymer nanocomposites were varied from 0%, 0.5% 

and 2.5%.  

Table 3.4 Temperature profile of paraffin oil modified SEBS graphene oxide composite with/ 

without scCO2 

 

 

 

 

 

 

 When processing the SEBS/GO composites, the GO particles tend to lose their functional group 

due to the high processing temperatures required to process SEBS. For this reason, a small 

modification was made to lower the processing temperature of SEBS by using paraffin oil with 

SEBS in the ratio of 2:1. To start with, SEBS pellets were heated for 4-6 hour at 50 °C in a 

vacuum oven to remove any moisture. These pellets were immersed in a 2:1 ratio of SEBS to 

paraffin oil overnight before the day of extrusion. Table 3.4 shows the temperature profile of 

paraffin oil modified SEBS graphene oxide composite without scCO2 and with scCO2 

accordingly. 

3.4 Characterisation Methods and Techniques  

3.4.1 Thermal Gravimetric Analysis  

The degradation and thermal stability of all extrudates were analysed using a TGA Q50, TA 

Instruments. TGA measures weight changes in a material as a function of temperature under a 

Material Temperature profile (Zones) (°C) 

1 2 3 4 5 Sprue 

Pebax 110 130 145 155 165 170 

SEBS 170 175 220 230 240 240 

Material Temperature profile (Zones) (°C) 

1 2 3 4 5 Die 

SEBS without scCO2 30 100 120 130 130 130 

SEBS  with scCO2 30 100 110 120 125 125 
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controlled atmosphere. TGA measurements are used to determine the thermal stability of the 

manufactured polymer matrix. Each measurement was carried out using temperature increments 

of 10 °C/min, from room temperature to 650 °C. All the measurements were done using 

aluminium pans with sample masses of approximately 6 mg to 7mg.  

3.4.2 Heat/Cool/Heat Differential Scanning Calorimetry for Crystallinity Study of Pebax 

Chapter 4 and 5: All heat/cool/heat thermal analysis experiments were carried out using TA 

instruments 2000 DSC. Approximately 8 mg of each sample was hermetically sealed in 

aluminium pans. Standard heat/cool/heat test method with a ramp rate of 10 °C/min from -85 °C 

to 200 °C (first and second heating cycle) and cooling rate of 10 °C/min to -85 °C (cooling 

cycle) was used for each sample. Where required, curve smoothing up the process of 2 - 3 was 

used. 

3.4.3 Study on Crystallisation Kinetics of Pebax Graphene-Based Composites 

The characteristic behaviour of semicrystalline polymers or their composites, such as 

crystallinity and/or homogeneity can be determined not only by their chemical structure, chain 

conformation and molecular weight distribution but also by the mechanism and kinetics of 

crystallisation. It is well known that the properties of semicrystalline block copolymers, such as 

Pebax, depend strongly on the crystallisation mechanism of the hard block and the phase 

separation of incompatible hard–soft blocks. 

In Pebax, the process of crystallisation occurs through the linking of hard-soft segments, by 

means of hydrogen bonding between the amide and ether groups, respectively [100-102]. When 

a block copolymer crystallises from its melt, the crystallisation process is comparable to most 

homopolymers, where crystallites can easily grow to form spherulites without any restriction to 

the crystal growth. However, in phase-separated melts such as Pebax, the crystallisation process 

is confined to microdomains which restrict the crystal growth to one-two dimension. The 

addition of graphene particles (agglomerated or evenly dispersed) and scCO2 processing 

conditions further restricts/affects the crystal growth to one dimension, resulting in nanoscale 

crystal structures. These behavioural changes (degree and rate of crystallisation) with respect to 

the effect of particle dispersion/exfoliation and scCO2 processing conditions can be clearly 

observed by understanding the crystallisation kinetics.   

Therefore, in order to systematically investigate the effect of processing condition (use of scCO2) 

or the addition of filler particles on the polymer crystallisation process; isothermal and non-
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isothermal crystallisation kinetics studies were carried out with the help of differential scanning 

calorimetry.  

3.4.3.1 Isothermal Crystallisation Kinetics of Pebax Graphene-based Composites  

DSC thermographs were recorded for each of the Pebax samples using TA instruments 2000 

DSC. Each sample was heated from room temperature to 20 °C above melt temperature at the 

rate of 30 °C/min and was held isothermally for 10 minutes in order to remove all the thermal 

history or residue of crystallinity. The sample was then cooled to various predetermined 

crystallisation temperatures (Tc) at a cooling rate of 50 °C/min. A fresh sample was prepared for 

each of the Tc specific thermograms and the exothermic curves of heat flow as a function of time 

were recorded. Further processing and acquisition of data were done using Origin and TA 

universal data analysis software.  

Analysis Technique: The Avrami equation was used to describe the crystallisation kinetics of 

semi-crystalline polymer under isothermal conditions. This model describes the primary 

nucleation and growth of crystal units until their impingement towards the secondary 

crystallisation stage under isothermal conditions. A time-dependent relative volumetric 

crystallinity Xt under isothermal conditions can be expressed as:  

                 Equation 3.1 

The above equation can also be written as: 

    [         ]            Equation 3.2 

Where ‘t’ is the time, n is the Avrami exponent and k is the overall crystallisation rate constant 

which gives information on the mechanism of nucleation and the growth rate. The parameters n 

and k can be obtained from the slope and the intercept of the Avrami plot of log[-ln(1-Xt)] vs. 

log t. Lorenzo et al reported that polymers which nucleate sporadically and crystallise in a 

spherulitic manner usually have an Avrami index of 4. If the nucleation is instantaneous then the 

Avrami index is 3. The author also describes that the Avrami index of 3 and 2 describes axialitic 

sporadic and instantaneous crystallisation. In all of the experimental calculations, efforts were 

made to maintain the coefficient of determination of Avrami plot (r
2
) near to unity in order to 

obtain the best fit between the theoretical and experimental results. The relationship between k 

and t1/2 based on the Kurajica approach is defined as t1/2 = (ln 2/k)
1/n

. The theoretically calculated 

t1/2 and the practically obtained t1/2* are compared in the all the tables where the best match 

provides an indication of analysis correctness between the theory and the experimental value. As 
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described by Lorenzo et al, the relative crystallinity range of 3% to 20% was chosen for all the 

samples in order to obtain a good fit between the theoretical and experimental value.  

The crystallisation process under isothermal conditions is dependent on the thermal activation 

energy and the crystallisation rate parameter and can be described by an Arrhenius type equation 

as: 

 
             

  

   
 

Equation 3.3 

where K is a temperature independent pre-exponential factor,  E is activation energy, R is the 

gas constant, and T is the absolute temperature. The slope of the plot ln(K). (1/n) vs. 1/Tc 

determines the  E/R. The activation energy was calculated and was tabulated under appropriate 

sections through specific chapters. 

3.4.3.2 Non-Isothermal Crystallisation Kinetics of Pebax Graphene-based Composites 

DSC thermographs were recorded for each of the Pebax samples using TA instruments 2000 

DSC. Each sample was heated from room temperature to 20 °C above melt temperature at the 

rate of 30 °C/min and was held isothermally for 10 minutes in order to remove all the thermal 

history or residue of crystallinity. The sample was then cooled to 0 °C at a various cooling rate 

starting from 2.5 °C/min, 5 °C/min, 10 °C/min and 20 °C/min. A fresh sample was prepared for 

each of the cooling rates and the exothermic curves of heat flow as a function of time were 

recorded.  

Analysis Technique: The well-known Avrami analysis was articulated to understand the phase 

change process, nucleation and growth, of a given material and has most commonly been used to 

determine the isothermal polymer crystallisation kinetics [103-107]. However, the same can also 

be used for non-isothermal conditions. The degree of phase conversion is given by Equation 3.1 

and can be reduced to Equation 3.2. 

The parameters n and k are obtained from the slope and the intercept of the straight line by the 

plot of Log [-ln (1-X (t)) vs. Log t. The Avrami model has been modified by Jeziorny [108] to 

describe the non-isothermal crystallisation processes. Jeziorny’s analysis describes how the 

kinetic constants can be determined by using the Avrami equation. However, under non-

isothermal conditions, crystallinity/phase change is the function of temperature X(T). Therefore, 

the corrected kinetic constant (kˈ) as a function of the Avrami kinetic constant (k) and the 

cooling rate ( ) is given as follows:  
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        (

    

 
) 

Equation 3.4 

The relative crystallinity was calculated as a function of temperature and transformed to a time 

scale by using the relationship t = (Tcon- T)/  , where, Tcon is the crystallisation onset 

temperature at crystallisation time t = 0, T is the temperature at the crystallisation time t and   is 

the cooling rate. The reaction half-time (t1/2) can be calculated from the corrected kinetic 

constant (kˈ) from the following equation:  

 
  

 
  (

   

  
)

   

 
Equation 3.5 

In most polymer non-isothermal studies, the modified Avrami model fails to provide actual 

information on the phase transition and the structure, therefore the classical Ozawa model or 

Avrami-Ozawa is most applicable to non-isothermal conditions [109]. The Ozawa model extends 

the mathematical derivation proposed by Evans to non-isothermal crystallisation at a constant 

cooling rate with infinite isothermal steps as follows [110]:  

 
         

   

  
 

Equation 3.6 

where constant m is the Ozawa exponent, which is independent of temperature, and K* is a 

heating/cooling function. The plot of ln [-ln (1-X (T)] vs. ln   gives a linear fit, where the slope 

and intercept gives the kinetic parameters m and k*. The Ozawa exponent m provides qualitative 

information on the nature of the nucleation and growth process, whereas K* provides 

information related to the overall crystallisation rate and indicates how fast crystallisation occurs 

[107].   

Liu and co-workers [111] further combined the Avrami and Ozawa equations for non-isothermal 

polymer crystallisation analysis given by the equation:  

                 Equation 3.7 

where, F (T) = [K*(T)/k]
 1/m

, which defines the cooling rate required to reach a specific degree of 

crystallinity in a given crystallisation time and b is the ratio between Avrami and Ozawa 

exponents. A plot of ln   vs. ln t at a specific degree of crystallinity gives a straight line, where 

the intercept and the slope give the values of F (T) and b. 

Kissinger proposed activation energy considering the influence of various cooling rates under 

non-isothermal crystallisation process as follows [112]: 
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Equation 3.8 

where R is the universal gas constant and Tc is the peak crystallisation temperature. The plot of 

ln (ϕ/Tc
2
) vs. 1/Tc gives the linear slope determining the ΔE. 

3.4.4 Modulated Differential Scanning Calorimetry Analysis  

Chapter 4, 6, 7 and 8 – Both in the case of Pebax and SEBS: All experiments were carried out 

with TA instrument 2000 MDSC. Approximately 10 mg of the sample were encapsulated and 

sealed in aluminium pans. The sample and reference pans were matched for accurate heat 

capacity measurements. The heat capacity was calibrated using sapphire, while temperature and 

baseline were calibrated using indium. An oscillation period of 60 sec and amplitude of ± 0.47 

°C were used in modulated heating and cooling experiments. Pebax was subjected to 3 

successive thermal regimes, a) Rapid cooling of Pebax to –80 °C followed by heating at 3 

°C/min to 200 °C (250 °C in case of SEBS), b) Rapid cooling to -10 °C, and annealing for 0, 30, 

120, 180, 240 minutes and, c) Rapid cooling to –80 °C and heating again to 200 °C. At the 

beginning and end of each heating and cooling cycle, Pebax was held isothermally for 3 min. TA 

software for MDSC was used for recording, analysis and deconvolution of the signals. The least 

square method was used to smooth all the curves for better analysis. The level of smoothing was 

selected within the range of 8-12 to give minimum distortion and no shift of peaks. In all MDSC 

figures, the exotherm points upwards. An average of three samples was reported (n=3).  

3.4.5 Dynamic Mechanical Analysis for Pebax and SEBS 

Tensile flat samples were prepared by cutting an extruded sheet along the axis of screw rotation 

obtained from co-rotating twin screw extrusion. Dynamic mechanical analysis (DMA) was 

carried out on a TA Instruments DMA 800 to evaluate the viscoelastic properties of Pebax 

elastomer. The experiment was carried out in a ramp temp/multi-frequency mode from 25 to 120 

°C at a frequency of 1 Hz with a heating rate of 3 °C/min. DMA was used to measure transitions 

of mechanical failure of elastomer, maximum molecular chain movements of the same and glass 

transition of the samples using data obtained from storage modulus, loss modulus and tan delta, 

respectively, as the sample deforms at an amplitude of 16 µm under a sinusoidal deformation of 

1 Hz. An average of three samples was reported (n=3).   
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3.4.6 Dynamic Mechanical Rheological Testing for Pebax 

Rheological testing was carried out on a TA Instruments AR2000ex to evaluate the viscoelastic 

properties of Pebax. Frequency sweep test under oscillation procedure of Pebax melts at 172 °C 

was carried out using a parallel plate with 0.6 grams of the extruded polymer sample. The 

complex viscosity is the frequency-dependent viscosity function containing both the real and 

imaginary part, which is determined during the forced harmonic oscillation of shear stress.  

3.4.7 Fourier Transform Infrared Spectroscopy for Pebax and SEBS 

Infrared spectra were obtained with a Varian 600 spectrometer along with IR microscope of 

Varian 610 attenuated total reflectance-fourier transform infrared spectroscopy (ATR-FTIR). An 

ATR attachment was used on the Varian 610 to obtain IR spectra. FTIR spectroscopy was 

carried out at room temperature on clean solid extruded samples with a resolution of 4 cm
-1

. All 

data were collected between 700 cm
-1

 and 4000 cm
-1

 with an average of 32 scans.  

3.4.8 Mechanical Testing for Pebax and SEBS 

Tensile testing of supercritical assisted extrusion of Pebax and SEBS was performed using 

Zwick/ Roell Z010 with 2.5 KN load cell with a crosshead speed of 500 mm/min and maximum 

extension of 500%. The extrudates were cut per ASTM Type I dumbbell shape specimen along 

the axis of twin screw rotation. An average of five extrudates was calculated and plotted for each 

type (n=5). 

3.4.9 Electrical Conductivity of Pebax and SEBS 

The impedance of flat samples of each composite of thickness values between 1-2 mm was 

carried out using a Solartron 1260 impedance analyser with a 1296 dielectric interface. Electrode 

setup consisted of two parallel electrodes, both of 40 mm diameter, between which the material 

was placed and a 3Vrms alternating voltage applied. Impedance was measured for frequencies 

ranging from 1 Hz to 1 M Hz. An average of 3 samples was taken and standard deviation 

remained within 5% (n=3). 

3.4.10 X-Ray Diffraction for Pebax Composites 

X-Ray diffraction (XRD) data were collected using a PANalytical X’Pert MPD PRO with an 

X’Celerator detector and Copper anode, at 40 kV, 40 mA and a fixed divergence slit of 0.25°. 

The step size was 0.0167°. A Bruker-AXS Phaser diffractometer equipped with a copper source 
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and a Lynx eye detector operated at 40 mA, 40 kV was also used on some samples.  Similar 

results were obtained from both instruments. The instrument operated in a Bragg-Brentano (2θ) 

geometry which was fixed to the goniometer stage comprising 0.25° primary slits and the K-

Alpha2/K-Alpha-1 ratio of 0.5. Origin software was used to correct the baseline and calculate the 

full-width half maximum (FWHM). The well-known Scherrer formula was used to find the 

crystallite size given by [113, 114]: 

 
  

  

      
 

Equation 3.9 

where L is the average crystallite size in nanometre (nm), λ is the X-ray wavelength, β (2θ) is the 

peak width of the diffracted peak profile at half maximum height (also known as FWHM) in 

radians and K is a constant related to the crystallite shape normally taken as 0.9.  

3.4.11 Polarised Optical Microscopy for Pebax and SEBS 

Nikon ShuttlePix P-400Rv Digital microscope with 20x zoom capabilities, attached to a 

motorised focus stand was used to capture the surface profile of the polymer matrix. The samples 

were immersed in liquid nitrogen and were cryo-fractured to obtain the cross-sectional surface 

morphology.  

3.4.12 Scanning Electron Microscopy for Pebax and SEBS 

The samples were immersed in liquid nitrogen and were cryo-fractured to visualise the 

distribution of additives in the polymer matrix along the thickness (traverse cross-section area). 

Morphological studies were carried out in TESCAN scanning electron microscopy (SEM) at 20 

kV. Different regions were selected and element mapping was performed to get the information 

about the filler distribution profile. 

3.4.13 Transmission Electron Microscopy for Pebax and SEBS 

Different composite samples were carefully sliced and transferred to copper grids of 400 mesh 

sizes. Then a 200 kV FEI-Tecnai G2 20 S-TWIN High-resolution Transmission Electron 

Microscope was used for the analysis of additive dispersion. Bright-field transmission electron 

microscopy (TEM) images of composites were obtained at different magnification from 1.7kx-

19kx at 80 kV. ImageJ software was used for further analysis to enhance the desired region of 

the sample where required. 
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3.5 Evaluation of Bending Actuation 

3.5.1 Sulfonation of SEBS Composites 

The extruded membranes (0.5 to 0.6 mm thick) were grafted with sulfonic moieties to make the 

membrane ionic active using a solution of chlorosulfonic acid (CISO3H) and 1,2-dichloroethane 

at room temperature. The chlorosulfonic acid concentration was maintained at 0.75M and the 

sulfonation time of 60 minutes was used for all the samples. After sulfonation, the membranes 

were neutralised and washed using methanol and distilled water until a pH of 6-7. The 

membranes were stored in distilled water for 24 hours for further analysis. The water uptake 

capacity (WUC) was calculated using the following equation: 

 
     

         

    
      

Equation 3.10 

where Wwet and Wdry are the weight of wetted and dried polymer membranes respectively.  

3.5.2 Bending Actuation of SEBS Composites 

The dried membranes were sputtered with 150-200nm platinum on both the sides to form 

electrodes. The samples were then cut into rectangular shapes with a length of 1-1.5 cm and 

width of 0.2-0.4 cm. The cut membranes were stored in distilled water for actuation. To evaluate 

the bending actuation ability, the wet membranes were held at one end using copper tape and 

connected to positive and ground leads of the power supply. The actuation capabilities were 

noted by varying the input voltage between 0-8 V and current of 40-60 mA.  
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4 Investigation of the Effect of Supercritical Carbon Dioxide Assisted 

Processing of Pebax and SEBS at Various Critical Pressures 

4.1 Introduction 

The supercritical carbon dioxide state comes into existence by means of a change in the physical 

properties, when carbon dioxide is raised beyond its critical temperature and critical pressure. 

Beyond such critical condition, carbon dioxide possesses solvating power like a liquid and 

diffusivity of a gas. Therefore, the supercritical fluid is considered as a good processing medium 

for a variety of chemicals and polymers. Specifically, supercritical assisted processing helps to 

obtain one-step foamed polymers with high throughput. Hence, it is important to understand the 

effects of various processing conditions on the thermal and mechanical properties of the 

manufactured polymer. This research chapter (Ch-4) focuses to understand effects of 

supercritical assisted processing at various critical pressures of selected polymers with respect to 

thermal, mechanical and rheological properties. This investigation will help to identify and 

choose specific processing conditions that are required for artificial muscle application. Pebax 

and SEBS were chosen based on the requirement of shape memory properties, thermal stability, 

polymer polarity and ease of manufacturing. This study investigates the effects of a supercritical 

assisted extrusion process at various critical pressures (800 psi, 1000 psi and 1200 psi) on the 

thermal and mechanical properties. This chapter forms the foundation to all the other chapters, 

where depending on the results obtained from the thermal and mechanical properties, specific 

processing conditions were selected and these processing parameters were employed for all the 

other chapters (Ch-5,6,7 and 8). Differential scanning calorimetry, thermal gravimetric analysis, 

dynamic thermal analysis and tensile testing are major characterisation techniques used to 

analyse the effects of various critical processing conditions on thermal and mechanical 

properties.  

4.2 Section 1: Supercritical Fluid Assisted Processing of Pebax at Various Pressures 

4.2.1 Thermal Gravimetric Analysis of Pebax at Various Critical Pressures 

TGA measurements were made for samples that were extruded for virgin Pebax, Pebax
 
at 800 

psi, Pebax at 1000 psi and Pebax at 1200 psi. Figure 4.1 shows the weight percentage and 

derivative weight measurements of supercritical assisted extrusion of Pebax at various critical 

pressures. It is evident from the TGA measurements that the supercritical assisted extrusion has 
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not resulted in significant changes in thermal degradation. The maximum degradation 

temperature remains almost the same as to the virgin Pebax at around 440 °C. 

 

Figure 4.1 TGA measurements of Pebax at various critical pressures 

4.2.2 Differential Scanning Calorimetry Analysis of Pebax at Various Critical Pressures 

Figure 4.2 shows the DSC thermograms of all the extrudates with its first cycle and gives a very 

smooth curve and only one endothermic peak at 159 °C, which is associated with the melting 

temperature (Tm) of the polyamide-12 hard phase. An endotherm (depression) is evident at 

around 45 °C (Figure 4.2) in all the scCO2 assisted extrudates, mainly due to the orientation of 

PTMO crystals resulting in a higher melting point (from unclear/hidden 15 °C to evident 45 °C). 

The melting point of soft PE block (PTMO) is around 15 °C; however, no such observation has 

been made due to the reason that PMTO composition in Pebax is much smaller when compared 

to Nylon-12 (crystalline PA-12). 

In addition, this melting point lies within the reported equilibrium melting temperature range of 

40-90 °C for low molecular weight homogenous PTMO, which can only be created due to the 

high orientation of the polymer chains [115-118]. The further justification that this evident 

endotherm at 45 °C is a result of PMTO linkage ordering/crystallisation originates from the 

second heating cycle, which shows similar behaviour to extruded Pebax with no melting 

endotherms at 45 °C/90 °C. This difference between the first and second cycle arises due to 

change in the crystal morphology that was created due to scCO2 (first cycle) and consecutive 

heating to its melt decreases the PTMO crystallites (second cycle). 
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Figure 4.2 DSC thermogram of Pebax at various critical pressures 

D.S Kaplan and D.J Hourston [119-121] have described that when the size of two intermixed 

domains exceeds 15-20 nm, then two peaks representing the phase transitions blend into one. 

Similarly, the clear and smooth effect on the thermogram may be due to the formation of an 

additional interphase layer with domain size smaller than 15-20 nm, thereby restricting the 

creation of additional endotherms/transitions for newly formed intermixed phases. This may also 

be the reason that no glass transition temperature is ascribed to polyamide block (PA-12 Tg 

around 50 °C) in block copolymers by many manufacturers and researchers. An ambiguity still 

remains as to why the depression at 90 °C appears, whether due to the PTMO or nylon 

(amorphous part of nylon) arrangement, therefore, this depression is ascribed to PTMO/nylon 

linkage. The degree of crystallinity (Xc) of polyamide 12 hard phase Pebax and scCO2 assisted 

Pebax was calculated using Equation 4.1 [122] and is presented in Table 4.1.  

                                         Xc = (∆Hf /∆Hf
*
) x 100   Equation 4.1 

Where, ∆Hf is the enthalpy of fusion determined from MDSC thermograms and ∆Hf
*
 is the 

enthalpy of fusion of perfect crystalline (polyamide-12); ∆Hf
*
 quoted for polyamide 12 in Pebax 

is 65 J/g [122, 123]. 

Table 4.1 suggests that the polyamide segments which participate in consecutive crystallisation 

cycles have lower molecular weight due to interaction induced by scCO2; this is in agreement 

with observations made by Bonder et al [124]. An evident decrease in the consecutive cycle is 
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observed in the degree of crystallinity, especially when Pebax was extruded in the supercritical 

region (Pebax 1200 psi).  

Table 4.1 Degree of crystallinity of PA-12 in Pebax at various heating cycles 

 

Extrudates 

Cycle 1 

Xc 

(%) 

Cycle 2 

Xc 

(%) 

Cycle 3 

Xc 

(%) 

Cycle 4 

Xc 

(%) 

Cycle 5 

Xc 

(%) 

Pebax 

800 psi 

83.03 

85.92 

82.44 

83.92 

82.47 

82.16 

82.76 

81.69 

82.87 

81.00 

1000 psi 83.33 75.61 76.70 76.41 77.10 

1200 psi 65.20 56.24 54.20 54.92 54.21 

 

Another reason for increased (800 psi) crystallinity can be attributed to foaming processes with 

scCO2, similar to the investigation carried out by Wentao Zhai and his co-workers [125]. He 

reported that uniaxial or biaxial stretching may have resulted in the development of a crystalline 

structure in case of amorphous PLA. Similar propositions can be considered, such as exposure to 

CO2 induces cell nucleation, resulting in gas supersaturation, followed by cell growth due to a 

sudden pressure drop. 

Pebax, being a semi-crystalline polymer; a crystallisation peak is seen in the cooling cycle of the 

DSC cooling thermogram (Figure 4.3). It is evident that the crystallisation peak gradually shifts 

towards lower temperatures for Pebax treated with scCO2. Usually, the process of crystallisation 

takes place in two steps: a. nucleation and b. crystal growth. The nucleation step is defined as the 

step of initiation of new crystals or the onset of the formation of a new thermodynamic phase. 

Usually, nucleation processes are classified as heterogeneous nucleation, when the impurities act 

as a central nucleus initiator surrounding which atoms become oriented leading to crystal 

growth; and homogeneous, where a certain degree of supersaturation or supercooling of particles 

causes the particles to self-assemble to induce nucleation followed by growth. Heterogeneous 

nucleation occurs on the surface and is typically much faster than the homogeneous nucleation 

using classical nucleation theory. This demonstrated that supercritical fluid processing 

(specifically by just increasing the pressure from the sub, near and beyond critical points) makes 

Pebax a more homogenous material. 
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Figure 4.3 Crystallisation peaks for Pebax extruded at various pressures (cooling cycle) 

As the flow rate of scCO2 was increased from 2 ml/min to 2.5 ml/min, the onset of crystallisation 

temperature displaced further towards lower temperatures, only to show that the scCO2 treated 

samples take more time to initiate density fluctuation and onset of nucleation making the 

material more homogenous. In addition, the crystallisation peaks continuously broaden, 

depending on the increase in the scCO2 indicating crystal distortion due to foaming (from the use 

of scCO2) compared to virgin Pebax. This reveals that scCO2 has induced formation and growth 

of crystals over a wide range of crystal size (small to big, uneven crystallite size). 

This homogenisation process of a copolymer such as Pebax will further diminish the 

thermodynamic incompatibility between the hard and the soft blocks through the formation of 

multiple phases (crystallites) with smaller domain size. Such a process is further suggested to 

enhance the mechanical compliance between the hard blocks and soft blocks, thereby enhancing 

the ability of Pebax to possess the properties of being a mechanically strong yet flexible material. 

4.2.3 Dynamic Mechanical Analysis (DMA) of Pebax at Various Critical Pressures 

DMA results for supercritical fluid assisted Pebax are shown in Table 4.2 (storage modulus). 

Increasing the storage modulus is observed for scCO2 treated Pebax at 800 psi and 1000 psi, 

however, the storage modulus of Pebax treated at 1200 psi decreases. The broad transition 

observed at around 62 °C in tan delta curves is the result of viscoelasticity representing the glass 

transition temperature of the hard PA-12 block. From Figure 4.4 and Table 4.2, the increasing 
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storage moduli observed for 800 psi and 1000 psi can be attributed to an increased formation of 

crystallites and alignment of polymer chains due to uniaxial or biaxial stretching; this was also 

supported by the DSC results. However, the storage modulus of Pebax treated at 1200 psi 

decreases mainly due to increased nucleation and further cell growth due to a sudden drop in 

pressure at the die, thereby making Pebax less stiff (SEM results included). The increase in the 

pore size is associated with the higher probability of cell coalescence because of the rupture of 

the cell walls upon the quick release of relatively high pressures.  

 

Figure 4.4 Storage modulus of Pebax extruded at sub (800psi), near (1000 psi) and beyond 

supercritical region (1200 psi)  

Tan delta is the ratio of viscous to elastic response of the polymer, representing both elasticity 

and viscosity (loss factor). Tan delta is considered a good measure of the midpoint between the 

glass and rubbery state representing the Tg point or the measure of friction at the hard-soft block 

interface of the polymer. From Figure 4.5, the broad peak observed around 62 °C in tan delta 

curves is due to the result of viscoelasticity, representing the glass transition temperature of the 

hard PA-12 block. Reduction in the tan delta for Pebax 1200 psi shows that scCO2 processing 

has reduced the interfacial friction between the hard and the soft interface. 
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Figure 4.5 Tan Delta of Pebax extruded at the sub, near and beyond the supercritical region 

 

At room temperature (25 °C), the soft block is above its Tg (near to melting) while the hard PA 

block is in the crystalline phase. This instability between the large sized hard and the soft block 

provides friction at the interface, therefore virgin Pebax has higher loss factor (tan delta). 

However, when Pebax is treated with scCO2, the larger domains of the hard block and soft block 

become smaller (many crystallites–smaller domains as seen on DSC crystallisation peaks), 

making the material more homogenous thereby reducing the friction at the interface and the loss 

factor.  

Table 4.2 Storage modulus of Pebax extruded at the sub, near and beyond the supercritical region 

Samples Storage modulus measured 

at 30 °C (MPa) 

Extruded Pebax 100.97 

Pebax 800 psi 96.88 

Pebax 1000 psi 130.33 

Pebax 1200 psi 83.98 

4.2.4 Tensile Testing of Pebax at Various Critical Pressures 

This ability of the material to store energy up to the yield point is termed the modulus of 

resilience and the total area under the curve up to elongation at break is termed the modulus of 

toughness. Figure 4.6 and Table 4.3 illustrate the stress versus strain responses exhibited by 

virgin Pebax, Pebax at extruded 800 psi, Pebax at extruded 1000psi and Pebax at extruded 1200 

psi. A sharp yield point and lower elongation at break (less than 500%) are observed for pure 
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Pebax extrudates, which is mainly due to the higher content of hard PA segment. Here, a clear 

increase in resilience is observed with Pebax 1000 psi extrudates and slight decrease with Pebax 

800 psi when compared to unassisted Pebax extrudates. This increase in the yield strength can be 

attributed to an increase in the crystallinity/alignment of polymer chains into a more kinetically 

favourable condition when treated with sub and near scCO2. However, the extrudates at 1200 psi 

have decreased resilience due to the foaming effect induced by scCO2. In addition, this increase 

in Young’s modulus at 800 and 1000 psi can also be attributed to the alignment of the polymer 

chains with respect to the cell formation (DMA storage modulus enhancement due to the 

arrangement of the polymer chains with biaxial and uniaxial stretching of the cell walls). A 

depression in resilience can also be observed with Pebax 1200 psi extrudates when compared to 

unassisted Pebax extrudates. A similar pattern was observed in the storage modulus of the DMA 

results obtained here (Pebax 1000 psi), which means that the ability of a material to absorb 

energy is increased with higher stress, without suffering damage, thereby increasing materials 

stiffness, with near supercritical condition under elastic deformation. 
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Figure 4.6 Stress-strain response exhibited by pure extruded Pebax, extruded Pebax at 800 psi, 

extruded Pebax at 1000psi and extruded Pebax at 1200 psi 
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During the drawing process, the transformation of the material microstructure from spherulitic 

(containing a lamellar crystalline structure) to lamellar fragments, known as fibrillar 

microstructure takes place. This is usually followed by a rearrangement of structures to the new 

equilibrium position. It is clear from the stress-strain graph (both Pebax and Pebax 1000 psi 

extrudates) that an increase in stress beyond the yield point further promotes the flow of 

rearranged polymer chains or multiple microstructures slides across each other (dislocation of 

the polymer chain) due to strain hardening. However, after an elongation of 300%, Pebax 1200 

psi extrudates require lower induced stain to undergo the microstructural transformation, thereby 

reducing the toughness of the material making it almost equivalent to Pebax 800 psi extrudates.   

Table 4.3 Average Young's modulus of Pebax extruded at various pressures 

Samples Young Modulus (MPa) 

Extruded Pebax 142.56±5.72 

Pebax 800 psi 154.65±3.93 

Pebax 1000 psi 161.98±4.55 

Pebax 1200 psi 101.52±6.96 

4.2.5 Fourier Transform Infrared Spectroscopy (FTIR) of Pebax at Various Critical Pressures 

The ATR-FTIR spectra (transmittance and absorbance) of Pebax with and without assisted 

supercritical carbon dioxide recorded at room temperature are given in Figure 4.7 and Figure 4.8. 

It is clear from the transmittance and absorbance spectra that when Pebax is treated with scCO2, 

the major characteristic peaks at 1638 cm
-1

 (representing polyamide-12 block) and 1100 cm
-1

 

(representing polyether PTMO block) increase peak intensity (area and height). The peaks at 

1465 cm
-1 

and 1365 cm
-1 

representing CH2 vibration and C-N stretching of the amide group, 

respectively, reduce in absorbance intensity (Figure 4.8). The stretching and bending of the CNH 

bond present at 1555 cm
-1

 show a reduction in absorbance intensity. From Figure 4.8, the 

characteristic peaks at 1735 cm
-1 

and 1638 cm
-1 

represent the presence of O-C=O stretching of 

the carbonyl group of ester linkage and the N-C=O carbonyl vibration of the PA-12 group [126, 

127]. The amide carbonyl band at 1638 cm
-1 

is sensitive to hydrogen-bonding distance between 

the segments [128]. The amorphous amide is usually broader, while the crystalline state has a 

sharper peak. The peak at 1555 cm
-1 

is ascribed to CNH vibration with NH bending and CN 

stretching. The peaks at 1465 cm
-1 

and 1365 cm
-1 

represent the CH2 vibration and C-N stretching 

of the amide group. The soft PTMO blocks exhibit a stretching vibration of the C-O ether peak at 

1100 cm
-1

. It was clear from the transmittance and absorbance spectra (Figure 4.7 and Figure 
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4.8) that when Pebax was treated with scCO2, the major characteristic peaks at 1638 cm
-1

 and 

1100 cm
-1

 increase in intensity (area and height). 

 

Figure 4.7 FTIR spectra of Pebax extruded at various critical pressures 

A carbonyl absorbance peak height at 1638 cm
-1

 is very sensitive to the hydrogen bonding 

segments within the amide block; this increase in peak height suggests that scCO2 assisted Pebax 

has reduced/ the hydrogen bonding distance/intensity between the carbonyl segments which in 

turn may have resulted in the formation of perfect crystallites. Similar intensification of 

hydrogen bonding between the NH and O=C group has been reported by Hongwei Cao et al 

[129, 130]. The authors reported that an increase in the area of peaks corresponding to NH and 

O=C interactions can be ascribed to improved hydrogen bonding within the hard segments of 

polyurethane. In addition, on hydrogen bonding, the original NH and CN (1555 cm
-1

) stretching 

is affected. 
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Figure 4.8 Absorbance spectra of Pebax extruded at various supercritical pressures 

Specifically, CN stretching is lengthened due to electrostatic attractions between the hydrogen 

atoms of one molecule and oxygen atom of the other, therefore, the force constant of CN bond is 

reduced resulting in a decrease in the stretching frequency (1461 cm
-1

 to 1455 cm
-1

). Usually, the 

increase in peak intensity is also ascribed to orientation effects; however, the absorption peak in 

this study also shows the shift in the peak to lower wavenumbers which occurs due to the 

suggested change in hydrogen bonding length. Table 4.4 shows the values of the area under the 

characteristic peaks and %PA-12 and %PTMO calculation using the Equation 4.2. 

                                                 
     

             
                                 Equation 4.2 

Table 4.4 Tabulated area and height for percentage PA-12 calculation of Pebax 

Sample 

Name 

1638 cm
-1

 

PA-12 Peak 

Area 

1108 cm
-1

 

PTMO 

Peak Area 

1638 cm
-1

 

PA-12 Peak 

Height 

1108 cm
-1

 

PTMO Peak 

Height 

% 

PA-12 

% 

PTMO 

Pebax 1.93 2.14 0.074 0.061 54.81 45.18 

Pebax 800 3.62 4.27 0.136 0.110 55.28 44.71 

Pebax 1000 4.43 5.28 0.172 0.130 56.96 43.04 

Pebax 1200 4.30 4.99 0.170 0.126 57.43 42.56 
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The gradual increase in calculated PA-12% validates the rearrangement of crystallites into the 

more favourable manner, where the scCO2 treatment alters/tightens the hydrogen bond thereby 

pulling the amorphous PTMO block closer into the crystallite. 

4.2.6 Rheological Analysis of Pebax at Various Critical Pressures 

The complex viscosity is the frequency-dependent viscosity function containing both the real and 

imaginary parts, which is determined during the forced harmonic oscillation of shear stress. 

Figure 4.9 represents the complex viscosity vs. angular frequency for Pebax that was extruded at 

various critical pressures. It can be observed that the complex viscosity, which is the magnitude 

of the elastic storage modulus and the viscous loss modulus, reduces appropriately as the critical 

pressure is increased from 800 psi to 1200 psi.  

 

 

Figure 4.9 Complex viscosity vs. angular frequency for Pebax extruded at various critical 

pressures 

Cogswell and other researchers [131-134] reported that the viscosity of narrow molecular weight 

distributions of polymers tends to increase when compared to the reduced viscous broad 

molecular weight distribution (can be observed on the viscosity Vs. angular frequency plot). 

Therefore, decreasing complex viscosity shows that the molecular weight distribution is 

broadened when treated with a supercritical fluid. This reduction in the complex viscosity can be 

attributed to reduced crystallite size as seen on the broadening crystallinity peak from DSC 
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(Section 4.2.2). This broadening of the peak from DSC has also resulted in a decrease in the 

mechanical properties of Pebax. 

4.2.7 Morphology using Scanning Electron Microscopy of Pebax at Various Critical Pressures 

Figure 4.10 presents images obtained from scanning electron microscopy representing the effect 

of scCO2 processing on Pebax under different pressure conditions. It is clearly evident that the 

porous nature increases as the critical pressure are increased from 800 psi (Image B) to 1200 psi 

(Image D). The formation of pores seems to have longitudinal effects which can be attributed to 

the haul-off system at the output of the extruder. It is suggested that such formation of porous 

structures may be the reason for the decrease in storage modulus and Young’s modulus as 

discussed in the above sections (4.2.3 and 4.2.4). 

 

Figure 4.10 Morphology for Pebax extruded at various critical pressures: A - Pebax; B - Pebax 

@ 800 psi, C - Pebax @ 1000 psi, D - Pebax @ 1200 psi 
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4.3 Key Points for Pebax Processed at Different Critical Pressures 

Thermal and mechanical properties of Pebax with assisted scCO2 extruded at the sub, near and 

beyond supercritical region were investigated in this study. The following are the key 

observations: 

 Thermal stability and thermal degradation of Pebax remained unchanged throughout the 

pressure variation from 800 psi to 1200 psi showing no significant difference from the 

TGA thermograms. 

 Homogenisation through break down of larger crystals into smaller crystals between the 

hard and soft blocks of Pebax is evident from the DSC thermograms as crystallisation 

peak shifts and broaden to lower temperatures. In addition, the endotherm at 45-90 °C is 

a result of PMTO-Nylon 12 (PA-12) linkage ordering. 

 Increasing storage moduli were observed for scCO2 treated Pebax at 800 psi and 1000 

psi, however, the storage modulus of Pebax treated at 1200 psi decreases mainly due to 

suggested increased nucleation rate and further cell growth due to a sudden drop in 

pressure. The broad transition observed at around 62 °C in tan delta curves is the result of 

viscoelasticity representing the glass transition temperature of the hard PA-12 block. 

