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Abstract 

This thesis presents a new thermomechanical exfoliation (TME) method to produce graphene 

nanoplatelets (GNPs) from flake graphite. GNPs having specific surface area up to ~430 m2/g are 

produced under the action of shear forces, which serve to delaminate graphite, using a lab-scale 

polymer batch mixer equipped with roller rotors at a set temperature of 250 oC and 150 rpm. The 

corresponding energy requirement is 35-60 kJ/g for an operation that lasts 90-100 minutes. Bulk 

characterization showed the resulting product comprises a mixture of up to 68 wt% GNPs, the rest 

of it being residual micrographite. Electron microscopy images and atomic force microscopy 

(AFM) revealed that the lateral dimensions of the GNP flakes are 0.1 – 1.5 µm, with thickness as 

low as 0.9 nm, which suggests the presence of few-layered graphene with aspect ratios up to 250.  

Graphite and GNPs were used as fillers in a polyamide 6,12 (PA) matrix. Graphite increased the 

thermal conductivity more than GNP, up to 3-fold higher than neat PA, due to its larger particle 

size and therefore lower interfacial thermal resistance. GNP composites had an electrical 

percolation threshold of ~30 wt%, and maximum electrical conductivity of 10-1 S/m, whereas 

graphite did not percolate. Both fillers increased the flexural modulus up to 240% and decreased 

the flexural strain to 20% of the neat PA, at 40 wt% filler loading. Both fillers also increased the 

impact strength, but 20 wt% GNP saw the largest increase of 300%, compared to neat PA. To 

further improve the impact strength and the flexural strain, a maleated ethylene-octene copolymer 

(EOC) was added to 30 wt% GNP/PA composites. The resultant blend was still electrically 

conductive and up to 700% tougher than neat PA. 
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Chapter 1: Introduction  

1.1 Graphene-Based Materials and Production Methods 

Graphene is one of many allotropes of carbon, consisting of sp2 bonded carbon atoms in a 2D 

hexagonal honeycomb shaped lattice [1]. A single graphene sheet is one atom thick, and when 

stacked it forms the 3D carbon allotrope graphite [1]. Graphene has recently risen in research 

interest due to its exceptional intrinsic properties, boasting a charge carrier mobility of 2·105 

cm2/V·S,  Young’s modulus of the order of 1 TPa,  thermal conductivity of the order 5000 W/mK, 

a theoretical specific surface area of 2630 m2/g, zero bandgap, and 97.7% transparency [2-5].  

Monolayer graphene, having these outstanding intrinsic properties, can only be produced via 

bottom-up approaches, which are inherently unscalable. The two main ways monolayer graphene 

is made are chemical vapour deposition (CVD) and epitaxial growth. CVD involves reacting 

gaseous hydrocarbons, heated to 900-1100oC, in the presence of metal films which act as catalysts 

and substrates for the resulting graphene. The carbon deposits on the metal surface, and can be 

removed in a variety of ways, such as transfer to a different substrate. Due to the high temperatures, 

expensive metal catalysts, and the fact that only 1 or 2 graphene layers are produced at a time, this 

method is unscalable to meet industrial needs. [6] 

Epitaxial growth is the other main bottom-up method of producing monolayer graphene. This 

involves two steps: high temperature annealing of silicon carbide, followed by the desorption of 

silicon. The process requires high temperatures (>1100oC) and very low pressure (<5·10-9mbar) 

for two minutes. The resulting product is 1–3-layer graphene sheet on a silicon wafer substrate. 

Achieving these extreme conditions is very energy intensive and the overall production rate is very 

low, and thus not ideal for mass-production. [7] 
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The term graphene is commonly used as a more generic term to encompass a wider range of similar 

materials, such as graphene nanoplatelets (GNPs), graphene oxide (GO), or reduced graphene 

oxide (rGO). Each of these materials differ in intrinsic properties and production methods.  

Graphene oxide (GO) contains oxygen groups, such as hydroxyl or epoxy, bonded to the surface 

and carboxyl groups around the edges [8]. These groups change many of the properties of the 

material. Most notably, the material loses its high electrical conductivity, it changes from 

hydrophobic to hydrophilic, and the interlayer spacing of the graphene sheets increases from 

0.335nm to 0.625nm [9]. The hydrophilic change is beneficial in some applications, such as 

polymer composites, which prefer polar fillers, but because of the loss of electrical conductivity 

GO is generally not an ideal end product [10]. To restore the electrical conductivity, GO can be 

reduced to remove most oxygen containing groups, but this has drawbacks. Reduced graphene 

oxide (rGO) usually still possesses a C/O ratio of roughly 12:1, which is higher than GNP produced 

via different routes [11]. rGO also contains many defects as a result of the reduction process, which 

are sp3 bonded carbon atoms which generally occur because of in-plane holes [9, 12].  

 

Figure 1-1: Graphene and graphene oxide chemical structure [13] 



3 

 

Despite some of the drawbacks of GO and rGO these materials have attracted significant research 

efforts, mainly because they have potential uses in many multi-functional products, such as 

hydrogel electrodes, polymer nanofillers, or solar cells, and because they are potentially scalable 

to large quantities [14-16]. The most common method of producing GO is Hummers’ method, or 

its various modifications. Hummers’ method involves oxidizing graphite with NaNO3 and KMnO4 

dissolved in concentrated H2SO4 [8]. The major concern with this method is that it produces NO2 

and N2O4, which are toxic gases, and the process has low yield. The reduction process also has its 

own drawbacks. GO reduction involves either strong reducing agents such as hydrazine, which is 

very toxic and flammable, or treatment at very high temperatures, up to 1100oC [11]. These process 

hazards and extreme process conditions make GO and rGO impractical for commercial scale 

applications. 

GNPs is a generic term used to describe few-layer graphene (FLG), which is generally less than 5 

graphene layers, and multi-layer graphene (MLG) which is generally 5-10 graphene layers. There 

are many other interchangeable names that different researchers use when referring to their own 

graphene products. [17-21]. GNPs are typically produced through top-down approaches, which 

involve exfoliation of graphite through chemical or mechanical means. 

Micromechanical exfoliation methods can produce functionalized or non-functionalized GNPs via 

ball milling or three-roll milling [20, 22, 23]. These methods have potential to be scaled-up to 

industrial levels but they also have drawbacks that would be costly at large scales. Ball-milling 

requires long processing times (up to 24 hours) and chemical washing post-processing to remove 

residual diluent. While this method may be easily scaled up via larger ball-milling equipment, the 

large quantities of harsh chemicals used for washing would be costly and environmentally 

hazardous [20]. Three-roll milling offers a continuous method to exfoliate graphite into GNPs at 
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room temperature but requires long processing time (>12 hours), post-processing chemical 

washing to remove residual adhesive used to aid the graphite exfoliation, and it has a low yield 

[22, 23]. This method has the same drawbacks as ball-milling when attempting to scale-up to 

industrial levels. 

Liquid phase exfoliation (LPE) methods are common lab-scale methods of producing GNPs. Shear 

mixing and sonication are the most common LPE methods and can produce high quality GNPs 

with high aspect ratios [18, 23]. The downside to these methods is that they rely on dispersing 

graphite and GNP in a liquid medium, which requires hazardous chemicals, such as N-methy-2-

pyrrolidone (NMP). Water can also be used as the liquid medium, but it requires a dispersing agent, 

such as surfactant, which is hard to remove post-processing [3, 18]. These dispersions are unstable 

at high concentrations (>5wt%) and thus would require large volumes of liquid to increase 

production rates to industrial levels. The GNP product also needs to be centrifuged to separate it 

from residual graphite, and dried and washed if dry GNP is required for an application [18]. These 

drawbacks make LPE methods impractical for commercial applications. 

1.2 Applications of Graphene 

Graphene can be used in a wide range of applications, ranging from the medical industry to make 

wearable, flexible sensors, to the electronic industry to make more efficient solar cells or 

supercapacitors [4, 24].  

Wearable sensors for the medical industry are increasing in demand. These sensors can monitor 

changes in body motion from pressure or strain, and some are sensitive enough to be voice sensors. 

The goal is to be able to use them for continuous healthcare monitoring. These sensors need to be 

lightweight, flexible, low-cost, stable under high pressure, high temperature, corrosion resistant, 

and be mass producible. This makes graphene, or graphene derivatives such as GNPs, the ideal 
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conductive filler. The sensors are usually made by sandwiching a conductive filler between 

polymer films. GNP is a suitable filler due to having all the previously listed properties, it is highly 

conductive, and could be manufactured at low costs. [24] 

Graphene can potentially be used as a transparent conducting electrode. Monolayer graphene has 

an optical transmittance of 97.7% and a sheet resistance of 125-1000 Ω sq-1. In solar cells, high 

optical transmittance and low sheet resistance is ideal. Graphene is unique in the fact that these 

properties can be tuned depending on the thickness of the graphene sheet. Thicker graphene sheets 

have lower sheet resistance but also lower optical transmittance. Bilayer and trilayer graphene 

have sheet resistances of ~540 and ~350 Ω sq-1 and optical transmittances of 95.3% and 92.9%, 

respectively. Graphene’s properties can be compared to indium tin oxide (ITO), which has 

historically been used as the transparent conducting electrode in solar cells. ITO has an optical 

transmittance of 87% and sheet resistance of 10-300 Ω sq-1 depending on the substrate. The 

drawback to ITO is that it is expensive due to limited availability of indium, which gives graphene 

an excellent opportunity to replace it. [4] 

Graphene can also be used in battery technology, which is of growing importance as the world 

moves from fossil fuel based electricity generation, to green methods such as solar or wind [25]. 

Solar and wind electricity generation does not always coincide with electricity demand, therefore, 

there is demand for a way to store this electricity until it is needed. Currently, lithium-ion batteries 

are the best option for this due to their high energy density, however, they lack the power density 

(rapid charge and discharge capability) to be used in large scale applications, and they are far too 

expensive [25]. Electric vehicles suffer from similar issues related to charge rate. Graphene 

batteries have been produced that perform as a hybrid battery-supercapacitor. Kim et al. have 

produced all-graphene batteries which have an energy density of ~225 Wh/kg, which is 
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comparable to lithium-ion batteries, but with charge/discharge rates of ~6450 W/kg, comparable 

to supercapacitors [25]. Yang et al. have produced vanadium oxide-graphene (VO2-graphene) 

cathodes to be used in lithium-ion batteries. These cathodes improve power density to 

supercapacitor-like levels, along with long cycle life, while maintaining the high energy density 

of the traditional lithium-ion battery [26]. These improvements in battery technology suggest 

graphene can be used to improve performance of large-scale battery applications.  

Due to the incredible intrinsic properties of graphene, it can be used as nanofiller in polymer 

composites to enhance the mechanical, thermal, and electrical properties [27-30]. GNP filled 

composites were prepared and tested for these properties as a part of this thesis, and more 

background information about this is included in Chapter 2.4. 

1.3 Motivation and Objectives 

Graphene and its derivatives have significant potential to lead into many technological 

advancements. Currently there are many different methods to produce graphene materials, as 

explained above, but there are still significant barriers to scaling them to industrial levels. They 

typically require long processing times, hazardous or large volumes of solvents, and/or high 

temperatures, and the available production methods have low yields [6, 9, 11, 12, 20, 22, 23]. Due 

to these drawbacks, a new method of producing graphene is sought as the ideal way to bridge the 

gap between graphene research and the development of industrial applications.  

The focus of this thesis is a new thermomechanical exfoliation (TME) method that delaminates 

graphite into GNP with the use of shear forces produced by standard polymer compounding 

equipment. The specific objectives are to investigate the mechanism of graphite delamination, the 

optimal processing conditions of this method, and the physicochemical characteristics of the 

resulting GNP products. The mechanism is studied via intermediate samples taken throughout the 



7 

 

process. The effects of torque and energy input are studied. Finally, the GNP product is 

characterized for particle aspect ratio, combustion temperature, specific surface area, and 

conversion from graphite to GNP. 

Subsequently, the GNPs and the starting flake graphite are used as fillers in composites with a 

polyamide 6, 12 matrix. Industrial processing techniques, such as melt blending and compression 

molding, are used in preparation of the composites. The composites are tested for their mechanical, 

thermal, electrical, and rheological properties. GNP/PA composites were also blended with an 

elastomeric impact modifier to demonstrate that the mechanical properties can be tuned for a range 

of applications. 

1.4 Outline 

Chapter 2 is a literature review on scalable graphene production processes and graphene 

applications. It also discusses graphene filled thermoplastic polymer composites. Chapter 3 

discusses the TME process, presents a detailed analysis of the GNP products, and proposes a 

mechanism for the process through analysis of intermediate samples. In Chapter 4, the GNPs and 

the starting flake graphite are used as fillers in polyamide 6, 12 composites. Chapter 5 summarizes 

the major findings of this thesis and recommendations for future work. 
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Chapter 2: Literature Review  

2.1 Mechanisms of Graphite Exfoliation 

This thesis will focus on top-down production of GNPs, with flake graphite being the starting 

material. When using top-down production processes, graphite can be exfoliated to GNPs via two 

mechanisms: normal forces and shear forces. Normal forces can separate graphene layers off a 

graphite flake, as demonstrated with the Scotch tape method. Shear forces peel a graphene layer 

off a graphite flake. Both of these forces can also cleave the graphite flake into 2 thinner graphite 

flakes, which is why these mechanisms primarily produce few-layer graphene rather than 

monolayer graphene. [23] 

 

Figure 2-1: Schematic of normal and shear forces used to exfoliate graphite into graphene [23] 

To exfoliate graphite, the applied forces must overcome the interlayer van der Waals attraction 

between adjacent graphene layers within the graphite flake [23]. The interlayer shear strength of 

graphite is estimated to be between 0.2 MPa-7.0 GPa, which is a very large range, making it 

difficult to know exactly what shear force is required to exfoliate graphite [31, 32]. It is suggested 

that the significant range of reported shear strength values is due to the presence of stacking faults 

in the tested graphite, as faults reduce the shear strength of the graphite flake [32]. Since it is 

challenging to precisely estimate the shear forces required by a mechanical exfoliation method, it 

may be better to vary the processing conditions to empirically find the optimal conditions, rather 
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than design the process around a specific shear value. The two main methods of graphite 

exfoliation are described below. 

2.2 Solvent-free Micromechanical Exfoliation 

The goal of micromechanical exfoliation, or “cleavage” is to delaminate layers of graphene from 

graphite, without a solvent medium. This is done with either normal or shear forces.  

2.2.1 Ball Milling 

One method of producing GNP that utilizes the micromechanical exfoliation mechanism is ball 

milling [20, 23]. Ball milling is done by pre-mixing graphite flakes with a diluent, then milling 

with stainless steel or zirconia balls for 2-24 hours at 150-600 rpm [20, 33, 34]. The balls can be 

5-10mm in diameter, and the number of balls can be chosen based on the milling chamber [20, 

33]. The diluent is used to protect the graphene sheets from aggregating and to avoid the formation 

of amorphous carbon [20]. The diluent should be able to interact with the graphene surface; 

Buzaglo et al. found that fully conjugated aromatic compounds, such as pyrene, work best [20]. 