 A similar increase in the yield strength was observed from the tensile test results due to a 

systematic increase in the crystallinity or rearrangement of molecules into a more 

kinetically favourable condition, when treated with sub and near scCO2, however, the 

extrudates at 1200 psi have decreased resilience due to foaming effects induced by 

scCO2.  

 This increase in Young’s modulus at 800 and 1000 psi can also be attributed to the 

alignment of the polymer chains with respect to the cell formation (DMA storage 

modulus enhancement due to the arrangement of the polymer chain with biaxial and 

uniaxial stretching of the cell walls). 

 The IR bands at 1638 cm
-1

 and 1100 cm
-1

of Pebax when treated with scCO2, increase in 

intensity (area and height). The carbonyl absorbance peaks height at 1638 cm
-1

 are very 

sensitive to the hydrogen bonding segments between the amide chains, this increase in 

peak height suggests that scCO2 assisted Pebax reduced the hydrogen bonding distance 

between the carbonyl segments which in turn may have resulted in the formation of 

perfect crystallites. 

 The decreasing complex viscosity shows that the molecular weight distribution is 

broadened when treated with a supercritical fluid. This reduction in the complex viscosity 
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can be attributed to reduced crystallite size as seen on the broadening crystallinity peak 

from DSC. 

 SEM morphology demonstrates evidence that the porous nature increases as the critical 

pressure are increased from 800 psi to 1200 psi which is indicative of the foaming effect 

as pressure is increased.  
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4.4 Section 2: Supercritical Fluid Assisted Processing of SEBS 

4.4.1 Thermal Gravimetric Analysis of SEBS at Various Critical Pressures 

The thermal degradation profile of SEBS extruded at different pressures of scCO2 is shown in 

Figure 4.11. The degradation of SEBS starts at around 350 °C, whereas, the degradation starting 

temperature shifts to around 445 °C when processed with scCO2. The overall maximum 

degradation temperature of SEBS has increased from 405.08 °C to 468 °C when treated with 

scCO2, which are presented in Table 4.5 

 

Figure 4.11 Degradation temperature of SEBS extruded under different critical pressure 

conditions 

The shift in degradation temperature was observed due to the fact that extruded samples are 

thermally more stable than unprocessed materials [135]. Moreover, thermal degradation of a 

polymer is a complex phenomenon and is dependent on time, temperature, concentration and 

migration of molecules within a sample. Small changes in these various factors cause changes in 

the degradation of a polymer [136]. The increase in the degradation profile of thermoplastic 

elastomers can be suggested to be due to high microdomain formation when extruded at different 

CO2 critical pressure. This, in turn, leads to the different structure of SEBS and hence different 

degradation profiles for the thermoplastic elastomers. 
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Table 4.5 Degradation temperature of SEBS processed under different critical pressure 

conditions 

Materials Degradation Temperature (°C) 

SEBS 405.08 

SEBS extruded 419.81 

SEBS 800 psi 467.47 

SEBS 1000 psi 467.07 

SEBS 1200 psi 468.07 

 

Such structural changes caused due by thermal energy during extrusion leads the material to be 

more thermally stable than thermally untreated material. Similarly, the onset degradation 

temperature of SEBS was found highly enhanced by ca. 50 °C when extruded with assisted 

scCO2.  

4.4.2 Modulated Differential Scanning Calorimetry of SEBS at Various Critical Pressures 

The Modulated Differential Scanning Calorimetry (MDSC) technique was used to analyse all the 

complex microscopic transitions of SEBS due to its sensitivity towards thermal transitions. The 

glass transition of the ethylene-butylene (Tg
EB

) block can be observed at around -55 °C as heat 

flows into the sample because of the endothermic process (Figure 4.12).  

 

Figure 4.12 Heat flow thermogram of scCO2 assisted extrudates of SEBS for its first cycle 
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The relaxation due to entanglements can be observed in the heat flow thermogram at 8.74 °C for 

untreated SEBS and 12.72 °C for SEBS extruded at 1200 psi (shifts to higher temperatures). The 

Tg of pure styrene (S) rich phase (Tg
S
) around 96 °C is not clearly visible in any of the 

thermograms, however, small exothermic peaks are evident at 101.74 °C and 100.34 °C for 

extrudates at 1000 psi and 1200 psi showing the formation of microstructures or rearrangement 

process of pure S phase. A clear and single peak can be observed from Figure 4.13 at around -55 

°C, attributed to the Tg of the EB block for untreated, 800 psi, 1000 psi SEBS extrudates, 

however, divided peaks can be observed at -58.68 °C and -52.59 °C for SEBS extruded at 1200 

psi, indicating phase segregation in the EB block. The Tg of the S-rich microphase has a slight 

shift from 97 °C for untreated SEBS to 102 °C for scCO2 treated SEBS. 

 

Figure 4.13 Derivative of reversing heat capacity thermogram of scCO2 assisted of SEBS  

R.M. Overney et al identified that a non-crystalline polymer behaves in a rubbery fashion just 

above Tg temperatures consisting of entangled or relatively free to move chain structures, 

providing partial segmental motion [137]. At higher temperatures (beyond Tg), the 

entanglements are resolved and most of the chain structures take part in thermal motion via break 

down of the physical cross-links and rearrangement of the backbone. This relaxation due to 

entanglements can be observed in the heat flow thermogram at 8.74 °C for untreated SEBS and 

12.72 °C for SEBS extruded at 1200 psi. This increasing relaxation, when assisted with scCO2, 

can be likely attributed to higher temperature requirements to completely resolve the 
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entanglements/break down of crosslinks and rearrangement of polymer microstructures to 

behave like a viscous fluid. The Tg of the styrene-rich phase (Tg
S
) at around 96 °C is not clearly 

visible in the thermograms, however, small exothermic peaks are evident at 101.74 °C for 

extrudate curve at 1000 psi and 100.34 °C for extrudate curve at 1200 psi. Such additional peaks 

when processed at 1000 and 1200 psi is indicative of the formation of microstructures or 

rearrangement process of the pure S phase.  

A very clear and single peak can be observed from Figure 4.13 (derivative thermogram) at 

around -55 °C, attributed to the Tg of the ethylene-butylene (EB) block for untreated, 800 psi, 

1000 psi SEBS extrudates. In addition, divided peaks can be observed at -58.68 °C and -52.59 °C 

for SEBS extruded at 1200 psi. Such division of peaks can be likely attributed to the formation 

of new microstructure and or increase in the microphase separation within the ethylene-butylene 

(EB) rich phase [138, 139]. Also, the division of the Tg
EB

 suggests that the scCO2 treatment 

might have resulted in the separation of ethylene and butylene blocks. However, such separation 

of ethylene and butylene needs additional verification by further processing the SEBS at higher 

supercritical pressures. The continuous curvature throughout the cycle represents the formation 

of phase separation/disordered phases of interfacial domains with its own glass transition 

temperature (Tg). The Tg of styrene (S) rich microphase has a slight shift from 97 °C for 

untreated SEBS to 102 °C for scCO2 treated SEBS. This also suggests that processing at higher 

critical pressures will result in altering the microphases of the SEBS structure. 

4.4.3 Dynamic Mechanical Analysis of SEBS at Various Critical Pressures 

The influence of scCO2 on SEBS under different pressure conditions over temperature on storage 

modulus, loss modulus and tan delta is presented in Figure 4.15 and Figure 4.15. The influence 

of scCO2 on loss and storage modulus SEBS was found to be proportional to the pressure of 

scCO2. Upon reaching the pressure of 1200 psi, the storage modulus reduces to half that of the 

virgin SEBS due to supersaturation and foaming action.  

From Figure 4.14, the introduction of scCO2 during extrusion leads to a decrease in stiffness 

(represented by storage modulus) as well as the molecular movements between hard and soft 

block segments (represented by loss modulus) of the elastomers. This decrease in storage 

modulus suggests that the scCO2 treatment has initiated the rearrangement of structure and 

breaking up of the large domains into smaller domains. The influence of scCO2 on loss and 

storage modulus SEBS was found to be proportional to the pressure of scCO2. 
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Figure 4.14 Storage and loss moduli of SEBS extruded at various critical pressures 

 

 

Figure 4.15 Tan Delta of SEBS extruded at the sub, near and beyond the supercritical region 

This reduced restriction on the movement of molecules due to the smaller domain size of both 

hard and the soft phase results in lowering the viscosity of the polymer thereby the loss modulus. 

The change in relaxation temperature of hard block noted using tan delta (Figure 4.15) was 

found to be 94.68 °C, whereas, a shift in the tan delta was found to be 97.18 °C, 97.32 °C, and 

97.20 °C when extrusion of SEBS was carried out at 800 psi, 1000 psi and 1200 psi, 
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respectively. The deviation of 2.68 °C, 5.72 °C, 5.62 °C and 5.79 °C was observed for Tg 

measured from the reverse heat capacity thermogram when compared to the S-rich Tg measured 

from tan delta for pure SEBS, SEBS with 800psi, SEBS with 1000 psi and SEBS with 1200 psi, 

respectively. 

Although the Tg peak remains constant on the tan delta curve, the height of this peak reduces 

when SEBS is extruded at 800 psi, 1000 psi and 1200 psi, respectively. This reducing tan delta 

peak suggests that the reduced frictional and heating loss as well as damping nature of SEBS at 

the molecular level, as scCO2 breaks down the microdomains, making the material behave like a 

homogeneous network at the microscale. Analysis of such homogenisation and thermal 

incompatibility behaviour using DMA has not been reported elsewhere. 

4.4.4 Tensile Test of SEBS Extruded at Various Critical Pressures 

Figure 4.16 illustrates tensile curves exhibited by pure extruded SEBS, extruded SEBS at 800 

psi, extruded SEBS at 1000 psi and extruded SEBS at 1200 psi. When the pressure of scCO2 was 

increased (from 800 psi to 1200 psi), the resilience decreased. A similar pattern was observed in 

the storage modulus of the DMA results obtained. Table 4.6 shows Young’s modulus of SEBS 

obtained by regression method from 0.25% - 1% extension extruded under different scCO2 

pressures. Similar to storage modulus, Young’s modulus of SEBS also was found to decrease 

with the introduction of scCO2 and was observed was proportional to the pressure used. A slight 

decrease in Young’s modulus of SEBS with 800 psi confirms a decrease in modulus of 

resilience. This effect of a decrease in modulus of resilience was noted as the pressure of scCO2 

was increased to 1000 psi and 1200 psi; similar to the pattern observed in the storage modulus of 

the DMA results obtained. 
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Figure 4.16 Stress-strain response exhibited by pure extruded SEBS, SEBS at 800 psi, SEBS at 

1000psi and extruded SEBS at 1200 psi 

According to Cantournet et al [140], the extension of elastomers like SEBS occurs with a 

combination of sliding and non-sliding action between hard and soft blocks. Figure 4.16 shows 

that the resilience of the SEBS decreased when the critical pressure of scCO2 was increased. A 

similar pattern was observed in the storage modulus of the DMA results obtained.  

Table 4.6 Young’s modulus by regression method of SEBS extruded at different pressures 

Sample Young Modulus (MPa) 

Extruded SEBS 69.45±3.77 

SEBS 800 psi 67.53±13.4 

SEBS 1000 psi 46.83±6.3 

SEBS 1200 psi 44.39± 7.1 

 

The sliding action between the hard blocks and the soft blocks is observed after the elastic limit. 

The introduction of scCO2 on SEBS has led to high thermal incompatibility between the soft 

block and hard block as observed in DSC and DMA graphs. This effect shows a direct impact on 

sliding behaviour of the hard block over soft block making SEBS tri-block less resistant to 

external forces. The reduced Young’s modulus can be attributed to the effect of foaming at 

higher critical pressures (similar to DMA–1200 psi reduces the storage modulus), rearrangement 
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and breakdown (as described in DSC-formation of additional Tg’s) of original hard and the soft 

domain of SEBS into smaller domains.  

4.4.5 Fourier Transform Infrared Spectroscopy (FTIR) of SEBS at Various Critical Pressures 

ATR-FTIR spectra of transmittance and absorbance illustrate the effect of supercritical assisted 

extrusion on SEBS at various critical pressures (shown in Figure 4.17 and Figure 4.18). Peaks at 

2920 cm
-1

 and 2851 cm
-1

 representing the asymmetrical stretching of –CH3 and –CH2 (the 

ethylene-butylene block) do not show any shift in the position even when treated at higher 

critical pressures (1200 psi).  

 

Figure 4.17 ATR-FTIR transmittance spectra of SEBS extruded at various critical pressures 

The aromatic C=C stretching of the aromatic system at peak 1600 cm
-1

 and 1492 cm
-1

 remain in 

their respective positions for extrudates at all the critical pressures. Peaks 756 cm
-1

 and 697 cm
-1

 

are attributed to benzene moiety of styrene group. The peak at 1377 cm
-1

 represents the bending 

of -CH3. It can be observed from the absorbance spectra that the scCO2 has caused a shift in peak 

from 1460 cm
-1

 to 1455 cm
-1

, which was attributed to asymmetric –CH2 bending. 
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Figure 4.18 ATR-FTIR Absorbance spectra of SEBS extruded at various critical pressures 

These bands are also attributed to stretching vibrations of carbons in the aromatic rings [141] 

(phenyl rings in polystyrene, C=C pi bond interactions with CO2). The quadrupole moment of 

CO2 allows Lewis acid-base interactions between the polymer matrix and CO2. Many researchers 

have observed a similar effect of the CO2 - phenyl ring interaction [25, 94, 95, 142]. Evident 

differences in the spectra were not observed, due to the reason that SEBS is an amorphous 

polymer with 29% styrene and mostly consisting of polyethene-butylene. 

4.4.6 Scanning Electron Microscopy (SEM) of SEBS Processed at Various Pressures 

Figure 4.19 demonstrates the density of pores at the surface is dependent on the critical pressure 

of carbon dioxide passed through the extruder. The porosity starts to form at the surface at 800 

psi as shown in (B), increases at 1000 psi as shown in (C) and becomes intense at 1200 psi as 

shown in (D). The formation of pores is one of the reasons for the decrease in dielectric 

permittivity and Young’s modulus of SEBS at 1200 psi. 
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Figure 4.19 Morphology showing the porosity of SEBS extruded under different pressures: A-

Virgin SEBS, B-SEBS 800 psi, C-SEBS 1000psi and D-SEBS 1200 psi 

4.5 Key Points for SEBS Processed at Different Critical Pressures 

SEBS was extruded using scCO2 at various critical pressures (800psi, 1000psi and 1200psi) to 

investigate its effect on thermal and mechanical performances. The following are the key 

observations: 

 The structural changes caused due to the thermal energy during extrusion has led SEBS 

to be more thermally stable than untreated material. This increase in degradation 

temperature occurs due to the amorphous nature that may have resulted in high micro-

nucleation formation extruded at different scCO2 which leads to the creation of multi-

domains.  

 The reversing and non-reversing heat flow gives information on phase size, where scCO2 

assisted extrusion of SEBS at various pressures resulted in increased microphases or 

A 

C 
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formation of new microphases, thus producing more homogenous SEBS. Extrusion of 

SEBS at various pressures resulted in increased microphase separations or formation of 

new microphases, thus producing new structure peaks of SEBS (a clear division of Tg EB 

– separating ethylene and butylene). The appearance of clear Tg of styrene block at 1000 

psi and 1200 psi supports the phase separation caused by scCO2. 

 DMA analysis demonstrates that the introduction of scCO2 during extrusion leads to a 

decrease in stiffness (represented by storage modulus) as well as the molecular 

movements between hard and soft block segments (represented by loss modulus) of the 

elastomers. A similar decrease in Young’s modulus was observed from the tensile test 

curves. The area under the tan delta curve at 96 °C decreases with increasing scCO2 

pressure, suggesting the reduced frictional as well as damping nature of SEBS at the 

molecular level (happens mainly due to the formation of multiple microphases). 

 FTIR analysis presented a significant shift in peak from 1460 cm
−1

 to 1455 cm
−1

 

representing the effect of the CO2 − phenyl ring interaction. Evident differences in the 

spectra were not observed, due to the reason that SEBS is an amorphous polymer with 

29% styrene and mostly consists of polyethene-butylene. 

 Porous nature can be observed on the surface at 800 psi, increases at 1000 psi and 

becomes intense at 1200 psi 

4.6 Conclusion for Polymer Processing of EAPs at Different Critical Pressures 

This main focus of this chapter was to investigate and understand how a supercritical assisted 

extrusion polymer processing technique at different pressures affects the thermal and mechanical 

properties of Pebax and SEBS polymer matrix. The thermal degradation temperature remained 

constant in Pebax while an increase was observed in SEBS. This increase in degradation 

temperature of SEBS can be ascribed to the nature of the polymer and its ability to solubilise. 

Pebax is a semi-crystalline polymer with low sorption capabilities while SEBS is a completely 

amorphous polymer with high sorption ability. In both, Pebax and SEBS, break down of larger 

domains to smaller were clearly observed, in terms of DSC thermograms resulting in improved 

homogenisation between softer and harder blocks (broadening of crystallisation temperature in 

Pebax and split in glass transition temperature in SEBS). Additional rheology testing also 

suggested the break down of crystallites by decreasing complex viscosity with increasing critical 

pressures in case of Pebax. However, at 1200 psi, the mechanical properties (Young’s modulus 

decreased by 28% when processed at 1200 psi compared to virgin Pebax) were lower than of the 
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virgin Pebax due to the dominance of foaming effects. In the case of SEBS, a gradual decrease in 

the mechanical properties were observed at 800 psi, 1000 psi and 1200 psi (Young’s modulus 

decreased by 36% when processed at 1200 psi compared to virgin SEBS). A clear understanding 

can be drawn from the IR spectroscopy (1638 cm
-1

 peak height increase) in terms of Pebax, 

where scCO2 assisted processing reduced the hydrogen bonding distance/intensity between the 

carbonyl segments of the hard block which in turn may have resulted in the formation of perfect 

crystallites. In terms of SEBS, IR spectroscopy does not show any shifts or enhancement in 

wavenumber peaks, scCO2 interactions with styrene group of SEBS was evident at wavenumber 

1460 cm
-1

. In both the cases, the SEM morphology demonstrated a gradual increase in porous 

nature as increasing scCO2 pressure acts as a foaming agent as a result of sudden 

depressurisation at the die of the extruder. 
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5 Supercritical Fluid Assisted Processing of Pebax Graphene Porous 

Polymer Composites  

5.1 Introduction 

One of the most common ways of enhancing the electromechanical performance of polymers is 

to incorporate additional filler/additive material to form composites. As a continuation of the 

previous chapter, this chapter investigates the effect of incorporating graphene-based filler 

particles into Pebax polymeric matrices when processed with scCO2. The Pebax-graphene based 

composite is processed using supercritical assisted extrusion at critical pressure of 1200 psi or 

82.73 Bar (this parameter was selected based on the conclusion made from the previous Chapter 

4). Such processing of polymer composites using supercritical carbon dioxide has not been 

reported elsewhere. A dearth of knowledge exists in understanding the effects of such complex 

composite processing techniques on the thermal, mechanical and electrical behaviour of the 

polymer matrix. Therefore, this chapter forms the building block to the following chapters of this 

thesis, where the novelty of this study is rooted in the amalgamation of two important factors: 

one is the supercritical processing condition and second is the use of filler particles such as 

graphene (Section-1) and graphene oxide (Section 2) at various concentrations.  

It is well-understood from Chapter 4 that scCO2 assisted extrusion of Pebax results in a porous 

polymer matrix. Although graphene has excellent mechanical and electrical properties, however, 

they are relatively hard to process and difficulties to maintain the intrinsic one atom thick 

physical property. Therefore, graphene oxide was also investigated in the second part of this 

section. Graphene oxide is a single atomic layer oxidised form of graphene, which is laced with 

oxygen-containing groups on the surface and edges of the graphene layer. The effects of 

processing such membranes are characterised for the thermal, mechanical and electrical 

properties. Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA) 

were used to study the thermal characteristics and thermal stability, respectively; a crystallisation 

kinetics study and X-Ray Diffraction analysis were carried out to relate the effect of scCO2 and 

graphene-based filler particles on the crystallite size and rate of crystallisation. These analysis 

techniques were used to draw a conclusion and establish the relationship between the effect of 

crystallite size on the actual processing conditions and filler loading. Dynamic Thermal 

Mechanical Analysis (DMA) and tensile test were used to study the mechanical properties; 

Fourier transform infrared spectroscopy (FTIR) was used to understand the interaction between 

the polymer-graphene composites, while impedance spectroscopy was used to characterise the 

electrically conductive property of the manufactured polymer membranes.  



63 

 

5.2 Section 1: Supercritical Fluid assisted Porous Pebax Graphene Composites 

5.2.1 Thermal Gravimetric Analysis of Porous Pebax Graphene Composites 

Figure 5.1 shows the TGA thermogram of scCO2 assisted extrusion of porous Pebax graphene 

composites. No major changes can be observed from the derivative of weight change peak, 

which shows the maximum degradation temperature. The maximum degradation temperature 

almost remains constant at 460 °C for all the graphene filler content. However, with an increase 

in the graphene percentage, the total weight percentage of thermograms does not become zero. 

 

Figure 5.1 TGA thermograms of scCO2 assisted extrusion of porous Pebax graphene composites 

This mainly occurs due to the amount of graphene filler content within the composites, whereas 

the polymer degrades at 460 °C and graphene degrades at a higher temperature (approx. 1000 °C). 

The zoomed portion of the graph represents the derivative of weight change, where the change in 

the slope of heat flow is understood more easily. It can be clearly seen that the loss in weight 

increases for extrudates up to 1% and decreases for 2.5% suggesting that the graphene filler 

particles restrict the easy movement of polymer chains mainly due to poor dispersion or 

agglomeration of particles within the polymer matrix.  

Graphene 

content 
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5.2.2  Differential Scanning Calorimetry of Pebax Graphene Porous Composites 

Figure 5.2 shows the heat flow thermogram of scCO2 assisted extrusion of Pebax graphene 

composites. The peak at 162 °C is attributed to the melting point of Pebax. This melting peak 

almost remains constant for all the composite matrices. In addition, a small endothermic peak 

also appears at around 80 °C specifically with the addition of graphene particles. This peak is 

referred to as the glass transition temperature of the nylon block (caused from scCO2 treatment 

which aligns the PTMO-Nylon linkage) and usually appears due to the restriction imposed by 

graphene particles upon polymer-additive interaction, which otherwise is not clearly evident on 

the virgin Pebax thermogram. 

 

Figure 5.2 Heat flow thermogram of scCO2 assisted extrusion of Pebax graphene composites  

When clearly observed, this peak at around 80 °C flattens with the filler concentration of 2.5%, 

suggesting poor interaction and agglomeration. Figure 5.3 shows the crystallisation peak of all 

the Pebax graphene composites. The crystallisation peak gradually shifts from 136 °C for virgin 

Pebax to slightly higher temperatures of 140 °C upon addition of graphene up to 2.5%. In 

addition, the relative heat flow magnitude also reduces upon increasing graphene content. The 

shift from peak crystallisation temperature to higher temperatures suggests that the graphene 

particles are acting as nucleating agents, therefore, the higher the graphene concentration, the 
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crystallisation peak tends to shift to a higher temperature. The magnitude of the heat flow also 

decreases upon higher graphene concentration, mainly due to the suggested restriction imposed 

by graphene particles to initiate easy folding of the polymer chain. In addition, as the number of 

nucleation sites increase, the crystallites have a tendency to collide with each other, bringing an 

end to the crystallisation process at a faster rate.  

 

Figure 5.3 Cooling cycle of porous Pebax graphene composites at various filler concentrations 

 

5.2.2.1 Isothermal Crystallisation Kinetics of Porous Pebax Graphene Composites 

Isothermal crystallisation studies were conducted to understand the process of crystallisation for 

porous Pebax–scCO2 treated polymer composites. Isothermal crystallisation using Avrami model 

is well discussed in Chapter 3 (Refer to 3.4.3.1). Figure 5.4 shows the Avrami plot of log [-ln(1-

X(t))] vs. log t and the obtained value from slope and intercept are tabulated in Table 5.1. The 

Avrami exponent ‘n’ is in the range from 2 to 3, for all the samples indicating a complex two-

dimensional growth phenomenon with branched fibrillar morphology. Such non-integer values 

of n usually represent a nucleation between instantaneous and sporadic nature as described by 

Lorenzo [143].   
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           a. Pebax SCF                                                        b. PGSCF 0.25%

  

c. PGSCF 0.5%                                            d. PGSCF 1% 

Figure 5.4 Avrami plot for porous Pebax graphene composites 

A similar Avrami exponent was also reported by N. McFerran for Nylon 12 [144]. Although the 

addition of graphene particles and scCO2 assisted extrusion did not have a huge effect on the 

Avrami exponent, a significant drop in the parameter (n and k) can be observed. The Avrami 

parameters obtained here can be considered as an indication of the dimension or nature of 

nucleation or crystallisation rate; henceforth these values are not completely compared against 

each other due to the variability in the selected crystallisation temperatures. Such variability 
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occurs due to the addition of graphene particles and efforts are made to only consider isothermal 

samples with a complete baseline match to avoid errors.  

Table 5.1 Avrami parameters for porous Pebax graphene composites 

Sample 

Type  

Tc 

(° C) 

n Average  

N 

Log k K t1/2* 

(min) 

t1/2 

(min) 

G 

(min
-1

) 

R
2
 

 

 

Pebax 

141 2.55  

 

2.68 

0.50 2.97 0.52 0.54 1.8 0.999 

142 2.65 0.23 1.71 0.69 0.71 1.4 0.999 

143 2.69 -0.07 0.85 0.88 0.92 1.0 0.999 

144 2.85 -0.38 0.41 1.16 1.19 0.8 1.000 

 

PebaxSCF 

141 2.83  

2.87 

-0.420 0.38 1.22 1.21 0.82 1.000 

142 2.84 -0.655 0.22 1.49 1.48 0.67 1.000 

143 2.80 -0.922 0.11 1.87 1.86 0.53 1.000 

144 3.04 -1.480 0.033 2.70 2.68 0.37 0.999 

 

PGSCF 

0.25 

141 2.45  

2.58 

0.417 2.61 0.58 0.56 1.78 1.000 

142 2.50 0.203 1.59 0.70 0.69 1.44 1.000 

143 2.61 -0.063 0.86 0.91 0.90 1.11 1.000 

144 2.76 -0.338 0.45 1.16 1.16 0.86 0.999 

 

PGSCF 0.5 

 

142 2.68  

2.72 

0.489 3.08 0.57 0.57 1.75 0.999 

143 2.61 0.212 1.62 0.72 0.71 1.40 1.000 

144 2.78 -0.098 0.79 0.95 0.96 1.04 0.999 

145 2.82 -0.322 0.47 1.14 1.16 0.86 0.999 

 

PGSCF 1 

 

142 2.60  

2.67 

0.482 3.03 0.56 0.56 1.78 0.999 

143 2.65 0.222 1.66 0.71 0.71 1.40 0.999 

144 2.62 -0.065 0.86 0.92 0.92 1.08 1.000 

145 2.81 -0.365 0.43 1.18 1.21 0.82 0.999 

147 2.79 -0.989 0.10 1.95 1.95 0.51 1.000 

 

PGSCF 2.5 

 

143 2.77  

2.90 

-0.468 0.34 1.29 1.28 0.78 1.000 

144 2.90 -0.783 0.16 1.64 1.65 0.60 1.000 

145 

146 

147 

3.08 

2.87 

2.44 

-1.232 

-1.528 

-1.606 

0.058 

0.029 

0.024 

2.23 

2.99 

3.91 

2.25 

2.93 

3.53 

0.44 

0.34 

0.28 

1.000 

0.999 

0.999 
 Note: Values for Tc=143  C is in bold for ease of comparison between different samples and t1/2* represents the practically obtained values 

The value of k, which represents the rate of crystallisation tends to decrease as the isothermal 

crystallisation temperature is increased for all the samples. Such decreases in the k value 

depending on the isothermal crystallisation temperature are indicative of the actual barrier height 

in order to initiate the density variation followed by nucleation and crystal growth. The overall 

value of k tends to increase on the addition of graphene up to 1%. Usually, the addition of filler 

content enhances the k value where the filler particles act as nucleation sites, thereby 

accelerating the nucleation process. However, the overall k value reduces for PGSCF 2.5% but 
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remains higher than virgin PebaxSCF (Tc @ 143 °C having k = 0.11 for virgin PebaxSCF, while 

Tc @ 143 °C having k =0.34 for PGSCF 2.5%) suggesting that the filler particles do not act as 

nucleating sites anymore. One probable condition that results in low k value upon higher filler 

loading can be attributed due to agglomeration of graphene particles. Such lowering of k values 

upon higher graphene concentration was also reported by Fan Zhang et al [145]. Similar effects 

such as a reduction in the thermal stability and mechanical properties have been reported in this 

section with graphene content of 2.5%. The evidence from the crystallisation study confirms 

possible implication due to agglomeration of graphene particles.  

 

Figure 5.5 Calculated crystallisation rates at different isothermal temperatures for porous Pebax 

graphene composites 

Table 5.1 lists the calculated and practically obtained values of t1/2. Halftime crystallisation is 

defined as the time from the onset of the crystallisation until the crystallisation reaches 50%. The 

relationship between k and t1/2 based on the Kurajica approach is defined as t1/2 = (ln 2/K)
1/n

. The 

theoretically calculated t1/2 and the practically obtained t1/2* are compared in Table 5.1. In all the 

cases the t1/2 value increases with increasing Tc. The t1/2 is also in agreement with the k value, 

where the t1/2 reduces upon addition of graphene particles indicating faster crystallisation rate, 

however, t1/2 values increase for graphene loading of 2.5% due to uneven 

dispersion/agglomeration. This can be compared to the value G, which usually determines the 

rate of crystallisation where G is the reciprocal of t1/2 (G=1/ t1/2). The value of 1/t1/2 can be used 

to describe the crystallisation rate and is plotted in Figure 5.5, as a function of isothermal 
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crystallisation temperature. It can be clearly seen that the graphene particles act as nucleating 

agents thereby enhancing the crystallisation rate due to their even dispersion. This can also be 

confirmed by crystallisation parameter k as listed in the above Table 5.1. Such phenomena of 

increased G and k value upon addition of graphene up to 1% is usually attributed to 

heterogeneous nucleation rates as described by Kirkorian et al [146]  and W Y Zou et al [147]. 

 

Figure 5.6 Activation energy plot of porous Pebax graphene composite using Arrhenius equation 

The crystallisation rate parameter was described by an Arrhenius type equation (refer to 3.4.3.1). 

The slope of the plot ln (K)*1/n vs 1/Tc as shown in Figure 5.6 determines the ∆E/R. where the 

activation energy was calculated and is tabulated in Table 5.2.  

Table 5.2 Arrhenius activation energy obtained from the slope of the above plot for porous 

Pebax graphene composites 

 

Samples 

Arrhenius 

Activation Energy 

(KJ/mol) 

PebaxSCF -342.869 

PGSCF 0.25% -320.089 

PGSCF 0.5% -357.975 

PGSCF 1% -357.202 

PGSCF 2.5% -418.593 
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The ∆E value decreases for 0.25% loading, almost remains constant for 0.5% and 1% loading 

with respect to virgin PebaxSCF. However, the activation energy is the highest at 2.5% loading. 

This shows that the graphene particles in the Pebax matrix up to 0.25% acted as nuclei, again 

suggesting even dispersion, which decreased the crystallisation free energy barrier, and for 0.5% 

and 1% loading, the restriction due to graphene polymer interactions might have restricted the 

free chain movement of polymer phase transformation resulting in a slight increase in the 

crystallisation activation energy. The effect of uneven dispersion and agglomeration might have 

resulted in increasing the crystallisation free energy barrier and thus higher activation energy.  

5.2.2.2 Non-Isothermal Crystallisation Kinetics of Porous Pebax Graphene Composites 

The non-isothermal crystallisation kinetics of Pebax graphene composites with scCO2 was 

studied under various cooling rates. The thermograms for Pebax graphene composites at various 

non-isothermal conditions is shown in Figure 5.7 and Table 5.3. It can be clearly observed that 

the crystallisation onset temperature (Tcon), peak crystallisation temperature (Tc) and 

crystallisation offset temperature (Tcoff) shifts to a lower temperature and becomes broader with 

an increase in the cooling rate from 2.5 °C/min to 20 °C/min.  

Table 5.3 Non-Isothermal parameters recorded form the cooling cycle for porous Pebax 

graphene composites 

Sample 

Type  

Cooling Rate 

(°C/min) 

Tcon 

(°C) 

Tcoff 

(°C) 

Tc 

(°C) 

ΔHc 

(J/g) 

Xc 

(%) 

 

PebaxSCF 

2.5 

5 

10 

20 

139.70 

135.67 

131.71 

126.68 

107.71 

92.80 

85.41 

84.44 

136.40 

131.68 

126.38 

120.04 

37.20 

38.97 

36.70 

33.68 

33.38 

30.58 

32.53 

32.12 

 

PGSCF 

0.25% 

2.5 144.89 114.80 139.89 35.34 36.33 

5 139.48 101.55 136.24 37.03 31.00 

10 135.55 89.97 132.09 37.25 29.93 

20 131.19 91.33 127.16 34.44 31.03 

 

PGSCF 

0.5% 

2.5 

5 

10 

20 

146.22 

143.40 

137.58 

138.07 

115.66 

103.13 

93.11 

91.70 

140.67 

137.36 

133.66 

129.32 

35.19 

36.61 

36.94 

35.07 

32.78 

30.15 

29.37 

30.99 

 

PGSCF 

1% 

2.5 146.49 110.81 140.63 36.78 31.07 

5 144.22 97.12 137.24 38.76 27.96 

10 140.45 88.00 133.41 37.77 29.15 

20 138.15 86.40 129.15 35.55 31.02 

 

PGSCF 

2.5% 

2.5 

5 

10 

20 

149.96 

144.68 

142.47 

140.33 

109.43 

98.03 

90.90 

86.15 

139.73 

 136.68 

 133.26 

 129.04 

33.62 

34.77 

34.36 

32.97 

31.35 

29.91 

29.16 

32.08 
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                                  a. PebaxSCF                                                                       b. PebaxSCF  

 

                         c. PebaxSCF 2.5%                                                  d. PebaxSCF 2.5% 

Figure 5.7 Heat flow vs. temperature and time for porous Pebax graphene composites 

M.C. Kuo et al [148] reported that the addition of inorganic fillers would affect the 

crystallisation behaviour of the polymer molecules in two possible ways: 1. increases the number 

of the crystal due to heterogeneous nucleation, or 2. restrict the crystal growth due to mobility 

hindrance. If heterogeneous nucleation is dominant during the crystallisation process for a given 

cooling rate, crystallisation temperature will shift to a higher value. Otherwise, the polymer will 

crystallise at a lower temperature due to the hindrance of mobility of chain segments. Hence, the 

shifting of Tc Tc peak to higher temperatures with the addition of graphene suggests the 

dominance of the heterogeneous nucleation process/graphene acting as nucleation sites. 

The Avrami model can also be used to analyse the crystallisation kinetics under non-isothermal 

conditions considering small modification of heating rate. Plots of log (-ln (1 – X(t))) versus log t 
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are shown in Figure 5.8 for Pebax graphene composites with scCO2. The corresponding Avrami 

parameters n and k were obtained from the slope and intercept of the plots, t1/2 and corresponding 

R
2 

and are listed in Table 5.4.  

   

                         a. PebaxSCF                                                        b. PebaxSCF 0.25% 

  

                               c. PebaxSCF   0.5%                                          d. PebaxSCF 1% 

Figure 5.8 Avrami plot for porous Pebax graphene composites under non-isothermal conditions 

The Avrami exponent n decreases with increasing cooling rate for all the sample types mainly 

due to less availability of crystallisation time for complete nucleation mechanism. The average n 

values for all the samples lies between 3 and 4, indicating complex spherulite crystallites having 

three-dimensional growth. The value of ‘n’ obtained here under the non-isothermal conditions is 

much higher than the Avrami ‘n’ values obtained from isothermal conditions. This may be due to 
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the fact that under non-isothermal conditions, the samples are given enough time to nucleate and 

further grow into perfect crystallites, which is not the same under isothermal conditions, where 

the samples are suddenly cooled to their respective Tc. 

Table 5.4 Avrami parameters obtained from the slope and intercept of the Avrami plot for porous 

Pebax graphene composites under non-isothermal conditions 

Sample 

Type  

  

(°C/min) 

n Avg 

n 

Log k’ k’ t1/2 

From 

Graph 

(min) 

t1/2 

Calculated 

(min) 

R
2
 

 

Pebax 

2.5 2.72  

2.65 

-0.09 0.80 0.95 1.01 0.993 

5 2.66 0.24 1.73 0.56 0.70 0.990 

10 2.70 0.86 7.24 0.32 0.41 0.982 

20 2.53 1.48 30.19 0.17 0.22 0.985 

 

PebaxSCF 

2.5 3.94  

3.30 

-0.21 0.62 0.99 1.03 0.999 

5 3.21 0.58 3.80 0.55 0.59 0.998 

10 3.04 1.19 15.49 0.34 0.36 0.997 

20 3.00 1.78 60.26 0.21 0.23 0.997 

 

PGSCF 

0.25 

 

2.5 3.27  

3.29 

-0.53 0.30 1.27 1.30 1.000 

5 3.21 0.23 1.70 0.72 0.76 0.999 

10 3.30 1.04 10.96 0.44 0.43 0.997 

20 3.40 1.88 75.86 0.23 0.25 0.997 

 

PGSCF 0.5 

2.5 3.08  

3.47 

-0.48 0.33 1.25 1.27 0.999 

5 3.65 0.04 0.85 0.78 0.88 0.999 

10 3.69 0.83 6.76 0.51 0.54 0.996 

20 3.49 1.54 34.67 0.30 0.33 0.993 

 

PGSCF 1 

 

2.5 4.30  

3.67 

-1.12 0.08 1.68 1.67 0.999 

5 3.50 -0.005 0.99 0.87 0.90 0.999 

10 3.40 0.69 4.90 0.52 0.56 0.997 

20 3.51 1.47 29.51 0.31 0.34 0.994 

 

PGSCF 

2.5 

2.5 4.46  

3.64 

-1.82 0.02 2.34 2.36 0.999 

5 3.68 -0.45 0.35 1.17 1.20 0.999 

10 3.22 0.23 1.70 0.69 0.76 0.997 

20 3.22 0.91 8.13 0.42 0.47 0.995 

 

The crystallisation rate value k’ increases with higher heating rate, however, this value shows a 

decreasing trend with the addition of graphene up to 2.5% compared to virgin Pebax. This 

increasing k’ with higher cooling rate indicates a faster nucleation and growth rate, however, 

these values decrease upon addition of graphene particles which suggests that increasing 

concentration graphene particles within the polymer matrix can hinder the nucleation and growth 

rate. The same is observed in the t1/2 values, where these values tend to increase up to a loading 

of 2.5%, suggesting a slow crystallisation rate. A similar decrease in the value of k’ was also 

reported by Zhang et al for nylon6/graphene composites [145]. Such decreasing k’ on the 



74 

 

addition of graphene was attributed to a negative effect on crystallisation mainly because 

graphene particles restrict migration and diffusion of the polymer chains to the surface of the 

nucleus (slow crystallisation process–longer time). The Avrami model was devised to understand 

the crystallisation kinetics under isothermal conditions, where the thermal response time is less 

when compared to the rate of the process.  