Ball milling can also form functionalized GNP, as Lin et al. demonstrated by ball milling expanded 

graphite with oxalic acid, or dry ice as demonstrated by Zhu et al. [33, 34]. The resultant GNP 

products have a high concentration of carboxyl functional groups, which allow them to form stable 

dispersions in N-methyl-2-pyrrolidone (NMP) and dilute dispersions in water [33, 34]. The 

functionalized GNPs can also be heat treated at 600-900oC for 5-10 minutes to remove the 

functional groups and form thermally reduced GNP [33, 34]. The obvious drawback to ball milling, 

is the need for post-process treatment, and potentially long processing times. For the methods with 

oxalic acid and dry ice, the GNP product needs to be heat treated to restore the sp2 conjugated 

surface [33, 34]. For the method with pyrene, the GNP product needs to be washed in solvent to 

remove the diluent [20]. The mechanism of how graphite is changed by ball milling is seen in 
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Figure 2-2. The primary mechanism of shearing graphene layers off the graphite flake is the desired 

mechanism and occurs from the shear forces generated by the rotating balls. The secondary 

mechanism causes fragmentation, which is undesired as it simply creates smaller graphite, and 

occurs when the balls collide perpendicular to the graphene plane [23]. 

 

Figure 2-2: Exfoliation and fragmentation of graphite through ball milling  

2.2.2 Three-roll Milling 

Three-roll milling offers a method to continuously exfoliate graphite flakes into GNPs [22, 23]. 

This involves coating the rolls in an adhesive, such as polyvinyl chloride (PVC) dissolved in 

dioctyl phthalate (DOP), and spreading graphite flakes on the rotating rolls. The exfoliation occurs 

at the interface of the rolls as the graphite is pulled apart by normal forces created by the rolls. 

Exfoliation occurs at room temperature for 12 hours, then the product is collected and cleaned in 

alcohol to remove the DOP, followed by burning at 500oC for 3 hours to remove the PVC. The 

final product is over 90% few-layer graphene (<10 layers), with flakes of fewer than 3 layers 
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present [22]. One of the main drawbacks to this method is that it produces just 1g of GNP, which 

is very low even for lab-scale equipment. This is likely because only a thin layer of graphite can 

be applied to the rolls before it simply falls off, so scale-up would require very high surface area 

to adhere graphite. This may be possible with currently available rubber-processing equipment, 

but would likely benefit from process-specific equipment optimization. [22] 

Both mechanical exfoliation methods have the potential to be scaled to industrial levels but must 

be chemically or thermally treated both pre- and post process. Large scale chemical treatments can 

be hazardous to the environment depending on the chemicals used, and costs can be high, 

especially if the chemicals cannot be reused or need to be disposed of safely.  

2.3 Liquid-Phase Exfoliation 

Liquid-phase exfoliation (LPE) is another commonly used method of producing high quantities of 

GNP. The process involves dispersing graphite in solution then subjecting it to either shear mixing 

or sonication to achieve exfoliation. Stabilizing liquids such as organic solvents, ionic liquids, or 

surfactants are used to stabilize the graphite dispersion and to prevent the exfoliated GNPs from 

restacking once separated [18, 23, 35, 36]. Surfactants are also able to intercalate the graphite 

layers and weaken the interfacial forces holding it together, thus acting as a catalyst to the 

exfoliation process [23]. The downside to LPE is that the resultant GNPs are in a liquid dispersion, 

which typically needs to be centrifuged, decanted, and dried to recover the GNPs [18, 23, 35-37].  

2.3.1 Shear Mixing 

Shear mixing, similar to mechanical exfoliation, relies on sliding the graphene layers off a graphite 

flake (see shear force mechanism above). It uses a rotor/stator combination, and the rotor spins at 

4500-9500 rpm, typically at low temperatures to prevent solvent evaporation [35, 36]. Exfoliation 

occurs at areas of high-shear, which occurs in the thin liquid layer between the spinning rotor and 



12 

 

the stator, and at the holes in the stator [35]. Exfoliation can occur in turbulent or laminar flow, as 

long as the shear rate is at least 104 s-1 [35].  

As shear mixing is a commonly used method to disperse nanoparticles in liquids, there is much 

prior research on scaling up the process [35]. When scaling up the shear mixing process, the 

concentration of GNPs produced is what is important. The concentration of GNP in the solution is 

what determines the yield, and a higher concentration of GNPs means a relatively smaller quantity 

of liquid can be used. The concentration of GNP follows the following dependence: 

𝐶 𝛼 𝐶𝑖
𝑥𝑡𝜏𝑁𝑛𝐷𝑑𝑉𝑣 

where C represents the GNP concentration, Ci is the initial graphite concentration, t is the 

processing time, N is the rotor speed, D is the rotor diameter, and V is the liquid volume [35]. 

Paton et al. determined that maximizing processing time, initial graphite concentration, rotor 

diameter, and mixing speed while minimizing tank volume, results in the highest GNP 

concentration [35]. However, the resultant GNP concentrations are still under 1mg/ml, meaning a 

large volume of liquid is required to produce a rather small quantity of GNPs, and it is unclear if 

the liquid can be reused once the GNPs has been collected. The dispersion also needs to be 

centrifuged to separate the GNP from unexfoliated graphite, and centrifuging huge volumes of 

liquid can be time-consuming and energy intensive.  

2.3.2 Ultra-Sonication 

Sonication relies on forming small bubbles via liquid cavitation that burst and form microjets of 

gas, which cause high pressure on the surface of the graphite flakes. The force from the microjet 

is propagated through the graphite flake and can result in normal force on the graphite flake 

opposite the side that the bubble burst. The normal force is what causes the graphene layer to 
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separate from the graphite flake; this is the primary mechanism of exfoliation in sonication. The 

normal force is also high enough to fragment graphite into smaller particles, and introduce defects 

such as in-plane holes and oxygen groups [23]. It is also possible that the bubble bursts and the 

pressure acts parallel to the graphite flake’s surface, thus shearing or peeling the graphite layers 

apart. This occurs less frequently, and is a secondary mechanism of exfoliation [23]. Sonication 

uses a sonicating-tip submerged in a dispersion of graphite in stabilizing liquid, typically at low 

temperature to prevent solution evaporation. The solution is mixed with a magnetic stir bar to keep 

the graphite suspended in solution. The power of the sonication tip can vary depending on the scale 

of the apparatus, but lab-scale set-ups are typically in the range of hundreds to thousands of 

watts/litre [18, 35, 37].  

Sonication is sensitive to many factors, such as vessel size, vessel geometry, probe depth, 

sonication frequency, sonication power, temperature, and more [23]. Because of this, scale up will 

likely prove to be a challenge. The other major hurdle to overcome with scale up is the final GNP 

concentration. Sonication can produce GNP dispersions of up to 4mg/ml but doing so takes 4 hours 

using lab-scale equipment, and if scaled to a larger volume would likely take longer. This results 

in the same problem as shear mixing; separating the GNP from the liquid. The GNP dispersion 

needs to be centrifuged following processing, decanted, and dried to isolate the GNP [18]. As 

mentioned with shear mixing, this is time consuming and energy intensive, as well as wasteful if 

the solution cannot be reused.  

The difference between the solvent-free exfoliation methods and liquid-phase exfoliation is the 

presence of a liquid. This key difference is the main reason why solvent-free methods are regarded 

as easier to scale-up to industrial levels. The requirement of forming a stable dispersion of graphite 

and GNPs during LPE leads to the need for large volumes of liquids to produce a few grams of 
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GNP. The dispersion also needs to be centrifuged, filtered, and dried to isolate the GNPs [18, 23, 

35, 37]. These steps can be energy intensive, time consuming, and environmentally hazardous if 

the chosen liquid cannot be recycled effectively. By comparison, solvent-free methods do not rely 

on forming a stable dispersion, and typically rely on equipment size to increase production. The 

GNPs typically require some post-process purification, such as washing off adhesive after three-

roll milling, but have significantly fewer processing steps than are required to purify LPE GNPs 

[20, 22, 23, 34]. Solvent-free methods have the benefit of producing dry GNPs which allow for 

easy use in applications such as polymer composites. Or if the GNPs need to be in a dispersion, 

then it is still easy to disperse them in a liquid at the desired concentration. 

2.4 Thermoplastic Composites Containing Graphene Nanoplatelets 

Among their many uses, graphene-based additives are also used as a filler to make polymer 

nanocomposites to achieve various functionalities and property enhancements [27-30]. Various 

thermoplastic matrices have been reported in the literature. The addition of GNPs to polypropylene 

(PP) via melt blending resulted in an electrical conductivity of 10-1 S/m, a 3.5-fold increase in 

thermal conductivity and over 2-fold increase in flexural modulus, when compared to the neat PP 

[29]. These composites required a minimum of 10wt% GNP filler to see a significant difference 

in properties, which is likely due to the melt blending preparation method, whereas other 

preparation methods, such as solution mixing, can result in low-filler content composites with 

exceptional properties [27, 29]. By solution mixing GO and polyethylene (PE), followed by 

reduction with hydrazine, a composite with an electrical percolation of just 0.070 vol% can be 

achieved [27]. A further increase to 0.6 vol% resulted in an electrical conductivity of 10-1 S/m, 

which is sufficient in many electrical conduction applications [27]. The focus of this thesis is on 

polyamide-based GNP composites. 
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2.4.1 Polyamide 

Polyamide (PA) is the thermoplastic matrix used in this thesis. PA is a common engineering 

polymer used in many applications, such as automotive parts, clothing, household items and 

medical devices [38]. Depending on their chemical structure PAs can be very tough, chemically 

resistant, and stable at high temperatures. Their properties are subject to the number of carbon 

atoms between the amide groups, which affect properties such as toughness or moisture absorption 

[39]. PAs can be synthesized in two ways: a polycondensation reaction between diamines and 

dibasic acids, or ring opening of monomers with a lactam ring [40]. The general chemical structure 

for PA produced by polycondensation, is shown in Scheme 2-1, where x is the number of carbon 

atoms in the diamine, and y is two less than the number of carbon atoms in the dibasic acid. The 

resulting PAs contain two numbers in their notation, such as PA 6,6 or PA 6,12; the first number 

corresponds to the number of carbon atoms in the diamine, the second is the number of carbon 

atoms in the dibasic acid.  

 

Scheme 2-1: General formula for polyamides formed via condensation with diamine and dibasic 

acid [41] 

The ring opening reaction results in PA with just one number, such as PA 6 or PA 12. Similarly, 

the number corresponds to the number of carbon atoms in the lactam monomer [40]. The general 

chemical structure for PA produced this way is in Scheme 2-2, where x is one less than the number 

of carbon atoms in the lactam ring.  
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Scheme 2-2: General formula for polyamide produced via lactam ring opening 

The number of carbon atoms between amide groups affects the properties of the PA produced. The 

amide group is responsible for increasing the melting temperature, strength, and ability to absorb 

moisture. Therefore, in general, fewer carbon atoms (more amide groups) results in a stiffer, 

stronger PA with a higher melting point and increased ability to absorb moisture. [38] 

PAs are susceptible to absorbing moisture from the environment until saturated, which negatively 

affects the mechanical properties. This occurs because the amide group is able to form hydrogen 

bonds with water. In general, this causes a reduction in flexural modulus but an increase in impact 

resistance [40]. As the number of carbon atoms between amide groups increases, the amount of 

moisture that can be absorbed decreases, along with the affects that moisture has on the properties 

[38].  

For example, PA 6,6 has a tensile modulus of 74.1 MPa and a moisture absorption of 0.7-9.0%, 

whereas PA 6,12 has a tensile strength of 67 MPa and a moisture absorption of 0.1-3.0% [39]. The 

differences in mechanical properties and moisture absorption can be attributed to the number of 

carbon atoms in the dibasic acid used for the polymerization reaction. PA 6,12 is used in this thesis 

because of its good thermal stability, and relatively low melting point (~230oC), which facilitate 

its processing. 

2.4.2 Impact Modification through Polymer Blending 

To improve the toughness of some PA grades, it is common to mix them with other thermoplastics, 

such as polyethylene (PE), various polyolefin elastomers, and rubbers to form a polymer blend 
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with improved impact properties [42-44]. Using maleated PE or polyolefin elastomers is beneficial 

because this approach improves the compatibility and interfacial adhesion of the PA and the PE or 

elastomeric phases [43]. Maleic anhydride functional groups are grafted to the polyolefin 

backbone, and engage in covalent bonding with the terminal amine group of the PA chain during 

melt blending. Thus, the polyolefin and PA phases are well dispersed since they are chemically 

bonded rather than just being physically entangled [45]. 

The elastomeric phase acts as a stress concentrator, which can increase the crazing and shear 

yielding of the composite. Because both of these mechanisms dissipate a lot of energy, the resultant 

composite is much tougher than the neat PA [43, 45]. However, this has a drawback as the 

composite’s Young’s modulus and yield stress decreases with increasing rubber content [43, 44]. 

Therefore, PA-elastomer blends are best suited for applications requiring high-impact strength, but 

where a high Young’s modulus is not important.  

2.4.3 Effect of Nanofillers on Polymer Blends 

The properties of a blend are highly dependant on its morphology. In general, immiscible blends, 

such as PA and elastomer, can form one of two morphologies: matrix-dispersed (also known as 

matrix-droplets) or co-continuous. It is possible to change the morphology by changing the blend 

composition, adding compatibilizer, modifying processing conditions, and/or adding fillers [46-

50]. It has been shown that if the immiscible blends have co-continuous morphology, then the 

electrical percolation threshold is reduced if the filler is located in one of the phases or at the 

interface [49]. Mao et al. prepared polystyrene (PS)/polymethylmethacrylate 

(PMMA)/functionalized-graphene, and saw that the morphology of the composite can be adjusted 

by tuning the ratio of the two immiscible polymers [48]. Petrie et al. saw a similar trend when 

preparing polypropylene (PP)/ethylene-octene copolymer (EOC)/multiwalled carbon nanotube 
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(MWCNT) composites. They saw that at 70/30 PP/EOC blends the morphology was matrix-

droplet, the EOC phase being in droplet form, but at 30/70 PP/EOC the droplets were the PP phase. 

At 50/50 PP/EOC ratio the morphology was co-continuous [49]. Bai et al. found that adding just 

0.38 vol% rGO to polylactic acid/polystyrene blends significantly reduces coarsening of the co-

continuous morphology compared to the unfilled blend. This is caused by the rGO fully covering 

the interfacial area between the two phases and preventing reduction of this interface. They also 

found that the characteristic domain size of each phase (measure of coarseness) increases at 

increased annealing time, transitioning from ~2µm to ~77µm after 1 hour annealing [50]. 

  

Figure 2-3: Polystyrene/polymethylmethacrylate/octadecylamine-functionallized graphene blends 

(a) 70/30 wt. ratio showing matrix-droplet morphology (b) 50/50 wt. ratio showing co-continuous 

morphology [48] 

2.4.4 Glass Fiber Composites 

High modulus is needed for automotive under the hood parts, and other applications. Therefore, it 

is common practice to add glass or carbon fibers to the PA matrix [42, 51-53]. Glass fiber rods, 

typically a few microns in diameter and several millimeters long, can be melt blended with PA at 

fillings up to 50wt% for property enhancement [51, 53]. The glass fiber reinforced PA 6 can exhibit 

increases in elastic modulus of 329%, yield strength of 230%, and 113% tensile strength, at 20wt% 
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loading, when compared to neat PA 6 [52]. Adding glass fibers may also improve the notched 

impact strength [51, 53]. However, the addition of glass fibers results in a significant reduction in 

elongation at break, from over 80% in neat PA 6, down to 6% in 20wt% glass fiber loading [52, 

53]. This shows that the addition of glass fiber transitions the composite from ductile to brittle, 

even at low loadings.  

Mixing glass fiber into the previously mentioned elastomer/PA blend results in ductile composites 

with improved modulus compared to neat PA. The rubber phase improves the impact strength and 

ductility, whereas the glass fibers improve the modulus and yield strength. The composites 

typically contain up to 20wt% maleated rubber and 20wt% glass fibers, the remainder being PA. 