Table 5.5 Ozawa parameters obtained from the slope and intercept of the Ozawa plot for porous 

Pebax graphene composites under non-isothermal conditions 

Sample Type  T 

(°C) 

M Log k* R
2
 

 

 

PebaxSCF 

120 -0.90 2.14 0.898 

125 -2.83 4.44 0.764 

128 -2.06 2.91 0.891 

130 -3.98 4.90 0.853 

133 -3.78 3.77 1.000 

 

 

PGSCF 0.25 

 

120 -0.54 1.94 0.930 

125 -0.69 1.83 0.981 

128 -1.10 2.18 0.905 

130 -1.76 2.92 0.838 

133 -3.87 5.38 0.805 

 

 

PGSCF 0.5 

 

120 -0.52 1.97 0.882 

125 -0.55 1.66 0.974 

128 -0.71 1.67 0.979 

130 -0.97 1.87 0.937 

133 -1.80 2.67 0.877 

136 -3.13 3.82 0.915 

 

 

PGSCF 1 

 

120 -0.40 1.58 0.880 

125 -0.48 1.41 0.970 

128 -0.66 1.48 0.969 

130 -0.96 1.73 0.922 

133 -1.82 2.52 0.870 

136 -3.14 3.74 0.915 

 

 

PGSCF 2.5 

120 -0.39 1.50 0.925 

125 -0.48 1.32 0.981 

128 -0.64 1.34 0.973 

130 -0.86 1.47 0.944 

133 -1.40 1.86 0.918 

136 -2.09 2.17 0.954 

 

Therefore, the modified Avrami analysis for non-isothermal conditions was used to understand 

the crystallisation, where the process begins even before the system reaches the desired the 

crystallisation temperature [109, 149]. Hence, Avrami can be considered to provide a good 

insight into the nature of the nucleation and growth process. However, in order to evaluate 

results from Avrami, the method extended by Ozawa will be discussed, which has been 
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specifically designed to model non-isothermal crystallisation kinetics [111, 150]. The Avrami 

equation was extended by Ozawa by modelling the change in the degree of crystallinity (X(T)) 

as a function of varying cooling rate. The value m depends on the dimensions of the crystal 

growth and K(T) is a function of cooling rate φ which indicates how fast crystallisation occurs. 

The heating reaction function Log k* tends to increase with temperature as the nucleation and 

growth rate is increased for all sample types. In addition, the Ozawa exponent, m, decreases with 

an increase in temperature. It is evident from the Ozawa plot that a perfect linear fit cannot be 

achieved, due to the influence of secondary crystallisation (R
2
 <<1) (see Table 5.5). This 

suggests that a mean m and k* value are difficult to achieve and thus the Ozawa method cannot 

be used to describe the crystallisation kinetics of Pebax graphene composites under non-

isothermal conditions. Therefore, a combined Avrami and Ozawa model is used in the next 

section to describe the kinetics of non-isothermal crystallisation of Pebax graphene composites. 

   

                                   a. PebaxSCF                                           b. PebaxSCF 0.5% 

Figure 5.9 Ozawa plot for porous Pebax graphene composites under non-isothermal conditions 

Mo et al [111] reported the combined Avrami and Ozawa equation to completely describe the 

kinetics of non-isothermal crystallisation by plotting the log ϕ vs. log t at a specific value of X(t). 

The values b and F(T) can be obtained from the slope and intercept of the plot (Figure 5.9). It is 

evident from the plots and the Table 5.6 that there is a good match between the Mo analysis 

[111] and the experimental data for all the sample types. In addition, the values of R
2
 for each of 

the plots were nearing unity. 
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a. Pebax  SCF                                                          b. PG SCF 0.25% 

Figure 5.10 Combined Mo plot for porous Pebax graphene composites under non-isothermal 

conditions 

Figure 5.10 shows lower cooling rates which require a longer time (spreading of the ln t values) 

for crystallisation, while faster cooling rates require a shorter time for crystallisation (narrow ln t 

values). This spreading and narrowing of time for crystallisation with increasing cooling rate 

indicates that the value b is strongly dependent on the cooling rate. On the other hand, the value 

ln F(T) increases with the relative degree of crystallinity, indicating that longer crystallisation 

time is required at a higher cooling rate in order to reach unity degree of crystallinity. Huang and 

Gu et al [151] reported that the value of F(T) can be considered to indicate the polymer 

crystallisation rate, where lower values suggest a faster crystallisation rate and higher values 

suggest a slower crystallisation rate. The F(T) values gradually increase with the addition of 

graphene up to 2.5% meaning that the crystallisation rate decreases upon the addition of 

graphene (slower crystallisation). A similar trend was also observed with isothermal 

crystallisation kinetics, with the addition of 2.5% graphene it took a long time to crystallise due 

to probable agglomeration. All the Pebax graphene composites had a larger ln F(T) when 

compared to the virgin Pebax for all the relative degree of crystallinity values.  

The higher F(T) means a higher cooling rate is necessary within the unit crystallisation time, 

indicating complex crystallisation behaviour. This suggests that the addition of graphene has 

lowered the rate of crystallisation compared to virgin Pebax (agreement with the Avrami model 

and observation made on broader Tc peaks).  
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Table 5.6 Mo parameters obtained from the slope and intercept of the Mo plot for porous Pebax 

graphene composites under non-isothermal conditions 

Sample Type X(T) b Mean ‘n’ ln F(T) F(T) R
2
 

 

Pebax SCF 

 

0.2 1.29  

3.30 

0.55 1.73 0.998 

0.4 1.35 0.78 2.18 0.997 

0.6 1.38 0.94 2.55 0.998 

0.8 1.41 1.07 2.91 0.997 

 

PGSCF 0.25 

0.2 1.26  

3.29 

0.81 2.24 1.000 

0.4 1.24 1.11 3.03 1.000 

0.6 1.22 1.29 3.63 0.999 

0.8 1.21 1.43 4.17 0.999 

 

PGSCF 0.5 

 

0.2 1.48  

3.47 

0.87 2.38 0.997 

0.4 1.47 1.16 3.18 0.999 

0.6 1.42 1.41 4.09 0.999 

0.8 1.38 1.57 4.80 0.997 

 

PG SCF 1 

0.2 1.26  

3.67 

1.20 3.32 0.997 

0.4 1.25 1.43 4.17 0.999 

0.6 1.24 1.60 4.95 0.997 

0.8 1.22 1.73 5.64 0.999 

 

PG SCF 2.5 

 

0.2 1.21  

3.64 

1.57 4.80 0.991 

0.4 1.19 1.83 6.23 0.998 

0.6 1.20 1.96 7.09 0.997 

0.8 1.19 2.09 8.08 0.998 

 

M.C Kuo et al reported that the addition of nano-sized particles usually results in enhancing the 

crystallisation rate as each particle acts as a nucleating site. However, in certain cases (as loading 

is increased), the particles also affect the crystallisation rate, hindering the growth rate [148]. 

Therefore, as in the case here, the Tc shifts to higher temperatures upon addition of graphene, 

suggesting increased nucleating sites, but the crystallisation rate from k and F(T) reduces, 

indicating slower growth rate. It was found that the b value, which is the ratio of n/m, tends to 

increase upon the addition of graphene for PG 0.5%, suggesting that higher graphene 

concentration induces a larger number of heterogeneous nucleation sites and limits crystal 

growth, producing crystals of smaller size. A clear decrease in the n value can be observed for 

0.5 (refer to Table 5.4). Considering the influence of various cooling rates under the non-

isothermal crystallisation process, the Kissinger activation energy for non-isothermal conditions 

was used to calculate the activation energy (refer to 3.4.3.2).  
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Table 5.7 Activation energy obtained from the slope of Kissinger’s plot for porous Pebax 

graphene composites under non-isothermal conditions 

Sample Type Kissinger Activation Energy 

(KJ/mol) 

Pebax SCF 190.48 

PG SCF 0.25% 249.25 

PG SCF 0.5% 270.25 

PG SCF 1% 273.34 

PG SCF 2.5% 288.31 

 

 

Figure 5.11 Kissinger’s plot for porous Pebax graphene composites under non-isothermal 

conditions 

The crystallisation activation energy can be determined from the slope of the plot of ln (heating 

rate/Tc
2
) versus 1/Tc (Figure 5.11 and Table 5.7)). It can be observed that the activation energy 

increases upon addition of graphene particles. The activation energy was found to be stable for 

0.5% and 1% graphene loading, but an increasing trend was observed. Such an increase in 

activation energy can be attributed to the agglomeration of the graphene particles which hinders 

the transportation of the molecular segment to the crystalline phase and formation of the nuclei 

size.  
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5.2.3  Dynamic Mechanical Analysis of Porous Pebax Graphene Composites 

Figure 5.12 and Table 5.8 represents the storage modulus graph in MPa at various temperatures 

and average storage modulus measured at 30 °C. Figure 5.12 shows that the storage modulus 

gradually increases from 77 MPa for pure SCF Pebax to 125 MPa upon the addition of graphene 

filler up to a loading of 1%. However, the storage modulus drops to 108 MPa for 2.5% loading. 

The loss modulus also follows a similar pattern where the highest value is reflected by a loading 

of 1% graphene 

.  

Figure 5.12 Storage modulus for porous Pebax graphene composites  

The gradual increase in storage modulus up to 1% gives important information on the effect of 

concentration of fillers on the mobility of polymers. Similar increases in the rate of 

crystallisation and activation energy were observed up to 1% graphene loading due to 

heterogeneous nucleation and restriction imposed by graphene particles during the growth which 

mainly arises from Pebax-graphene interactions. This significant increase in storage modulus 

usually occurs due to the interaction between the polymer chain and the graphene particles, 

which further restricts the free movement of polymer chains resulting in enhancement of the 

stiffness of the composites. 
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Table 5.8 Storage, Loss and Tan delta measured at 30 °C for porous Pebax graphene composites 

under non-isothermal conditions 

Sample type With SCF 

 Storage 

modulus 

  Loss 

Modulus 

 Tan 

Delta 

   MPa    MPa NA 10
-3

 

 Pebax 77.28 ±6.8 2.77 35.8 

SCFPG 0.25% 93.03 ±4.3  3.02 32.4 

SCFPG 0.5% 105.10 ±5.2 3.37 32.0 

SCFPG 1% 125.30 ±6.6 4.11 32.8 

 SCFPG 2.5% 108.51 ±7.6  3.93 36.2 

 

However, as the filler concentration reaches 2.5%, the storage modulus decreases, suggesting 

poor interaction with the polymer chain due to agglomeration of the graphene particles. There 

are two likely causes for the significant drop observed on increasing the graphene filler 

concentration. One is the availability of polymer interactive sites and the second probable reason 

can be attributed to the change in the state of filler particles from being a single layer to 

agglomerated graphite.  

 

Figure 5.13 Loss modulus for porous Pebax graphene composites  
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The restriction caused due to graphene polymer chain interaction can be validated by the loss 

modulus curves, which follow the trends of storage modulus. The loss moduli (Figure 5.13) are 

highest for graphene concentration of 1%, suggesting an increased viscous nature of the polymer 

matrix. The evidence of lowering k from the crystallisation study (both isothermal and non-

isothermal conditions) confirms possible agglomeration (not evenly dispersed) of graphene 

particles. Figure 5.14 shows the tan delta curves representing the damping factor/loss factor of 

porous Pebax graphene-polymer composites. The tan delta curve and the value at 30 °C 

decreased up to 1% graphene loading, indicating low loss which occurs because of the relatively 

good interaction between the polymer chain and the filler particles. The loss factor increases with 

loading concentration of 2.5%, suggesting uneven dispersion or agglomeration of graphene 

particles. One of the main observations from the tan delta curve is the appearance of the 

significant wide peak which is spread over the temperature range of 50 °C - 90 °C, which is not 

clearly visible in the SCF Pebax curve. Similar peaks are also evident in the DSC section around 

the same range of temperatures. Therefore, the finding of this study suggests that the appearance 

of a peak upon addition of graphene particles may be due to an interaction between the nylon 

block and the graphene particles. A similar point has also been discussed in Chapter 4 regarding 

the actual Tg of the nylon block appearing at around 60 °C when processed with scCO2.  

 

Figure 5.14 Tan Delta for porous Pebax graphene composites 

 

Wide Peak 
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Polarised Optical Microscope of Porous Pebax Graphene Composites 

Figure 5.15 presents the 20x magnification images from polarised optical microscopy 

representing the effect of increased graphene concentration on the extrudates. It is clear that the 

increase in graphene concentration from 0.5% to 2.5% results in a larger cell structure due to cell 

coalescence.  

 

a. PG SCF 0.5%                                   b PG SCF 2.5% 

Figure 5.15 Polarised optical microscope images of a. PG SCF 0.5% and b PG SCF 2.5% 

Such an increase in cell coalescence is usually the result of increasing scCO2 pressure which is 

kept constant here at 1200 psi and the only variant is increased graphene concentration. This 

suggests that increased graphene concentration may have initiated the formation of the viscous 

plug within the extruder due to exfoliation of graphene. Such changes in the cell structure can be 

the reason behind the diminished mechanical properties at 2.5% loading.   

5.2.4 Fourier Transform Infrared Spectroscopy of Porous Pebax Graphene Composite 

The peaks at 1465 cm
-1 

and 1365 cm
-1 

represent CH2 vibration and C-N stretching of the amide 

group, respectively. The soft PTMO blocks exhibit stretching vibration of the C-O ether peak at 

1100 cm
-1

. No significant changes were observed with the use of scCO2 Pebax graphene 

composite (see Figure 5.16). Additional, opportunity to enhance the sensitivity of FTIR by using 

a focal plane array detector through FTIR imaging approach is recommended. 
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Figure 5.16 Transmittance IR spectroscopy of porous Pebax graphene composites 

 

5.2.5  Tensile Testing of Porous Pebax Graphene Composites 

Figure 5.17 presents the stress vs. strain curve for porous Pebax graphene composites. A clear 

enhancement of the modulus of resilience and modulus of toughness can be observed throughout 

upon addition of graphene up to 1%. However, as the loading was increased to 2.5%, the 

modulus of resilience and the toughness reduced. A similar effect has been observed throughout 

this section on the thermal and dynamic mechanical analysis. Thermal analysis using isothermal 

and non-isothermal crystallisation kinetics suggests such decreases in thermal and mechanical 

properties occur due to uneven dispersion or agglomeration of the graphene particles. Another 

possible reason could be that the graphene particles lose their intrinsic properties upon higher 

loading as the graphene particles tend to agglomerate or even restack easily due to Van der 

Waals forces to form graphite.  
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Figure 5.17 Stress vs. strain curves for porous Pebax graphene composites 

5.3 Keypoints for Pebax Graphene Composites with scCO2 

The aim of this section of Chapter 5 was to investigate the effects of incorporating graphene-

based filler materials when processed using scCO2 extrusion. The following are the key 

observations: 

 A peak at 80 °C attributed to the glass transition temperature of the nylon block is clearly 

visible due to the restriction imposed by graphene particles upon polymer-additive 

interaction, which otherwise is not as clearly evident on the virgin Pebax thermogram. 

This peak flattens with a filler concentration of 2.5%, suggesting poor interaction and 

agglomeration. 

 The value of the Avrami exponent n is between 2 and 3 for isothermal conditions 

indicating a complex two-dimensional axialitic crystallisation process, while n ranges 

from 3 to 4 for non-isothermal conditions indicating a spherulitic structure. The 

crystallisation rate k increases up to 1% suggesting that the graphene particle loading up 

to 1% acts as nucleation sites. However, k decreases for 2.5% loading due to probable 

agglomeration of graphene particles. The Arrhenius activation energy (∆E) decreased for 

0.25%, further indicating that graphene acts as nucleation sites, while ∆E increased up to 
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2.5% suggesting a restriction induced by graphene polymer chain interaction due to 

agglomeration.  

 Under non-isothermal conditions the Tc peak shifts to higher temperatures suggesting the 

dominance of heterogeneous nucleation. However, the value of k decreased upon the 

addition of graphene compared to virgin PebaxSCF. This suggests that although the 

graphene particles acted as nucleation sites, they might have restricted the nucleation 

growth, thus the clear decrease in crystallisation rate.  

 The crystallisation rate F(T) value obtained from the combined Avrami-Ozawa model 

decreases upon addition of graphene up to 2.5% loading indicating slow crystallisation 

rates. The increase in Kissinger’s activation energy (∆E) upon addition of graphene can 

be attributed to the agglomeration of the graphene particles which hinder the 

transportation of the molecular segment to crystallite phase and formation of the nuclei 

size.  

 The storage modulus and loss modulus increase while the tan delta decreases up to 1% 

graphene loading, similar to the results obtained from the crystallisation kinetics, 

suggesting good polymer graphene interaction. However, with 2.5% loading, the storage 

modulus and the loss modulus decrease due to agglomeration; a similar decrease in the 

crystallisation kinetic parameters was also noted for 2.5% loading.  

 A clear enhancement of the modulus of resilience and modulus of toughness can be 

observed throughout on addition of graphene up to 1%. However, as the loading was 

increased to 2.5%, the modulus of resilience and the toughness reduced.   

 No significant changes were observed in the IR spectroscopy with the use of scCO2 

Pebax graphene composite. 

 The outcomes from the crystallisation kinetics and the dynamic mechanical thermal 

analysis show that the Pebax graphene composites at lower graphene concentrations (up 

to 1%), results in enhanced the properties of the material, without agglomeration.   
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5.4 Section 2: Supercritical Fluid Assisted Porous Pebax Graphene Oxide Composites 

5.4.1 Thermal Gravimetric Analysis of Porous Pebax GO Composites 

Figure 5.18 shows the thermogravimetric analysis (TGA) thermogram of scCO2 assisted 

extrusion of porous Pebax GO composites. As observed for the graphene composite samples, no 

major changes can be observed from the derivative of the weight change peak, which shows the 

maximum degradation temperature. The maximum degradation temperature remains almost 

constant at 460 °C for all the GO filler levels. With increasing GO percentage, the total weight 

percentage thermograms almost reach zero. Such effects can be attributed to GO degradation. 

 

Figure 5.18 TGA thermogram for porous Pebax GO composites 

Since GO particles reach about 70% degradation at a much lower temperature (refer to Section 

7.4.2), one of the possibilities could be that the GO particles may be degraded at a lower 

temperature, thus the derivative weight percentage thermogram reaches zero. The zoomed 

portion of the graph representing the loss in weight decreases with an increase in the GO filler 

concentration suggesting that the GO interaction restricts the easy movement of the polymer 

chains.  
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5.4.2 Differential Scanning Calorimetry of Porous Pebax GO Composites 

Figure 5.19 presents the heat flow thermogram of the porous Pebax GO composites. The melting 

point of Pebax remains constant for the entire Pebax GO matrix. However, an endothermic peak 

can be seen at 80 °C for virgin SCF Pebax (zoomed section), while the peak can be seen to shift 

to a lower temperature of around 50 °C. As discussed in Section 4.2, this peak appears to be due 

to the vibration or movement of the amorphous part of Nylon-12. Such a shift in the Tg from 80 

°C to 50 °C upon addition of scCO2 suggests that the oxygen-rich GO particles interact with 

Pebax.  

  

Figure 5.19 Heat flow thermogram of porous Pebax GO composites 

Figure 5.20 shows the crystallisation peaks for all the Pebax GO composites. The crystallisation 

peak of virgin SCF Pebax can be observed at 136 °C. No shift in relative heat flow magnitude 

was observed with the addition of GO up to 2.5% indicating that GO particles are more 

compatible or act as one with the polymer Pebax.  
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Figure 5.20 Cooling cycles for porous Pebax GO composites 

 

5.4.3 Isothermal Crystallisation Kinetics of Porous Pebax GO Composites 

The Avrami equation was used to describe the crystallisation kinetics of semi-crystalline 

polymers under isothermal conditions (refer to Section 3). The parameters n and k can be 

obtained from the slope and the intercept of the Avrami plot of log [-ln(1-Xt)] vs. log t. The 

values of Avrami exponents, calculated and practical obtained values of t1/2 are listed in Table 

5.9. The value of n, describing the dimension of the crystallite remains between 2 and 3, 

suggesting complex branched fibrillar morphology. No significant changes can be observed with 

respect to n, even with the addition of GO up to 2.5%. The value of k, representing the rate of 

crystallisation, tends to decrease with an increase in the isothermal crystallisation temperature for 

all the sample type. However, the parameter k tends to increase up to 1% GO loading (faster 

crystallisation), and remains constant for 2.5% loading (refer to the highlighted section in the 

Table 5.9, for example, Tc @ 143˚C having k = 0.11 for virgin PebaxSCF, Tc @ 143˚C having k 

=0.36 for PGOSCF 1% and Tc @ 143˚C having k =0.36 for PGOSCF 2.5%). This suggests that 

loadings of 1% and above result in agglomeration of particles, thereby restricting the actual 

nucleation and growth of the crystal. The k values for GO loading does not increase as fast 

compared to graphene composites (k much higher in case of graphene,for example: Tc @ 143˚C 
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having k =1.66 for PGSCF 1% (graphene), while k value for PGOSCF 1% (GO) is 0.36 @ Tc 

=143 ˚C), indicating slower crystallisation rate with GO when compared to graphene. This also 

suggests that GO particles are more compatible/have superior interaction with Pebax compared 

to graphene. The t1/2 value increases with increasing Tc, however, the values tend to decrease 

upon addition of GO similar to k, suggesting a lower time to crystallise to 50%, indicating faster 

crystallisation than the virgin SCF Pebax.  

Table 5.9 Avrami parameters for porous Pebax GO composites under isothermal conditions 

Sample 

Type  

Tm 

(    ) 

n Average 

N 

Log k K t1/2* 

(min) 

t1/2 

Graph 

(min) 

G 

(min
-

1
) 

R
2
 

 

 

PebaxSCF 

 

140 2.72  -0.125 0.74 0.97 0.93 1.07 1.000 

141 2.83  -0.420 0.38 1.22 1.21 0.82 1.000 

142 2.84 2.84 -0.655 0.22 1.49 1.48 0.67 1.000 

143 2.80  -0.922 0.11 1.87 1.86 0.53 1.000 

144 3.04  -1.480 0.03 2.70 2.68 0.37 0.999 

 

 

PGOSCF 

0.5 

142 2.76  -0.343 0.45 1.16 1.15 0.86 1.000 

143 2.73  -0.586 0.25 1.43 1.41 0.70 1.000 

144 2.84 2.85 -0.897 0.12 1.81 1.83 0.54 1.000 

145 3.07  -1.35 0.04 2.44 2.45 0.40 0.999 

146 2.85  -1.59 0.02 3.17 3.16 0.31 0.999 

 

 

PGOSCF 

1 

142 2.70  -0.156 0.69 0.99 0.98 1.02 1.000 

143 2.80  -0.437 0.36 1.25 1.25 0.80 1.000 

144 2.83 2.83 -0.735 0.18 1.59 1.61 0.62 1.000 

145 3.00  -1.186 0.06 2.19 2.21 0.45 1.000 

146 2.85  -1.444 0.03 2.82 2.73 0.36 0.999 

 

 

PGOSCF 

2.5 

143 2.70  -0.432 0.36 1.26 1.25 0.80 1.000 

144 2.83  -0.755 0.17 1.62 1.63 0.61 1.000 

145 2.98 2.75 -1.183 0.06 2.20 2.21 0.45 1.000 

146 2.80  -1.496 0.03 3.00 2.99 0.33 0.999 

147 2.44  -1.606 0.02 3.91 3.80 0.26 0.999 

 

The value of G=1/t1/2 can be used to describe the crystallisation rate and is plotted in Figure 5.21 

as a function of isothermal crystallisation temperature. It can be clearly seen that the GO 

particles act as nucleating agents thereby enhancing the crystallisation rate due to even 

dispersion. The crystallisation rate at various temperatures for 1% and 2.5% loading remains 

constant, suggesting heterogeneous nucleation for 0.5% and agglomeration or uneven dispersion 

of 1% and 2.5% loading. 
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Figure 5.21 Crystallisation rate vs. crystallisation temperature plot for porous Pebax GO 

composites 

 

 
Figure 5.22 Arrhenius activation energy plot for porous Pebax GO composites 
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The crystallisation rate parameter was described by an Arrhenius type equation (refer to section 

3.4.3.1) in order to determine the activation energy under isothermal conditions. The slope of the 

plot ln (k)*1/n vs. 1/Tc as shown in Figure 5.22 determines the ∆E/R, where the activation 

energy was calculated and is tabulated in Table 5.10. 

Table 5.10 Arrhenius Activation Energy for porous Pebax GO composites under isothermal 

conditions 

Samples Arrhenius 

Activation Energy 

(∆E) 

(KJ/mol) 

PebaxSCF -342.869 

PGOSCF 0.5% -391.581 

PGOSCF 1% -399.047 

PGOSCF 2.5% -447.077 

 

As seen in Table 5.10, the ∆E value increases with GO loading. However, the activation energy 

is the highest at 2.5%. This shows that the GO particles in the Pebax matrix restrict the easy 

movement of the polymer chains in order to process through the crystallisation steps of 

nucleation and crystal growth. Kuo et al [148] suggested that the activation energy consists of 

two parts; one is energy required to nucleate and second is the energy required to grow 

crystallites. If the particles act as nucleating sites as evident from the Avrami k parameter, the 

activation energy must be reduced. However, in our case, the activation energy gradually 

increases with increase in the GO loading. This suggests that although a heterogeneous 

nucleation is evident at lower GO loading, the GO interaction with Pebax chain might hinder the 

transportation process, thereby increasing the crystallisation free energy barrier.   

5.4.4 Non-Isothermal Crystallisation Kinetics of Porous Pebax GO Composites 

The non-isothermal crystallisation kinetics of Pebax GO composites with scCO2 was studied 

under various cooling rates. Figure 5.23 shows the crystallisation thermograms at various heating 

rates with respect to temperature and time. Important thermal parameters were recorded and 

tabulated in Table 5.11, from the thermograms for Pebax GO composite at various non-

isothermal conditions. It can be clearly seen that the crystallisation Tcon, Tc and Tcoff shifts to 

lower temperatures and becomes broader with an increase in the cooling rate from 2.5 °C/min to 

20 °C/min. Such crystallisation temperatures usually shift to a higher value indicating dominant 

heterogeneous nucleation, which otherwise will shift the Tc to lower temperatures if 

homogenous nucleation results. 
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Table 5.11 Tc, Tcon, Tcoff parameters obtained from the heat flow thermographs for porous Pebax 

GO composites under non-isothermal conditions 

Sample 

Type  

Cooling 

Rate 

( ° C/min) 

Tcon 

(° C) 

Tcoff 

(°C) 

Tc 

(° C) 

ΔHc 

(J/g) 

Xc 

(%) 

 

PebaxSCF 

2.5 

5 

10 

20 

139.70 

135.67 

131.71 

126.68 

107.71 

92.80 

85.41 

84.44 

136.40 

131.68 

126.38 

120.04 

37.20 

38.97 

36.70 

33.68 

33.38 

30.58 

32.53 

32.12 

 

PGOSCF 

0.5% 

2.5 142.47 112.31 138.46 36.45 36.56 

5 139.09 93.82 135.41 40.42 28.03 

10 136.86 93.53 131.81 38.30 29.16 

      20 132.35 85.41 127.62 37.34 27.26 

 

PGOSCF 

1% 

2.5 

5 

10 

      20 

142.45 

139.88 

136.51 

132.99 

105.22 

112.47 

95.33 

87.24 

138.53 

135.55 

131.99 

127.54 

37.61 

33.34 

36.33 

34.66 

34.24 

32.63 

34.27 

27.40 

 

PGOSCF 

2.5% 

2.5 142.76 116.97 138.80 33.33 36.09 

5 139.47 105.76 135.67 34.99 30.58 

10 136.24 95.91 132.00 35.39 27.83 

      20 132.64 97.28 127.44 33.62 27.75 

 

The Tc almost remains constant (Tc @ 138 °C/min @ 2.5 °C/min for 0.5%, 1% and 2.5%) 

irrespective of GO loading concentration, which was not same in case of graphene composites 

(max Tc-140 @ 2.5 °C/min). This suggests that addition of GO particles up to 2.5% does not add 

in or act as additional nucleating sites, which is not the case for graphene. The Avrami model as 

described in Chapter 3, Section 3.4.3.2 was used to understand the crystallisation behaviour 

under non-isothermal conditions. Plots of log (-ln (1 – X(t))) versus log t is shown in Figure 5.24 

for porous Pebax GO composites with scCO2. The corresponding Avrami parameters n and k 

were obtained from the slope and intercept of the plots, t1/2 (calculated from the Equation 3.4) 

and corresponding R
2
 are listed in Table 5.12.  

The Avrami exponent n decreases with increasing cooling rate for all the sample types mainly 

due to less availability of crystallisation time for the complete nucleation mechanism. The 

average n value for all the samples lies between 3 and 4, indicating that the complex spherulitic 

crystallites have three-dimensional growth. 
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a. PGOSCF 1% 

  

b. PGOSCF 2.5% 

Figure 5.23 Heat flow curves with respect to time and temperature for porous Pebax GO 

composites 

 

The crystallisation rate, k’, increases with higher heating rates. However, this value gradually 

decreases with the addition of GO up to 2.5% compared to virgin Pebax. The increasing k’ with 

higher cooling rate confirms a faster crystallisation process, however, these values decrease upon 

addition of GO particles which suggests that GO particles within the polymer matrix hinder the 

growth rate. 
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Table 5.12 Avrami parameters obtained from the Avrami plot for porous Pebax GO composites 

under non-isothermal conditions 

Sample 

Type  

  

(°C/min) 

N Average 

n 

Log k’ k’ t1/2 

From 

Graph 

(min) 

t1/2 

Calculated 

(min) 

R
2
 

 

PebaxSCF 

2.5 3.94  -0.21 0.62 0.99 1.03 0.999 

5 3.21 3.29 0.58 3.80 0.55 0.59 0.998 

10 3.04  1.19 15.49 0.34 0.36 0.997 

20 3.00  1.78 60.26 0.21 0.23 0.997 

 

PGOSCF 

0.5 

2.5 3.38  -0.34 0.46 1.08 1.13 0.999 

5 3.23 3.46 0.48 3.02 0.58 0.63 0.996 

10 3.57  1.44 27.5 0.33 0.36 0.995 

20 3.69  2.48 302.0 0.18 0.19 0.996 

 

PGOSCF 

1 

2.5 3.22  -0.36 0.44 1.10 1.15 0.999 

5 3.17 3.45 0.47 2.82 0.58 0.63 0.997 

10 3.69  1.37 23.44 0.36 0.39 0.995 

20 3.73  2.38 239.8 0.19 0.21 0.995 

 

PGOSCF 

2.5 

2.5 3.33  -0.37 0.43 1.11 1.16 0.999 

5 3.38 3.36 0.47 2.95 0.60 0.65 0.997 

10 3.50  1.44 27.54 0.33 0.35 0.995 

20 3.25  2.13 134.90 0.18 0.20 0.995 

 

The value of k’ almost remains constant up to 10 °C/min cooling rates. However, at the higher 

cooling rate, the k’ value decreases upon addition of GO to 2.5%. The values of k’ for GO 

composites are higher than that of the graphene composite counterpart, indicating faster 

crystallisation in the case of GO composites (GO particles do not hinder the nucleation or growth 

rate when compared to G - this may be due to the interaction of polymer chain with the oxygen-

rich GO). The same is observed in the t1/2 values, where these values tend to increase up to the 

loading of 2.5% suggesting a slow crystallisation rate. Avrami analysis for non-isothermal 

conditions provides a good insight into the nature of the nucleation and growth process only. 

Therefore, a method devised by Ozawa was used, which has been specifically designed to model 

non-isothermal crystallisation kinetics. The Avrami equation was extended by Ozawa by 

modelling the change in the degree of crystallinity (X(T)) as a function of varying the cooling 

rate. The plot of ln(-ln(1-X(T)) vs. ln   taken at different temperatures should give a linear fit, 

where the slope and intercept gives the kinetic parameters m and k*.The value m depends on the 

dimensions of the crystal growth and K(T) is a function of cooling rate φ which indicates how 

fast crystallisation occurs (Table 5.13). 
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                                a. PGOSCF 0.5%                                                b. PGOSCF 1% 

 

c. PGOSCF 2.5% 

Figure 5.24 Avrami plot for porous Pebax GO composites under non-isothermal conditions 

The heating reaction function Log k* tends to increase with temperature as the nucleation and 

growth rate is increased for all the sample type. In addition, the Ozawa exponent m decreases 

with increase in temperature. It is evident from the Ozawa plot that, a perfect linear fit cannot be 

achieved, due to the influence of secondary crystallisation (R
2
 <<1). This suggests that mean m 

and k* values are difficult to achieve and thus the Ozawa method cannot be used to describe the 

crystallisation kinetics of Pebax GO composites under non-isothermal conditions. Therefore, 
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combining the Avrami and Ozawa model is used to in the next section to describe the kinetics of 

non-isothermal crystallisation. 

Table 5.13 Ozawa parameters obtained from the Avrami plot for porous Pebax GO composites 

under non-isothermal conditions 

Sample Type  T 

(°C) 

M Log k* R
2
 

 

 

PebaxSCF 

120 -0.90 2.14 0.898 

125 -2.83 4.44 0.764 

128 -2.06 2.91 0.891 

130 -3.98 4.90 0.853 

133 -3.78 3.77 1.000 

 

 

PGOSCF 0.5 

120 -0.42 1.65 0.843 

125 -0.54 1.55 0.941 

128 -1.04 2.04 0.859 

130 -2.14 3.38 0.767 

133 -2.12 2.75 0.890 

136 -7.39 8.03 0.879 

 

 

PGOSCF 1 

120 -0.38 1.62 0.728 

125 -0.55 1.58 0.889 

128 -1.05 2.06 0.828 

130 -2.07 3.30 0.759 

133 -5.85 7.96 0.759 

136 -5.88 6.35 0.872 

 

 

PGOSCF 2.5 

120 -0.58 2.12 0.928 

125 -0.68 1.90 0.979 

128 -1.16 2.34 0.880 

130 -2.19 3.56 0.788 

133 -1.97 2.68 0.889 

136 -6.61 7.29 0.871 
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                           a. PGOSCF 0.5%                                           b PGOSCF 1% 

 

c. PGOSCF 2.5% 

Figure 5.25 Ozawa plot for porous Pebax GO composites under non-isothermal conditions 

Figure 5.26 demonstrates that lower cooling rates require a longer time (spreading of the ln t 

values) for crystallisation, while faster cooling rates require a shorter time for crystallisation 

(narrow ln t values). This spreading to narrowing of time for crystallisation with increasing 

cooling rate, indicates, that the value b is strongly dependent on the cooling rate. On the other 

hand, the value ln F(T) increases with the relative degree of crystallinity, indicating that larger 

crystallisation time is required at a higher cooling rate in order to reach unity degree of 

crystallinity. It is evident from the Table 5.14 that the F(T) values gradually increases with the 

addition of GO up to 2.5% indicating that the crystallisation rate decreases upon addition of GO 

(slower crystallisation). Unlike the huge increase in F(T) with graphene alone, the F(T) values do 
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not show a vast deviation from the virgin Pebax upon addition of GO. This suggests that GO 

particles might have better interaction with Pebax polymer chains than graphene particles.  

Table 5.14 Mo parameters obtained from the combined Avrami and Ozawa plot for porous 

Pebax GO composites under non-isothermal conditions 

Sample Type X(T) b Mean ‘n’ ln F(T) F(T) R
2
 

 

 

Pebax SCF 

 

0.2 1.29  0.55 1.73 0.998 

0.4 1.35 2.57 0.78 2.18 0.997 

0.6 1.38  0.94 2.55 0.998 

0.8 1.41  1.07 2.91 0.997 

 

 

PGO SCF 0.5 

0.2 1.20  0.66 1.09 0.999 

0.4 1.17 3.45 0.91 2.48 0.999 

0.6 1.15  1.06 2.88 0.999 

0.8 1.13  1.17 3.22 0.999 

 

 

PGO SCF 1 

0.2 1.21  0.65 1.91 0.999 

0.4 1.20 2.68 0.92 2.50 0.998 

0.6 1.19  1.08 1.94 0.998 

0.8 1.18  1.20 3.32 0.999 

 

 

PGO SCF 2.5 

0.2 1.16  0.72 2.05 0.999 

0.4 1.10 3.15 0.97 2.63 0.999 

0.6 1.14  1.10 3.00 0.998 

0.8 1.10  1.21 3.35 1.000 

 

This suggests that the addition of GO has lowered the rate of crystallisation compared to virgin 

Pebax (agreement with Avrami model); specifically due to hindrance at the crystal growth stage, 

however, has enhanced nucleating sites. It is found that the b value, which is the ratio of n/m, 

tends to increase upon the addition of GO PG 1%, suggesting that higher GO concentration 

induces a larger number of heterogeneous nucleation sites and limits crystal growth producing 

crystals of smaller size, therefore a clear decrease in the n value can be observed for 2.5 (the 

average Avrami n value also decreases). 
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a. PGO SCF 0.5% 

              

                               b. PGO SCF 1% c. PGO SCF 2.5% 

Figure 5.26 Combined Avrami – Ozawa (MO) plot for porous Pebax GO composites under non-

isothermal conditions 

The crystallisation activation energy under non-isothermal conditions was evaluated by using the 

Kissinger equation (Refer to Section 3.4.3.2). The crystallisation activation energy could be 

determined from the slope of the plot of ln (heating rate/Tc
2
 ) versus 1/Tc. It can be observed from 

Table 5.15 and Figure 5.27 that the activation energy increases upon addition of graphene 

particles. The activation energy almost remains stable with the addition of GO up to 2.5% 

suggesting improved interaction of polymer to GO even at higher concentration. The increase in 

the activation energy upon the addition of GO can be attributed to the dominance of the hindrance 
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to movement of the polymer chains to initiate growth, which can be observed throughout the non-

isothermal crystallisation analysis.  

Table 5.15 Kissinger activation energy obtained from Kissinger plot for porous Pebax GO 

composites under non-isothermal conditions 

Sample Type Kissinger Activation Energy 

(KJ/mol) 

Pebax SCF 190.48 

PGOSCF 0.5% 282.14 

PGOSCF 1% 278.32 

PGOSCF 2.5% 275.32 

 

 

Figure 5.27 Kissinger’s plot for porous Pebax GO composites under non-isothermal conditions 

 

5.4.5 Dynamic Mechanical Analysis of Porous Pebax GO Composites 

Figure 5.28 and the Table 5.16 represent the storage modulus in MPa at various temperatures and 

average storage modulus measured at 30 °C. It can be observed that the storage modulus 
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gradually increases from pure SCF Pebax (at around 78 MPa) upon the addition of GO to a 

loading of 1% (at around 129 MPa). Beyond 1% that is with 2.5% loading concentration the 

storage modulus decreases (93 MPa). 

 

Figure 5.28 Storage modulus thermograms for porous Pebax GO composites 

Such an increase in the storage modulus upon the addition of a filler suggests even dispersion 

and fairly good interaction between the polymer chain and the additive, which otherwise will 

tend to decrease due to agglomeration of additives (usually agglomeration occurs when the filler 

particles stack up one over the other at the polymer chain interaction site or in many cases in the 

availability of interactive polymer sites – poor interaction). Similar trends were observed with 

graphene loading, however, the storage modulus remains slightly higher for all the GO samples 

compared to graphene. The loss modulus is highest for 1% GO throughout the temperature range 

due to one to one polymer chain-graphene interaction which further restricts the free movement 

(acts as a more viscous material).  With the increase in the loading concentration to 2.5%, the 

loss modulus decreases (less viscous), which can be attributed to free space that was created due 

to the agglomeration of GO, where polymer chains have free space to relax, resulting in easy 

movement. 

 



102 

 

  Table 5.16 Storage, Loss and Tan delta measured at 30 °C for porous Pebax GO composites 

Sample type With SCF 

Storage modulus Loss Modulus Tan Delta 

MPa MPa NA 10
-3

 

SCF Pebax 77.28±6.8 2.77 35.8 

SCFPGO 0.5% 113.33±3.6 3.45 30.0 

SCFPGO 1% 128.89±3.1 4.00 31.0 

SCFPGO 2.5% 93.22±4.3 3.12 33.4 

 

Figure 5.30, represents the tan delta or the loss factor curve over a temperature range. The tan 

delta is the lowest for 0.5% graphene GO oxide loading representing low loss due to friction or 

heat, however, increases upon increasing the loading to 1% and 2.5%. The appearance of a 

significant wide peak spread over the temperature range of 50 °C - 90 °C as seen from the tan 

delta of graphene studies (Chapter 5, Section 1), is not clearly visible with GO extrudates. 

However, a broad peak can be seen on the 1% GO curve on the thermograph. Similar peaks are 

also evident from the DSC section around the same range of temperatures due to the interaction 

between the nylon block and the graphene particles.  

 

Figure 5.29 Loss modulus thermograms for porous Pebax GO composites 
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Figure 5.30 Tan delta thermograms for porous Pebax GO composites 

 

5.4.6 Fourier Transform Infrared Spectroscopy of Porous Pebax GO Composites 

Figure 5.31 presents the transmittance spectra of the porous Pebax GO composites. No 

significant changes or trends were observed for scCO2 Pebax GO composites.  
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Figure 5.31 Transmittance IR spectra of porous Pebax GO composites 

 

5.4.7 Tensile Testing of Porous Pebax GO Composites 

Figure 5.32 shows the stress vs. strain curve for porous Pebax GO composites. The modulus of 

resilience and modulus of toughness enhancement can be observed throughout upon the addition 

of GO up to a maximum of 1%. However, as the loading was increased to 2.5%, the modulus of 

resilience and the toughness reduce. A similar effect has been observed throughout the section on 

the thermal and dynamic mechanical analysis. At very low strain % from 0.25% to 4%, the PGO 

SCF 0.5% loading has slightly higher stress, which may be due to the perfect interaction between 

the polymer chain and the GO particles. The results from the dynamic mechanical analysis and 

the tensile test are in agreement with the analysis/attribution made on the fact that the loading of 

1% and above result in the agglomeration of particles. 
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Figure 5.32 Stress vs. strain curves for porous Pebax GO composites 

5.5 Keypoints Porous Pebax GO Composites with scCO2  

The aim of this section of Chapter 5 was to investigate the effects of incorporating GO filler 

materials when processed using scCO2 extrusion. The following are the key observations: 

 The crystallisation peak of virgin SCF Pebax can be observed at 136 °C. No shift or 

reduction in relative heat flow magnitude was observed with the addition of GO up to 

2.5%.  

 The Avrami exponent ‘n’ under isothermal crystallisation kinetics is in the range from 2 

to 3, for all the samples indicating a complex two-dimensional growth phenomenon with 

branched fibrillar morphology. Under non-isothermal crystallisation kinetics, the average 

n values for all the samples lies between 3 and 4, indicate complex spherulite crystallites 

having three-dimensional growths. 

 The parameter k tends to increase up to 1% GO loading (faster crystallisation) and 

remains constant for 2.5% loading. This suggests that the loading of 1% and above result 

in agglomeration of particles, thereby restricting the actual nucleation or growth of the 

crystal.  

 The Arrhenius ∆E value increases upon GO loading. The activation energy is the highest 

at 2.5%. This shows that the GO particles in the Pebax matrix restrict the easy movement 
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of the polymer chain in order to progress through the crystallisation step of nucleation 

and crystal growth. Tc shifts to a higher value under non-isothermal crystalline kinetics 

indicate that heterogeneous nucleation dominates. The Tc almost remains constant (Tc-

138 °C @ 2.5 °C/min for 0.5%, 1% and 2.5%) irrespective of GO loading concentration, 

which was not same in case of graphene composites (max Tc-140 @ 2.5 °C/min), 

suggesting that the addition of GO particles up to 2.5% does not add or act as additional 

nucleating sites.  

 Although the increasing k’ with higher cooling rate confirms a faster crystallisation 

process, however, these values decrease or remain constant upon addition of GO particles 

which suggests that GO particles within the polymer matrix hinder the growth rate. The 

value of k’ almost remains constant up to 10 °C/min cooling rate, however, at the higher 

cooling rate the k’ value decreases upon addition of 2.5% GO. 

 The F(T) values gradually increase with the addition of GO up to 2.5% indicating that the 

crystallisation rate decreases upon the addition of graphene,(slower crystallisation). 

Unlike the huge increase in F(T) with graphene alone, the F(T) values do not show a vast 

deviation from the virgin Pebax upon the addition of GO. This suggests that GO particles 

might have better interaction with Pebax polymer chains than graphene particles. The 

increase in the activation energy upon the addition of GO can be attributed to the 

dominance of the hindrance to movement of the polymer chain to initiate growth, which 

can be observed throughout the non-isothermal crystallisation analysis 

 The storage modulus gradually increases form pure SCF Pebax (at around 78 MPa) upon 

the addition of GO to a loading of 1% (at around 129 MPa). Beyond 1% filler 

concentration, that is with 2.5% loading, the storage modulus decreases (93 MPa). The 

tan delta is the lowest for 0.5% GO loading representing low loss due to friction or heat, 

however, the tan delta increases upon increasing the loading to 1% and 2.5%.  

 A clear enhancement of the modulus of resilience and modulus of toughness can be 

observed throughout the addition of graphene up to 1%. However, as the loading was 

increased to 2.5%, the modulus of resilience and the toughness reduced.   

 No significant changes or trends were observed in the IR spectroscopy for scCO2 Pebax 

GO composites. 
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5.6 Conclusion for Pebax Graphene-based Composites with scCO2 

This chapter investigated Pebax graphene and GO composites using scCO2 assisted polymer 

processing technique. In both the cases of graphene and GO, the maximum thermal degradation 

temperature remained unchanged at 460 °C. However, the loss in weight decreased in both the 

cases with an increase in the filler concentration suggesting that the filler interaction restricts the 

easy movement of the polymer chains. The endothermic peak seen at 80 °C for virgin SCF Pebax 

and is enhanced due to the restriction imposed by graphene particles upon polymer-additive 

interaction. However, in the case of graphene-oxide, the endothermic peak shifts to a lower 

temperature of around 50 °C. In both types of filler, the value of Avrami exponent ‘n’ is between 

2 to 3 for isothermal conditions indicating a complex two-dimensional axialitic crystallisation 

process, while ‘n’ ranges from 3 to 4 for non-isothermal conditions indicating a spherulitic 

structure. The crystallisation rate ‘k’ increases up to 1% suggesting that the graphene particles 

loading up to 1% acts as nucleation sites; however ‘k’ decreases for 2.5% loading due to 

probable agglomeration of graphene particles. The value of k was much higher in the case of 

graphene composites compared to GO. One of the probable reasons for slower crystallisation 

rate in case of GO compared to graphene may be due to the oxygen-rich GO surface which 

readily initiates the interaction between the filler particle and Pebax resulting in slower 

nucleation and growth rate. The Arrhenius’s activation energy (∆E) decreased for 0.25%, further 

indicating graphene acted as nucleation sites, while ∆E increased from 0.5 till 2.5% in both 

graphene and GO loading suggesting a restriction induced by graphene polymer chain interaction 

due to agglomeration. Under non-isothermal conditions, the Tc peak shifted to higher 

temperatures suggesting the dominance of heterogeneous nucleation with graphene as filler 

particles while the Tc almost remained constant even at higher loading of GO. This suggests that 

the addition of GO particles up to 2.5% does not add in or act as additional nucleating sites. 

Unlike the huge increase in F(T) with graphene alone, the F(T) values do not show a vast 

deviation from the virgin Pebax upon addition of GO. This suggests that GO particles might 

have improved interaction with Pebax polymer chain than graphene particles. The increase in 

Kissinger’s activation energy (∆E) upon addition of graphene and GO can be attributed to the 

agglomeration of the graphene particles which hinder the transportation of the molecular 

segment to crystallite phase and formation of the nuclei size. The storage modulus and loss 

modulus increase while the tan delta decreases to 1% graphene/GO loading, similar to the results 

obtained from the crystallisation kinetics, suggesting good polymer graphene interaction. 

However, with 2.5%, the storage modulus and the loss modulus decrease due to agglomeration; a 
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similar decrease in crystallisation kinetic parameters was also noted for 2.5%. The modulus of 

resilience and modulus of toughness can be observed throughout upon addition of graphene/GO 

up to 1%. However, as the loading was increased to 2.5%, the modulus of resilience and the 

toughness reduce. 
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6 Supercritical Fluid Assisted Processing of SEBS Graphene Porous 

Polymer Composites 

6.1 Introduction: 

As an extension of the investigation carried out in Chapter 4, this chapter looks at the effects of 

scCO2 assisted extrusion on the properties of graphene-based filler SEBS compounds. As seen in 

Chapter 5, graphene and GO-based filler material were used at supercritical conditions that were 

selected from Chapter 4 (processed at a pressure of 1200 psi). This chapter is divided into two 

sections, where the first section discusses the effects of using scCO2 assisted processing of 

porous SEBS graphene-polymer composites, while the second section looks at the effects of 

using scCO2 assisted processing of porous SEBS GO polymer matrix. This chapter bridges the 

existing gap on how to enhance the electroactive properties of the material using industrial 

manufacturing techniques. SEBS (Poly (styrene-ethylene-butylene-styrene)) was selected due to 

its intrinsic properties of being mechanically tough and its rubbery nature. Such elastomeric 

properties are most suitable for bending or elongation actuation in the case of artificial muscle 

applications.  Many researchers have reported the capabilities of SEBS as bending or elongation 

actuators, however, a research gap still persists on an industrial scale and for the need for 

enhancement of electroactive properties [152-154]. The innovation of this chapter not only arises 

from the use of a supercritical extrusion polymer processing technique but also emerges from the 

use of graphene-based filler materials. This chapter provides a complete insight into how 

graphene and GO-based composites affect the thermal, mechanical and electrical properties. In 

both sections, the thermal mechanical and morphological properties are understood by using 

thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC), dynamic 

mechanical thermal analysis (DMA) and tensile testing and transmission electron microscopy 

(TEM). It is understood from this chapter that although the graphene-based polymer composites 

enhance the thermal, mechanical and electrical properties, GO-based composites favour the 

electroactive properties in the case of Ionic EAP. Therefore, the graphene-based polymer 

composites can be more suitable for electric field based applications (uses large activation 

energy to activate the material – works on polarisation ability) and GO composites can be 

suitable for ionic based applications (requires no activation voltage, works on low voltage 

transfer of charges).   
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6.2 Section 1: Supercritical Fluid Assisted Porous SEBS Graphene Composites 

6.2.1 Thermal Gravimetric Analysis of Porous SEBS Graphene Composites 

Thermogravimetric analysis (TGA) was performed to evaluate the effect on the thermal stability 

of all the scCO2 assisted extrudates of SEBS graphene composites. It is evident from Figure 6.1 

that the thermal stability increased with the use of scCO2, and continued to shift to higher 

temperatures, even with the addition of graphene particles. 

 

Figure 6.1 Degradation profiles of porous SEBS graphene composites (A: Weight change and B: 

Derivative weight change) 

This increase in the degradation profile of porous SEBS graphene composites can be suggested 

to be due to high microphase formation extruded with scCO2 (the creation of addition 

microphases is clearly described in Section 4.4.2), which in turn leads to the different structure 

of the materials and hence different degradation profiles of the thermoplastic elastomer as 

degradation temperature is related to the change in molecular structure and thermal kinetics 

[136]. The derivative weight change peak is maximum for SEBS SCFG 0.5% (maximum 

degradation temperature), suggesting even dispersion of graphene particles, while this peak 

remains almost constant at 459 °C. However, the area under the peak slightly decreases upon an 

increase in graphene particles due to agglomeration, which induces restriction on the molecular 

movement. 

A B
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6.2.2 Differential Scanning Calorimetry of SEBS Graphene Porous Composites  

Figure 6.2 shows the scanning calorimetry (DSC) thermograms for SEBS, SEBS 1200 and 

various ratios of SEBS graphene porous membranes. The relaxation due to entanglement can be 

observed in the heat flow thermogram at 8.54 °C, 12.43 °C and 10.28 °C for virgin SEBS, SEBS 

extruded at 1200 psi and SEBS extruded at 1200 psi with graphene at various loading 

concentrations (shifts to higher temperatures).   

 

Figure 6.2 Heat flow thermographs of porous SEBS graphene composites 

This increasing relaxation, when assisted with scCO2, can be attributed to higher temperature 

requirements to completely resolve the entanglements/break down of physical crosslinks 

(between soft and hard block) and rearrangement of polymer graphene microstructures to behave 

like a viscous fluid. This suggests that the addition of graphene particles into the polymer 

increases the viscosity of the polymer melt. The Tg of pure styrene (S) rich phase (Tg
S
) around 

95 °C is not clearly visible in virgin SEBS and SEBS SCF 1200 psi thermograms. However, 

small exothermic peaks are evident at 94 °C for all the samples when graphene was added, 

showing the formation of microstructures or rearrangement/ interaction process of the pure S 

phase with graphene particles [139]. A single peak can be observed from the derivative reversing 

thermogram (Figure 6.3) at around -55 °C (attributed to Tg of the EB block for virgin SEBS), 

however, divided peaks can be observed at -58.68 °C and -52.59 °C for SEBS extruded at 1200 
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psi. The Tg of the EB block becomes wider and spreads with multiple evident peaks at -58 °C 

and -28 °C with graphene loading.  

 

Figure 6.3 Derivative reversing heat capacity thermographs for porous SEBS graphene 

composites 

Such spreading of Tg peaks suggests the formation of additional microstructures resulting in an 

increase in the microphase separation within the EB rich phase with the addition of graphene 

particles up to 2.5%. These multiple small peaks also suggest the creation of multiple 

microphases with specific Tg
I
 (Tg of interdomain microphases). The Tg of the S-rich microphase 

has a slight shift from 97 °C for virgin SEBS to 102 °C for scCO2 treated SEBS, however, it 

remains constant at 96 °C, with the addition of graphene particles up to 2.5%.  

The non-reversing kinetic or the time-dependent component is presented in Figure 6.4. The 

ordering of aromatic structures from intermixed phases and densification of styrene microphases 

between -10 to 35 °C increases upon the addition of graphene particles. This shows that the 

addition of graphene particles slows down the rearrangement process due to unavailability of 

free space within the polymer membrane. The in-depth analysis of thermal behaviour, non-

reversing and reversing kinetics is well documented in initial studies as a part of this work [155]. 

The exotherm at 35 °C may arise due to twisting and alignment of the aromatic centre along with 

an ordered axis-styrene block, with an endotherm around 60 °C representing heat enthalpy 
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relaxation of the S block for virgin SEBS. This relaxation cannot be seen with scCO2 or 

graphene addition, as scCO2/graphene particles restrict the easy movement of styrene due to 

structural changes in the microdomain formation. In addition, the peak at Tg
S
 (96 °C) can be 

seen with the addition of graphene, suggesting styrene graphene interaction. 

 

Figure 6.4 Derivative non-reversing heat capacity thermographs for porous SEBS graphene 

composites 

 

6.2.3 Dynamic Mechanical Analysis of Porous SEBS Graphene Composites 

Figure 6.5 presents the storage modulus curves for porous SEBS graphene composites. It can be 

observed that the storage modulus is lowest at 0.25% and highest for 0.5% graphene loading 

compared to virgin SEBS SCF. It is evident that the storage modulus of 1% and 2.5% remains 

higher than 0.25% but lower than virgin SEBS SCF. The storage modulus is highest for 0.5% 

suggesting that the graphene particles at 0.5% loading have good interaction/dispersion within 

the polymer matrix thereby enhancing the stiffness of the composites.  

Figure 6.6 represents the loss modulus curves for porous SEBS graphene composite. It is evident 

that the loss modulus curves follow a similar trend to the storage modulus, however, the 

maximum peak of loss centred at 83°C on the loss modulus curve (related to physical property 

changes which are attributed to the molecular motion process, involving high frictional effects 

Tg
S
 

Complete EB relaxation and 

densification of S phase 

Shift in EB relaxation peak due to micro 

phase formation /rearrangement 
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and heating loss of S segment) shifts approximately to 94 °C for all the graphene added SEBS 

graphene composites. This peak solely represents the densification of the phase-separated 

styrene rich group. 

 

Figure 6.5 Storage modulus curves for porous SEBS graphene composites 

Such shifts suggest that the graphene interacted styrene-rich phase and the peak is a maximum 

for 0.5% suggesting optimum dispersion and physical interaction between the polymer and the 

filler graphene. This peak tends to decrease for 0.25%, 1 and 2.5%, probably due to the lower 

graphene loading (at 0.25%), which might be very low to completely interact with all the 

available interactive sites and agglomeration of the particles at higher loading concentration (1% 

and 2.5%). Figure 6.7 shows the tan delta curves for the entire porous SEBS graphene 

composite, where the peak represents the Tg of the styrene-rich phase. The peak Tg of styrene 

rich phase shifts to 103 °C upon addition of graphene from 0.25% to 2.5%. This shift in peak is 

indicative of the fact that graphene particles are interacting with the styrene-rich phases where 

otherwise a shift in peak would not be clearly observed. Irrespective of the losses incurred, such 

as shifts and increase in the tan delta peak shows that scCO2 enhances the graphene-polymer 

chain interaction. The tan delta peak undoubtedly shows enhancement in the peak for composites 

which is an indication of homogenisation which otherwise will broaden the tan delta peak. 
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Figure 6.6 Loss modulus curves for porous SEBS graphene composites 

 

 

Figure 6.7 Tan delta curves for porous SEBS graphene composites 

 

83 ˚C 94 ˚C 

96 ˚C 

103 ˚C 
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6.2.4 Fourier Transform Infrared Spectroscopy of Porous SEBS Graphene Nanocomposites 

ATR-FTIR spectra, as shown in Figure 6.8 represent the effect of supercritical assisted extrusion 

on porous SEBS graphene. Peaks at 2920 cm
-1

 and 2851 cm
-1

 representing the asymmetrical 

stretching of –CH3 and –CH2 (the ethylene-butylene block) do not show any shift in the position 

with the addition of graphene up to 2.5% under critical pressures of 1200 psi. The aromatic C=C 

stretching of the aromatic system at peak 1600 cm
-1

 and 1492 cm
-1

 tend to broaden as graphene 

concentration is increased to 2.5% [156, 157]. This peak normally originates from the styrene 

group, however, with 2.5% graphene loading the concentration at the styrene graphene interface 

is higher as graphene particles overlap and agglomerate at the interaction sight. This shows that 

the pi electrons in graphene interact with C=C bonds of styrene groups of SEBS. The peak at 

1377 cm
-1

 representing the bending of -CH3, does not show any significant change upon addition 

of graphene. 

 

Figure 6.8 Transmittance spectra of porous SEBS graphene composites  

The peak between 1250 cm
-1

 and 900 cm
-1

, represents aromatic CH deformation vibrations 

within the styrene group. This peak tends to broaden with the addition of graphene, suggesting 

1028.275  -4.769

2920.869  22.559

2851.953  15.419

1601.275  1.547

1492.915  4.640

1454.797  11.709

1378.081  3.780
756.905  5.975

697.884  21.750

SEBS SCF G 2.5%

SEBS SCF G 1%

SEBS SCF G 
0.5%

SEBS SCF G 
0.25%

SEBS SCF 
1200

SEBS

1024.200  0.984

2920.702  20.417

2851.762  13.624

1649.525  0.129

1600.693  3.327

1492.667  4.195

1455.395  10.630

1377.830  3.229
756.915  5.465

697.691  20.222

2920.395  20.836

2851.614  14.692

1601.179  1.779

1492.787  4.296

1455.432  10.725

1377.978  3.345

1028.488  1.171

756.583  5.355

697.861  20.258

2920.817  16.403

2851.947  10.914

1649.608  0.319

1601.603  1.944

1492.831  3.393 1455.584  8.690

1377.860  2.730

1026.455  1.638

755.305  4.263

697.647  16.218

2920.631  20.459

2851.762  14.139

1601.242  2.935

1492.972  4.601

1454.918  10.946

1378.091  4.107

1027.806  1.563

756.429  5.595

697.973  20.184

1027.926  -3.5201491.178  36.315

2921.043  22.282

2852.003  15.065

1601.396  1.572

1454.934  11.522

1377.982  3.900
756.988  5.810

697.934  22.075

 3800  3600  3400  3200  3000  2800  2600  2400  2200  2000  1800  1600  1400  1200  1000   800   600   400

   160

   150

   140

   130

   120

   110

   100

    90

    80

    70

    60

    50

    40

    30

    20

    10

0

   -10

   -20

Wavenumber

%
T

ra
n
s
m

it
ta

n
c
e



117 

 

graphene interaction with the styrene group of SEBS. The peaks 756 cm
-1

 and 697 cm
-1

 are 

attributed to a benzene group in the styrene moiety of SEBS. 

6.2.5 Tensile Testing of Porous SEBS Graphene Nanocomposites 

Figure 6.9 presents the tensile curves of SEBS composites with various graphene contents. The 

stress was measured up to an elongation of 200% for all samples and no breakage occurred. Both 

the resilience and toughness was reduced when extruded with scCO2 (red curve) when compared 

with the virgin SEBS without scCO2 (pink curve). It is evident from the stress-strain curves that 

no significant change in resilience was observed with the addition of graphene, except for porous 

SEBS SCF G 0.5% composite. It is suggested that graphene addition of 0.5% brings about an 

equilibrium between the available polymer sites to interact with graphene particles, which 

otherwise will agglomerate at the polymer interaction site, specifically as the graphene 

concentration is increased. 

 

 

Figure 6.9 Stress vs. strain curves for porous SEBS graphene composites 

The decrease in resilience can also be attributed to the formation of more microstructures when 

extruded with scCO2, which has led to the heterogeneous composite network. This heterogeneity 

or formation of microstructures is mainly dependent on the dispersion of additives that may lead 
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to the formation of more microstructures. The modulus of toughness increases upon the addition 

of more than 0.5% graphene. This suggests that the addition of graphene allows for a perfect 

balance within the polymer matrix, which further blocks or restricts the easy dislocation motion, 

thereby increasing the toughness of the composites. A similar increase in the storage modulus on 

the dynamic mechanical analysis was observed.  

Table 6.1 shows Young’s modulus measured from the tangent slope obtained from 0.25 to 1% 

strain. The Young’s modulus decreases upon introduction of scCO2 (64 MPa for virgin SEBS 

and 48 MPa for SEBS SCF). The addition of graphene along with scCO2 results in low Young’s 

modulus at lower graphene concentrations and shows a gradual decrease in Young’s modulus in 

an increase for graphene concentrations more than 0.5%. One reason for such a decrease in 

Young’s modulus can be attributed to poor dispersion created between the polymer chains and 

graphene, making it inhomogeneous material, thereby, decreasing the modulus. However, at high 

graphene concentration, the interaction may be higher suggesting the stable formation of 

interphases, thereby gradually increasing the modulus 

Table 6.1 Young’s modulus from 0.5% to 1% strain for porous SEBS graphene composites 

 

 

 

 

 

 

 

6.2.5 Optical Polarised Microscopy of Porous SEBS Graphene Composite 

Figure 6.10 shows the polarised optical microscope images at 20x magnification of SEBS SCF G 

0.5% and SEBS SCF G 2.5%, representing the effects of graphene loading on the morphology of 

the extrudates using scCO2. From Figure 6.10, the porous cell structure can be clearly seen at the 

lower graphene loading of 0.5%; however, at higher graphene loading of 2.5%, the porous cell 

structure seems to be distorted due to cell coalescence. Such increased cell coalescence can be 

ascribed to the increase in the viscosity of the polymer melt from graphene exfoliation.  

 

Sample type 

Young’s modulus (tangent slope 

obtained from 0.5 to 1% strain) 

       MPa 

SEBS 64.33±0.003 

SEBS SCF 48.41±0.005 

SEBS SCF G 0.25% 48.12±0.034 

SEBS SCF G 0.5% 55.5±0.0557 

SEBS SCF G 1% 47.32±0.119 

SEBS SCF G 2.5%                     51.65±0.073 
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       a. SEBS SCF G 0.5%                             b. SEBS SCF G 2.5% 

Figure 6.10 Polarised optical microscope images of a. SEBS SCF G 0.5% and b SEBS SCF G 

2.5% 

6.3 Key Points for Porous SEBS Graphene Nanocomposites 

The first section of this chapter investigated the effect of scCO2 assisted processing of SEBS 

graphene composites. The following are the key observations made: 

 It can be clearly seen from the derivative of the weight change thermogram that 

SEBSSCF 0.5% has the maximum peak due to a suggested graphene exfoliated phase, 

which otherwise decreases with higher graphene concentration.  

 The results from DSC demonstrate that the relaxation due to entanglement shifts to 

higher temperatures is due to a suggested increase in the viscosity of the polymer with the 

introduction of graphene. In addition, the Tg of the S-rich phase is clearly evident with all 

the SEBS graphene composites due to ascribed graphene interaction with styrene phase 

leading to microstructure formation.  

 The storage modulus is highest for 0.5% suggesting that the graphene particles at 0.5% 

loading have good interaction/dispersion with the polymer matrix thereby enhancing the 

stiffness of the composites. The tan delta peak at Tg of styrene rich phase (96 °C) shifts 

to 103 °C upon the addition of graphene from 0.25% to 2.5%. This shift in peak is 

indicative of the fact that graphene particles are interacting with styrene rich phases 

where otherwise a shift in peak would not be a clear observation. 

 Addition of graphene along with scCO2 results in low Young’s modulus at lower 

graphene concentrations and demonstrates a gradual increase with graphene 

concentrations up to 0.5% and decreases for 1% and 2.5% graphene loading. One of the 

possible reasons for such a decrease in the modulus at 2.5% can be attributed to the actual 
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processing conditions. The viscosity of the composites increases with higher graphene 

content, this, in turn, helps the processing of scCO2 assisted extrusion by forming a better 

plug within the system, thereby increasing the density of the foam. Additional 

morphology results are needed to support the above 

 The aromatic C=C stretching of the aromatic system at peak 1600 cm
-1

 and 1492 cm
-1

 

tend to broaden as graphene concentration is increased to 2.5%. This peak usually occurs 

with an increase in the styrene group, however, with 2.5% graphene loading the 

concentration at the styrene interaction is higher as graphene particles overlap and 

agglomerate at the interaction site. The results from FTIR compliment the increase in 

mechanical properties due to the graphene styrene interaction 

6.4 Section 2: Supercritical Fluid Assisted Porous SEBS GO Composites 

6.4.1 Thermal Gravimetric Analysis of Porous SEBS Graphene Oxide (GO) Composites 

Figure 6.11 and Figure 6.12 show the thermal degradation profile of SEBS GO composites when 

extruded assisted with scCO2. Paraffin oil was used to reduce the processing temperature 

(plasticiser) from 235 °C to 140 °C, in order to avoid degradation of GO during the extrusion 

process. Early degradation of SEBS starts with the addition of paraffin oil as paraffin oil 

absorbed in SEBS triblock starts to degrade at low temperature.  

 

Figure 6.11 Weight percentage thermogram for porous SEBS GO composites 

However, it is evident that the paraffin oil enhances the degradation temperature of SEBS 

triblock compared virgin SEBS as paraffin oil brings structural changes and enhances the 

microphase separation between the soft and hard block. A small peak is evident at 315 °C on the 
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virgin SEBSP extrudate which signifies the degradation of paraffin oil within the SEBS. This 

peak shifts to 324 °C (Figure 6.12)when GO is added into the SEBSP polymer. This suggests 

that GO interaction enhances the thermal stability of the composites throughout compared to the 

virgin SEBSP polymer matrix. However, no significant changes can be observed with respect to 

the maximum degradation temperature, which remains constant with all the GO loading ratios. 

With increasing the GO loading, the slope maximum degradation temperature decreases due to 

GO interaction. Usually, the incorporation of filler content tends to enhance the thermal stability 

of polymer composites. On the contrary, the incorporation of higher GO loading accelerated the 

decomposition process. This is likely to occur due to the effect of high temperature on the GO 

particles which tends to strip off the oxygen functional groups (refer to Figure 7.25- Thermal 

degradation profile of GO).  

 

Figure 6.12 Derivative weight percentage thermogram for porous SEBS GO composites 

 

6.4.2 Differential Scanning Calorimetry of Porous SEBS GO Composites 

Figure 6.13 shows the heat flow thermogram of scCO2 treated porous SEBS GO composites. The 

endothermic region found between -25 °C to 25 °C on the samples signifies the densification of 

the amorphous region (S-rich phase) as the EB block is in the rubbery state. The addition of 

paraffin oil along with scCO2 shifts the maximum endothermic point towards lower 

temperatures. This point gradually shifts towards lower temperatures upon addition of GO, up to 

2.5% loading. Such continuous shift suggests that there is a restriction imposed by GO particles 
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on EB block-ordering. One of the major reasons for such flattening of the thermogram is due to 

the effect of paraffin oil which acts as a plasticiser. For these reasons, a clear Tg of the S-rich 

phase is evident on all the SEBSP thermograms at around 95 °C, which otherwise is not evident 

on the virgin SEBS thermogram.   

 

Figure 6.13 Heat flow thermogram of porous SEBS GO composites 

The glass transition temperature of ethylene-butylene is –55 °C and the glass transition of S 

block around 96 °C can be observed from the derivatives of reversing heat capacity curves for 

virgin SEBS (Figure 6.14). The Tg
EB

 peak shifts to –65 °C with the use of paraffin oil (SEBSP), 

as paraffin oil acts as a plasticiser, thereby shifting the Tg to lower temperatures. The Tg of the 

styrene-rich phase remains at around 95 °C, however, this Tg peak seems to be enhanced 

suggesting the easy movement of the polymer chains. Throughout the thermogram, no 

significant changes can be observed with the addition of GO particles except for the appearance 

of additional peaks for loading concentration of 1% and 2.5%. Such peaks usually occur due to 

the formation of additional microphases or microphase separation as a result of GO interaction 

with SEBS. The endothermic peak between -10 to 25 °C is mainly due to the glass transition of 

the EB block, which induces ordering of aromatic structures from intermixed phases and results 

in the densification of the styrene microphases. This confirms that the addition of GO particles 

slows down the rearrangement process due to the unavailability of free volume within the 

polymer matrix. 
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Figure 6.14 Derivative reversing heat capacity thermogram for porous SEBS GO composites 

 

6.4.3 Dynamic Mechanical Analysis of Porous SEBS GO Composites 

Figure 6.15 presents the storage modulus at various temperature ranges for porous SEBS GO 

composites. It is clearly seen that the storage modulus is the highest for 1% GO loading, and 

decreases to half value for 2.5% loading, with respect to virgin SEBSP. One of the main reasons 

for such a decrease in the modulus the can be suggested with an increase in the porous nature of 

the material as GO content is increased (increased viscosity of the material results in the 

formation of a plug within the extruder barrel resulting in increased coalescence or porosity 

(similar to  results as seen with graphene composites).  

Figure 6.16 shows the loss modulus curve for porous SEBS GO composites. The loss modulus 

representing the viscous nature of the composites is highest for 1% loading. The results obtained 

from tan delta conclude that; (a) at a sufficiently low temperature (below the onset glass 

transition temperature of the hard block), all the composite types have almost same tan delta 

values (Figure 6.17); 
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Figure 6.15 Storage modulus curves for porous SEBS GO composites 

 

Figure 6.16 Loss modulus curves for porous SEBS GO composites 

 (b) above the onset glass transition temperature, composites with GO demonstrate slower 

relaxation of the hard block of a tri-block resulting in a higher reinforcement effect (this 

phenomenon is greater with an increased percentage of GO) and (c) the formation of a 

heterogeneous network between GO and S block leads to a decrease in the peak of the tan delta. 

Such reduced losses will be advantageous in terms of actuation performance (may reduce the 

back-straightening phenomenon).  
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Figure 6.17 Tan delta curves for porous SEBS GO composites 

6.4.4 Fourier Transform Infrared Spectroscopy of Porous SEBS GO Composites  

ATR-FTIR spectra of transmittance for porous SEBS GO composites with scCO2 are presented 

in Figure 6.18. Peaks at 2920 cm
-1

, 2851 cm
-1

, 698 cm
-1 

and 754 cm
-1 

represent the asymmetrical 

stretching of –CH3 and –CH2, out-of-plane bending of the CH groups in the styrene ring and 

vibrations of the CH groups in the aromatic ring. The samples do not show any shifts in these 

positions with the addition of GO. No significant changes can be observed in the transmittance 

spectra for porous SEBS GO composites due to the addition of concentrations of additive/filler 

within the polymer matrix.  
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Figure 6.18 Transmittance spectra for porous SEBS GO composites 

 

6.4.5 Tensile Testing of Porous SEBS GO Composites 

The stress vs. strain curves for porous SEBS GO composites is presented in Figure 6.19. The 

zoomed part shows that the modulus of resilience is highest for SEBS with 1% GO loading and 

lowest for 2.5% loading. Similar results were also noted in the storage modulus curves on the 

DMA section. In all the cases the modulus of toughness remains higher than that of virgin SEBS 

PSCF sample. 

Table 6.2 Tabulated Young’s modulus of SEBSP GO composites 
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Sample type 

Young’s modulus (tangent slope 

obtained from 0.5 to 1% strain) 

  MPa 

SEBS 64.33±0.003 

SEBS SCF 48.41±0.005 

SEBS PSCF 6.68±0.054 

SEBS PGOSCF 0.5% 7.01±0.0657 

SEBS PGOSCF 1% 7.78±0.0109 

SEBS PGOSCF 2.5%                    6.03±0.0523 
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Addition of paraffin oil sufficiently reduces Young’s Modulus as it is highly absorbed by 

ethylene-butylene block resulting two major effects (a) glass transition temperature of EB block 

as observed in DSC graphs and makes composites very soft at room temperature and (b) amount 

of hard block (polystyrene) in the triblock thereby decreasing overall Young’s Modulus of 

triblock 
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Figure 6.19 Stress vs. strain curves for porous SEBS GO composites 

6.5 Key points for Porous SEBS GO Composites 

The second section of the chapter investigated the effect of scCO2 assisted processing of SEBS 

GO composites. The following are the observations made: 

 The addition of paraffin oil shows the initial degradation at a very low temperature 

starting at degradation temperature of paraffin oil, but the degradation temperature of 

SEBS triblock is enhanced when compared to degradation temperature of virgin SEBS 

due to the higher microphase separation between the hard and the soft block. A small 

peak is evident at 315 °C on the virgin SEBSP extrudate shifts to 324 °C suggesting that 

GO interaction enhances the thermal stability of the composites. The maximum 

degradation temperature remains constant through all the GO loading ratios. 

 The addition of paraffin oil along with scCO2 shifts the maximum endothermic point 

shifts towards lower temperatures. This point gradually shifts towards lower temperatures 

upon addition of GO up to 2.5% loading, suggesting that there is a restriction imposed by 

GO particles on EB block-ordering. The Tg of EB block shifts from -55 °C to -65 °C due 

to the use of paraffin oil as a plasticiser, However, no change can be observed upon 
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incorporation of GO particles. The Tg of the S block remains constant throughout at 95 

°C, showing the enhanced area under peak which is ascribed to the interaction between 

the styrene phase and GO particles. 

 The storage modulus is the highest for 1% GO loading, and decreases to half value for 

2.5% loading with respect to virgin SEBSP due to suggested increase in the porous nature 

of the material as GO content is increased. The area under Tg broadens upon increasing 

GO loading suggesting the formation of the heterogeneous network within styrene block.  

 The IR spectroscopy spectra do not produce significant peak shifts upon addition of GO. 

6.6 Conclusion for Porous SEBS Graphene Based Composites 

One of the main factors that need to be considered when dealing with graphene-based 

composites is the effect of processing on the state of graphene itself, which is if the graphene is 

exfoliated or agglomerated. In both the cases of graphene and GO SEBS composites, the 

maximum thermal degradation temperatures do not change with the addition of filler particles. 

However, in the case of SEBS GO composites altered by paraffin oil, the degradation 

temperature of paraffin oil slightly shifts to a higher temperature due to suggested interaction 

with GO particles. The endothermic relaxation of the EB block shifts to higher temperatures 

upon addition of graphene and GO due to the restriction imposed by filler particles on the EB 

ordering. The Tg of EB and the S-rich phases do not show any changes upon the addition of the 

graphene or GO particles, however, the area under Tg of the S-rich phase is enhanced due to a 

suggested particle interaction with the S-rich phase. The storage modulus was highest for 0.5% 

graphene loading and 1% GO loading. Similar results can also be observed from the tensile test 

curves, where at 2.5% loading the mechanical property reduces. The area under the tan delta 

peak of the S-rich phase is enhanced with higher loading of graphene particles, which indicates 

good interaction resulting in homogenisation. The same tan delta peak broadens with GO, 

suggesting the formation of the heterogeneous network. On the polymer composite view, this 

shows that graphene particles interact better with styrene group, resulting in non-homogenised 

composites, while GO produces homogenous SEBS composites. The IR spectroscopy also shows 

similar results on the interaction of graphene particles with the S-rich phase, while no such 

evident interaction peak can be observed with respect to GO.  

 



129 

 

7 Investigation of the Effect of Supercritical Carbon Dioxide Assisted 

Reprocessing of Pebax Graphene-Based Composites 
 

7.1 Introduction 

Polymer composite processing techniques are of much interest to manufacturers and scientific 

research. This is mainly due to their ability to enhance intrinsic properties such as thermal, 

mechanical and electrical, which can be tuned for diverse applications. One of the main aims of 

this research was to use supercritical fluid carbon dioxide (scCO2) in order to maintain the 

intrinsic properties of the filler/additive material and also to enhance the properties of the 

polymer matrix. Chapter 5 investigated the effect of scCO2 assisted polymer processing of 

graphene-based (graphene and GO) Pebax porous composites. Although the use of scCO2 

assisted extrusion results in a porous matrix as seen in Chapter 4, a research gap, however, still 

remains in terms of what actually happens when such porous composites are reprocessed without 

scCO2 in terms of dispersion of additives and the characteristic properties of the composites. 

Therefore in order to investigate this knowledge gap, the next two chapters concentrate on the 

investigation of the scCO2 reprocessed polymer matrix of Pebax (Chapter 7) and SEBS (Chapter 

8). Such processing of a polymer composite prepared using supercritical carbon dioxide has not 

been reported elsewhere. 