The exact ratios of each phase can be adjusted to achieve the desired mechanical properties. Of 

course, the same trends as were observed by the addition of each individual phase are still true for 

these 3 component composites. [53] 

It should be noted that composites containing inorganic fillers only observe changes in mechanical 

properties; the thermal and electrical properties remain unchanged [54]. This is to be expected as 

glass is electrically and thermally insulating. If it is desired to have a composite that is electrically 

and thermally conductive, then carbonaceous filler can be used. 

2.4.5 Composites with Carbonaceous Additives 

Commonly used carbonaceous additives are carbon fiber, graphite, carbon black, carbon nanotubes 

(CNT), and most recently, GNPs [42, 55-59]. All of these additives are highly thermally and 

electrically conductive, which can be utilized in PA composites. However, it is still important to 

consider the mechanical properties of these composites. These reinforcing fillers improve the 

flexural modulus and yield strength when compared to the neat PA, but by varying degrees 

depending on particle size, aspect ratio, filler loading, functionalization, etc. Flexural modulus 
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improvements of 250% were seen in PA 6,12/graphite composites [42], 300% in PA 6/carbon fiber 

composites [55], and 214% in PA 6/CNT composites [58]. Even though reinforcing fillers and 

other additives typically result in substantial reductions in impact strength, carbon fibres and 

expanded graphite have good compatibility with PA, and resulted in a minimal decrease in impact 

strength, usually negligible within experimental error [42, 55]. This is all comparable to the 

mechanical property enhancements seen from glass fibers, but these carbonaceous fillers can be 

used at lower loadings than glass fibers. CNTs can be effective at just 2wt% [58], and carbon fiber 

saw significant improvements at just 5wt% [55]. However, it may be beneficial to use high filler 

loading, such as when the filler is inexpensive, and the matrix is expensive. In this case, graphite 

[42] or carbon fiber [55] can still be used up to 30wt% with mechanical property enhancements.  

2.4.6 Electrical Conductivity 

The main way that the various carbonaceous additives differ from glass fibers is in their thermal 

and electrical properties. The addition of carbon can transition a composite from insulating to 

conductive, thus increasing the available applications for that composite. Electrical conductivity 

occurs once there is sufficient conductive filler to form a conductive network, thereby allowing 

electrons to travel throughout the material via the network. To form this network, the filler must 

form connected pathways throughout the material, where the maximum distance between filler 

particle is the tunnelling distance. Tunnelling occurs when the particles are not physically touching 

but are close enough to each other that the electrons can ‘jump’ across the gap. This distance is 

estimated to be a few nanometers [42, 60]. The filler loading that achieves a conductive network 

is referred to as the electrical percolation threshold. Below this threshold the filler is too far apart 

to transport electrons and there is little change in electrical conductivity compared to the neat 

matrix. Above the threshold the network is formed, and the composite is conductive. Factors 
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affecting the electrical percolation threshold are particle size, dispersion, and if the filler is aligned 

within the matrix or not [27, 42]. Filler alignment only applies to high aspect ratio fillers such as 

CNTs or GNPs. Aligning fillers within the matrix can result in directional electrical conductivity 

[61]. 

 

Figure 2-4: Percolated network of GNPs in ultra high molecular weight polyethylene matrix [27] 

PA 6,12/expanded graphite composites exhibited an electrical percolation threshold of just 4wt%, 

reaching a conductivity of 10-2 S/m at 8wt%, making the composite usable in semi-conductor 

applications [42].  PA 6/carbon fiber composites reached electrical percolation at 5.5 vol%, with a 

maximum electrical conductivity of 10-2 S/m at 10 vol% [56]. It is also possible to make 

composites with an electrical percolation of just 1wt% carbon black, but only with a specific type 

of conductive carbon black, and these composites have compromised mechanical properties 

beyond 10wt% loading [42]. Ra et al. prepared MWCNT/polyacrylonitrile composites via 

electrospinning which had an anisotropic dispersion of MWCNTs, resulting in electrical 

conductivity three times higher in the direction of spinning than normal to the spinning direction 

[61]. In reporting these electrical conductivity values, it is important to compare them to other 

conventional materials used for electrical conduction. Copper, typically used in wires, and silver, 

the most electrically conductive metal, have electrical conductivities of 58·106 S/m and 
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63·106 S/m, respectively. Both materials are orders of magnitude more conductive than any of the 

polymer/carbon composites. This means conductive composites cannot replace metals in 

applications such as wires, but could be used in an application such as a biomedical sensors[24]. 

2.4.7 Thermal Conductivity 

The thermal conductivity of polymers is typically low, and is influenced by factors such as 

crystallinity, temperature, and orientation of macromolecules. Heat is transferred through 

polymers via phonons. When a polymer is heated, the molecules at one end of the molecular chain 

begin to vibrate, which causes the adjoining molecule to vibrate, and this propagates down the 

chain. However, in amorphous and semi-crystalline polymers especially, the vibration causes 

distortion and rotation of the molecules, which limits heat transfer and thus reduces thermal 

conductivity [62, 63]. This seen in the schematic in Figure 2-5.  

 

Figure 2-5: Schematic of how heat is transferred through polymers. Red balls represent heated 

polymer molecules, blue balls are connected polymer molecules being heated by the red balls. 

Distortion and rotation of red balls limits energy transfer to blue balls. [63] 
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Graphene has a tightly packed crystal lattice, which allows for fast, efficient heat transfer. 

Graphene and other carbon materials are also electrically conductive and allows heat to be 

transferred via electrons as well as phonons, but phonons are the primary source of heat transfer 

[64]. GNPs and graphite consist of graphene layers bound by van der Waals forces, which do not 

easily facilitate interlayer vibrations. Therefore, anisotropic heat transfer exists in GNP and 

graphite [5, 63]. A conceptual schematic of how heat is transferred through crystalline lattice is 

seen in Figure 2-6. 

 

Figure 2-6: Heat transfer through a crystalline lattice, such as graphene. (a) graphene is heated on 

the left side (b) the first column of graphene molecules begin to vibrate (c) heat propagates to the 

second column of graphene molecules due to the vibration in the first column [62] 

When adding graphite, GNPs, or graphene to a polymer matrix, the thermally conductive 

properties of the filler can result in a more thermally conductive composite. Adding a small amount 

of filler can increase the thermal conductivity of the composite, since heat is transferred through 

both filler and polymer. Since heat transfer through the filler is easier than through polymer, there 

may be slight increase in conductivity, but typically not a significant improvement. However, once 

there is sufficient filler to form a thermally conductive network, heat can transfer through the 

connected filler network without having to go through the polymer, thus significantly improving 
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thermal conductivity [63]. One factor that can affect thermal conductivity of a composite is the 

interfacial thermal resistance between the filler and matrix. These interfaces scatter phonons, 

which greatly reduces the thermal conductivity [65].  

A composite with a high thermal conductivity can be used as a heat sink or as a thermally 

conductive component. The addition of just 8 vol% expanded graphite to PA 6,12 resulted in over 

1300% increase in thermal conductivity, from 0.18 W/mK to 2.5 W/mK. In this same study, flake 

graphite was able to increase the thermal conductivity to 1.2 W/mK at 12 vol% [42]. CNTs were 

added to PA 6,6 up to 4wt%, but the thermal conductivity only increased to 0.28 W/mK, which is 

still too low to be used in heat transfer applications [66]. Heat exchangers made from polymer 

composites are lighter, less expensive, easier to manufacture, and more corrosion/fouling resistant 

than traditional metal heat exchangers [67, 68]. Because of this, polymer heat exchangers are 

already being used in micro-electronics, water desalination systems, solar water heating systems, 

and liquid cooling systems where lightweight and weather resistance are important. Unfortunately, 

these polymer heat exchangers have significantly lower thermal conductivity than metal ones (for 

example, stainless steel can be ~500 times more thermally conductive than polypropylene), which 

limits their efficiency and applicability to many other heat exchange applications where high 

thermal conductivity is necessary [67]. As such, carbon-filled composites with high thermal 

conductivity can improve polymer heat exchanger efficiency and extend their applicability to new 

applications. 