Moreover, the effect of reprocessing such scCO2 assisted polymer extrudates has not been 

investigated until now. This chapter mainly concentrates on the effects of reprocessing such 

evenly dispersed porous polymer-graphene composites using traditional extrusion and injection 

moulding techniques. Graphene was chosen as the filler/additive material with the polymer 

(Pebax) matrix in the first section of this chapter, mainly due to it excellent intrinsic mechanical 

and electrical properties. The second section of the chapter uses GO as the filler/additive 

material. As discussed in the literature review, graphene is relatively hard to produce and 

difficult to maintain the one atom thick physical property. In addition, the use of graphene 

particles as filler usually result in the electronic type of EAPs below the percolation threshold. 

Therefore, GO was also investigated in the second part of this section. GO is a single atomic 

layer oxidised form of graphene, which is laced with oxygen-containing groups on the surface 

and edges of the graphene layer. The novelty of this research arises from the fabrication of 

graphene-based polymer composites using supercritical assisted extrusion and investigating the 

effects of reprocessing on such a manufactured composite. The effects of processing such 

membranes are characterised based on the thermal, mechanical and electrical properties. 
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Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA) were used 

to study the thermal characteristics and thermal stability, respectively; Dynamic Thermal 

Mechanical Analysis (DMA) and tensile test were used to study the mechanical properties; 

Fourier transform infrared spectroscopy (FTIR) and Transmission Electron Microscope (TEM) 

were used to understand the chemical composition and possible interaction within the polymer 

composites; impedance spectroscopy was used to characterise the conductive properties of the 

manufactured composites. 

7.2 Section 1: Pebax Graphene Composites 

7.2.1 Throughput Test of Pebax Graphene Composites 

To determine the throughput of the extruder with or without SCF, the total output in one-minute 

was measured for Pebax and Pebax-based nanocomposites 3 times and an average was taken 

(with all other conditions kept constant) (Table 7.1). It was evident that the total mean weight of 

Pebax-based composites extruded with SCF increased when compared to unassisted extrusion. 

Table 7.1 Average weights of extruded Pebax for 1-minute 

 

Sample type 

Average weight of Pebax based 

nanocomposite extruded for 1-minute 

Without SCF With SCF Repro 

g g 

Pebax 27.73±3.2 38.76±5.2 

PG0.25%    27.98±4.1 40.01±6.2 

PG0.5% 27.55±5.3 41.22±4.7 

PG1% 26.22±5.9 41.89±4.6 

PG2.5% 24.90±4.4 40.56±5.1 

This enhanced throughput is attributed to the change in the viscosity of the polymer melt when 

treated with SCF, which is often called the plasticisation effect. The sorption of scCO2 into the 

polymer melt results in swelling, in turn causing an increase in the free volume and a reduction 

in the chain entanglements (reduces the glass transition temperature of the polymer) and thereby 

decreases the viscosity of the polymer melt. This reduced viscosity results in the easy flow of 

polymer along the extruder barrel (also reduced load pressure), hence resulting in increased 

throughput. 

7.2.2 Thermal Gravimetric Analysis of Pebax Graphene Composites 

The thermal degradation profile of Pebax graphene composites with and without scCO2 is 

illustrated in Figure 7.1 and Figure 7.2. It is evident from Table 7.2 that the maximum 
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degradation temperature decreases by 12 °C upon addition of 2.5 wt.% graphene (without 

scCO2). However, when Pebax graphene composite were extruded with assisted scCO2, the 

degradation temperature does not show significant changes, while stabilising at 467 °C. 

Table 7.2 Degradation temperature of Pebax graphene composites (with and without scCO2) 

 

 

 

 

 

 

 

 

 

    (a)                                                                           (b)  

Figure 7.1 Thermal degradation profiles of Pebax graphene composites without assisted scCO2 

(a. Weight Change and b. Derivative weight change) 

 

 

Sample type 

Maximum degradation temperature 

Without SCF With SCF Reprocessed 

°C °C 

Pebax 469.5 470.1 

PG0.25%    467.4   469.4 

PG0.5% 465.1 468.5 

PG1% 464.8 466.8 

PG2.5% 457.0 466.9 
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                                  (a)                                                                        (b) 

Figure 7.2 Thermal degradation profile of Pebax graphene composites with assisted scCO2 

(a. Weight Change and b. Derivative weight change) 

This decrease in degradation temperature by 12 °C upon addition of 2.5 wt. % of graphene 

(without scCO2) can be attributed to agglomeration of graphene particles into graphite, which in 

turn results in reduced interaction with Pebax [158-161]. However, when Pebax graphene 

composite was extruded with scCO2 (Figure 7.2), the degradation temperature does not 

drastically reduce to lower temperature, but gradually stabilises at 467 °C. This effect of scCO2 

on the stability of thermal degradation suggests the ability of scCO2 to induce even dispersion of 

graphene (reduces agglomeration) within the polymer matrix. This suggested that strong 

interaction between the polymer matrix and the graphene might have decreased the polymer 

chain mobility near the graphene Pebax interface, thereby stabilising the thermal degradation 

temperature. 

7.2.3 Differential Scanning Calorimetry of Pebax Graphene Composites 

Figure 7.3 and Figure 7.4 show the heat flow thermograms of Pebax graphene composite which 

was extruded without scCO2 and with scCO2. It is evident from the heat flow curves (both first 

cycle and second cycle), that the melting temperature does not show much deviation from the 

virgin Pebax (162.90 °C), even with the addition of graphene (up to 2.5%- in both cases, without 

scCO2 and with scCO2). 
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Figure 7.3 Heat flow thermogram of Pebax graphene composites (Step-1 Extrusion, Processed 

without scCO2) 

 
Figure 7.4 First and second heat flow thermogram of scCO2 treated Pebax graphene composite 

(Step-1, scCO2 assisted extrusion at 1200 psi) 

It is evident from Figure 7.5 and Figure 7.6 that the crystallisation temperature gradually shifts 

towards higher temperatures with the introduction of graphene (even with a smaller percentage 

of graphene ratio) with scCO2. It is also evident that the crystalline exotherms broaden as the 
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ratio of graphene filler is increased. During the cooling of the samples from its melt, the 

graphene fillers are most likely to interact with the polymer, thereby reducing the mobility, 

resulting in an initiation of density variation within the composites at higher temperatures. The 

surface of graphene particles act as nucleating sites and further induces crystalline growth. This 

shift in crystallisation temperature towards higher temperatures shows the effect of graphene 

acting as heterogeneous nucleating agents, thereby initiating the process of crystallisation at 

higher temperatures (faster crystallisation process) [162].  

It is also evident that the crystalline exotherms broaden as the ratio of graphene filler is 

increased. This effect can be attributed to the slower radial growth rate of crystals; as higher 

graphene ratios will result in the formation of more interacting nuclei (more crystals with smaller 

crystallite size), thereby reducing the mobility of polymer to initiate full crystal growth, and 

therefore resulting in smaller crystallite size. This influence of crystalline temperature 

broadening is mainly due to the differentiated size of crystalline aggregates. 

 

 

Figure 7.5 Cooling cycles of Pebax graphene composite extruded with scCO2 (Step-1 Extrusion, 

processed with scCO2) 

Figure 7.6 exhibits the comparative crystallisation peaks of Pebax graphene composites, scCO2 

assisted extrusion Pebax graphene composites (Step-1) and Step-1 reprocessed Pebax graphene 

composites (Step-2). It is evident, that the first step composite extrusion without scCO2 produces 

a heterogeneous polymer composite (higher crystallisation temperature), while scCO2 assisted 

extrudates (Step-1) and reprocessed extrudates (Step -2) resulted in lowering of crystallisation 
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temperature, thereby manufacturing a homogeneous polymer matrix (evenly dispersed polymer 

matrix). However, as the graphene percentage within the polymer matrix is increased to 2.5%, 

the effect of scCO2 (i.e. reduction in the crystallisation temperature) does not change the 

crystallisation temperature. The crystallisation temperature almost remains the same but a 

reduced/broadening of the peak can be observed. This suggests that supercritical fluid treatment 

does not affect the homogeneity of higher graphene percentage. This can be attributed to 

saturation/unavailability of polymer interactive sites to interact with the graphene surface, where 

each graphene particle act as nuclei for further crystal growth.  

 

Figure 7.6 Cooling cycles of Step-1 and Step-2 Pebax graphene composite 

7.2.3.1   Isothermal Crystallisation Kinetics of Pebax Graphene Reprocessed Polymer 

Composites 

The Avrami model was used to understand the isothermal crystallisation kinetics of reprocessed 

Pebax graphene-polymer composites at various percentages of graphene loading levels. The 

Avrami model is clearly described in the methodology section of Chapter 3 (3.4.3.1). The 

parameters n and k can be obtained from the slope and the intercept of the Avrami plot of log [-

ln (1-X(t))] vs. log t. Table 7.3 shows the parameter n and k along with t1/2 values, which were 

obtained from the heat flow thermograms and the theoretically calculated value. The value of n 
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is found between 2 and 3 for all the samples, indicating complex fibrillar two-dimensional 

crystallite structure.  

The k value tends to decrease with increasing isothermal temperatures for all the samples. The 

value of k for samples that are processed without scCO2 increases up to 0.5% loading, highest 

being 0.5% (9.12) and then slowly decreases and settles for 1% and 2.5% graphene loading 

(6.02). The value of k for samples treated with scCO2 was much lower than the untreated virgin 

counterpart.  

Table 7.3 Avrami parameters of Pebax graphene composites (with and without scCO2) under 

isothermal conditions 

Sample 

type 

 

Tm 

(°C) 

n Log k k t1/2* 

(min) 

t1/2 

(min) 

G 

(min
-1

) 

R
2
 

 

 

Pebax 

 

141 2.55 0.50 2.97 0.52 0.54 1.8 0.999 

142 2.65 0.23 1.71 0.69 0.71 1.4 0.999 

143 2.69 -0.07 0.85 0.88 0.92 1.0 0.999 

144 2.85 -0.38 0.41 1.16 1.19 0.8 1.000 

 

 

PebaxSCF 

141 2.56 0.40 2.51 0.56 0.60 1.6 0.999 

142 2.84 0.19 1.54 0.72 0.75 1.3 0.999 

143 2.70 -0.07 0.83 0.91 0.93 1.0 0.999 

144 2.89 -0.37 0.42 1.16 1.18 0.8 1.000 

145 2.94 -0.71 0.19 1.53 1.54 0.6 1.000 

146 3.20 -1.17 0.067 2.06 2.06 0.4 1.000 

 

 

PG 0.25 

 

143 2.00 0.80 6.30 0.31 0.33 3.0 0.999 

144 2.26 0.65 4.46 0.41 0.43 2.3 0.999 

145 2.30 0.43 2.69 0.53 0.55 1.8 0.999 

146 2.54 0.21 1.62 0.70 0.71 1.4 1.000 

147 2.71 -0.10 0.79 0.95 0.95 1.0 1.000 

148 2.81 -0.40 0.39 1.25 1.22 0.8 0.999 

 

 

PGSCF 

0.25 

 

143 2.24 0.61 4.07 0.42 0.45 2.2 0.999 

144 2.36 0.45 2.81 0.52 0.55 1.8 0.999 

145 2.61 0.23 1.69 0.69 0.70 1.4 1.000 

146 2.51 -0.007 0.98 0.86 0.86 1.1 1.000 

147 2.57 -0.29 0.50 1.13 1.13 0.8 1.000 

148 2.63 -0.62 0.23 1.51 1.50 0.6 0.999 

 

 

 

PG 0.5 

 

143 2.14 0.95 9.12 0.30 0.29 3.4 0.999 

144 2.26 0.80 6.30 0.36 0.37 2.7 0.999 

145 2.41 0.58 3.80 0.49 0.49 2.0 0.999 

146 2.53 0.33 2.13 0.63 0.64 1.5 1.000 

147 2.60 0.095 1.24 0.79 0.79 1.2 1.000 

148 2.56 -0.191 0.64 1.01 1.02 0.9 0.999 

 

 

PGSCF 

0.5 

143 2.47 0.53 3.38 0.51 0.52 1.9 1.000 

144 2.67 0.30 1.99 0.66 0.67 1.4 1.000 

145 2.55 0.03 1.07 0.83 0.84 1.1 1.000 

146 2.97 -0.35 0.44 1.17 1.15 0.8 0.999 
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147 2.80 -0.65 0.22 1.53 1.49 0.6 0.999 

148 2.81 -1.14 0.07 2.18 2.23 0.4 0.999 

 

 

 

PG 1 

 

144 2.05 0.78 6.02 0.31 0.34 2.9 0.999 

145 2.41 0.72 5.24 0.41 0.43 2.3 0.999 

146 2.39 0.38 2.39 0.56 0.59 1.6 1.000 

147 2.73 0.12 1.31 0.79 0.79 1.2 0.999 

148 2.90 -0.23 0.58 1.08 1.05 0.9 0.999 

149 2.79 -0.56 0.27 1.39 1.39 0.7 0.999 

 

 

PG SCF 1 

144 2.20 0.46 2.88 0.51 0.52 1.9 1.000 

145 2.54 0.22 1.65 0.70 0.70 1.4 1.000 

146 2.71 -0.06 0.87 0.93 0.91 1.0 0.999 

147 2.77 -0.39 0.40 1.22 1.21 0.8 1.000 

148 2.78 -0.77 0.16 1.68 1.65 0.6 0.999 

149 2.85 -1.18 0.06 2.23 2.28 0.4 0.999 

 

 

PG 2.5 

145 2.60 0.78 6.02 0.42 0.43 2.3 1.000 

147 2.91 0.01 1.02 0.89 0.87 1.1 0.999 

148 2.43 -0.25 0.56 1.09 1.09 0.9 1.000 

149 2.63 -0.64 0.22 1.49 1.52 0.6 0.999 

150 2.72 -0.96 0.10 1.91 1.97 0.5 0.999 

 

 

PGSCF 

2.5 

147 2.71 0.13 1.34 0.78 0.78 1.2 0.999 

148 2.68 -0.19 0.64 1.04 1.02 0.9 0.999 

149 2.42 -0.49 0.32 1.35 1.37 0.7 1.000 

150 2.63 -0.88 0.13 1.81 1.87 0.5 0.999 

151 2.82 -1.29 0.05 2.46 2.69 0.3 0.999 

 

For example, Pebax @ 141 °C has a k value of 2.97 while PebaxSCF @ 141 °C has a k value of 

2.51 and PG 0.5 @ 143 °C has a k value of 9.12 while PGSCF 0.5 @ 143 °C has a k value of 

3.38. The lower k value, when treated with scCO2 suggests a better interaction between the 

polymer chains and the graphene particles which further reduces the availability of nucleation 

sites and imposes a restriction on the free movement of the polymer chains, hence reducing the 

rate of crystallisation. The t1/2 value decreases upon addition of graphene particles up to 1% and 

increases for 2.5% suggesting that graphene particles are acting as nucleating agents up to 1% 

and agglomerates at 2.5%. The lowering crystallisation rate can also be understood by increasing 

t1/2 value (lower crystallisation rate – longer time required to reach 50% crystallisation) for 

samples that are treated with scCO2. Clearly, the t1/2 value of scCO2 treated is much higher than 

that of the untreated virgin samples, in addition, this value is highest for 0.5% and gradually 

tends to decrease till 2.5% loading. This suggests that scCO2 initiates exfoliation and improved 

interaction of graphene particles which further restricts the nucleation and the growth process, 

however, as the loading concentration is increased, agglomeration of graphene particles results in 

free space, therefore lesser time to crystallise.  
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Figure 7.7 Crystallisation rate at various temperatures for Pebax graphene composite (with and 

without scCO2) under isothermal conditions 

 Figure 7.7 presents G=1/t1/2, (which can also be referred to as the crystallisation rate) plotted vs. 

various isothermal temperatures. It can be clearly seen that the crystallisation rate increases upon 

addition of graphene particles, however, the crystallisation rate decreases when the composites 

were treated with scCO2 (suggesting exfoliation and improved interaction of graphene particles 

with the polymer chain). The rate of crystallisation stabilises for 2.5% with or without scCO2 and 

remains the same at varying temperatures. 

Table 7.4 Arrhenius Activation Energy of Pebax graphene composites (with and without scCO2) 

under isothermal conditions 

Samples Arrhenius 

Activation Energy 

(KJ/mol) 

Isothermal 

Crystallisation 

Range 

(°C) 

Pebax -356.488 141 - 144 

PebaxSCF -315.982 141 - 144 

PG 0.25 -351.308 143 - 146 

PGSCF 0.25 -310.436 143 - 146 

PG 0.5 -357.111 143 - 146 

PGSCF 0.5 -368.252 143 - 146 

PG 1 -386.518 144 - 147 

PGSCF 1 -391.007 144 - 147 

PG 2.5 -428.213 147 - 150 

PGSCF 2.5 -436.843 147 - 150 



139 

 

The Arrhenius equation was used to determine the activation energy under isothermal conditions. 

The slope of the plot ln (K)*1/n vs. 1/Tc determines the  E/R as shown in Figure 7.8 and the 

calculated activation energy tabulated in Table 7.4. It is obvious that the activation energy 

decreases for 0.25% and gradually starts to increase to 2.5% graphene loading. When the 

samples are treated with scCO2, the activation energy is lower than their counterpart at low 

loading (up to 0.25%), however, the scCO2 graphene composites have higher activation energy 

for 0.5, 1 and 2.5% compared to the untreated composites. 

 

Figure 7.8 Arrhenius Activation Energy plot of Pebax graphene composites (with and without 

scCO2) under isothermal conditions 

These results indicate that at low graphene loadings, graphene acts as nucleating sites, however 

as the loading is increased the interfacial interactions restrict the easy movement to crystal 

growth, thus increasing the activation energy. One of the major observations that can be noted is 

that the PebaxSCF (315 KJ/mol) activation energy is far less than that of the virgin Pebax (356  

KJ/mol). The k, t1/2 and G values of scCO2 treated Pebax are much lower than the virgin Pebax, 

suggesting a slow crystallisation rate, due to homogenisation between the hard block and the soft 

block. However, the activation energy tends to decrease, which otherwise should have increased 

depending on the Avrami hypothesis. This suggests that the reduction of activation energy may 
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be due to faster growth rate and not due to the nucleation rate, where scCO2 allows slower re-

crystallisation in a more favourable manner.  

7.2.3.2 Non-Isothermal Crystallisation Kinetics of Reprocessed Pebax Graphene Composites 

The non-isothermal crystallisation kinetics of Pebax-graphene nanocomposites with 

(reprocessed) and without scCO2 was studied under various cooling rates. The thermogram for 

virgin Pebax at various non-isothermal conditions is shown in Figure 7.9. It can be clearly 

observed that the crystallisation onset temperature (Tcon), peak crystallisation temperature (Tc) 

and crystallisation offset temperature (Tcoff) shifts to lower temperature and become broader 

with an increase in the cooling rate from 2.5 °C/min to 20 °C/min, suggesting heterogeneous 

nucleation with the addition of graphene (Tc shifts to higher temperature-samples without scCO2 

- Table 7.5). The DSC thermograms also demonstrate that the crystallisation process occurs 

much faster at the higher cooling rates when compared to lower cooling rates. The crystallisation 

enthalpy (ΔHc) also decreases with increasing cooling rates for all samples, which is attributed 

to changing nucleation densities with the different cooling rates.  

Table 7.5 Tabulated Tcon,Tc,Tcoff of Pebax graphene composites (with and without scCO2) under 

non-isothermal conditions 

Sample 

Type  

Cooling 

Rate 

(     min) 

Tcon 

(°C) 

Tcoff 

(°C) 

Tc 

(°C) 

ΔHc 

(J/g) 

Xc 

(%) 

 

Pebax 

2.5 

5 

10 

20 

144.11 

140.54 

136.74 

131.84 

113.14 

108.24 

105.15 

80.02 

140.91 

137.05 

132.70 

127.54 

40.36 

39.07 

36.88 

37.32 

38.40 

35.09 

51.11 

26.97 

 

PebaxSCF 

2.5 146.49 100.02 141.40 39.36 37.39 

5 142.88 100.03 137.32 38.21 37.26 

10 138.35 88.91 132.92 38.19 35.34 

20 133.97 83.31 127.75 35.93 34.48 

 

PG 0.25 

2.5 

5 

10 

20 

148.36 

145.39 

141.29 

138.22 

119.30 

106.02 

99.01 

94.99 

144.04 

140.39 

136.36 

131.82 

36.58 

36.15 

37.02 

35.65 

36.55 

37.55 

36.32 

40.60 

 

PGSCF 

0.25 

2.5 147.44 125.33 143.09 34.27 36.38 

5 144.21 102.23 139.35 40.41 29.57 

10 140.87 95.98 135.35 38.99 27.18 

20 136.80 95.80 130.77 36.85 31.28 

 

PG 0.5 

2.5 

5 

10 

20 

148.65 

145.05 

141.59 

137.86 

122.22 

112.10 

103.06 

100.01 

144.34 

140.04 

136.03 

131.21 

34.72 

34.68 

33.41 

32.05 

39.50 

37.39 

33.34 

31.99 

 2.5 146.88 113.14 142.00 35.42 31.62 
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PGSCF 

0.5 

5 143.42 108.01 138.07 35.54 31.90 

10 139.84 98.85 133.77 34.16 31.26 

20 136.65 95.87 128.75 34.34 31.39 

 

PG 1 

2.5 

5 

10 

20 

148.62 

146.25 

143.81 

139.39 

116.33 

105.32 

98.30 

98.00 

144.29 

140.86 

136.97 

131.56 

36.84 

36.96 

36.43 

34.64 

35.10 

39.70 

30.14 

17.33 

 

PG  SCF 

1 

2.5 147.67 107.72 142.62 39.16 29.59 

5 144.50 104.27 138.86 37.28 31.35 

10 141.65 95.60 134.79 36.75 29.65 

      20 137.96 97.62 129.96 34.31 29.40 

 

 PG 2.5 

2.5 

5 

10 

      20 

149.51 

147.44 

145.21 

142.07 

105.11 

97.30 

97.00 

96.02 

143.47 

140.3 

136.55 

132.31 

39.62 

39.11 

36.26 

34.69 

30.40 

23.02 

30.12 

33.20 

 

PG SCF 

2.5 

2.5 149.29 118.52 143.76 33.29 32.89 

5 147.24 113.03 140.44  31.65 33.74 

10 145.13 100.76 136.82 32.05 31.32 

20 142.24 99.35 132.20 31.76 34.00 

 

The Avrami equation was used to understand the non-isothermal crystallisation kinetics. The 

degree of phase conversion is given by the equation,             
, Where, k is the Avrami 

constant describing the nucleation rate and the growth rate. ‘n’ is the Avrami exponent which is 

dependent on the process dimensionalities (refer to Chapter 3). Plots of log (-ln (1 – X(t))) versus 

log t are shown in Figure 7.10 for Pebax graphene composites with and without scCO2. The 

corresponding Avrami parameters n and k were obtained from the slope and intercept of the plots 

and are listed in Table 7.6. In addition, t1/2 (calculated from Equation. 4) and corresponding R
2
 

values are tabulated in Table 7.6 for all the Pebax graphene composites with and without scCO2. 

The value of k’ increases with increasing cooling rate and the t1/2 decreases with increasing 

cooling rate. As observed in the isothermal crystallisation kinetics, the k’ value decreases upon 

addition of graphene from 0.80 for virgin Pebax to 0.29 for PebaxSCF, suggesting slow 

crystallisation kinetics (time taken to reach 50% crystallisation also increases). 

Kazarian [23] reported that scCO2 plasticisation of the semi-crystalline polymer may induce the 

formation of crystallites, where scCO2 induces mobility of polymer chain which then allows 

them to rearrange into the kinetically more favourable configuration.  Therefore, a lower k’ value 

for scCO2 assisted samples (specifically PebaxSCF) suggests scCO2 reduces the crystallisation 

and growth rate in order to initiate formation of perfect crystallite (note that the n values for 

scCO2 are greater than 3). This scCO2 initiated the process of rearrangement into kinetically 

favourable manner has resulted in a slow crystallisation rate with larger t1/2. With the introduction 
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of graphene particles (processed without scCO2), the k’ value decreases from 0.80 for Pebax to 

0.29 PG 0.25% and continues to decrease until  PG 2.5% (0.09), suggesting slow crystallisation 

rate due to a hindrance to free chain movement upon addition of graphene particles. 

       

       

   

Figure 7.9 Heat flow plots vs. temperature and time plot of Pebax graphene composites (with and 

without scCO2) under non-isothermal conditions 

The k’ value tends to decrease when processed with scCO2, suggesting that scCO2 processing 

may have resulted in exfoliation which in turn enhances the polymer graphene interaction, 

thereby imposing restrictions on the crystal growth. A similar decrease in the value of k’ was 

also reported by Zhang et al [145] for nylon6/graphene composites, where such decreasing k’ 

upon addition of graphene was attributed to a negative effect on crystallisation mainly as 
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graphene particles restrict migration and diffusion of the polymer chains to the surface of the 

nucleus (slow crystallisation process – longer time). 

Another important observation is the shift of the n values from 2 to 3 specifically when the 

samples were processed with scCO2. The average n values for samples extruded without scCO2 

are 2.57 for virgin Pebax, 2.99 for PG 0.25%, 2.76 for PG 0.5%, 2.72 for PG 1% and 2.68 for 

PG2.5 %. The average n values for samples extruded with scCO2 are 3.06 for virgin PebaxSCF, 

3.16 for PGSCF 0.25%, 3.43 for PGSCF 0.5%, 3.45 for PGSCF 1% and 3.15 for PGSCF 2.5%. 

The value for virgin Pebax lie between 2.42 to 2.70, indicating complex plate-like lamellar–

spherulite aggregates nearing three-dimensional growth. Similar experimental data were reported 

by Wunderlich and McFerran et al for Nylon 12 [163-165]. 

Table 7.6 Avrami parameters of Pebax graphene composites (with and without scCO2) under 

non-isothermal conditions 

Sample 

Type  

  

(°C/min) 

n Log k’ k’ t1/2 

From Graph 

(min) 

t1/2 

Calculated 

(min) 

R
2
 

 

Pebax 

 

2.5 2.72 -0.09 0.80 0.95 1.01 0.993 

5 2.66 0.24 1.73 0.56 0.70 0.990 

10 2.70 0.86 7.24 0.32 0.41 0.982 

20 2.53 1.48 30.19 0.17 0.22 0.985 

 

PebaxSCF 

2.5 3.25 -0.77 0.16 1.50 1.54 0.998 

5 3.20 -0.02 0.95 0.86 0.90 0.997 

10 2.84 0.84 6.91 0.42 0.44 0.988 

20 2.99 1.58 38.01 0.25 0.26 0.989 

 

PG 0.25 

 

2.5 3.08 -0.53 0.29 1.75 1.51 0.998 

5 3.25 0.14 1.38 1.09 0.85 0.998 

10 2.74 0.19 1.54 0.60 0.49 0.990 

20 2.89 1.41 25.70 0.31 0.26 0.983 

 

PGSCF 

0.25 

 

2.5 3.18 -0.51 0.30 1.27 1.57 0.998 

5 3.01 0.17 1.47 0.73 0.85 0.994 

10 3.38 0.99 9.77 0.43 0.47 0.993 

20 3.09 1.70 50.11 0.23 0.22 0.986 

 

PG 0.5 

 

2.5 2.92 -0.48 0.33 1.22 1.48 0.997 

5 2.62 0.12 1.31 0.76 0.86 0.995 

10 2.64 0.70 5.01 0.44 0.49 0.990 

20 2.87 1.39 24.54 0.25 0.27 0.989 

 

PGSCF 0.5 

2.5 3.51 -0.73 0.18 1.44 1.57 0.999 

5 3.16 0.08 1.20 0.81 0.86 0.997 

10 3.29 0.85 7.07 0.47 0.50 0.995 

20 3.78 1.71 51.28 0.31 0.23 0.992 

 

PG 1 

 

2.5 2.60 -0.47 0.33 1.22 1.41 0.995 

5 2.80 -0.03 0.93 0.82 1.00 0.996 

10 2.96 0.48 3.01 0.54 0.58 0.990 
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20 2.54 0.98 9.54 0.28 0.34 0.986 

 

PG SCF 1 

2.5 3.35 -0.74 0.18 1.46 1.49 0.998 

5 3.13 0.04 1.09 0.83 0.88 0.997 

10 3.32 0.68 4.78 0.52 0.54 0.994 

20 4.01 1.82 66.06 0.31 0.32 0.998 

 

PG 2.5 

2.5 2.78 -1.04 0.09 1.78 1.01 0.982 

5 2.86 -0.36 0.43 1.10 0.70 0.992 

10 2.60 0.17 1.47 0.63 0.41 0.990 

20 2.50 0.69 4.89 0.38 0.22 0.987 

 

PGSCF 2.5 

2.5 3.20 -0.85 0.14 1.60 1.54 0.996 

5 3.10 -0.28 0.52 1.05 0.90 0.994 

10 3.28 0.39 2.45 0.70 0.44 0.990 

20 3.05 0.99 9.77 0.39 0.26 0.986 

 

This indicates a clear shift from complex two-dimensional crystallite to complex three-

dimensional crystallite, for samples with scCO2. This suggests that the inclusion of graphene 

particles along with scCO2 processing might have favoured heterogeneous nucleation through 

exfoliation of graphene particles and this exfoliation/interaction may have initiated a complex 

crystallisation process (where the adhesion of graphene might act as nuclei). This increasing n 

value suggests that graphene particles at a lower concentration may have aligned/well dispersed, 

where these particles act as nucleation sites, thereby increasing the rate of crystallisation. 

However, higher graphene ratio increases the nucleation sites but hinders the diffusion of 

polymer chains to the growing crystallite which results in decreasing the rate of crystallisation. 

Therefore, higher graphene concentrations induce a larger number of heterogeneous nucleation 

sites and limits crystal growth producing crystals of smaller size, therefore a clear decrease in the 

n value can be observed for 1% and 2.5% graphene ratio. The Avrami extended model by Ozawa 

is used, where the change in the degree of crystallinity (X(T)) as a function of varying cooling 

rate is considered. 
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                                   a. PG 0.25%                                                         b. PG SCF 

       

a. PG 2.5%                                                 b. PG SCF 2.5% 

Figure 7.10 Avrami plot of Pebax graphene composites (with and without scCO2) under non-isothermal 

conditions  

Figure 7.11 and Table 7.7 show the parameters obtained from the Ozawa model. The plot of ln (-

ln (1-X(T)) vs. ln   taken at different temperatures ranging from 125 °C to 144 °C. gives a linear 

fit, where the slope and intercept gives the kinetic parameters m and k*. Both Log k* and m 

values do not show any significant changes when graphene particles are introduced (m and k* 

independent of graphene filler ratio). However, the m values of samples extruded with scCO2 are 

slightly higher, while the Log k* values tend to decrease, suggesting a lower crystallisation rate 

with scCO2. It is evident from the Ozawa plot that, a perfect linear fit cannot be achieved, due to 

the influence of secondary crystallisation (R
2
 <<1). This suggests that a mean m and k* values 

are difficult to achieve and thus Ozawa method cannot be used to describe the crystallisation 

kinetics of Pebax graphene composites under non-isothermal conditions. 
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Table 7.7 Ozawa parameters of Pebax graphene composites (with and without scCO2) under 

non-isothermal conditions 

Sample Type  T 

(°C) 

M Log k* R
2
 

 

 

Pebax 

 

125 -0.52 1.73 0.842 

128 -1.13 2.39 0.744 

133 -1.27 2.06 0.843 

138 -3.82 3.88 0.993 

140 -4.18 3.40 0.981 

 

 

PebaxSCF 

125 -0.46 1.42 0.953 

128 -0.81 1.76 0.845 

133 -2.80 4.07 0.786 

138 -4.63 5.02 0.894 

141 -3.36 2.52 1.000 

 

 

PG 0.25 

 

125 -0.52 1.90 0.940 

128 -0.57 1.78 0.974 

133 -1.20 2.29 0.874 

138 -3.43 4.58 0.876 

141 -4.83 5.19 0.903 

 

 

PGSCF 0.25 

 

125 -0.34 1.30 0.991 

127 -0.82 2.34 0.877 

130 -0.94 2.19 0.961 

135 -2.46 3.71 0.861 

140 -4.49 4.81 0.929 

143 -6.02 4.77 1.000 

 

 

PG 0.5 

 

125 -0.58 2.10 0.954 

128 -0.64 1.96 0.972 

133 -1.37 2.56 0.863 

138 -3.62 4.83 0.875 

141 -4.70 5.04 0.906 

 

 

PG SCF 0.5 

125 -0.57 1.75 0.970 

127 -0.69 1.79 0.939 

130 -1.11 2.14 0.875 

135 -3.13 4.26 0.846 

141 -2.95 2.46 1.000 

 

 

PG 1 

 

125 -0.43 1.62 0.959 

128 -0.49 1.52 0.996 

133 -0.88 1.72 0.927 

138 -2.33 3.07 0.886 

141 -4.41 5.04 0.907 

 

 

PGSCF 1  

125 -0.43 1.43 0.992 

128 -0.59 1.48 0.949 

130 -0.80 1.63 0.909 

145 -2.11 2.91 0.858 

140 -3.52 3.34 0.937 

142 -3.67 2.60 1.000 

 

 

125 -0.30 1.16 0.960 

128 -0.38 1.12 0.961 
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PG 2.5 133 -0.75 1.29 0.918 

138 -1.69 1.93 0.924 

141 -2.56 2.34 0.961 

 

 

PGSCF 2.5 

125 -0.52 1.89 0.999 

130 -0.64 1.69 0.968 

132 -0.79 1.73 0.942 

136 -1.44 2.17 0.899 

140 -2.50 2.78 0.944 

144 -3.73 2.56 0.986 

 

The values b and F(T) can be obtained from the slope and intercept of the plot (Figure 7.11). It is 

evident from the plots and the Table 7.8 that there is a good match between the Mo analysis 

[111] and the experimental data for all the sample types. The value F(T) increases with the 

relative degree of crystallinity, indicating that higher crystallisation time is required at a higher 

cooling rate in order to reach unity degree of crystallinity. It is clearly evident from Table 7.8 

that the ln F(T) values gradually increases with the addition of graphene up to 1% (consider 

samples without scCO2). This increase indicates that at unity crystallisation time, a higher 

cooling rate should be used in order to obtain a higher degree of crystallinity. All the Pebax 

graphene composites had a larger ln F(T) when compared to the virgin Pebax for all the relative 

degree of crystallinity values. It suggests that the addition of graphene has lowered the rate of 

crystallisation compared to virgin Pebax (agreement with the Avrami model); thereby hindering 

the nucleation or growth rate. The addition of scCO2 further increases the F(T) value, indicating 

much slower crystallisation rate when compared to its untreated counterpart. 
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                         c.  PG 0.25%                                                     d. PGSCF 0.25% 

   

e. PG 0.5%                                                           f. PGSCF 0.5% 

Figure 7.11 Ozawa plot of Pebax graphene composites (with and without scCO2) under non-

isothermal conditions  

As discussed in the Avrami Section 3.4.3.2 (Non-Isothermal Crystallisation Kinetics of Pebax 

Graphene-based Composites), scCO2 lowers the crystallisation rate which is likely due to two 

possible reasons. First, due to induced rearrangement of the polymer chain to kinetically more 

favourable configuration and second, due to graphene exfoliation which hinders the 

transformation during the growth phase. 
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Table 7.8 Avrami-Ozawa (Mo) parameters of Pebax graphene composites (with and without 

scCO2) under non-isothermal conditions 

Sample Type X(T) b Mean ‘n’ ln F(T) F(T) R
2
 

 

 

Pebax 

 

0.2 1.31  0.429 1.53 0.981 

0.4 1.27 2.57 0.716 2.04 0.988 

0.6 1.26  0.882 2.41 0.991 

0.8 1.25  1.00 2.71 0.993 

 

 

PebaxSCF 

0.2 1.15  1.053 2.86 0.997 

0.4 1.14 3.06 1.315 3.72 0.998 

0.6 1.13  1.463 4.31 0.999 

0.8 1.11  1.597 4.93 0.999 

 

 

PG 0.25 

 

0.2 1.28  0.825 2.28 0.991 

0.4 1.27 2.99 1.134 3.10 0.999 

0.6 1.21  1.300 3.66 0.991 

0.8 1.20  1.439 4.21 0.992 

 

 

PSCFG 0.25 

0.2 1.27  0.829 2.29 0.999 

0.4 1.21 3.16 1.129 3.09 0.998 

0.6 1.23  1.309 3.70 0.999 

0.8 1.25  1.425 4.15 0.999 

 

 

PG 0.5 

 

0.2 1.40  0.701 2.01 0.998 

0.4 1.35 2.76 1.052 2.86 0.998 

0.6 1.32  1.261 3.52 0.999 

0.8 1.29  1.422 4.14 0.999 

 

 

PG SCF 0.5 

0.2 1.37  0.938 2.55 0.997 

0.4 1.35 3.43 1.237 3.44 0.996 

0.6 1.32  1.435 4.19 0.996 

0.8 1.29  1.591 4.90 0.997 

 

 

PG 1 

 

0.2 1.45  0.777 2.17 0.992 

0.4 1.40 2.72 1.141 3.12 0.994 

0.6 1.40  1.382 3.98 0.990 

0.8 1.36  1.557 4.74 0.991 

 

 

PG SCF 1 

0.2 1.40  1.016 2.76 0.999 

0.4 1.35 3.45 1.335 3.79 0.999 

0.6 1.35  1.520 4.57 0.999 

0.8 1.31  1.695 5.44 0.999 

 

 

PG 2.5 

0.2 1.38  1.304 3.68 0.999 

0.4 1.38 2.68 1.601 4.95 0.999 

0.6 1.33  1.798 6.03 0.999 

0.8 1.33  1.933 6.91 0.999 

 

 

PGSCF 2.5 

0.2 1.60  1.180 3.25 0.999 

0.4 1.46 3.15 1.515 4.54 0.999 

0.6 1.44  1.720 5.58 0.999 

0.8 1.43  1.905 6.71 0.999 
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                                    a. PebaxSCF b. PG 0.25% 

   

c. PGSCF 0.25%                                                           d. PG 0.5% 

  Figure 7.11 Avrami - Ozawa (Mo) plot of Pebax graphene composites (with and without 

scCO2) under non-isothermal conditions 

At a graphene content of 2.5%, the crystallisation rate slightly increases as more sites are 

available to nucleate with slower growth rates, where, crystals would grow to a much smaller 

crystal grain size (F(T) increases - faster crystallisation rate but slower growth) and ceases to 

grow further, leading to a shorter overall crystallisation time.  

It is found that the b value, which is the ratio of n/m tends to increase upon addition of graphene 

particles except for PG 0.25%. This is because the entire graphene composites had higher mean n 

values. As the filler content is increased to 2.5 %, the b value decreases due to complexity in the 

crystallisation geometry. The b value is maximum for PG 1%, suggesting that higher graphene 
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concentration induces a larger number of heterogeneous nucleation sites and limits crystal 

growth producing crystals of smaller size, therefore a clear decrease in the n value can be 

observed for 1% and 2.5% graphene ratio. The influence of various cooling rates under non-

isothermal crystallisation conditions on the activation energy can be described using the 

Kissinger equation (3.4.3.2). The plot of ln(ϕ/Tc
2
) vs. 1/Tc gives the linear slope determining the 

ΔE (Figure 7.13) and is given in Table 7.9 The activation energy increases with the addition of 

graphene particles suggesting the actual hindrance that progresses during the transformation 

phase. However, the activation energy for samples with scCO2 tends to reduce when compared 

to its counterpart samples without scCO2.  