Thermally conductive polymers could be used as thermal interface materials (TIM), which are 

used as an interface material between a heat generator and a heat sink. These materials typically 

have a low thermal conductivity (1.2-5 W/mK) compared to the heat sink (>150W/mK). In 

automotive electronic control units, carbon/polymer composites could be used as a TIM because 
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of the comparable thermal conductivity to what is currently used, the high thermal stability, and 

good vibration damping properties [42, 68]. Carbon/polymer composites could be used in solar 

energy applications. The efficiency of solar cells decreases rapidly at higher operating 

temperatures, so it is important to cool them if possible. Currently the common cell encapsulating 

material and the backing material have low thermal conductivity (0.23-0.36 W/mK), which 

bottlenecks heat dissipation. Replacing these materials with higher thermally conductive 

composites would improve heat dissipation and efficiency [68].  

2.5 Composite Preparation Methods 

Two methods are available industrially to prepare polymer composites containing discontinuous 

fillers: melt blending and in situ polymerization. In situ polymerization typically results in the best 

filler dispersion throughout the matrix, and therefore optimum property enhancements. The 

downside is the filler influences the polymerization reaction, which is very complex and would 

need to be optimized for each composite formulation made [69, 70]. Melt blending has the benefit 

of being easy to process, and therefore can be used to make various composite formulations 

without time-consuming and expensive optimization processes. The downside is that the filler-

matrix interactions, and thus the dispersion, are not as good as in situ polymerization, and therefore 

the properties are usually not enhanced to the same degree. It may also require a high filler loading 

to observe a change in the properties. Because of this, composites prepared via the two methods 

are not directly comparable. 

In situ graphene-poly(methyl methacrylate) (PMMA) composites can be made but require the use 

of graphene oxide (GO) as the filler to form chemical bonds with methyl methacrylate monomer. 

As mentioned previously, GO can be produced via the Hummer’s method, but requires long 

processing times and uses harsh chemicals, which are not ideal for industrial applications. The 
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GO-PMMA composites can be reduced with hydrazine while the composite is still in solution, and 

takes 24h at 80oC [71]. The additional long processing step is also not ideal for industrial processes. 

Melt blended graphene-PMMA composites can be made with either GO or GNP by simply adding 

the graphene material and PMMA pellets to a batch mixer or extruder [72]. The composites will 

have different properties depending on the graphene material used, as GO typically results in a 

better dispersion, but GNP is more electrically conductive.  

In situ polymerized GO-PMMA composites increased in tensile modulus by 22% at 1wt% filler 

loading, compared to neat PMMA [71]. By comparison, melt blended GO-PMMA composites 

were able to increase tensile modulus by 21% at 1wt% filler loading, showing that in the case of 

GO-PMMA composites, melt blending was able to sufficiently disperse the GO throughout the 

matrix [71, 72].  

For in situ PA composites, the graphene material needs to be oxidized (graphene oxide) to graft 

the caprolactam to the surface of the graphene flake [73]. This requires a post-grafting reduction 

step to eliminate any residual oxide groups which would hinder the properties of the composite. 

The tensile strength of PA 6 was increased by 50% with the addition of just 0.01 wt% rGO. At 

0.1wt% rGO, the tensile strength was increased by 220% and Young’s modulus by 235%, 

compared to neat PA 6 [73]. These filler loadings are significantly less than what is required by 

melt blending to see property enhancements.  

Mayoral et al. prepared GNP-PA 6 composites via melt blending in a twin-screw extruder up to 

20 wt% GNPs. They found that Young’s modulus could be increased by 230% at 15 wt% GNP 

content, compared to neat PA 6 [30].  
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The difference in performance may be attributed to residual functional groups present in the 

reduced GO, which resulted in improved interactions with the PA matrix, and potentially improved 

the particle dispersion within the matrix. In general, melt blending requires larger amounts of GNP 

filler compared to in-situ polymerization. This can be seen as either a positive or negative in 

industrial applications. If the filler is less expensive than the matrix, then high filler loading is 

beneficial, however, the opposite would be a detriment.  

Another approach was suggested by Ho et al. who demonstrated that in melt blended composites, 

expanded graphite can be delaminated in situ to GNP under the shear forces of the mixer [42]. 

This approach can directly reduce the cost by producing GNP-PA composites in a one-step simple 

melt compounding process. When flake graphite was used however the conversion to GNPs was 

low, therefore this approach is only effective when expanded graphite is available. 
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Chapter 3: Thermomechanical Exfoliation  

3.1 Introduction 

The exceptional mechanical, thermal and electrical properties of graphene have opened new 

opportunities in applications such as polymer nanocomposites, electronic devices, batteries, and 

supercapacitors [5, 74-76]. Single-layer defect-free graphene can be produced through bottom-up 

routes, such as chemical vapor deposition and epitaxial growth; these methods can only produce 

minute quantities of material [6, 7]. Graphene nanoplatelets (GNPs) consist of multi-layered and/or 

few-layered graphene (MLG and FLG respectively). Scalable production of GNPs is only 

considered viable through methods that follow a top-down approach, and typically entail the 

physical and chemical exfoliation of bulk graphite [77].  

Graphite consists of graphene layers, which are held together by inter-layer van der Waals forces. 

The interaction energy between layers is estimated to be about 2 eV/nm2, and the forces required 

to exfoliate the graphite layers are of the order of magnitude of 0.25-2.5 MPa [1, 31, 32]. Forces 

of this magnitude can be achieved by micromechanical exfoliation methods, as first demonstrated 

through the simple adhesive tape method [75]. More recently, Jayasena and Subbiah [78] 

developed a wedge-based method to cleave graphite, based on a microtome machining process. 

Even though such methods maintain the inherent electrical and structural properties of graphene, 

they can only produce minimal quantities of material, thus shifting the focus to various wet 

chemical routes. These generally rely on the weakening of the van der Waals cohesive forces upon 

penetration of intercalants in the inter-layer space, followed by disruption of the loosened layer 

stacking. In addition to the commonly used chemical exfoliation methods [79], other strategies 

involve ultrasonication of graphite in organic solvents [80], aqueous surfactant solutions [81], and 

ionic liquids [82]. Although the sonication of graphite in stabilizing liquids or solutions potentially 
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produces defect-free graphene nanosheets [35, 80], the process has very low yields and is 

inherently unscalable. Graphite exfoliation has also been achieved using high shear in stabilizing 

liquids [37, 83-85]. In addition to the higher throughput compared to ultrasonication [35], this 

method also produces high quality, defect-free graphene nanosheets suitable for specialty 

applications [35, 37]. 

Mechanical exfoliation methods of graphite to produce mono- to multilayer graphene sheets have 

also been proposed. Buzaglo et al. reported a ball milling method that involves dry milling graphite 

flakes in the presence of solid diluents and zirconia spheres, followed by solvent washing of the 

graphene product [86]. Chen et al. have reported a method based on the simple Scotch tape method, 

which uses a three-roll mill coated in adhesive [22]. Graphite is spread on the adhesive-coated 

rolls and exfoliated due to the normal force generated at the roll interfaces [22, 23]. This method 

continuously produces high-quality GNP but requires solvent cleaning and burning of residual 

adhesive to isolate pure GNP product [22]. Knieke et al.  reported a method of producing mono- 

and multilayer graphene sheets by mechanical delamination of graphite powder through wet 

grinding under mild milling conditions in a vertical laboratory stirred media mill [87].  

In this report, we present a novel, simple thermomechanical exfoliation method (TME), which 

utilizes shear forces to delaminate graphite, without the need for a liquid medium. The advantage 

of this approach is that it can produce relatively large (tens of grams per batch) quantities of GNPs 

and that it can be implemented using equipment that is commercially available thus allowing 

process scalability.  
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3.2 Methods 

3.2.1 Materials and Processing 

Graphite flakes (-325 mesh, purity ≥99 %) having a bulk density of 360 kg/m3 as measured using 

the ASTM D7481 standard, were purchased from Sigma Aldrich and used as received. 