Table 7.9 Kissinger’s activation energy of Pebax graphene composites (with and without scCO2) 

under non-isothermal conditions 

 

 

 

 

 

 

 

 

 

 

As described by Fan Zhang et al [145], the activation energy (ΔE) consists of two components, 

first the free transport activation energy (ΔE*) for transporting the molecular segment to a 

crystalline phase and second, the nucleation activation energy (ΔF*) for the formation of critical 

size nuclei. It is suggested that the graphene interaction with the hydrogen bond of the amide 

group weakens the bond thereby restricting the process of crystallisation and the transport 

activation energy [111, 145]. In addition, graphene particles also act as nuclei, which decrease 

the nucleation activation energy.  

Sample Type Kissinger Activation Energy 

(KJ/mol) 

Pebax -233.39 

PebaxSCF -230.81 

PG 0.25 -258.93 

PGSCF 0.25 -256.18 

PG 0.5 -244.01 

PGSCF 0.5 -237.80 

PG 1 -248.58 

PGSCF 1 -243.75 

PG 2.5 -280.43 

PGSCF 2.5 -272.71 
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For this reason, the activation energy under non-isothermal conditions has an increasing trend 

upon addition of graphene up to 2.5 wt. %. It can be observed that ΔE value PG 0.25% is higher 

than PG 0.5% and PG 1%; this reduction in activation energy can be attributed to even 

dispersion and interaction of graphene particles with the hydrogen bond which in turn reduces 

the activation energy for transporting molecular segments across the phase boundary to 

crystallisation phase. As the graphene percentage is increased, the nucleation activation energy 

dominates as graphene particles tend to agglomerate acting as crystallisation nuclei. In all the 

cases the activation energy of scCO2 treated samples remains less than the untreated counterpart. 

 

Figure 7.12 Kissinger plot of Pebax graphene composites (without scCO2) under non-isothermal 

conditions  
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Figure 7.13 Kissinger plot of Pebax graphene composites (with scCO2) under non-isothermal 

conditions 

7.2.4 X-ray Diffraction of Pebax Graphene Composites 

XRD analysis was used to understand the effects of increasing graphene concentration and the 

influence of scCO2 assisted processing of Pebax graphene composite. Pebax is a semi-crystalline 

copolymer consisting of a crystalline PA-12 block and an amorphous PE block. Therefore, a 

relatively broad peak is expected due to the semi-crystalline nature of Pebax rather than a sharp 

peak on the XRD pattern which would indicate a highly crystalline structure for a given material. 

The XRD pattern of virgin Pebax (Figure 7.14) shows a peak approximately at 2θ=22°, 

occurring mainly from the inter-chain hydrogen bonding of crystalline PA-12.  The d-spacing of 

the scCO2 treated Pebax shows a slight decrease from 4.18 for untreated Pebax to 4.03 for scCO2 

treated Pebax (PebaxSCF), suggesting that the scCO2 treatment reduces the spacing between 

planer lattice (i.e. tightens up the lattice within the crystal) of the Pebax polymer matrix. In 

addition, the full width at half maximum (FWHM) increases from 1.88 for neat Pebax to 2.43 for 

scCO2 treated Pebax, indicating peak broadening, suggesting decreased crystallite size. In order 

to quantify the effects such as peak broadening on the crystallite size, Scherrer’s equation was 

used. Table 7.10 shows the recorded d-spacing, 2θ peak, FWHM and calculated crystallite size.  

In all the cases the scCO2 treated polymer composites result in broadening of the peak. It can be 

seen from Table 7.10 (consider samples without scCO2) that the crystallite size tends to reduce 
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except for PG 1% and PGSCF 1%. Such reduction in the crystallite size can be expected as 

graphene particles act as nucleating sites which in turn reduce the overall individual crystal size 

due to higher crystal density. 

 

Figure 7.14 XRD pattern for Pebax-graphene composites with and without scCO2 

Such increased nucleation sites leading to reduced crystallite size can be validated from the 

crystallisation kinetics parameters obtained from both isothermal and non-isothermal 

crystallisation kinetics; where the value of crystallisation rate (k) increases and Tc shifts to 

higher temperatures. However, when the samples are processed with scCO2, the crystallite size 

tends to reduce compared to its untreated counterpart (except for 1% loading), as scCO2 induces 

crystallisation process in a kinetically favourable manner and also due to probable exfoliation of 

graphene particles. In addition, it is evident that the crystallite size is lowest for PGSCF 0.25% at 

2.48 nm and slowly increases till 1% (PGSCF 1% with crystallite size of 3.98 nm) graphene 

loading which is indicative of the percolation threshold beyond which the graphene particle tends 

to agglomerate and become graphite [166, 167].  



155 

 

Table 7.10 List of parameters and calculated crystallite size using Scherrer’s equation for Pebax-

graphene composites with and without scCO2 

Sample Size d-spacing  

in Å 

Peak Position 

(2θ) 

in Degree 

FWHM 

in Degree 

Calculated 

Crystallite Size 

in nm 

Pebax 4.18 21.26 1.88 4.49 

PebaxSCF 4.03 22.03 2.43 3.48 

PG 0.25 4.05 21.88 2.54 3.32 

PGSCF 0.25 4.07 21.54 3.40 2.48 

PG 0.5 4.03 22.06 2.89 2.92 

PGSCF 0.5 4.14 21.60 2.74 3.08 

PG 1 4.06 21.05 1.73 4.87 

PGSCF 1 4.11 21.95 2.12 3.98 

PG 2.5 4.09 21.68 3.01 2.80 

PGSCF 2.5 4.16 21.50 3.11 2.71 

 

7.2.5 Dynamic Mechanical Analysis (DMA) of Pebax Graphene Composites 

Figure 7.15 and Figure 7.16 presents the storage modulus (G’), and the loss modulus (G’’) 

(Figure 7.16 – without scCO2 and Figure 7.17 – with scCO2) and tan delta of Pebax graphene 

composite with and without SCF-assisted extrusion. These were measured at a test frequency of 

1 Hz and 25 °C temperature in a parallel direction to the axis of extruder screw rotation. It is 

clearly seen that the addition of graphene has resulted in an increase in the storage modulus; 

however, tan delta remains almost constant when samples are not treated with SCF. This 

increase in storage moduli (Figure 7.15) for untreated (processed without SCF) polymer matrix 

was directly proportional to the ratio of graphene present in the polymer. The % Δ gives the 

percentage change in stiffness of the polymer matrix with respect to pure Pebax (Table 7.11). 

Upon addition of 2.5 wt. % of graphene, the storage modulus at room temperature improved by 

58% compared to pure Pebax (Table 7.11: processed without SCF).  
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Figure 7.15 Storage modulus curves of Pebax graphene composite with and without scCO2 

(a:Pebax, b:PG 0.25%,c:PG0.5%,d:PG1% and e:PG2.5%) 

(a) 
(b) 

(e) 

 

(c)

) 

 (a) 

(d) 
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This increase in the storage modulus and loss modulus suggests that graphene particles restrict 

further movement of polymer chains due to superior mechanical properties of graphene particles. 

The scCO2 assisted polymer matrix for virgin Pebax showed an increase in storage modulus by 

21.5% with respect to unassisted virgin Pebax (also equivalent to PG 0.25% without SCF 

nanocomposite).  This increase in storage modulus, when treated with scCO2, suggests that 

supercritical treatment further enhances/strengthens the polymer-filler interaction. Tan delta 

represents the damping factor due to energy dissipation of material occurring from interfacial 

friction and heat. The damping factor is higher in samples without scCO2 than with a scCO2 

counterpart. This is mainly because the graphene particles are loosely bound (less interaction 

between the graphene and polymer chain) to the polymer chain thereby increasing the friction at 

the graphene-polymer interface. 

Kazarian [95] and many other researchers [25-27, 168-170] have reported that scCO2 induced 

plasticisation may induce crystallisation in certain semi-crystalline polymers, allowing the 

polymer chain to rearrange into kinetically favourable configurations, thereby increasing 

crystallisation and increasing the stiffness of the polymer matrix. In addition, the results from the 

crystallisation kinetics indicating the slower crystallisation rate and higher dimension ‘n’ value 

can be the reason to enhance the stiffness of the composite when treated with scCO2.  

 

 

Figure 7.16 Loss modulus curves of Step-1 Pebax graphene composite 
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Figure 7.17 Loss modulus of Step-2 (reprocessed Step-1) Pebax graphene composite 

The % Δ of storage modulus gives the percentage change in stiffness of the polymer matrix with 

respect to pure Pebax. Upon addition of 2.5 wt. % of graphene, the storage modulus at room 

temperature improved by 58% compared to pure Pebax. The scCO2 treated PG0.25% and 

PG0.5% exhibit an increase in storage modulus by 11% for its equivalent untreated polymer 

composites. As the graphene content increased to 1% and 2.5%, the storage modulus increased 

over 18% when compared to its equivalent untreated polymer composites (Figure 7.18). Also, a 

gradual decrease in the tan delta was observed when compared to the untreated polymer 

composites. The scCO2 treated PG0.25% and PG0.5% demonstrated an increase in storage 

modulus and loss modulus by 11% for its equivalent untreated polymer composites. As the 

graphene content increased to 1% and 2.5%, the storage modulus increased over 18% when 

compared to its equivalent untreated polymer composites. A gradual decrease in tan delta (Table 

7.11) with scCO2 treatment was observed when compared to the untreated polymer composites. 

Tan delta also represents the measure of friction or adhesion at the polymer chain and the filler 

interface. Improved graphene interaction with the polymer chain offers greater load-bearing 

capacity at the graphene-polymer interface. This allows a small part of the polymer chain to be 

strained, thereby restricting easy chain movement and reducing the friction and damping factor. 
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Table 7.11 Storage modulus (G’), loss modulus (G’’) and tan delta of Pebax graphene composite 

with and without SCF-assisted extrusion 

Sample 

type 

Without SCF With SCF 

Storage 

modulus 

Loss 

Modulus 

Tan 

Delta 

Storage 

Modulus 

Loss 

Modulus 

Tan 

Delta 

MPa 

(% Δ) 

MPa 

 

NA 

10
-3

 

MPa 

(% Δ) 

MPa 

 

NA 

10
-3

 

 

Pebax 

 

 

98.56 

±5.3 

 

4.39 

 

44 

 

119.8 

± 3.5 

 

5.45 

 

45 

PG 0.25% 122.4 

±3.8 

(24.2) 

5.24 42 132.9 

±6.9 

(11.0) 

5.66 43 

 

 

PG 0.5% 131.9 

±5.2 

(33.9) 

5.87 44 141.3 

±4.1 

(18.0) 

5.96 

 

42 

 

 

PG 1% 

 

140.1 

±3.3 

(42.0) 

4.84 34 

 

158.45 

±3.9 

(32.3) 

6.19 

 

39 

 PG 2.5% 

 

156.6 

±3.8 

(58.9) 

6.45 

 

41 

 

173.9 

±3.7 

(44.3) 

6.34 

 

36 

 

 

 

Figure 7.18 Storage modulus of Step-2 (reprocessed Step-1) Pebax graphene composite 

7.2.6 Tensile Test of Pebax Graphene Composites 

Figure 7.19 and Figure 7.20; show the tensile profile of Pebax graphene-based nanocomposite 

with and without SCF-assisted processing technique respectively. The strain was measured up to 

500% and no breakage was observed for all the samples in all composites. Significant 

enhancement in the modulus of resilience was observed for composites without scCO2; however, 
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this reinforcement was improved when treated with scCO2.  A noticeable increase in Young’s 

modulus (Figure 7.21) was observed on SCF-treated Pebax when compared with the virgin 

material (specifically PebaxSCF, PGSCF0.25%, PGSCF0.5% and PGSCF1%).  Although the 

major increase in the stress was not observed mainly due to the anisotropic nature of the 

composite samples produced from the injection moulding machine, a gradual reinforcement was 

evident depending upon the weight percentage of graphene. This may be due to low melting 

temperature and reciprocating screw speed within the injection moulding machine which might 

have resulted in lower molecular orientation, causing agglomerations of nanoparticles, therefore, 

resulting in no significant reinforcement [171, 172]. 
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Figure 7.19 Stress vs. strain curve for various ratios of Pebax graphene composite using injection 

moulding without scCO2 assisted composite granules 

This increase in the modulus of resilience is due to increases in the graphene nanoparticle ratio 

within the polymer composite.  The increased modulus shows the ability of scCO2 to enhance the 

mechanical properties of semi-crystalline materials such as Pebax. A similar reinforcing trend 

(both with and without SCF/ scCO2) was observed in the storage modulus of the DMA results, 

which means that the ability of a material to absorb energy is increased with higher stress, 

without suffering damage and thereby increasing the material’s stiffness. Moreover, gradual 



161 

 

reinforcement resulting in an increase in Young’s modulus was observed, which was directly 

proportional to the loading of graphene nanoparticles.   
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Figure 7.20 Stress vs. strain curve for various loading of Pebax graphene composite using 

injection moulding with scCO2 assisted composite granules 

 

 

Figure 7.21 Mean Young’s Modulus of Pebax graphene composite for injection moulded 

samples  

This suggests that scCO2 enhances the heterogeneous network of the soft block and hard block 

present in Pebax leading to a sufficient increase in stiffness, which leads to a minimum increase 

in a heterogeneous network of Pebax with graphene, at a low concentration level. However, this 
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effect of reinforcement has been predicted to escalate at high concentrations of graphene 

nanoparticles [171, 172]. 

7.2.7 Fourier Transform Infrared Spectroscopy Analysis of Pebax Graphene Composites 

Figure 7.22 presents the transmittance spectra of Pebax graphene composites with and with 

scCO2. The peaks at 1465 cm
-1 

and 1365 cm
-1 

represent CH2 vibration and C-N stretching of the 

amide group, respectively. The soft PTMO blocks exhibit stretching vibration of the C-O ether 

peak at 1100 cm
-1

. No significant changes were observed for untreated (without scCO2) Pebax 

graphene nanocomposite. However, when the polymer matrix was treated with scCO2, the peak 

at 1555 cm
-1

 (PebaxSCF) showed a gradual increase to 1562 cm
-1 

(for PG1% and PG2.5%) 

depending on the graphene nanoparticle content. In addition, gradual increase in peak wave 

number from 1366 cm
-1

 for PebaxSCF to 1366 cm
-1

 for PG0.25% and PG0.5%, 1369 cm
-1

 for 

PG1% and 1372 cm
-1

 for PG2.5% was observed. It is evident from the literature, that the 

characteristic peaks at 1735 cm
-1 

and 1638 cm
-1 

represent the presence of O-C=O stretching of 

the carbonyl group of ester linkage and N-C=O carbonyl vibration of the PA-12 group [126, 

127]. The amide carbonyl band at 1638 cm
-1 

is sensitive to hydrogen-bonding distance between 

the segments. Usually, amorphous amide has a larger distance while the crystalline state has a 

sharper peak. The peak at 1555 cm
-1 

is ascribed to CNH vibration with NH bending and CN 

stretching. In both cases, the gradual shift in peaks is mainly because of the amphoteric nature of 

NH and the carboxylic group present in Pebax. Specifically, electropositive graphene interacts 

through NH and CN vibrations present in the amide group of the polymer. The presence of such 

evident shifts in SCF-treated composites also indicated that scCO2 has resulted in exfoliation of 

graphene nanoparticles, thereby reducing the number of layers and increasing the availability of 

pi electrons for further polymer-graphene interactions [173, 174]. 
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Figure 7.22 ATR-FTIR spectra of Pebax graphene composites 

 

7.2.8 Electrical Conductivity Test of Pebax Graphene Composites 

Figure 7.23 shows the conductivity calculated at a various range of frequency for Pebax 

graphene composites. It is evident that the conductivity gradually increases with the addition of 

graphene nanoparticles from 0.25 wt. % to 2.5 wt. % at lower frequencies (specifically between 

1 Hz to 10 Hz). A significant increase in the conductivity can be observed with an increase in the 

graphene wt. % ratios; however, this increase in conductivity is much enhanced for the same wt. 

% when extruded with scCO2. 
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Figure 7.23 AC conductivity of with and without scCO2 of Pebax graphene composite  

A clear increase in conductivity can be observed in both with and without SCF Pebax graphene 

composites. Use of scCO2 during extrusion further avoids the stacking of graphene layers due to 

weak Van der Waals forces (effect of exfoliation) and provides improved dispersion of graphene 

within the polymer matrix, where the physical properties of graphene are maintained (confined 

to few layers). Therefore, the scCO2-treated Peabx graphene samples demonstrated increased 

conductivity (with same graphene wt. %) when compared to polymer composites without SCF-

assisted extrusion. The process of electrical conductivity within a polymer takes place in three 

stages, namely: a. lower conductivity due to low filler fraction, b. gradual formation of the 

interconnecting network leading to tunnelling of electrons through neighbouring graphene 

particles followed by c. formation of the conductive path at the percolation threshold. Further 

increase in the filler concentration will result in enhancement of the conducting network thereby 

increases conductivity until the threshold is reached. Although electrical conductivity and 

percolation threshold is dependent on filler concentration, additional parameters such as filler 

aggregation, processing method, aspect ratio, functionalization, polymer-graphene interaction 

and distribution (wrinkles or folds) also influence the conductivity [34, 88, 90, 159, 175]. 
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AC Conduction mechanism in nanocomposites can be divided into two parts (i) conduction due 

to the transfer of charge from one point to the other and (ii) conduction due to a high polarisation 

effect. With the addition of carbon-based nanoparticles such as graphene, the conduction due to 

the transfer of charge is prominent only after the percolation threshold, beyond which materials 

become highly conductive. Whereas the AC conductivity due to the polarisation effect is highly 

prominent just below the percolation threshold. In addition, frequency dependent conductivity 

can be divided into two regions depending on lower and higher frequency. Low-frequency 

region is described as a flat region representing DC conductivity and gives the resistance value 

(Z=R, at low frequency). The region at higher frequencies is frequency dependent and represents 

AC conductivity (Capacitive nature as Z=-1/wC). The AC conductivity of composites increased 

exponentially with increase in frequency due to lower mobility in induced dipoles at a higher 

frequency (acts like a capacitor). When the electric field is applied to the samples at lower 

frequencies, the charge from the electrode tends to move and accumulate between the polymer 

and the graphene particles. This movement and accumulation of charges at the interface cause 

large polarisation, producing flat regions on the conductivity graph.  

7.2.9 Transmission Electron Microscope Morphology of Pebax Graphene Composites 

Figure 7.24 shows the TEM morphology of Pebax graphene composites at 1% graphene loading 

without (Image A and B) and with (Image C and D) scCO2. As the samples were prepared by 

manual slicing of the extrudates, the images depict a very thick sample or overlapped samples. 

Large graphene platelets can be clearly seen from image A and B, while graphene particles 

appear to be well dispersed and broken down into smaller particles in image C and D. Another 

important observation is the clear appearance of nylon lamellar crystalline structure forming a 

Pebax lattice where graphene concentration is neighbouring to such lattice. The images suggest 

that scCO2 assisted processing of polymer composites results in exfoliation and even dispersion 

of graphene particles within the polymer. Similar analysis using thermal, mechanical, electrical, 

FTIR and XRD have been discussed throughout in relation to the probable interaction/graphene 

exfoliation with the nylon (PA-12) group of Pebax polymer. 
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Figure 7.24 TEM Images of Pebax graphene composites: A and B – PG1% and; C and D – 

PGSCF1%   

7.3 Key Points for Reprocessed Pebax Graphene Composites 

This study evaluated the thermal, mechanical and electrical performance and interactions of 

Pebax nanocomposites at various graphene concentration with and without scCO2.The following 

are the key observation made: 

 A 1-minute melt flow test on the Pebax based composite showed that the use of scCO2 

during the extrusion process has reduced the viscosity of the polymer melt and thereby 

increased the throughput of the extruder.  

 The thermal stability of Pebax graphene composites at higher loading is improved due to 

the strong interaction between the polymer and graphene. This, in turn, decreases 

polymer chain mobility near the graphene Pebax interface, thereby stabilising the thermal 

degradation temperature at higher loading.  
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 The Avrami exponent ‘n’ under isothermal and non-isothermal conditions is in the range 

from 2 to 4 for all the samples, indicating a complex two or three-dimensional growth 

phenomenon with branched fibrillar morphology. The value of k for samples that are 

processed without scCO2 increases up to 0.5% loading, highest being 0.5% (9.12) and 

then slowly decreases and settles for 1% and 2.5% graphene loading (6.02).  

 The rate of crystallisation value ‘k’, decreased with scCO2 compared to without scCO2 

composites, suggests a better interaction between the polymer chain and the graphene 

particles. This suggests that scCO2 initiates exfoliation and improved interaction of 

graphene particles which further restricts the nucleation and the growth process. The 

scCO2 graphene composites have higher activation energy for 0.5,1 and 2.5% compared 

to their untreated composites. These results indicate that at low graphene loading, 

graphene acts as nucleating sites and as the loading is increased the interfacial 

interactions restrict the easy movement to crystal growth, thus increasing the activation 

energy. 

 DMA results showed a significant increase in stiffness (storage modulus) for untreated 

polymer composites with respect to pure Pebax (58%) result, while scCO2 treated 

composites gave a lower increasing stiffness with respect to untreated composites (10 to 

18% when treated with scCO2).  

 Tensile test results show a similar behaviour to DMA results, where a significant and 

gradual increase in Young’s modulus is observed for untreated polymer matrices.  

However, an additional 8 to 10% increases in Young’s modulus was observed when 

treated with scCO2.  

 ATR-FTIR spectra showed an increase in the interaction between the amphoteric NH in 

the amide group and the electropositive graphene surface when treated with scCO2. The 

presence of such evident shifts in SCF-treated composites also suggests that scCO2 has 

resulted in the exfoliation of graphene nanoparticles, thereby reducing the number of 

layers and increasing the availability of pi electrons. 

 The frequency dependence of AC conductivity shows that the conductivity increases 

depending on the graphene loading. However, when the composites were reprocessed 

with scCO2, the conductivity increased from 10
-9

 S/m to 10
-6

 S/m, while untreated 

composites showed lower conductivity when compared to scCO2 assisted extrusion.  
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7.4 Section 2: Pebax Graphene Oxide Composites 

7.4.1 Throughput Test of Pebax GO Composites 

Pebax GO-based nanocomposites throughput for one-minute was repeated 3 times and the 

average was taken (with all other conditions kept constant) (Table 7.12). The total mean weight 

of the SCF-assisted extruded composites had a higher average weight when compared to samples 

extruded without SCF. The total weight extruded with SCF is due to the plasticisation effect, 

where scCO2 changes the viscosity of the polymer melt and thereby increases the throughput.  

Table 7.12 Average weights of extruded Pebax GO composite for 1-minute 

 

Sample type 

Average weight of Pebax GO-based 

nanocomposite extruded for 1-minute 

Without SCF With SCF 

G g 

Pebax 14.55±4.3 26.92±3.4 

PGO 0.5% 13.11±6.3 22.89±6.8 

PGO 1% 10.70±3.5 19.06±3.3 

PGO 2.5%                     10.91±2.1 20.66±5.8 

 

7.4.2 Thermal Gravimetric Analysis of Pebax GO Composites 

It was observed (Table 7.13) that GO eliminates the loosely bound water and gas molecules 

below 100 °C and GO completely degrades at 218 °C, which is due to degradation of oxygen-

containing functional groups. Figure 7.26 and Table 7.13, showed no significant difference in the 

degradation temperature for GO Pebax composites with and without scCO2. 

Table 7.13 Degradation temperature profile of Pebax GO composites (with and without scCO2) 

 

 

 

 

 

 

 

 

 

Sample type 

Maximum degradation temperature 

Without SCF With SCF 

° C ° C 

Pebax 468.1 465.5 

PGO 0.5% 467.9 467.6 

PGO 1% 466.1 467.1 

PGO 2.5%                     470.8 471.7 
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Figure 7.25 Thermal degradation profile of GO 

 

Figure 7.26 Thermal degradation profiles of Pebax GO composites without scCO2 
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Figure 7.27 Thermal degradation profiles of Pebax GO composites with scCO2 

 

7.4.3 Differential Scanning Calorimetry of Pebax GO Composites 

Figure 7.28 and Figure 7.29, present the heat flow thermogram of Pebax GO composites which 

were extruded with and without assisted scCO2. It is evident from the heat flow curves (both first 

cycle and second cycle – in both the cases of with and without assisted scCO2), that the melting 

temperature does not show significant deviation from the virgin Pebax (162.90 °C), even with the 

addition of GO up to 2.5%. Figure 7.30 presents the crystallisation thermograms of various 

Pebax graphene composites during the cooling cycle (extruded with and without assisted scCO2). 

The GO fillers interact well with the Pebax polymer chains and result in the lowering of 

crystallisation temperature with respect to virgin Pebax. Although the crystallisation temperature 

is lowered, the peak broadens with the addition of GO for 0.5% and 2.5% loading suggesting 

differences in crystallite size. 
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Figure 7.28 Heat flow thermogram of Pebax GO composite without scCO2 

 

 

Figure 7.29 Heat flow thermogram of Pebax GO composite (output of scCO2 reprocessed 

without scCO2) 
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The shift in crystallisation temperatures towards lower temperatures suggests that the GO has 

interacted well with the Pebax polymer chain thereby improving the homogeneity of the 

composites. In the case of heterogeneous polymer composites, where there was less interaction 

between the polymer and the filler particles, the crystallisation temperature shifts towards higher 

temperatures. In the case of scCO2 treated composites, the GO fillers interact well with Pebax 

polymer chain and result in lowering the crystallisation temperature with respect to virgin Pebax. 

Although the crystallisation temperature was lowered, the peak broadens with the addition of GO 

for 0.5% and 2.5% loading showing differences in crystallite size. This shows that the scCO2 

assisted extrusion and reprocessing results in a broadening of crystallisation temperature, thereby 

affecting the crystallite size. 

 

Figure 7.30 Comparison of crystallisation peak of Pebax GO composites with and without scCO2 

The crystallisation temperature of Pebax graphene composites tends to shift to higher 

temperatures making it a heterogeneous network, while Pebax GO crystallisation temperature 

shifts to lower temperatures making it a homogenous network. The crystallisation temperature 

shifts to lower temperatures and results in a broadening effect when the polymer composites  

(both graphene and GO) were processed with scCO2. This demonstrates that scCO2 not only 
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helps to provide exfoliation or improved dispersion of additives but also induces a certain 

amount of crystallinity to the polymer itself by arranging the polymer chain in a more favourable 

manner. 

7.4.3.1 Isothermal Crystallisation Kinetics of Reprocessed Pebax GO Composites 

The Avrami model was used to understand the isothermal crystallisation kinetics of reprocessed 

Pebax GO (with and without scCO2) polymer composites at various percentages of graphene 

loading levels. The Avrami model is clearly described in the methodology section of Chapter 3 

(3.4.3.1). The parameters n and k can be obtained from the slope and the intercept of the Avrami 

plot of log [-ln (1-Xt)] vs. log t. Table 7.14 shows the parameter n and k along with t1/2 values 

which were obtained from the heat flow thermograms and the theoretically calculated value. It is 

evident that the value of n remains between 2 and 3 for all the samples, indicating complex 

fibrillar two-dimensional crystallite structure.  

The k value tends to decrease with increasing isothermal temperatures for all the samples. The 

value of k decreases upon addition of GO 0.5%, refer to highlighted Tc on Table 7.14 (Tc @ 144 

°C has k= 0.093) and 1% (Tc @ 144 °C has k= 0.15) while increases for 2.5% (Tc @ 144 °C has 

k= 5.75) compared to virgin Pebax (Tc @ 144 °C has k= 0.41). The t1/2 value also follows the 

same trend where, the time taken to reach 50% crystallisation increases for 0.5% and 1%, 

indicating slow crystallisation rate and a significant decrease for 2.5% loading, indicating faster 

crystallisation rate with respect to virgin Pebax. These values indicate that the addition of GO 

particles reduces the crystallisation rate at a lower loading of 0.5% and gradually increases for 

1% and 2.5%. The use of scCO2 does not have a significant effect on the crystallisation 

parameter k up to 1%, however, the k value is much higher for 2.5% compared to its untreated 

counterpart indicating faster crystallisation rate with scCO2.  

Table 7.14 Avrami parameters of Pebax GO composites with and without scCO2 under 

isothermal conditions 

Sample 

Type 

Tm 

(°C) 

n Log k k t1/2* 

(min) 

t1/2 

(min) 

G 

(min
-

1
) 

R
2
 

 

 

Pebax 

 

139 2.64 0.95 8.91 0.36 0.38 2.6 0.999 

140 2.72 0.72 5.75 0.45 0.47 2.1 0.999 

141 2.55 0.50 2.97 0.52 0.54 1.8 0.999 

142 2.65 0.23 1.71 0.69 0.71 1.4 0.999 

143 2.69 -0.07 0.85 0.88 0.92 1.0 0.999 

144 2.85 -0.38 0.41 1.16 1.19 0.8 1.000 

 

 

141 2.56 0.40 2.51 0.56 0.60 1.6 0.999 

142 2.84 0.19 1.54 0.72 0.75 1.3 0.999 



174 

 

PebaxSCF 143 2.70 -0.07 0.83 0.91 0.93 1.0 0.999 

144 2.89 -0.37 0.42 1.16 1.18 0.8 1.000 

145 2.94 -0.71 0.19 1.53 1.54 0.6 1.000 

146 3.20 -1.17 0.067 2.06 2.06 0.4 1.000 

 

 

PGO 0.5 

 

141 2.57 -0.07 0.83 0.90 0.93 1.0 0.999 

142 2.74 -0.32 0.47 1.11 1.14 0.8 1.000 

143 2.92 -0.65 0.22 1.47 1.47 0.6 0.999 

144 3.09 -1.03 0.093 1.95 1.91 0.5 1.000 

146 2.70 -1.54 0.028 3.06 3.24 0.3 0.999 

 

 

PGOSCF 

0.5 

 

141 2.76 -0.10 0.79 0.92 0.95 1.0 0.999 

142 2.71 -0.31 0.48 0.52 1.11 0.8 0.999 

143 2.74 -0.58 0.26 1.41 1.42 0.7 1.000 

144 2.79 -0.89 0.12 1.81 1.82 0.5 1.000 

146 2.72 -1.52 0.03 3.16 3.16 0.3 0.999 

 

 

PGO 1 

 

141 2.48 0.09 1.23 0.75 0.79 1.2 0.999 

142 2.43 -0.14 0.72 0.93 0.98 1.0 0.999 

143 2.75 -0.47 0.33 1.28 1.29 0.7 1.000 

144 2.91 -0.81 0.15 1.68 1.67 0.5 1.000 

146 2.76 -1.41 0.03 2.73 2.83 0.3 1.000 

 

 

PGOSCF 

1 

141 2.54 0.004 1.00 0.81 0.86 1.1 0.999 

142 2.47 -0.20 0.63 0.98 1.03 0.9 1.000 

143 2.76 -0.52 0.30 1.33 1.35 0.7 1.000 

144 2.69 -0.79 0.16 1.70 1.71 0.5 1.000 

146 2.80 -1.56 0.02 3.01 3.16 0.3 0.999 

 

 

PGO 2.5 

144 2.05 0.76 5.75 0.32 0.34 2.80 0.999 

146 2.42 0.36 2.29 0.60 0.61 1.63 1.000 

147 2.42 0.18 1.51 0.70 0.72 1.38 1.000 

148 2.58 -0.06 0.87 0.91 0.91 1.09 1.000 

149 2.44 -0.26 0.54 1.10 1.10 0.90 1.000 

150 2.82 -0.59 0.25 1.46 1.42 0.70 0.999 

 

 

PGOSCF 

2.5 

144 2.29 0.87 7.41 0.78 0.35 2.8 0.999 

146 2.28 0.41 2.57 1.04 0.56 1.7 0.999 

147 2.31 0.26 1.81 1.35 0.65 1.5 1.000 

148 2.37 0.02 1.04 1.81 0.84 1.1 0.999 

149 2.54 -0.19 0.64 2.46 1.02 0.9 1.000 

150 2.64 -0.43 0.37 3.16 1.26 0.7 1.000 

 

The value of 1/t1/2 can be used to describe the crystallisation rate and is plotted in Figure 7.31 as 

a function of isothermal crystallisation temperature. It can be clearly seen that the crystallisation 

rate G (1/t1/2) decreases upon addition of GO at lower concentration levels (@0.5% and 1%), 

however, the crystallisation rate significantly increases for 2.5% loading. Such phenomena of 

increased G and k value upon addition of graphene up to 1% is usually attributed to 

heterogeneous nucleation rates as described by Kirkorian et al [176]. 
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Figure 7.31 Crystallisation rate plotted at various isothermal crystallisation temperatures peak of 

Pebax GO composites with and without scCO2 

The crystallisation rate parameter was described by an Arrhenius type equation (refer to Section 

3.4.3.1). The slope of the plot ln (K)*1/n vs. 1/Tc as shown in Figure 7.32 determines the ∆E/R. 

where the activation energy is calculated and is tabulated in Table 7.15. The ∆E value decreases 

for 0.5% loading, increases for 1% and decreases for 2.5 % loading virgin Pebax. However, the 

activation energy is the lowest for 2.5%. This demonstrates that the GO particles in the Pebax for 

2.5% acted as nuclei, suggesting heterogeneous nucleation, which decreased the crystallisation 

free energy barrier, thereby decreasing or maintaining the crystallisation activation energy. 

However, at lower concentrations of 0.5% and 1%, the interaction between the Pebax and GO 

may act as restricting agents for the phase transformation, thus resulting in increasing the 

crystallisation free energy barrier and thus the activation energy. In all cases, the scCO2 treated 

samples show lower activation energy required for phase transformation compared to their 

untreated counterparts. The activation energy increases for PGOSCF 0.5% and PGOSCF 1%, 

while decreases for PGOSCF 2.5%, clearly indicating heterogeneous nucleation at higher GO 

loading.  
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Table 7.15 Arrhenius activation energy for Pebax GO composites with and without scCO2 under 

isothermal conditions 

Samples Arrhenius 

Activation Energy 

(KJ/mol) 

Pebax -356.488 

PebaxSCF -315.982 

PGO 0.5 -334.846 

PGOSCF 0.5 -322.317 

PGO 1 -355.357 

PGOSCF 1 -329.301 

PGO 2.5 -329.151 

PGOSCF 2.5 -308.682 

 

 

Figure 7.32 Arrhenius activation energy plot for Pebax GO composites with and without scCO2 

under isothermal conditions 
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7.4.3.2 Non-Isothermal Crystallisation Kinetics of Reprocessed Pebax GO Composites 

The non-isothermal crystallisation kinetics of Pebax graphene composites with scCO2 was 

studied under various cooling rates. Figure 7.33 shows the Tc and appropriate time in seconds to 

reach Tc at various cooling rates. Table 7.16 shows that the crystallisation onset temperature 

(Tcon), peak crystallisation temperature (Tc) and crystallisation offset temperature (Tcoff) shifts to 

lower temperature and become broader with an increase in the cooling rate from 2.5 °C/min to 

20 ˚C/min.  

Table 7.16 Heat flow parameters for Pebax GO composites with and without scCO2 under non-

isothermal conditions 

Sample 

Type  

Cooling 

Rate 

(°C/min) 

Tcon 

(° C) 

Tcoff 

(°C) 

Tc 

(°C) 

ΔHc 

(J/g) 

Xc 

(%) 

 

Pebax 

2.5 

5 

10 

20 

144.11 

140.54 

136.74 

131.84 

113.14 

108.24 

105.15 

80.02 

140.91 

137.05 

132.70 

127.54 

40.36 

39.07 

36.88 

37.32 

38.40 

35.09 

51.11 

26.97 

 

PebaxSCF 

2.5 146.49 100.02 141.40 39.36 37.39 

5 142.88 100.03 137.32 38.21 37.26 

10 138.35 88.91 132.92 38.19 35.34 

20 133.97 83.31 127.75 35.93 34.48 

 

PGO 0.5 

2.5 

5 

10 

20 

143.99 

138.72 

134.92 

130.28 

111.48 

104.11 

97.70 

89.55 

139.19 

135.95 

132.20 

126.98 

38.09 

38.19 

38.50 

38.14 

35.96 

36.76 

31.63 

28.15 

 

PGO 

SCF 0.5 

2.5 144.09 113.14 139.10 35.63 40.92 

5 140.86 108.01 135.85 36.19 38.68 

10 137.20 98.85 131.76 35.34 33.22 

20 133.09 95.87 127.70 35.97 28.38 

 

PGO 1 

2.5 

5 

10 

20 

143.97 

141.22 

138.54 

133.64 

108.11 

105.32 

98.30 

95.22 

139.34 

136.15 

132.45 

127.48 

35.91 

36.02 

34.97 

34.38 

40.51 

36.45 

33.94 

31.61 

 

PGO  

SCF 1 

2.5 144.20 114.13 139.38 35.88 43.47 

5 141.40 106.34 136.20 36.61 36.62 

10 137.85 93.45 132.64 38.78 31.87 

      20 134.42 92.62 128.60 37.65 29.05 

 

 PGO 2.5 

2.5 

5 

10 

      20 

151.99 

148.42 

145.66 

142.99 

120.12 

110.18 

99.54 

96.02 

145.75 

142.17 

138.46 

134.72 

36.66 

38.98 

40.09 

40.49 

37.37 

35.60 

34.33 

32.21 

 

PGO 

SCF 2.5 

2.5 151.69 117.77 146.01 39.00 37.46 

5 148.72 114.70 142.91  40.07 36.96 

10 145.33 96.66 138.99 41.53 34.60 

      20 143.06 96.87 135.07 40.56 32.61 
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Figure 7.33 Heat flow curves at various temperatures and time for Pebax GO composites with 

and without scCO2 under non-isothermal conditions (a. PGO 1%, b. PGOSCF 1%, c. PGO2.5%, 

d. PGOSCF 2.5%) 

It can be clearly observed that the Tc values have a decreasing trend for all the samples (with and 

without scCO2) except for 2.5% loading concentration (where the Tc value increases to 145 ˚C). 

This shifting of Tc peak to higher temperatures with the addition of graphene suggests the 

dominance of the heterogeneous nucleation process at higher GO content. 

Avrami plot is presented in Figure 7.34 for Pebax GO composites with and without scCO2. The 

corresponding Avrami parameters n and k were obtained from the slope and intercept of the 

plots, t1/2 (calculated from the Equation. 4) and corresponding R
2 

and are listed in Table 7.17. 

The value of k’ increases with increasing cooling rate and the t1/2 decreases with increasing 

cooling rate. As observed in the isothermal crystallisation kinetics, the k’ value decreases upon 

addition of GO from 0.80 for virgin Pebax to 0.18 for 0.5%, 0.21 for 1% and 0.24 for 2.5%. An 

increase in k’ can be observed for 2.5% GO loading suggesting slightly faster crystallisation 

compared to 0.5%. The k’ value further reduces the treatment of scCO2 assisted extrusion. This 

indicates slow crystallisation rate which might have occurred due to improved Pebax GO 

interaction which in turn limits the free chain movement during the crystal formation phase.  