Dichloromethane (DCM) was purchased from Fisher Scientific and used as received.  

The TME process was conducted within a ThermoFisher PolyLab QC Unit connected to an 

electrically heated Haake Rheomix 600 QC intensive batch mixer, with a chamber volume of 

120 cm3, equipped with roller rotors, a funnel, and a ram (Figure 3-1).  

The equipment had a built-in torque sensor, capable of continuously monitoring the torque during 

processing of the material. The batch mixer was heated to 250 oC and the rotor speed set to 50 rpm 

before graphite (80-90 g) was loaded in the mixing chamber of the rheomix batch mixer via the 

funnel and compacted via the loading ram. A fill factor of 2-2.5 was used for the TME batches in 

this work, but this can vary depending on the bulk density of the graphite used. Given the low bulk 

density of graphite, the loading procedure consisted of sequential loading and compacting stages, 

until the chamber was full, and the material could not be compacted any more, resulting in a torque 

reading of 5-15 N∙m. At this time the rotor speed was increased to 150 rpm and recording of the 

process began. As the TME process progressed, the torque increased as a result of the graphite 

volume increasing during exfoliation, thus exerting resistance to the rotor rotation. To maintain 

the torque at constant desired levels the ram was lifted as needed to maintain torque values within 

the desired limits. Lifting the ram increases the volume of the mixing chamber, thus relieving the 

pressure on the rotors and decreasing the torque. Achieving different torque levels is possible by 

choosing when to lift the ram, since the torque can reach values exceeding 180 N·m without any 
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adjustments to the equipment setup or procedure, which was seen during preliminary testing. The 

process was stopped at regular intervals for sampling. Once stopped, the bowl was opened and the 

material was mixed thoroughly before resuming the process to ensure all the graphite was 

processed in a homogenous manner.  

 

Figure 3-1: Schematic of the shear mixer to identify the rotors, inner chamber where samples are 

processed, and the adjustable ram used to control internal pressure. Rotor radius (Ri) = 18.31mm 

chamber radius (Ro) = 19.56mm  

A more detailed procedure and explanation of the process can be found in Appendix B: Detailed 

Thermomechanical Exfoliation Experimental Procedure. 

3.2.2 Characterization of Graphene Nanoplatelets 

X-Ray Diffraction (XRD) patterns were obtained with a Malvern Panalytical 

Empyrean diffractometer fitted with a PIXcel3D high speed detector. Samples were mounted in 

backpack sample holders. Analysis was carried out with Cu Kα radiation (Ni filtered), 0.04 rad 
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incident beam soller, 15 mm mask, 1/8º divergence slit, 1/4º anti-scatter slit, and 0.04º diffracted 

beam Soller. The count time was 60 s at 0.02º 2θ increments scanned from 5º to 90º 2θ with sample 

rotation at 2 s/revolution. 

Thermogravimetric analysis (TGA) was carried out using a Q500 TGA apparatus by TA 

Instruments. Samples (6 ± 0.5 mg) were heated from ambient temperature to 1000 °C under a 

50 mL/min flow of air. A heating rate of 10 °C/min from ambient temperature to 350 °C followed 

by 5 °C/min from 350 °C to 1000 °C was used and continuous recordings of the heat flow, sample 

temperature, sample weight and its time derivative were taken. TGA data was analyzed using 

MagicPlot Student 2.9 software for peak area calculations by fitting multiple Lorentzian functions 

to the data.  

The specific surface area (SSA) of the GNPs was determined by Brunauer-Emmett-Teller (BET) 

physisorption characterization. GNP samples weighing 0.2 g were first degassed at 150 °C for 24 h 

and then subjected to a multipoint BET physisorption analysis (Micromeritics ASAP 2010) for 

nitrogen relative vapor pressures in the range 0.05 - 0.3 at 77 K. Three replicates were done, and 

the 95% confidence interval associated is estimated at 3%.  

Raman spectroscopy was done on GNP samples deposited on silicon wafers using a Jobin-

Yvon/Horiba micro-Raman Spectrometer (Model: Lab RAM) equipped with a 632 nm He/Ne laser 

source, 1800 1/nm grating and an Olympus BX41 microscope system. The laser power at the 

sample was kept at 0.17 mW. The spectra were collected in the backscattered mode with the use 

of a filter at room temperature under the following conditions: 100x microscope objective, 500 µm 

pinhole size, 500 µm slit width, and 3x10 seconds exposure time. A GNP dispersion was prepared 

by sonicating a 5 mg/mL GNP/DCM dispersion in an ultrasonic bath for 20 minutes. The 

dispersion was then centrifuged for 20 minutes at 4500 rpm before pipetting the supernatant and 
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drop casting it onto Si wafers. The resultant spectra were smoothed using exponential smoothing 

with a damping factor of 0.9.  

Transmission Electron Microscopy (TEM) images were obtained for samples of GNPs dispersed 

in DCM. 0.5 mg/ml dispersions of GNPs were sonicated in DCM for 30 minutes, then centrifuged 

for 30 minutes at 4000 rpm. The supernatant was collected and deposited on a Formvar coated 

copper grid and imaged using a FEI Tecnai Osiris operated at 200 keV. Bright field images were 

taken with Gatan Digital Micrograph software with a CCD camera.  

Atomic Force Microscopy (AFM) imaging of GNP deposited on silicon wafers was performed 

using an MFP-3D Origins+ from Asylum Research AFM. The probe was an AC160TS-R3 in 

tapping mode. Samples were prepared by dispersing GNP in DCM at a concentration of 

0.05 mg/ml and bath sonicating for 10 minutes before spray coating a silicon wafer with a 

handheld Paasche VL airbrush at 0.2 bar. All images were taken in an area of 3 µm x 3 µm and 

were obtained at a 1 Hz scanning rate. The AFM images were then analyzed using Gwyddion 

image analysis software. A section of scanned surface with GNP deposited on silicon wafer was 

analyzed and its height profile of flakes was identified. 

Scanning Electron Microscopy (SEM) images were obtained using an MLA 650 FEG ESEM under 

vacuum for the graphite starting material and the GNP product. GNP samples were prepared using 

the same method as was used for AFM. Graphite samples were prepared for SEM differently than 

GNP samples because graphite does not disperse in solvents as readily as the GNPs, and the large 

particles risked clogging the airbrush. Graphite was dispersed in DCM at a concentration of 

0.5 mg/ml, then sonicated for 30 minutes in an ultrasonic bath before drop-casting it onto a silicon 

wafer. Using ImageJ, a representative range of particle lateral dimensions was found.  
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The XPS measurements were carried out with a Kratos AXIS Supra X-ray photoelectron 

spectrometer using a monochromatic Al K(alpha) source (15 mA, 15 kV). The instrument work 

function was calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic 

gold and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line 

of metallic copper. The Kratos charge neutralizer system was used on all specimens. Survey scan 

analyses were carried out with an analysis area of 300 x 700 microns and a pass energy of 160 eV. 

High resolution analyses were carried out with an analysis area of 300 x 700 microns and a pass 

energy of 10 eV. Spectra have been charge-corrected to the main line of the carbon 1s spectrum 

(graphitic carbon) set to 284.5 eV. Spectra were analyzed using CasaXPS software (version 

2.3.14).  

3.3 Results and Discussion  

3.3.1 TME Process 

In this work, we implemented a shear process, which is commonly used in thermoplastic melt 

compounding operations, to separate the graphene layers through the combined effect of elevated 

temperature and mechanical shear. Preliminary testing showed that elevated temperatures 

facilitated the delamination process; 250 oC was chosen as an upper limit to avoid equipment 

damage. The underlying assumption is that since the graphite layers are held together by van der 

Waals forces, the shear forces required to separate the graphite layers are relatively small. 