Another important observation is the shift of the n values from 2 to 3 specifically when the 

Pebax GO samples were processed with scCO2. The average n values for samples extruded 

without scCO2 are 2.57 for virgin Pebax, 3.08 for PGO 0.5%, 3.10 for PGO 1% and 2.91 for 

PG2.5%. The average n values for samples extruded with scCO2 are 3.06 for virgin PebaxSCF, 

3.22 for PGOSCF 0.5%, 3.26 for PGOSCF 1% and 3.10 for PGOSCF 2.5%. This indicates a 

clear shift from complex two-dimensional crystallite to complex three-dimensional crystallite, 

for samples with scCO2. This suggests that the inclusion of GO particles along with scCO2 

(d) 

 

(d) 
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assisted processing might have favoured exfoliation of graphene particles and this 

exfoliation/interaction may have initiated a complex crystallisation process (where the adhesion 

of GO particles on to polymer chain may act as nuclei).  

Table 7.17 Avrami parameters for Pebax GO composites with and without scCO2 under non-

isothermal conditions 

Sample 

Type  

  

(   

C/min) 

n Average 

n 

Log k’ k’ t1/2 

From 

Graph 

(min) 

t1/2 

Calculated 

(min) 

R
2
 

 

Pebax 

 

2.5 2.42  -0.09 0.80 0.95 1.01 0.993 

5 2.66 2.57 0.24 1.73 0.56 0.70 0.990 

10 2.70  0.86 7.24 0.32 0.41 0.982 

20 2.53  1.48 30.19 0.17 0.22 0.985 

 

PebaxSCF 

2.5 3.25  -0.77 0.16 1.50 1.54 0.998 

5 3.19 3.06 -0.02 0.95 0.86 0.90 0.997 

10 2.84  0.84 6.91 0.42 0.44 0.988 

20 2.99  1.58 38.01 0.25 0.26 0.989 

 

PGO 0.5 

 

2.5 3.14  -0.73 0.18 1.46 1.51 0.999 

5 2.99 3.08 0.04 1.09 0.78 0.85 0.997 

10 2.96  0.75 5.62 0.44 0.45 0.996 

20 3.23  1.72 52.48 0.23 0.26 0.997 

 

PGOSCF 

0.5 

2.5 3.53  -0.86 0.13 1.54 1.57 0.999 

5 3.01 3.22 0.04 1.09 0.78 0.85 0.998 

10 3.13  0.85 7.07 0.43 0.47 0.997 

20 3.21  1.92 83.17 0.20 0.22 0.995 

 

PGO 1 

 

2.5 2.98  -0.67 0.21 1.42 1.48 0.999 

5 3.14 3.10 0.04 1.09 0.80 0.86 0.998 

10 3.09  0.79 4.78 0.43 0.53 0.996 

20 3.19  1.64 66.06 0.22 0.23 0.996 

 

PGO SCF 

1 

2.5 3.42  -0.83 0.14 1.53 1.57 0.999 

5 2.85 3.26 0.017 1.03 0.76 0.86 0.997 

10 3.19  0.79 6.16 0.45 0.50 0.994 

20 3.58  2.06 114.8 0.22 0.23 0.995 

 

PGO 2.5 

2.5 2.98  -0.61 0.24 1.40 1.41 0.999 

5 2.75 2.91 -0.16 0.69 0.91 1.00 0.998 

10 3.01  0.54 3.46 0.54 0.58 0.997 

20 2.92  1.20 15.84 0.29 0.34 0.995 

 

PGOSCF 

2.5 

2.5 3.20  -0.72 0.19 1.46 1.49 0.999 

5 3.05 3.10 -0.003 0.99 0.84 0.88 0.998 

10 3.18  0.67 4.67 0.50 0.54 0.997 

20 2.97  1.28 19.05 0.29 0.32 0.993 
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 a. PGO 0.25%                                                     b. PGOSCF 0.25% 

      

c. PGO 2.5%                                                     d. PGOSCF 2.5% 

Figure 7.34 Avrami plot for Pebax GO composites with and without scCO2 under non-isothermal 

conditions 

Another important observation is the shift of the n values from 2 to 3 specifically when the 

Pebax GO samples were processed with scCO2. The average n values for samples extruded 

without scCO2 are 2.57 for virgin Pebax, 3.08 for PGO 0.5%, 3.10 for PGO 1% and 2.91 for 

PG2.5%. The average n values for samples extruded with scCO2 are 3.06 for virgin PebaxSCF, 

3.22 for PGOSCF 0.5%, 3.26 for PGOSCF 1% and 3.10 for PGOSCF 2.5%. This indicates a 

clear shift from complex two-dimensional crystallite to complex three-dimensional crystallite, 

for samples with scCO2. This suggests that the inclusion of GO particles along with scCO2 

assisted processing might have favoured exfoliation of graphene particles and this 

exfoliation/interaction may have initiated a complex crystallisation process (where the adhesion 

of GO particles on to the polymer chain may act as nuclei).  
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Table 7.18 Ozawa parameters for Pebax GO composites with and without scCO2 under non-

isothermal conditions 

Sample Type  T 

(°C) 

m Log k* R
2
 

 

 

Pebax 

 

125 -0.52 1.73 0.842 

128 -1.13 2.39 0.744 

133 -1.27 2.06 0.843 

138 -3.82 3.88 0.993 

140 -4.18 3.40 0.981 

 

 

PebaxSCF 

125 -0.46 1.42 0.953 

128 -0.81 1.76 0.845 

133 -2.80 4.07 0.786 

138 -4.63 5.02 0.894 

141 -3.36 2.52 1.000 

 

 

PGO 0.5 

 

124 -0.56 1.63 0.902 

126 -0.74 1.76 0.847 

130 -1.99 3.21 0.743 

133 -4.61 6.38 0.759 

136 -3.57 3.93 0.900 

 

 

PGOSCF 0.5 

 

125 -0.61 1.82 0.975 

127 -0.82 1.96 0.923 

130 -1.84 3.11 0.811 

132 -3.01 4.44 0.816 

135 -3.31 3.97 0.863 

138 -3.73 3.30 1.000 

 

 

PG 1 

 

125 -0.55 1.60 0.939 

128 -0.97 1.99 0.834 

130 -1.66 2.80 0.777 

134 -2.64 3.92 0.779 

136 -3.36 3.70 0.892 

 

 

PGSCF 1  

125 -0.53 1.69 0.996 

128 -0.89 1.86 0.933 

130 -1.45 2.60 0.827 

135 -2.45 3.75 0.798 

138 -3.51 3.19 1.000 

 

 

PG 2.5 

130 -0.48 1.64 0.991 

134 -0.73 1.72 0.940 

138 -1.69 1.26 0.867 

140 -2.40 3.25 0.897 

142 -3.63 4.37 0.915 

 

 

PGSCF 2.5 

130 -0.46 1.61 0.983 

132 -0.82 1.79 0.899 

136 -1.66 2.67 0.838 

140 -2.40 3.35 0.874 

144 -2.37 2.78 0.875 

  

As described in the earlier sections of non-isothermal analysis (5.2.2.2), an Avrami extended 

model by Ozawa is used, where the change in the degree of crystallinity (X(T)) as a function of 
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varying cooling rate is considered. The Figure 7.35 and the Table 7.18 show the parameters 

obtained from the Ozawa model.  

The plot of ln (-ln (1-X(T)) vs. ln   taken at different temperatures ranging from 125   C to 144   C, 

where the slope and intercept gives the kinetic parameters m and k*. Both Log k* and m values do 

not show any significant changes when graphene particles are introduced (m and k* independent 

of graphene filler concentration). It is evident from the Ozawa plot that, a perfect linear fit cannot 

be achieved, due to inflthe uence of secondary crystallisation (R
2
 <<1). This suggests that mean m 

and k* values are difficult to achieve and thus the Ozawa method cannot be used to describe the 

crystallisation kinetics of Pebax GO composites under non-isothermal conditions. 

     

e. PGO 2.5%                                                            f. PGOSCF 2.5% 

Figure 7.35 Ozawa plot for Pebax GO composites with and without scCO2 under non-isothermal 

conditions 

The combined Avrami and Ozawa equation as reported by Mo et al [111] was used to describe the 

kinetics of non-isothermal crystallisation by plotting the log ϕ vs. log t at a specific value of X(t). 

The values b and F(T) can be obtained from the slope and intercept of the plot (Table 7.19). It is 

clearly evident from the table that the ln F(T) values gradually increases with the addition of GO 

(consider samples without scCO2). A trend can be observed where the F(T) values are the highest 

for 0.5% (without scCO2) and lowest for 2.5% GO loading. This suggests that the rate of 

crystallisation is faster for 2.5% loading concentration compared to other lower loading 

concentrations. This increase indicates that at unity crystallisation time, a higher cooling rate 

should be used in order to obtain a higher degree of crystallinity.  
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Table 7.19 Combined Avrami and Ozawa parameters for Pebax GO composites with and without 

scCO2 under non-isothermal conditions 

Sample Type X(T) b Mean ‘n’ ln F(T) F(T) R
2
 

 

 

Pebax 

 

0.2 1.31  0.42 1.52 0.981 

0.4 1.27 2.57 0.71 2.03 0.988 

0.6 1.26  0.88 2.41 0.991 

0.8 1.25  1.00 2.71 0.993 

 

 

PebaxSCF 

0.2 1.15  1.05 2.85 0.997 

0.4 1.14 3.06 1.35 3.85 0.998 

0.6 1.13  1.46 4.30 0.999 

0.8 1.11  1.59 4.90 0.999 

 

 

PGO 0.5 

 

0.2 1.16  1.00 2.71 0.999 

0.4 1.12 2.76 1.24 3.45 0.999 

0.6 1.11  1.40 4.05 0.999 

0.8 1.11  1.51 4.52 0.999 

 

 

PGO SCF 0.5 

0.2 1.01  1.09 2.97 0.999 

0.4 1.03 3.43 1.29 3.63 0.999 

0.6 1.04  1.42 4.13 0.999 

0.8 1.03  1.52 4.57 1.000 

 

 

PGO 1 

 

0.2 1.22  0.97 2.63 0.999 

0.4 1.18 2.72 1.24 3.45 0.999 

0.6 1.17  1.41 4.09 0.999 

0.8 1.14  1.53 4.61 0.999 

 

 

PGO SCF 1 

0.2 1.14  1.05 2.85 0.999 

0.4 1.09 3.45 1.28 3.59 0.999 

0.6 1.07  1.42 4.13 0.999 

0.8 1.06  1.52 4.57 0.999 

 

 

PGO 2.5 

0.2 1.40  0.95 2.58 0.999 

0.4 1.33 2.68 1.30 3.66 0.999 

0.6 1.33  1.52 4.57 0.999 

0.8 1.29  1.67 5.31 0.999 

 

 

PGOSCF 2.5 

0.2 1.34  0.98 2.66 0.999 

0.4 1.27 3.15 1.28 3.59 0.999 

0.6 1.24  1.48 4.39 0.998 

0.8 1.23  1.62 5.05 0.999 

 

All the Pebax GO composites had a larger ln F(T) when compared to the virgin Pebax for all the relative 

degree of crystallinity values. It suggests that the addition of GO has lowered the rate of crystallisation 

compared to virgin Pebax (agreement with the Avrami model); thereby hindering the nucleation or the 

growth rate. The addition of scCO2 further increases the F(T) value, indicating much slower 

crystallisation rate when compared to its untreated counterpart. As discussed in Avrami section 5.2.2.2, 

scCO2 lowers the crystallisation rate likely due to two possible reasons, first, due to induced 

rearrangement of the polymer chain to kinetically more favourable configuration and second, due to GO 

exfoliation which hinders the transformation during the growth phase. 
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 a. PGO 1%                                                            b. PGOSCF 1% 

           

                         c. PGO 2.5%                                                    d. PGOSCF 2.5% 

Figure 7.36 Combined Avrami and Ozawa plot for Pebax GO composites with and without scCO2 

under non-isothermal conditions 

The influence of various cooling rates under non-isothermal crystallisation process on the 

activation energy can be described using the Kissinger equation. The plot of ln(ϕ/Tc
2
) vs. 1/Tc 

(Figure 7.37 and Figure 7.38) gives the linear slope determining the ΔE and is given in Table 

7.20. The activation energy increases upon addition of graphene particles suggesting the actual 

hindrance that progress during the transformation phase. The activation energy for samples with 

scCO2 tends to increase when compared to its counterpart samples without scCO2. Although the 

shifting of Tc to higher values from 2.5% loading suggesting heterogeneous nucleation, the 

activation energy has increased recommending the dominance of restriction that is imposed by 

Pebax GO interaction. This increase in activation energy upon addition of GO suggests that 

scCO2 might have enhanced the interaction between the polymer chain and the filler particle.  
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Table 7.20 Kissinger’s activation energy for Pebax GO composites with and without scCO2 

under non-isothermal conditions 

 

 

 

 

 

 

 

Figure 7.37 Kissinger’s plot for Pebax GO composites without scCO2 under non-isothermal 

conditions 

 

Sample Type Kissinger Activation 

Energy 

(KJ/mol) 

 

R
2
 

Pebax 233.39 0.994 

PebaxSCF 230.81 0.996 

PGO 0.5 252.62 0.999 

PGOSCF 0.5 268.37 0.997 

PGO 1 260.04 0.988 

PGOSCF 1 285.54 0.996 

PGO 2.5 287.61 0.999 

PGOSCF 2.5 287.55 0.996 
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Figure 7.38 Kissinger’s plot for Pebax GO composites with scCO2 under non-isothermal 

conditions  

 

7.4.4 X-Ray Diffraction of Pebax GO Composites 

Figure 7.39, the XRD pattern of virgin Pebax shows a peak at approximately 2θ=22°, occurring 

mainly from the inter-chain hydrogen bonding (refer to FTIR analysis of Section 4.2.5) of the 

crystalline PA-12. It can be clearly seen that the addition of GO reduces the peak height and 

results in broadening of the peak at 2θ=22°, suggesting an increase in the amorphous content. As 

discussed in Section 7.2.4, the full width at half maximum (FWHM) increases from 1.88 for neat 

Pebax to 2.43 for scCO2 treated Pebax, indicating peak broadening, suggesting decreased 

crystallite size. Table 7.21 shows the recorded d-spacing, 2θ peak, FWHM and calculated 

crystallite size using Scherrer’s equation. The scCO2 treated polymer matrix results in 

broadening of the peak due to proposed polymer-GO interaction and exfoliation. Similar results 

can also be observed from the crystallisation kinetics parameters obtained from both isothermal 

and non-isothermal crystallisation kinetics, where the value of crystallisation rate (k) decreases 

and Tc peak broaden; indicating restriction imposed to easy crystal growth and an increase in the 

number of the nuclei. 
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Figure 7.39 XRD spectra of Pebax GO composites at various loading concentrations with and 

without scCO2 

When the samples are processed with scCO2, the crystallite size tends to reduce compared to its 

untreated counterpart (lowest for 0.5% loading), as scCO2 induces the crystallisation process in a 

kinetically favourable manner and also due to suggested exfoliation of GO particles. In addition, 

the value of PGOSCF 0.5 is indicative of the percolation threshold beyond which the graphene 

particles tend to agglomerate, hence an increase in crystal size [166, 167].  

Table 7.21 List of d-spacing, peak position at 2θ, obtained full wave half maximum from the plot 

and calculated crystal size from Scherrer equation 

Sample Size d-spacing  

in Å 

Peak Position 

(2θ) 

in Degree 

FWHM 

in Degree 

Calculated 

Crystallite Size in 

nm 

Pebax 4.18 21.26 1.88 4.49 

PebaxSCF 4.03 22.03 2.43 3.48 

PGO 0.5 4.05 21.91 4.15 2.11 

PGOSCF 0.5 4.08 21.73 5.06 1.67 

PGO 1 4.06 21.88 3.10 2.73 

PGOSCF 1 4.10 21.64 3.90 2.16 

PGO 2.5 4.07 21.79 3.27 2.59 

PGOSCF 2.5 4.06 21.88 3.24 2.60 
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7.4.5 Mechanical Analysis of Pebax GO Composites 

It can be clearly seen from Figure 7.40, Figure 7.41 and Figure 7.42, that addition of GO 

increases the storage modulus (extruded and compressed to obtain flat samples) and the increase 

in storage modulus is directly proportional to the concentration of GO fillers. A similar effect of 

reinforcement was also observed at higher temperatures with or without scCO2. This increase in 

storage modulus is associated with the strong interaction between the GO and the polymer chains 

[133]. However, when the same polymer composite is treated with scCO2, the storage modulus 

gradually increases to higher values. This shows that scCO2 assisted extrusion enhances the 

stiffness of the composite (Table 7.22). A similar effect of reinforcement was also observed even 

at higher temperatures (in both the cases of with or without scCO2). This is attributed to the 

scCO2 ability to initiate the Van der Waals interaction between the Pebax polymer chain and the 

oxygen-rich GO. In addition, the specific increase in the storage modulus can also be attributed 

to the ability of the polymer chain to arrange into a kinetically more favourable manner when 

treated with scCO2, which in turn affects the crystalline structure of the polymer. 

 

Figure 7.40 Storage modulus measured at 1 Hz for Pebax GO composites with and without 

scCO2 

A similar difference in crystallite size (broadening of crystalline temperature peak) was observed 

during the cooling cycle of the DSC thermogram. The value of Δ gives the percentage change in 

stiffness of the polymer matrix with respect to pure Pebax.  
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Table 7.22 Storage modulus (G’), loss modulus (G’’) and tan delta of Pebax graphene composite 

with and without SCF-assisted extrusion 

 

Sample 

type 

Without SCF With SCF 

Storage 

modulus 

Loss 

Modulus 

Tan 

Delta 

Storage 

Modulus 

Loss 

Modulus 

Tan 

Delta 

MPa 

( Δ) 

MPa 

 

NA 

10
-3

 

MPa 

(% Δ) 

MPa 

 

NA 

10
-3

 

 

PEBAX 

 

 

98.56 

±5.3 

 

4.39 

 

44 

 

119.8 

± 3.5 

 

5.45 

 

45 

PGO 

0.5% 

170.2 

±6.1 

(71.6) 

6.31 37 179.9 

±5.5 

(60.1) 

6.29 

 

34 

 

 

PGO 

1% 

 

186.7 

±7.9 

(88.1) 

6.82 36 

 

200.2 

±4.2 

(80.4) 

7.54 

 

36 

PGO 

2.5% 

 

199.8 

±5.4 

(101.2) 

8.19 

 

40 

 

222.4 

±6.6 

(102.6) 

7.84 

 

35 

 

 

 

Figure 7.41 Storage modulus measured at 1Hz of all the Pebax GO composites with and without 

SCF 
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Figure 7.42 Loss modulus for Pebax GO composites with and without scCO2 

It was observed that the loss modulus increased in accordance with the addition of GO (Figure 

7.42). It was seen from the tan delta curves from Figure 7.43, that the damping of composites 

was less than the virgin Pebax. The tan delta values shift to higher values with increase in the 

GO content within the matrix, however, when the composites (2.5%) was treated with an SCF, 

the damping factor reduces. It was observed from Figure 7.42 that the loss modulus increases 

with the addition of GO (Table 7.22). The addition of GO reduces the chain mobility, thus 

increasing the rigidity of the chain segment making the material more viscous in nature. The loss 

factor is considerably reduced between the interface because the weak Van der Waals interaction 

between the polymer and GO restricts the mobility due to inherent properties of GO. It was 

observed that the tan delta values shift to higher values with an increase in the GO content within 

the matrix. This suggests the existence of a poor interaction at the polymer chain GO interface 

which is also referred to as the softening of the interface [177].  
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Figure 7.43 Tan delta measured at 1Hz for Pebax GO composites with and without scCO2 

This usually occurs when GO content crosses the availability of polymer chain for interaction 

and often results in higher energy at the interface due to an increase in the interfacial area. 

Therefore, more energy is dissipated as the GO loading is increased. However, when the 

composite (2.5%, refer to Table 7.22) was treated with SCF, the damping factor reduces. This 

shows that scCO2 induces swelling of the polymer, which in turn increases the GO Pebax 

interaction due to an increase in free volume that opens all the polymer chain, in turn reducing 

the loss factor. 

7.4.6 Tensile Test of Pebax GO Composites 

Figure 7.44 and Figure 7.45 shows the stress vs. strain curves of Pebax GO-based nanocomposite 

up to 50% strain with and without SCF-assisted processing extrusion technique. However, no 

breakage was observed for all the samples up to strain extension of 500%. A noticeable increase 

in Young’s modulus was observed on SCF-treated Pebax GO as tabulated in Table 7.23 (Figure 

7.46). 
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Figure 7.44  Stress vs. strain curve for Pebax GO composite without scCO2 assisted extrusion 

 

 

Figure 7.45 Stress vs. strain curve for Pebax GO composite with scCO2 assisted extrusion 
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Table 7.23 Young's modulus of Pebax GO composites measured with and without scCO2 

Sample Type Young’s Modulus in MPa 

Pebax 66.2±8.3 

PebaxSCF 73.8±5.9 

PGO 0.5% 77.4±7.1 

PGOSCF 0.5% 86.1±5.6 

PGO 1% 83.3±8.4 

PGOSCF 1% 96.8±7.3 

PGO 2.5% 98.9±6.3 

PGOSCF 2.5% 109.3±8.9 

 

 

Figure 7.46 Young's modulus of Pebax GO composites with and without scCO2 

The increase in the modulus of resilience is proportional to GO loading within the polymer 

matrix.  However, when treated with scCO2, the composite loading of 0.5% shows almost equal 

Young’s modulus value with respect to 1% loading. This can be attributed to the rearrangement 

of the polymer chain GO interface, due to compression moulding, however, a gradual 

reinforcement was evident depending on the weight percentage of GO. A noticeable increase in 

Young’s modulus was observed on SCF-treated Pebax GO (Figure 7.46) when compared with 

virgin material.  This shows the ability of scCO2 to enhance the mechanical properties of semi-

crystalline materials like Pebax. This indicates that scCO2 enhances the GO particle interaction 
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with the polymer chain, making it a more homogeneous network in turn leading to a sufficient 

increase in stiffness.  

7.4.7 Fourier Transform Infrared Spectroscopy Analysis of Pebax GO Composites 

In the GO spectra (Figure 7.47), the peak at 1050 cm
-1

 corresponds to stretching vibration of C-

O-C bonds of epoxy or carboxylic group. The peak at 1225 cm
-1

 corresponds to C-OH bonds 

(mainly due to the epoxide C-O stretch). The characteristic peak at 1622 cm
-1

 was attributed to 

skeletal vibration of un-oxidised C=C bonds (un-oxidised - sp
2
 hybridized bonds). 

 

Figure 7.47 FTIR transmittance spectra for synthesised GO 

The peak located at 1720 cm
-1

 is based on the stretching vibration of C=O in carboxylic acid and 

carbonyl moieties. The peak at 1360 cm
-1

 is attributed to the COOH symmetric and asymmetric 

stretching (mainly due to O-H deformation). The peak at 3430 cm
-1

 is aligned to OH stretching 

vibrations. The peak at 1220 cm
-1

 represents the C-OH stretching [97, 99, 178]. No significant 

changes were observed from the FTIR spectra (Figure 7.48) for various concentrations of Pebax 

GO nanocomposite extruded without scCO2. The spectra from 1500-1800 cm
-1 

provide 

information on the hard segment (PA-12) and extenders in the block copolymer. Specifically, the 

characteristic peaks at 1735 cm
-1 

and 1638 cm
-1 

represent the presence of O-C=O stretching of 

the carbonyl group of ester linkage and N-C=O carbonyl vibration of the PA-12 group, 

respectively. When the Pebax GO composites at various concentrations were extruded with 
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assisted scCO2, several shifts can be observed from the FTIR transmittance spectra as shown in 

Figure 7.49. 

 

Figure 7.48 FTIR transmittance spectra for Pebax GO composite without scCO2 

The characteristic peak at 1641 cm
-1 

represents the N-C=O carbonyl vibration of PA-12 and 

shifts towards lower wavenumbers (1637 cm
-1

). The peak at 1554 cm
-1

, which corresponds to the 

CNH vibration with NH bending and CN stretching, shifts to the higher wavenumber of 1564 

cm
-1

, showing enhanced hydrogen-bonding between the amide group and epoxide group (or 

carboxylate amino stretch)  of GO [179].           
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Figure 7.49 FTIR transmittance spectra for Pebax GO composite with scCO2 

The peak at 962 cm
-1

 is attributed to CH2 wagging of the nylon group [180]). However, a new 

peak appears at 1046 cm
-1

 (on the addition of 1%) representing the alkoxy C-O stretching 

vibration of GO [181] thereby decreasing the relative intensity of CH2  wagging at 962 cm
-1

. At 

higher GO percentage peaks at 1045 cm
-1

 and 1019 cm
-1

 appear, which correspond to the C-O 

stretching of the carboxylic acid group [182].  

One of the main reasons for such behaviour may be due to the reduction of GO to graphene 

resulting in a reduction in the oxidation state mainly due to multiple exposures of GO to high 

temperatures and a long residence times inside the extruder. When the Pebax GO composites 

were extruded with assisted scCO2, a number of shifts can be observed from the FTIR 

transmittance spectra as shown in Figure 7.49. The characteristic peak at 1641 cm
-1 

represents 

the N-C=O carbonyl vibration of the PA-12 group and shifted towards lower wavenumbers 

(1637 cm
-1

). The peak at 1554 cm
-1

, 
 
which corresponds to CNH vibration with NH bending and 
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CN stretching, shifted to a higher wavenumber of 1564 cm
-1

, showing enhanced hydrogen-

bonding between the amide group and epoxide group (or carboxylate amino stretch)  of GO 

[179]. A similar interaction was reported by Kumar et al [183]. This also showed that the 

oxidation was still retained when processed with scCO2 and suggests a possible interaction 

between Pebax and GO. This suggests that supercritical fluid not only provides even dispersion 

and exfoliation effects but also retains the oxidation levels when processed at a high temperature 

such as would be in the case for injection moulding, compression moulding and hot melt 

extrusion. 

7.4.8 Conductivity Test of Pebax GO Composites 

Figure 7.50 present the conductivity plotted for Pebax GO composites without scCO2 over a 

range of frequencies. It is evident that the conductivity increases as the GO loading increases 

within the polymer.  

 

Figure 7.50 Conductivity of Pebax GO composite without scCO2 
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Figure 7.51 Conductivity of Pebax GO composite with scCO2 

When the composite samples were extruded with scCO2 and reprocessed without scCO2, 

PGOSCF 0.5% showed an increase in conductivity, while the conductivity of PGOSCF 1% and 

PGOSCF 2.5% reduces which behaves as an insulator against higher conductive Pebax GO 

samples prepared without scCO2. 

It was evident that the conductivity increased as the GO loading increased within the polymer 

matrix. Although GO is considered to be an insulator due to its highly oxygenated groups on the 

surface, thus having limited or unavailability of free electrons on the surface, the conductivity 

increases in a linear fashion depending on the GO content. This demonstrated that the 

conductivity of GO was directly dependent on the degree of oxidation. Sreeprasad et al [184] and 

many other researchers have [30, 31, 99, 185] reported that the oxidation process continuously 

removes the sp2 electrons and replaces with sp3 carbons having oxygen groups. Because GO 

reduces upon thermal treatment, the oxidation levels decrease, thereby increasing the 

conductivity; therefore, the conductivity of samples may have been increased as multiple thermal 

treatments might have resulted in depletion of oxidation levels and producing reduced GO 

(rGO).  
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When the composite samples were extruded with scCO2  and reprocessed without scCO2, 

PGOSCF 0.5% exhibited an increase in conductivity; while the conductivity of PGOSCF 1% and 

PGOSCF 2.5% reduce behaving as an insulator against higher conductive Pebax GO samples 

without scCO2. This would suggest that processing GO composites with scCO2 did not result in a 

reduction of GO to rGO, and maintained the oxidation level. This effect is mainly attributed to 

the scCO2 ability to reduce the viscosity of the polymer and increase the throughput.  This, in 

turn, reduces the exposure of GO Pebax composites to high temperature within the extruder 

(decrease residence time within the extruder) thereby retaining the oxidative properties of the 

GO composite. This may also occur due to unavailability of interactive polymer sites for higher 

GO loading within the composites.  

7.4.9 Transmission Electron Microscope of Pebax GO Composites 

Figure 7.52 presents the TEM image of Pebax GO composite without (A and B) and with (C and 

D) scCO2 at 1% GO loading. The faded region in image A shows a thin layer of Pebax graphene 

composite, while the darker region shows the uneven or multilayer composite when processed 

without assisted scCO2. The faded region throughout show multiple platelet-like structures, 

which are indicative of the agglomerated GO particles (can be easily seen from image B). When 

the composite is processed with assisted scCO2, such platelet structures are missing and 

graphene particles seem to have exfoliated and evenly dispersed throughout the polymer matrix 

in image C (2 µm). Image D at a scale of 200 nm shows the actual nylon crystalline matrix and 

the dispersion of GO particles around the Pebax lattice. When compared to Pebax graphene 

images, the scCO2 Pebax graphene samples still show agglomeration, while both image C and D 

show even dispersion with less agglomeration in case of Pebax GO composites. The result of 

such exfoliation and even dispersion results in enhancement of thermal, mechanical and 

electrical properties as described from the analysis above. The TEM results are in agreement 

with the hypothesis that scCO2 assisted processing of GO composites results in exfoliation and 

even dispersion within a polymer matrix. 
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Figure 7.52 TEM Images of Pebax graphene composites: A and B – PGO1% and; C and D – 

PGOSCF1% 

7.5 Key Points for Reprocessed Pebax GO Composites  

Pebax GO (GO) composites were prepared with varying GO loading of 0.5%, 1% and 2.5%. 

Supercritical (SCF) assisted polymer processing was used to investigate the effect on thermal, 

mechanical and electrical properties against the virgin Pebax GO composites.  

 The throughput of the scCO2 treated composite increased when compared to untreated 

composites. The thermal degradation temperature of synthesised GO was 218 °C, where 

more than 60% of oxidation diminishes. No significant change in thermal degradation 

was observed for both with and without scCO2.  
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 The DSC heat flow thermogram did not show a significant difference for both the cycles 

with and without scCO2, with respect to melting temperatures. However, the 

crystallisation temperature on the cooling cycle shifts towards lower temperatures upon 

addition of GO. Upon use of scCO2, the composites with 0.5% the crystallisation 

temperatures shifts to lower temperature when compared to scCO2 1% GO, which shifts 

to a higher temperature. This demonstrates that the scCO2 assisted processing technique 

further enhances the interaction between the polymer and additive, and reduces the 

crystallite size.  

 The crystallisation rate k decreases upon addition of GO from 0.80 for virgin Pebax to 

0.18 for 0.5%, 0.21 for 1% and 0.24 for 2.5%. An increase in k can be observed for 2.5% 

GO loading suggesting slightly faster crystallisation compared to 0.5%. The k value 

further reduces with scCO2 assisted extrusion. This indicates slow crystallisation rate 

which might have occurred due to improved Pebax GO interaction which in turn limits 

the free chain movement during the crystal formation phase. 

 The DMA results exhibit an increase in storage modulus in accordance with the GO 

loading. However, when processed with scCO2 the storage modulus further increases 

from 15 to 20%, when compared to the virgin Pebax composites. The loss tangent curves 

gradually increased with the addition of GO due to the reduced availability of interactive 

polymer sites at higher concentrations. The scCO2 processed composites show a reduced 

loss tangent, indicating enhanced interaction due to swelling of the polymer matrix.  

 The FTIR spectra of scCO2 assisted Pebax GO composites to show enhanced hydrogen-

bonding between the amide group and epoxide group on the GO surface. Upon the 

addition of 1% and 2.5% GO, alkoxy and carboxylic acid groups C-O stretching vibration 

of GO are evident in the transmittance spectra. This shows that SCF not only provides 

even dispersion and an exfoliation effect but also retains the oxidation levels, which 

otherwise were not observed for virgin Pebax GO composites. 

  In addition, this action of reduced or absence of oxidation can be observed from the 

conductivity test. Virgin Pebax GO composites demonstrated enhanced conductivity 

upon addition of GO, while the scCO2 processed composites decreased in conductivity 

(i.e. it acts as an insulator).  

 The calculated crystallite size using XRD peaks shows that the crystallite size tends to 

reduce when the samples are processed with scCO2, compared to its untreated 

counterpart. Such reduction in crystallite size is lowest at lower loading concentration, 
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however, both untreated and treated crystallite size becomes equal at 2.5% due to 

agglomeration.  

7.6 Conclusions for Reprocessed Pebax Graphene Based Composites 

This Chapter investigated the effect of scCO2 processing on Pebax composites using graphene 

and GO. To validate the reduction in viscosity when processed with supercritical carbon dioxide, 

throughput tests were carried out on both graphene and GO-based Pebax composites. In both 

cases, the throughput increased when treated with supercritical carbon dioxide showing a 

reduction in viscosity with SCF processing. The DSC studies identified the shifting of the 

crystallinity peak to higher temperatures and reduced the heat of enthalpy on increasing graphene 

percentage. These showed the formation of heterogeneous crystallites with varying crystallite 

size. However, the crystallinity peak shifted towards lower temperatures with GO Pebax 

composites. The interaction between the polymer chain and oxides on the GO surface made the 

material behave in a more homogenous manner. The results from crystallisation kinetics study 

showed that the crystallisation rate increased upon addition of graphene while decreased with 

GO up to 1%, suggesting that GO particles have improved interaction with the polymer where 

the process of aggravated nucleation and chain growth is reduced (GO particles produce 

homogenous matrix). With the use of scCO2, the crystallisation rate increased in case of 

graphene with respect to virgin Pebax but remained less than the untreated composite counterpart 

suggesting improved interaction with the polymer matrix due to exfoliation. However, in the 

case of GO, the crystallisation rates were almost equal compared to the untreated counterpart but 

were less than the virgin Pebax which is indicative of GO uniform distribution. The calculated 

crystallite size in both cases of graphene and GO was found to be less than the untreated 

counterpart at loading concentration less than 1% in scCO2. This shows that scCO2 induces 

crystallisation process in a kinetically favourable manner with probable exfoliation of graphene-

based particles. Similar effects can be seen from TEM images. The FTIR analysis validates that 

scCO2 helps to retain the property of additives, specifically GO which was not reduced to 

graphene even after reprocessing 3 times. This suggests that scCO2 processing of GO-based 

composite retain the oxygenated GO particles and do not induce the reduction process of GO 

even after several heat treatments (reprocessed multiple times). The conductivity of scCO2 

processed Pebax graphene composites enhanced with respect to virgin Pebax graphene 

composites. This shows that scCO2 has further exfoliated graphene particles resulting in more 

sp
2
 delocalised electrons thereby increasing conductivity, thus graphene remains exfoliated. 
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While in the case of GO composites, the oxygen-rich surface diminished on reprocessing 

unassisted GO Pebax composites. However, when the composites were processed using SCF, the 

oxygen-rich surface remained, thereby retaining the insulator property of the GO composites. 

The results from scCO2 treated composites thereby show that industrial processing conditions 

can still be used for processing sensitive oxygen-rich materials such as GO, without diminishing 

their inherent properties. 
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8 Investigation of the Effect of Supercritical Carbon Dioxide Assisted 

Reprocessing of SEBS Graphene-Based Composites 

8.1 Introduction 

Poly(styrene-b-ethylene-butylene-b-styrene) (SEBS) is a microphase-separated block copolymer 

which consists of polystyrene as hard end blocks and ethylene-butylene as soft mid-block [186, 

187]. Conventionally available actuators such as pneumatic actuators, motors, hydraulic 

cylinders or piezoelectric actuators, suffer from high power consumption, heavyweight, 

restrictive shapes, limited size and low strain [188]. These properties are of major concerns 

specifically when applied to mechanical pumps, valves, micro-robots and biomedical devices. 

Therefore, electroactive dielectric elastomers have garnered much attention, mainly due to their 

attractive properties such as large electromechanical strain, fast response, high power to mass 

ratio, soft elastic nature, ease of processability into any shape or size and low cost [14, 188, 189]. 

SEBS is considered as a relatively new material option in the case of using it as IPMC bending 

actuators. The ability to enhance the mechanical and polarisation properties of SEBS by using 

additional fillers such as carbon black is well documented in review books and research papers 

(specific to dielectric elongation actuators) [190-192]. However, the ability to tailor mechanical 

and ionic properties using SEBS composites is under consideration by researchers for further 

investigations. Nevertheless, one of the major concerns in the composite industry is to evenly 

disperse the fillers within the polymer matrix that in turn leads to better mechanical and electrical 

properties [187, 190, 191, 193, 194].  

As a continuation of Chapter 6, this chapter of the thesis investigates the mechanical, thermal 

and electrical properties of reprocessed SEBS graphene-based composites extrusion technique. 

As seen in Chapter 6, graphene and GO were used as filler/additive particles. In addition, the 

manufactured membranes were sulfonated in order to enhance the ion exchange and tested for its 

bending capabilities. GO-based SEBS composites demonstrated bending capabilities and the 

bending performance was enhanced with SEBS GO membranes processed with scCO2. 

8.2 Section 2: SEBS Graphene Composites 

8.2.1 Throughput Test of SEBS Graphene Composites 

Table 8.1 shows the average of 3 throughput rates with all the other processing parameters 

maintained constant. The total mean weight of SEBS based composites extruded with scCO2 
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decreases as graphene loading increases. The scCO2 processing results in a plasticisation effect, 

in turn, reducing the melt viscosity and increase in the throughput of SEBS composites.  

 

Table 8.1 Average weight of SEBS based nanocomposite extruded for 1-minute 

 

Sample 

type 

Average weight of SEBS based 

nanocomposite extruded for 1-minute 

Without SCF With SCF 

g g 

SEBS 39.40±5.6 52.18±3.3 

SG0.25%    37.55±7.8 53.01±3.7 

SG0.5% 38.96±4.9 52.77±2.9 

SG1% 34.34±5.3 49.89±3.6 

SG2.5% 32.92±4.2 49.96±3.1 

 

8.2.2 Thermal Gravimetric Analysis of SEBS Graphene Composites 

The thermal degradation profile of SEBS graphene composites with and without scCO2 was 

investigated. The results of measurements are shown in Table 8.2, Figure 8.1and Figure 8.2. The 

results identify an enhanced thermal stability with respect to graphene content without scCO2. 

This result can be attributed to the increased interfacial interaction between SEBS and graphene. 

This interaction leads to heterogeneous dispersion of graphene which ceases the oxygen supply 

by forming a charged layer on the surface of the composites. This might be one of the reasons to 

increase the onset degradation temperature thereby enhancing thermal stability [195, 196].  

Table 8.2 Maximum degradation temperature profile of SEBS graphene composites 

 

 

 

 

 

 

 

 

The use of scCO2 enhances the thermal stability of virgin SEBS, however, no significant 

enhancement in thermal stability can be observed upon addition of graphene up to 2.5%. 

However, the degradation temperature slightly decreases when the graphene composite polymer 

matrix is extruded with scCO2 compared to samples without scCO2. This decrease suggests the 

 

Sample type 

Maximum degradation temperature of 

SEBS graphene composites  

Without SCF With SCF 

°C °C 

SEBS 423.9 455.4 

SEBSG0.25%    464.8   457.6 

SEBSG0.5% 464.7 456.9 

SEBSG1% 469.8 458.2 

SEBSG2.5%                     468.9 458.8 
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exfoliation of graphene particles, which in turn results in improved intermolecular interactions 

where otherwise the graphene particles would have agglomerated. Most of the research work 

published using graphene nanocomposites report enhanced thermal stability, that is, increase in 

the thermal degradation temperature upon graphene filler loading greater than 2 to 3% [158-

161].  

 

Figure 8.1 Thermal degradation profile of virgin SEBS and SEBS graphene composites 

 

 

Figure 8.2 Thermal degradation profile of SEBS graphene composites with scCO2 
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8.2.3 Differential Scanning Calorimetry of SEBS Graphene Composites 

Figure 8.3 and Figure 8.4 show the heat flow thermogram of SEBS graphene composites with 

and without scCO2 assisted extrusion. The weak crystalline nature of ethylene-butylene (EB) 

block (–(CH2-CH2)–n) melting is around 20-30 °C. Phase separated microstructures are certain 

physical and morphological characteristics of SEBS as polystyrene and poly(ethylene-butylene) 

are thermodynamically immiscible. Therefore, the glass transition temperature of ethylene-

butylene is at (Tg) –55 °C and the glass transition of S block around 96 °C along with heat 

enthalpic relaxation of styrene block at 60 °C (Figure 8.3) [155]. The endothermic region found 

between -25 °C to 25 °C on the SEBS thermogram (green) is mainly due to the effect of the glass 

transition temperature of EB block-ordering of aromatic structure from intermixed phase, 

following exotherm at 22 °C could signify  densification of the amorphous region (S-rich phase) 

as the EB block is in the rubbery state.  

 

Figure 8.3 DSC heat flow thermogram of SEBS graphene composites without scCO2 

However, when the samples are treated with scCO2 (Figure 8.4), no significant shifts can be 

observed due to EB block-ordering and the maximum endotherm remains constant at 10 °C. It is 

evident from the heat flow thermogram, that this endothermic region (or densification of the S-

rich phase) slightly shifts higher to a temperature in accordance with the graphene percentage 

ratio. This shows that the addition of graphene reduced the free flow or rearrangement of the EB 

block which also indicative of graphene dispersion in the EB and the S domain. Although, the Tg 
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of styrene is not clearly visible from the virgin SEBS thermogram, a Tg at around 95 °C is 

clearly evident upon graphene addition. This clearly suggests that the interaction of graphene 

particles and the styrene-rich phase of SEBS restricts the easy movement of styrene at its Tg 

which led to the exothermic peak. A similar S rich Tg can be observed when extruded with 

scCO2, which is indicative of supercritical fluid ability to induce rearrangement of the polymer 

chain in a more favourable manner. 

 

Figure 8.4 DSC heat flow thermogram of SEBS graphene composites with scCO2 

The derivative reversing heat capacity thermogram from Figure 8.5 presents similar effects as 

seen on the heat flow thermogram. After glass transition (Tg 
EB

 at -55 °C), the long polymer 

chains are oriented randomly and have more freedom to move which results in a change in the 

microstructure of the material, resulting in higher specific heat capacity [121, 197]. No 

significant changes can be observed when the samples were extruded with assisted scCO2. The 

specific heat capacity, which is also called the measure of molecular motion, reduces between -

30 to 25 °C (almost becomes flat at 2.5%). This shows that the addition of graphene hinders the 

molecular movement or rearrangement of interphase domains. This creation of multiple 

interphase domains is more evident with scCO2, due to microphase separation. The Tg of the 

styrene-rich phase is also clearly seen in the reversing heat capacity curve (Figure 8.6). 

Tg of Styrene rich phase 

EB block-ordering 

around 10˚C 
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Figure 8.5 Derivative of reversing heat capacity thermogram for SEBS graphene composites 

 

 

Figure 8.6  Derivative of reversing heat capacity thermogram for SEBS graphene composites 

with scCO2 

 

 

Tg 
S
 – 96˚ 

C 

Tg 
EB
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8.2.4 Dynamic Mechanical Thermal Analysis of SEBS Graphene Composites 

The dynamic mechanical analysis was used to support the interpretation and analysis obtained 

using modulated DSC. Figure 8.7 to Figure 8.12 show storage modulus, loss modulus and tan 

delta of extruded SEBS graphene composites measured at a test frequency of 1Hz  parallel 

direction to the axis of screw rotation.  

 

Figure 8.7 Storage modulus of SEBS graphene composites without scCO2 measured at 1Hz 

 

 

Figure 8.8 Storage modulus of SEBS graphene composites with scCO2 measured at 1Hz 
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A large transition change in storage modulus was observed at 62.5 °C for virgin SEBS. It 

signifies that the material readily undergoes mechanical failure at this temperature, which is also 

the onset transition temperature of S-rich phase.  Similar behaviour is observed for all the SEBS 

graphene composites. Similarly, a peak in the loss modulus was seen at 83.17 °C and is related to 

physical property changes ascribed to molecular motion processes and viscous transitions [198]. 

It may be due to the high segmental movement between styrene block and an ethylene-butylene 

block representing the viscous portion of the polymer.  Both storage and loss modulus decrease 

upon addition of graphene, due to the presence of low shear stress along the axis of screw 

rotation during extrusion [199]. The storage modulus is highest at 160 MPa for 1% graphene 

loading and reduces to much lower values for 2.5% (80 MPa) compared to virgin SEBS. Such a 

reduction in the storage modulus with an increase in the graphene concentration usually occurs 

due to probable agglomeration of graphene particles within the SEBS polymer matrix and low 

alignment of additives along the axis of screw rotation because of increased viscosity during 

polymer processing.  

 

Figure 8.9 Loss modulus of SEBS graphene composites without scCO2 measured at 1Hz 
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Figure 8.10 Loss modulus of SEBS graphene composites with scCO2 measured at 1Hz 

However, when the composite was processed with assisted scCO2, the storage modulus for 2.5% 

graphene loading is highest at 175 MPa. In addition, the storage modulus is clearly enhanced 

even at lower loading concentrations. Such enhancement in storage modulus can be attributed to 

the probable scCO2 ability to exfoliate and evenly disperse graphene particles without 

agglomerations. A similar trend can also be observed in the loss modulus curves. The peak of 

loss modulus indicates the accumulation of styrene block followed by glass transition 

temperature at around 96 °C for virgin SEBS graphene composites. When the composites are 

processed with scCO2, the peak of loss modulus shifts to higher temperatures due to exfoliation 

and even dispersion of graphene particles within the SEBS matrix.  

Tan delta is the ratio of viscous to elastic response of the polymer representing viscoelasticity; it 

is also known as damping factor. Therefore, the peak observed around 95.96 °C in the tan delta 

is due to the result of viscoelasticity representing the glass transition temperature of the styrene 

block. 
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Figure 8.11 Tan delta of SEBS graphene composites without scCO2 measured at 1Hz 

 

 

Figure 8.12 Tan delta of SEBS graphene composites with scCO2 measured at 1Hz 

It can be clearly seen the Tg represented by tan delta (Figure 8.12) curves shifts to higher 

temperatures when processed with assisted scCO2, which is in agreement with the results 

obtained from the differential scanning calorimetry. Tan delta also indicates the energy 

dissipation mechanism mainly due to segmental motions or elastic response of the material, 

where the material changes from a rigid to an elastic state. With the addition of graphene filler, 
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the tan delta peak diminishes, due to the restrictions imposed by the graphene particles against 

the molecular motion of the polymer chain. This reduction and broadening of tan delta peak can 

be attributed to improved polymer chain interaction with the surface of particles which in turn 

leads to the formation of additional micro-domains with SEBS forming a heterogeneous network 

of SEBS and graphene composite [200, 201]. Where otherwise, increasing damping or tan delta 

illustrates poor interface adhesion, as in the case of virgin SEBS, where the chain segments can 

move easily, therefore, can easily break bonding at the interracial region resulting in mechanical 

failure.  

8.2.5 Tensile Test of SEBS Graphene Composite  

Figure 8.13 and Figure 8.14 shows the tensile test stress vs. strain curves of SEBS with various 

graphene ratios with and without scCO2. It is evident from stress-strain curves that no significant 

change in resilience was observed upon addition of graphene, except for SEBSG 0.5% 

composite. This decrease in resilience can be attributed to the formation of more microstructures 

that has led to the heterogeneous composite network and less oriented molecules along the 

materials flow due to high viscosity along the direction of extrusion (also seen in tan delta curves 

of DMA - 8.2.4). As reported in the literature, due to the presence of a high shear force of 

corotating twin screw, additives are more aligned along the transverse direction of extrusion 

thereby increasing the stiffness in the transverse direction to extrusion [199, 202]. This 

heterogeneity or formation of microstructures is mainly dependent on the agglomeration and 

dispersion of additive particles that leads to different microstructures. However, when processed 

with assisted scCO2, gradual enhancement in the modulus of resilience and toughness can be 

observed through all the graphene loading concentrations.  The modulus of toughness increases 

upon addition of more than 1% graphene. This is mainly because the exfoliation of graphene 

which forms microstructures further blocks or restricts the easy dislocation motion, thereby 

increasing the toughness of the composites. 
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Figure 8.13 Stress vs. strain curve for SEBS graphene composites without scCO2 measured at 

room temperature 

 

Figure 8.14 Stress vs. strain curve for SEBS graphene composites with scCO2 measured at room 

temperature 

Table 8.3 presents Young’s modulus measured from the tangent slope obtained from 0.25 to 

0.5% strain processed without scCO2. The Young’s modulus decreases at lower graphene 

concentrations and shows a gradual increase in graphene concentrations more than 1%. The 
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reason for such decrease in Young’s modulus can be attributed to poor dispersion/low polymer 

chain alignment or poor or totally new unstable interphases created between the polymer chain 

and graphene making it an inhomogeneous material, thereby decreasing the modulus. However, 

at higher graphene concentration, the interaction may be higher, resulting in the stable formation 

of interphases, thereby gradually increasing the modulus.  

Table 8.3 Young’s modulus measured in MPa measured for all SEBS graphene composites at a 

tangent slope from 0.25% to 0.5% strain 

 

8.2.6 Conductivity Test of SEBS Graphene Composites 

Figure 8.15 and Figure 8.16 present the conductivity of SEBS graphene composites with and 

without scCO2 respectively. The AC conductivity of all composites types except SEBS SCF G 

2.5 wt.% remains linear with frequency suggesting the polarising ability of the composites under 

DC. Adding a conductive filler such as graphene does not result in enhancing the conductivity of 

the composites. This is mainly due to re-stacking of graphene fillers and forming agglomerates 

as discussed throughout this section. However, the conductivity increases for 1% and 2.5% due 

to the formation of the conductive network within the matrix, but, these conductive values are 

low making the material an insulator or dielectric. At and above 2.5% graphene when SEBS is 

extruded under scCO2, the conductivity has two distinct features over frequency (i) the 

conductivity independent of frequency and (ii) the frequency dependent conductivity. The point 

of frequency at which the conductivity changes from independent to dependent on frequency is 

called the  Maxwell-Wanger-Sillar (MWS) relaxation frequency. The transition/relaxation 

frequency at which AC current start to trigger is generally observed in conducting 

nanocomposites such as SEBS-SCFG 2.5 wt.% and is dependent on a different number of sites 

for conduction and polarisation [203]. MWS relaxation is the result of relaxation in the diffusion 

of charge carriers or electrons between charged particles in composites [204].  

 

Sample 

type 

Young’s Modulus (tangent slope obtained from 0.25 to 0.5 % strain) 

Without scCO2 

       MPa 

With scCO2 

MPa 

SEBS 61.08±6.6 64.01±1.6 

SG0.25% 53.28±3.0 81.16±2.3 

SG0.5% 55.40±4.8 110.21±2.6 

SG1% 59.10±3.8 100.30±2.2 

SG2.5% 64.00±3.4 122.60±3.8 
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Figure 8.15 AC conductivity of SEBS graphene composites without scCO2 

 

Figure 8.16 AC conductivity of SEBS graphene composites with scCO2 

These results suggest that the conductive percolation threshold for SEBS with graphene under 

SCF remains below 2.5% suggesting the DC conductivity with resistivity equivalent to 1/σ 

(conductivity before MWS frequency). However, the composite without SCF still remains 

dielectric when the graphene percentage is around 2.5%. The conductive percolation threshold 

No MWS Frequency 

MWS Relaxation Frequency 
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results in electron tunnelling effects between two graphene layers that exist between the polymer 

layers. Hence, homogenised mixing caused due to high dispersion of graphene during SCF 

processing leads to the formation of conductive composites at low percolation threshold. 

8.2.7 Water Uptake Capacity of SEBS Graphene Composites 

All the membranes were sulfonated to attach the polar SO3
-
 moiety to facilitate proton 

transfer/ion-exchange ability. Table 8.4 presents the average water uptake capacity of sulfonated 

SEBS (sSEBS) graphene composites membranes that were immersed for 24 hours with distilled 

water. The water uptake did not vary considerably with the addition of graphene when processed 

with or without scCO2 as the addition of graphene binds to styrene group of SEBS which in turn 

makes it difficult to graft the sulfonic acid group to styrene group. The average uptake remained 

almost constant at about 65% throughout.  

Table 8.4 Average water uptake capacity of sSEBS graphene composites 

 

Sample type 

Average water uptake capacity of sSEBS 

graphene composites 

Without SCF With SCF 

% % 

sSEBS 65 66 

sSG0.25% 63 66 

sSG0.5% 66 63 

sSG1% 62 65 

sSG2.5% 64 63 

8.2.8 Actuation Capabilities of SEBS Graphene Composites 

All the membranes were immersed in distilled water and placed between two electrodes as 

shown in Figure 8.17(without scCO2) and Figure 8.18 (with scCO2). The bending degree and 

initial response times are presented in Table 8.5. A bending of 15° with initial movement of 15-

20 sec was observed with sSEBS without scCO2; and 18° with initial movement of a 5-7 sec for 

membranes with scCO2. The reduction in initial response time suggests that membranes with 

scCO2 were much faster in the transfer of charges upon application of the same stimuli (6.5V). 

Such reduced response times can be attributed to the supercritical ability to break down the 

microphases into smaller domains thereby enhancing styrene availability to sulfonation 

(suggesting even sulfonation). The addition of graphene particles enhances the electron 

conductivity at 6.5 volts where the membranes act as conductive strips with no sign of actuation.  
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Table 8.5 Actuation capabilities of sSEBS polymer matrix indicating the bending degree and 

initial response time with and without scCO2 

 

Sample 

Type 

Actuation Capabilities of sSEBS Polymer Matrix 

Without SCF With SCF 

Bending in 

Degrees 

Initial Response Time 

for Actuation in sec 

Bending in 

Degrees 

Initial Response Time 

for Actuation in sec 

 

sSEBS 

 

15 

 

15-20 

 

18 

 

5-7 

 

 

Figure 8.17 Bending capabilities of sulfonated SEBS without scCO2 

For these reasons, actuation capabilities of sSEBS graphene composites are not presented. 

Similar tip displacement of sSEBS has been reported by Wang et al [205] using LiCl solution 

with tip displacement of 0.2 mm (less than 3° displacement  for actuator length and width of 

4mm x 30mm with 100µm thick at 2V). Similar bending capability has also been reported by 

Immaudin et al [206] with tip displacement of 40mm for sSEBS (unknown thickness – HCl 

solution) against 23mm displacement for nafion membrane at 3V DC in both cases. The 

membrane used for actuation capabilities were around 0.5-0.6 mm thick and no additional ionic 

salts (distilled water was used) were used to enhance the ionic charge capacity, therefore higher 

actuation voltage was used (6.5V).  
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Figure 8.18 Bending capabilities of sulfonated SEBS with scCO2 

8.3 Key Points for Reprocessed SEBS Graphene Composites 

Reprocessed SEBS graphene composites were investigated for thermal, mechanical and 

electrical properties for the various concentrations of graphene. The following are the 

observations made: 

 The thermal degradation of SEBS increases by 25 °C upon addition of graphene. This 

showed that SEBS graphene composites increase the stability with respect to virgin 

SEBS due to graphene interaction with SEBS. The TGA thermogram analysis shows that 

the addition of graphene reduced the free flow or rearrangement of the EB block due to 

the formation of additional microphases. However, the use of scCO2 reduced the 

degradation temperature by 10 °C compared to their composites counterparts because of 

high exfoliation thereby retaining the thermal behaviour of the polymer matrix. 

 The scCO2 processed composites show low relaxation phenomena in all domains of a 

triblock (EB block, interphase domain and S domain) and enhanced the microphase 

separation between soft and hard block compared to their counterparts.   

  High exfoliation of graphene particles in the polymer matrix and low viscosity during 

processing when processed with scCO2 led to (a) enhanced storage modulus and tan delta 

compared to their counterparts,  and (b) improved Young’s modulus  in all composites 

 In addition,  better exfoliation of graphene led to low percolation threshold of graphene 

composites when extruded with an assistance of scCO2. No FTIR spectra were attached 

in this chapter as the spectra measured when reprocessed did not show any significant 

changes.  

 Bending capabilities between 15° to 18° for sSEBS can be observed for both with and 

without scCO2. However, sSEBS membranes with scCO2 tend to respond faster upon 

application of same voltage compared to untreated counterpart due to the suggested 

formation of addition interdomains when processed with scCO2.  
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8.4 SEBS Graphene Oxide Composites 

8.4.1 Throughput Test of SEBS GO Composites 

Table 8.6 shows the average of 3 throughput reading for SEBS GO composites. The addition of 

fillers usually increases the viscosity when compared to a virgin polymer which in turn reduces 

the throughput of the extruder. However, the addition of scCO2 increases the free volume 

fraction of the polymer melts and thus lowers their viscosities.  

Table 8.6 Average weight of SEBS GO composite extruded for 1-minute 

 

Sample type 

Average weight of SEBS based 

nanocomposite extruded for 1-minute 

Without SCF With SCF 

g g 

SEBS 40.40±4.4 50.18±3.3 

SEBSP  45.55±2.8 53.01±3.7 

SEBS PGO 0.5% 46.96±4.9 52.77±3.5 

SEBS PGO 1% 44.34±4.3 52.89±2.3 

SEBS PGO 2.5%                     43.33±2.2 53.28±4.1 

 

8.4.2 Thermal Gravimetric Analysis of SEBS GO Composites 

The Figure 8.19 show thermal degradation profile of SEBS GO composites with and without 

scCO2. No significant differences can be observed with the maximum degradation temperature in 

the presence or absence of scCO2 along with paraffin oil. A two-step degradation process can be 

observed in all the SEBS GO composites. The small peak at 320 °C arises mainly due to the 

addition of paraffin oil into virgin SEBS, where the paraffin oil degrades at 320 °C.  

 

Figure 8.19 Thermal degradation profile of SEBS GO composites with and without scCO2 
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Table 8.7 Maximum degradation temperature of SEBS GO composites with and without scCO2 

 

Sample type 

Maximum degradation temperature of 

SEBS GO composites 

Without SCF With SCF 

° C ° C 

SEBS 423.9 454.4 

SEBSP 457.8 457.6 

SEBS PGO 0.5% 452.6 455.4 

SEBS PGO 1% 453.9 454.4 

SEBS PGO 2.5%                     453.7 455.7 

 

8.4.3 Differential Scanning Calorimetry of SEBS GO Composites 

The Figure 8.20 and Figure 8.21 show the heat flow thermogram of SEBS GO composite 

extrudates with and without scCO2. The endothermic region found between -25 °C to 25 °C on 

all thermograms flattens with the addition of GO as GO particle interaction restricts the 

movement of EB block. The maximum endotherm almost remains constant around 1±1 °C in 

both the cases (with or without scCO2). The glass transition temperature of the S-rich phase can 

be clearly seen (Tg 
S
 – 95 °C) in both heat flow thermograms.  

 

Figure 8.20 Heat flow thermogram of SEBS GO composites without scCO2 

The clear appearance of Tg S at 95 °C for virgin SEBSP extrudates signifies that the addition of 

paraffin oil provides or enhances easy movement of styrene rich phase within SEBS polymer 

Tg 
S
 – 95  C 
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matrix. Figure 8.22 and Figure 8.23 presents the derivative reversing heat capacity thermogram 

of SEBS GO composites with and without scCO2. A clear shift in Tg 
EB

 from -56 °C for virgin 

SEBS to -65 °C for virgin SEBSP (SEBS paraffin oil sample) can be observed in both with and 

without scCO2 extrudates. In addition, Tg 
S
 is enhanced, these shifts in Tg suggests that addition 

of paraffin oil acts as a plasticiser. Paraffin oil is used in this section of study mainly to avoid 

degradation of GO during the process of extrusion. The combination of paraffin oil and scCO2 

allows extrusion of SEBS at very low temperatures (all the samples were extruded in the range 

of 100 °C to 125 °C). No significant changes can be observed when the samples were extruded 

with scCO2. 

 

Figure 8.21 Heat flow thermogram of SEBS GO composites with scCO2 
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Figure 8.22 Derivative of reversing heat capacity thermogram of SEBS GO composites without 

scCO2 

 

 

Figure 8.23 Derivative of reversing heat capacity thermogram of SEBS GO composites with 

scCO2 

 

Shift in Tg 
EB

 Clear Tg 
s
 

Shift in Tg 
EB

 Clear Tg 
s
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8.4.4 Dynamic Mechanical Thermal Analysis of SEBS GO Composites 

The Figure 8.24 presents the storage modulus of SEBS GO composites with and with scCO2. 

The storage modulus was highest for 0.5% GO loading while reduces and is lesser than the 

virgin SEBS when the loading concentration is increased to 1% and 2.5%. However, the storage 

modulus continues to increase even at higher loading such as 2.5%, when the SEBS GO 

composites were processed with scCO2. Such an increase in storage modulus when treated with 

scCO2 suggests that scCO2 processing at higher loading reduces the agglomeration of particles. 

Which otherwise, if agglomerated and not evenly dispersed results in reducing the mechanical 

properties of the composite (as seen in samples there were not processed with scCO2). Similar 

results were also observed with SEBS graphene composite. 

 

Figure 8.24 Storage modulus of SEBS GO composites  (B)with and (A)without scCO2 

The loss modulus as seen in Figure 8.25 also follows the storage modulus, where the loss 

modulus is seen to be increasing for composites which were processed without scCO2. Clearly, 

the loss modulus reduces at 2.5% loading proposing that the GO particles within the polymer 

matrix would have not evenly dispersed suggesting a low interaction between the polymer matrix 

and the filler particle. When such filler particles have a good interaction with the polymer matrix, 

they will usually result in enhancing the loss modulus as the interacted site restricts the 

relaxation of the polymer chain.  

A B 
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Figure 8.25 Loss modulus of SEBS GO composites (B)with and (A)without scCO2 

 

 

Figure 8.26 Tan delta of SEBS GO composites (A)with and (B)without scCO2 

Similar results can also be observed from the tan delta curves, where the loss due to heat 

dissipation is highest without scCO2. However, when processed with scCO2, the tan delta 

reduces with increasing loading concentration, suggesting good interaction and even dispersion 

of GO within the SEBS polymer matrix. 

A 

A 

B

 
 A 

B

 
 A 
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8.4.5 Tensile Test of SEBS GO Composite  

Figure 8.27 and Figure 8.28 show the stress vs. strain curves of SEBS GO with and without 

scCO2. Both the modulus of resilience and toughness are found to be highest for GO 0.5% 

loading without scCO2.  

 

Figure 8.27 Stress vs. strain curves of SEBS GO composites without scCO2 

 

Figure 8.28 Stress vs. strain curves of SEBS GO composites with scCO2  
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Table 8.8 Young’s Modulus (tangent slope obtained from 0.25 to 0.5 % strain) for SEBSGO 

composites with and without scCO2 

 

Similar results have also been reported in the DMA analysis (refer to Section 8.4.4), indicating 

that the GO particles at 0.5% reach the threshold beyond which the particles tend to agglomerate 

affecting the mechanical properties. When the composite was processed with scCO2, the 

resilience and toughness decreased with respect to the untreated. 

8.4.6 Electrical Testing of SEBS GO Composites 

Figure 8.29 and Figure 8.30 present the conductivity of SEBS GO (GO) composites extruded 

with and without scCO2 respectively. The relation of the conductivity of SEBS and SEBS GO 

0.5% with/without scCO2 with frequency range were found to be linear suggesting only the 

polarising effect of SEBS and SEBS GO 0.5%. Composites remain completely dielectric and do 

not pass direct current at the dry condition as no transfer of charge takes place between graphene 

layers. However, SEBS with GO 0.5 wt. % showed improved polarising capability as 

conductivity is higher than virgin SEBS. When the percentage of graphene oxide was increased 

to 1%, the conductivity remains constant over the period of frequency and changes linearly with 

the change in frequency in log scale showing Maxwell-Wagner-Sillar (MWS) relaxation 

frequency.  

The transition/relaxation frequency at which AC current starts to trigger can be generally 

observed from conducting composites such as SEBS GO 1 wt. % and is dependent on a different 

number of sites for conduction and polarisation [207]. The conductive percolation threshold 

results in electron tunnelling effects between two graphene layers (reduced graphene layers 

during the extrusion process) that exist between polymer layers. Early MWS relaxation occurs in 

SEBS GO with 1% and 2.5 % composites without scCO2 compared to their counterparts due to 

the result of agglomeration of GO as they provide a lower number of conductive sites than non-

dispersed GO. 

 

Sample type 

Young’s Modulus (tangent slope obtained from 0.25 to 0.5 

% strain) 

Without scCO2 

       MPa 

With scCO2 

MPa 

SEBS 61.08±3.4 64.01±1.6 

SEBSP  15.20±4.3 13.90±3.3 

SEBSP GO 0.5% 23.90±5.6 14.01±5.8 

SEBSP GO 1% 18.88±2.8 12.14±2.2 

SEBSP GO 2.5% 20.07±3.9  13.23 ±2.0 
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Figure 8.29 AC conductivity at various frequencies for SEBS GO composites without scCO2 

.  

 

Figure 8.30 AC conductivity at various frequencies for SEBS GO composites with scCO2 

 

MWS Relaxation Frequency 

MWS Relaxation Frequency 
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The use of scCO2 provides better dispersion leading to high exfoliation of GO, thereby leading to 

improved DC conduction behaviour even at higher frequencies as highly dispersed GO conducts 

electricity as particles disperse more evenly than agglomerates in the polymer matrix. The DC 

Conductivity was also enhanced when the percentage of GO changes from 1 wt. % to 2.5 wt. %. 

GO as SEBSGO 2.5 wt. % has more conducting sites compared to SEBS-SCFGO 1 wt. %. 

For bending actuation applications, highly polarising polymers (under dry condition) with low 

heating effects are preferred. However, under wet condition, polymeric materials need to be 

conductive through proton carriers for effective bending. Usually agglomerated GO polymeric 

composites when operated under electric field produces high heating effect leading to high loss 

and failure of the material under electric field in actuation like applications. Similarly, DC 

conductivity through electrons based composites demonstrate very low or no actuation properties 

as an electron can easily pass through polymer layers before the ions move from one point to 

another causing no actuation. Hence, it is suggested that a low percentage of the highly 

exfoliated GO-based polymer will enhance the bending performance of ionic actuators. 

8.4.7 Water Uptake Capacity of SEBS GO composites 

Table 8.9 shows the average water uptake capacity in percentage for sulfonated SEBS GO 

composites with and without scCO2 which were immersed in distilled water for 24 hours. The 

water uptake capacity gradually increased upon addition of GO with and without scCO2. 

However, the uptake capacity is much higher in scCO2 treated composites when compared to its 

untreated counterpart. Such increase in water uptake is mainly due to increase in the ionic polar 

nature of the sulfonic group and oxygen-rich polar GO surface, which enhances hydrophilicity 

and uptake capacity.  

Table 8.9 Average water uptake capacity for sSEBS GO composites 

 

Sample type 

Average water uptake capacity for sSEBS 

GO composites 

Without scCO2 With scCO2 

% % 

sSEBS 66 66 

sSEBSP 60  63 

sSEBS PGO 0.5% 69 82(16) 

sSEBS PGO 1% 77 86(10) 

sSEBS PGO 2.5%                     71 79(8.9) 
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The uptake capacity is highest for 1% and reduces for 2.5% in case of without scCO2 samples, 

due to suggested agglomeration. GO loading of 0.5%, 1% and 2.5% shows an increase of 16%, 

10% and 8.9% compared to composites without scCO2. Considerable improvements can be seen 

on the composites processed with scCO2; due to the ability scCO2 to exfoliate and evenly 

disperse GO particles within the matrix (similar improvements have been discussed in this 

chapter). 

8.4.8 Actuation Capabilities of SEBS GO composites 

In order to evaluate the actuation capabilities, sSEBS PGO loading of 0.5% with and without 

scCO2 was chosen as higher GO loading will result in higher electron conductivity and 

agglomeration. Actuation capabilities of sSEBS membrane have been discussed in Section 8.2.8 

and the bending degree remained the same when paraffin oil was added (sSEBSP samples). All 

the membranes were immersed in distilled water before the test.  As seen from Table 8.10, the 

bending degree increased for membranes which were treated with scCO2 (27°) compared to the 

untreated counterpart (22°). The bending degree of GO 0.5% membranes was higher when 

compared to sSEBS membranes (around 18°), due to suggested polar nature oxygen-rich GO 

surface. The initial response time for sSEBS PGO 0.5% without was 5 sec and 15 sec for 

membrane processed with scCO2. The reason for the increase in initial response time can be 

attributed to exfoliation of GO particles as discussed throughout this chapter; as exfoliation of 

GO, particles creates higher ion interactive sites (higher water uptake) requiring additional water 

molecules to transfer upon excitation. Figure 8.31 and Figure 8.32 presents the bending 

capabilities for sSEBS GO 0.5% with and without scCO2 at various input voltage and times.  

Table 8.10 Actuation capabilities of sSEBS GO 0.5% GO composites with and without scCO2 

 

Sample Type 

Actuation Capabilities of sSEBS PGO 0.5% Composites 

Without SCF With SCF 

Bending in 

Degrees 

Initial Response Time 

for Actuation in sec 

Bending in 

Degrees 

Initial Response Time 

for Actuation in sec 

 

sSEBS 

PGO 0.5% 

 

22 

 

 

05  

 

27 

 

12-15 
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Figure 8.31 Bending capabilities of sSEBS GO 0.5% membranes without scCO2 
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Figure 8.32 Bending capabilities of sSEBS GO 0.5% membranes with scCO2 

   

8.5 Key Points for Reprocessed SEBS GO Composites 

Reprocessed SEBS GO composites were investigated for thermal, mechanical and electrical 

properties for the various compositions of GO. The following are the observations made: 

 The throughput of the SEBS GO composites increased by 20% when processed with 

assisted scCO2. No significant differences can be observed with the maximum 

degradation temperature in the presence or absence of scCO2.  

 The Tg 
EB
 block shifts from 56   C in case of virgin SEBS to 65   C for virgin SEBSP 

(SEBS paraffin oil sample) in both with and without scCO2 extrudates.  In addition, Tg 
S
 

is enhanced, these shifts in Tg suggest that the addition of paraffin oil acts as a 
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plasticiser. The endothermic relaxation occurring in the Tg 
EB

 block tends to flatten upon 

addition of GO in the case of both with and without scCO2.   

 The storage modulus increased upon addition of GO loading of (0.5%). However, the 

storage modulus gradually decreased with loading greater than  0.5%. When processed 

with scCO2, the storage modulus increased gradually until 2.5% GO loading due to 

exfoliation. Similar results can also be observed in the tensile test results. The tan delta 

peak at 95.6 °C gradually reduced and broadened upon increasing concentration of GO 

percentage, which is indicative of improved polymer chain interaction when processed 

with scCO2. 

8.6 Conclusions for Reprocessed SEBS Graphene-Based Composites 

SEBS graphene/GO composites were investigated to understand the effects of scCO2 on the 

thermal, mechanical and electrical characteristics. In addition, the manufactured composites were 

evaluated for their ability as bending actuators. The throughput increased by around 25% for 

SEBS graphene composites and 20% in the case of GO composites when processed with scCO2. 

In both the cases of graphene and GO, the TGA thermograms demonstrate the restriction 

imposed due to the addition of filler. The DSC results did not show any shifts in the peak of Tg 

upon addition of graphene or GO, however, the endothermic relaxation due to EB block flattened 

due to increase in viscosity upon addition of GO particles. The storage modulus without assisted 

scCO2 increased beyond 1% loading in case of graphene, while highest at 0.5% loading in case 

of GO. However, when the composites were processed with scCO2, the storage modulus 

increased gradually until 2.5% (highest storage modulus at 2.5%) in both the cases of graphene 

and GO. This clearly shows the scCO2 ability to exfoliate and evenly disperse graphene base 

filler material within the polymer matrix. The water uptake capacity remained constant with and 

without scCO2, even with the addition of graphene. In the case of GO, the water uptake increases 

by 10% compared to graphene and further increased with scCO2 which is indicative of 

exfoliation and an oxygen-rich surface. The sSEBS membranes demonstrated bending degree of 

around 18° with or without scCO2 and no actuation capabilities were observed with graphene 

composites. However, GO loading of 0.5% demonstrated a higher bending degree of 22° without 

scCO2 and 27° with scCO2. In addition, the response time decreased (faster actuation) for sSEBS 

membrane when treated with scCO2 due to the suggested formation of smaller domains. The 

response time was lower for untreated GO 0.5% compared to treated counterpart due to an 

increase in polar groups.  
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9 Conclusions and Future Work 
 

Electroactive polymers (EAPs), sometimes referred to as smart polymers, have garnered 

attention due to their promising applications in biomedical, tissue engineering, the automobile 

industry and even in electronics systems. A lot of research and commercial systems have already 

proved the efficacy of smart materials in our day-to-day products. However, in-depth 

understanding of electroactive/thermal/mechanical property of polymers/filler material and their 

ability to engineer their behaviour with existing industry standard processing techniques still 

stands as a barrier towards their complete industrial transition. One possible solution at the 

material selection/design stage is the use of thermoplastic elastomers (TPEs), which are multi-

functional with properties of recyclability and possess thermoplastic processability and elasticity 

similar to vulcanised rubber. In addition, the desire to make materials smart, where it responds to 

external stimuli or change in environment by use of additional active filler material to the base 

polymer has led to increased complexity and cost. Hence, this research attempts to bridge the 

gap, by providing an in-depth understanding of their thermal, electrical and mechanical 

behaviours using industrial standard polymer processing techniques. This research emphasises 

and provides a thorough insight into the enhancement of polymer graphene-based composites 

using a supercritical fluid assisted polymer processing technique. Therefore, semi-crystalline 

Pebax and amorphous SEBS as base thermoplastic elastomer; and graphene and GO as filler 

materials were chosen for this research.  

Preliminary work from this research focused on the effects of processing Pebax and SEBS at 

sub-critical, supercritical and beyond critical pressures on the thermal and mechanical properties. 

These investigations were helpful in creating new understandings on how phase separated 

materials, as in the case of TPEs (consisting of hard and soft phase), struggle to show their 

homogeneity in terms of their thermal and mechanical properties. Supercritical fluid processing 

is well documented in terms of viscosity reduction resulting in low-temperature processing 

conditions. However, this initial work (Chapter 4) demonstrated the supercritical fluid ability to 

break down the large microphase to smaller phase-separated structures, which enhanced the 

homogeneity of TPEs. The polymer processing method uses a conventional twin-screw extruder, 

with a simple supercritical fluid set up using syringe pump and CO2 cylinder (CO2 was not 

recycled at the end of the mixing zone of the extruder) resulting in foamed polymer matrices 

upon increasing critical pressure. This work was followed-up by investigating the effects of 

using graphene and GO as additive/filler material limited at low concentrations (≤ 2.5 wt. %). In 

both the case of Pebax and SEBS (Chapter 5 and Chapter 6), GO as a filler material 
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demonstrated improved interaction and mechanical properties. The effect of agglomeration upon 

increasing the graphene-based filler beyond 1 wt. % was evident throughout Pebax and SEBS 

work.  

In order to obtain a non-porous polymer matrix and also to compare the effects of supercritical 

fluid with respect to polymer matrix processed without assisted supercritical fluid, a major part 

of the thesis focused on reprocessing Pebax and SEBS graphene-based composites (Chapter 7 

and 8). The supercritical fluid processing of polymer composites enhanced the thermal, 

mechanical and electrical characteristics due to the rearrangement of polymer chains into 

kinetically favourable conditions allowing exfoliation/even dispersion of graphene particles. In 

addition, supercritical processing tends to act as a cushion while manufacturing with temperature 

sensitive filler materials such as GO, where the intrinsic property of GO was maintained while 

improving the exfoliation and dispersion of the composite. The Pebax graphene composites acted 

as a conductor while the Pebax GO composites demonstrated sensitivity to temperatures. The 

indicative Tg of nylon increased to around 80 °C with scCO2 upon addition of graphene and 

shifted down to 50 °C with GO. This clear appearance of phase change would suggest enhancing 

the applications of Pebax composites as thermally activated actuators rather than electroactive 

actuation. Such thermally sensitive Pebax GO composite not only enhances the mechanical 

properties but can be a huge platform for steerable catheters under thermal activation. In 

addition, improvements (as observed in this research work) in mechanical properties and meeting 

the needs of a material design requiring sufficient mechanical stiffness while maintaining the 

flexibility of Pebax overcomes the current industry need of complex catheter design thereby 

reducing cost.  

In the case of SEBS, the supercritical treated SEBS composites at 0.5 wt. % GO improved water 

uptake capacity and showed ionic bending actuation capabilities of 27 degrees (greater than 

virgin SEBS which was about 15-18 degrees). However, repeatability was a major concern, 

where the bending actuation capabilities were not similar due to hydrolysis of the polymer 

matrix. 

Future Work 

This research presents the capability of supercritical carbon dioxide processing in terms of 

enhancement of/or balancing of the thermodynamic differences within the virgin thermoplastic 

elastomer. In addition, this research work also draws interest in composite processing where, 

SCF processing results in exfoliation/even dispersion, improving the characteristic property of a 

given composite. The following observation forms the basis for future work: 
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 This research work mainly shows the effects of supercritical carbon dioxide assisted 

processing using basic extrusion systems resulting in foamed polymer matrices. Similar 

work can be carried out with an additional set up where the carbon dioxide can be vented 

out or recycled at the end of mixing zone of the extruder resulting in a non-porous 

polymer matrix (adapt additional elongation flow on the die).  

 The work done in this research demonstrates enhancement of mechanical properties when 

processed with a supercritical fluid, however, with the use of active GO particles, the 

chances of reducing the coefficient of friction is still unknown. Specifically, such 

evaluation of reduced coefficient of friction can be helpful in terms of catheter design, 

where the current PTFE layering can be altered.  

 A number of studies have shown the ability of nylon to act as temperature sensitive 

actuators. The ability to change/engineer the shift in Tg of using Pebax with supercritical 

processing upon the use of GO was investigated and proved during the course of this 

research. Such shifts in the Tg has to be evaluated as temperature sensitive actuators and 

compared the state of art to draw a conclusion if any enhancement in the actuation can be 

observed.  

 Enhanced mechanical, thermal and electric properties of SEBS/GO composites 

manufactured using scCO2 to achieve enhanced improved performance in actuation as 

well as higher actuation cyclic phenomena (by lowering the value of tan delta). This will 

require a major long-term study for real applications. 

 Finally, in order to produce repeatable and higher actuation capability in the case of 

SEBS composites, controlled sulfonation process, appropriate current selection and the 

use of polar salts (to enhance the ionic capacity) need to be investigated. 
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