Macroscale shear experiments typically report that stresses of the order of 0.25-2.5 MPa are 

required to for layer separation [1, 31, 32], although the interlayer shear strength for defect-free 

single crystal graphite could be up to 0.14 GPa [31]. The presence of stacking faults would cause 

the graphite to delaminate more easily, thus justifying the wide range of stresses reported [31]. 

Generally it is accepted that the shear stress must be over 0.25 MPa for graphite containing 
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stacking faults [32]. Because of the uncertainty in the exact value of shear forces required to 

separate the graphite layers, two levels of shear stress were tested in this work. This was done by 

comparing two batches of GNP, processed at two different levels of torque. Intermediate samples 

taken throughout the process were analyzed as well to observe the evolution of the material at 

different energy inputs.  

The applied torque determines the shear stress exerted on the graphite and therefore has a direct 

effect on the final GNP product. The energy input is a function of the torque and time. A high 

torque means the power input (energy/time) is high, so a higher total energy can be achieved in a 

shorter processing time. The following section will compare a TME batch that was done at 30-

35 N∙m torque and had a total energy input of 2920 kJ to another batch which was done at 20-

25 N∙m torque and had an energy input of 1470 kJ. For simplification, the final products obtained 

from the low and high torque batches will be referred to as TME – 25 and TME – 35 respectively, 

the number indicating the maximum torque used for that batch.  

Figure 3-2 shows the energy input versus time for the high and low torque batches. The input 

energy was calculated by finding the area under the power versus time curve, as explained in 

Appendix A. The processing time for each batch was approximately the same, and the slope of the 

energy versus time plot represents the power output from the machine. Therefore, the average 

power of the TME – 35 batch was about double that of the TME – 25 batch, at 0.48 kW and 

0.25 kW, respectively.  
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Figure 3-2: Comparison of energy input and power for TME – 25 and TME – 35  

Considering the amount of product recovered in each run ranged between 41 and 48g, the total 

specific energy input was 35.8 kJ/g and 61.4 kJ/g for TME – 25 and TME – 35, respectively. It 

should be noted that this is not the specific energy requirement for exfoliation, but the total energy 

input to the material. Therefore, the specific energy input can be adjusted readily depending on the 

processing conditions. These specific energy input values are comparable to liquid-phase 

exfoliation (60 kJ/g) and lower than ball milling (300 kJ/g) [18, 20]. 

Figure 3-3 shows the evolution of torque and stress in the initial few minutes of the process. After 

the induction period, which lasted about 3-5 minutes, the torque started to rise rapidly, and soon 

reached the maximum torque limit for each batch. Assuming a Couette type geometry for the rotors 

rotating within the batch mixer [88], and a rotor radius of 18.31 mm and length of 46.48 mm, the 

corresponding stress reached about 2.5 x 105 N/m2 (or 0.25 MPa) for TME – 25 and 3.5 x 105 N/m2 

(or 0.35 MPa) for TME – 35. The dotted horizontal line at 0.25 MPa is the theoretical minimum 
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shear force required to exfoliate graphite into GNPs [1, 32]. The equations used to estimate the 

shear stress during TME are found in Appendix A. 

It should be noted that in TME – 35 the initial torque was higher, because of the higher compaction 

of the graphite by the ram (see also Figure 3-1), and the torque rose sooner than TME – 25 with a 

higher rate of increase. This difference was caused by using a higher fill factor in TME – 35 than 

TME – 25, but is not likely to affect the GNP product. 

 

Figure 3-3: Comparison of the initial torque rise for TME batches produced at 25 and 35 N·m; the 

dotted line representing the minimum stress required for exfoliation estimated from Blomquist et 

al. [32] 
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3.3.2 TME Product Characterization 

3.3.2.1 Imaging 

Figure 3-4 shows SEM images of the original graphite (Figure 3-4 A, B), TME – 25 (Figure 3-4 

C, D), and TME – 35 (Figure 3-4 E, F). These images show that the layered graphite flakes (Figure 

3-4 A, B) were converted into a mixture of micro-graphite fragments, together with sub-micron 

sized flakes (Figure 3-4 D - F). The SEM images in Figure 3-4 (C-F) clearly show the reduction 

in size and the nanoflake structure of the resulting GNPs. In Figure 3-4 (C, F) small flakes appear 

to be deposited on top of a larger flake. Image analysis reveals that the lateral dimensions of the 

GNP flakes range between 0.1 – 10 µm for both TME batches, with a bimodal distribution with 

peaks at 0.2 – 0.6 µm and 2 – 7 µm.  

 

  

(A) (B) 
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Figure 3-4: SEM images of (A) graphite (B) graphite (C) TME – 25 (D) TME – 25 (E) TME – 35 

(F) TME – 35 

Figure 3-5 (A-D) show representative TEM images of FLG flakes, with lateral dimensions of about 

100-200 nm.  According to the AFM imaging data (Figure 3-5 E, F), the flake thickness of 

TME – 25 is 0.9-3.5 nm and that of TME – 35 is ~1.6 nm. Based on a theoretical single atom layer 

thickness of 0.34 nm [89] and layer spacing of 0.335 nm [64], this flake thickness corresponds to 

about 2-7 graphene layers. Combining the thickness with the lateral dimension of each measured 

(C) (D) 

(F) (E) 
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flake, the aspect ratio is estimated to be up to 180 and 250 for TME – 25 and TME – 35, 

respectively.   

  

  

(A) (B) 

(C) (D) 
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Figure 3-5: TEM images showing few-layer graphene of (A) TME – 25 (B) TME – 25 (C) TME 

– 35 (D) TME – 35 (E) shows AFM image of TME – 25 with 0.9-3.5nm thickness and 160-310nm 

length, an aspect ratio of 70-180(F) shows AFM image and height profile of 3 GNP flakes from 

TME – 35, with thicknesses of 1.5-1.7nm and lengths of 200-400nm, aspect ratios of 120-250 
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3.3.2.2 Thermogravimetric Analysis (TGA)  

Buzaglo et al. have shown that TGA analysis is a powerful technique to differentiate GNP from 

graphite [86]. GNP combusts at a lower temperature than graphite because it has much fewer 

graphene layers and a higher specific surface area for oxidation.  

 

    

Figure 3-6: TGA analysis of graphite, TME – 25, and TME – 35 (a) mass loss plot (b) DTG plot 

Figure 3-6 (a) shows that the TME materials begin to combust at a much lower temperature than 

graphite. In the DTG plot, Figure 3-6 (b), the starting graphite shows a single peak, around 820 oC, 

in agreement with the observations by Buzaglo et al. [86]. The TME samples produce a bimodal 

DTG curve; the higher temperature peak corresponds to residual graphitic material, consisting of 

‘micrographite’ fragments, which combust at a slightly lower temperature than the initial graphite, 

apparently because of their smaller particle size (see Figure 3-4 c). The lower peak corresponds to 

the GNPs.  
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In both TME materials the area of the graphite peak is reduced significantly, whereas the GNP-

related peak is more pronounced. The area under each of the peaks in the DTG plot can be related 

to the relative composition of the material. By fitting Lorentzian functions to each, we estimate 

that TME – 25 contains around 60 wt% GNP, while TME – 35 contains 68 wt% GNP. This 

suggests that higher torque and energy input results in higher conversion to GNP. 

3.3.2.3 Specific Surface Area (SSA) 

The SSA of the starting graphite flakes, measured by BET, was 6.8±0.2 m2/g. The TME process 

resulted in a substantial increase of 330.6±9.9 m2/g and 433.4±13.1 m2/g, for TME – 25 and 

TME – 35 respectively. The theoretical SSA of monolayer graphene is 2630 m2/g [90], and the 

SSA of FLG is in the range of 280-1550 m2/g [91]. Based on the theoretical SSA of monolayer 

graphene, TME – 35 has an average thickness of roughly 6 layers/flake, and TME – 25 has an 

average of 8 layers/flake [90]. This agrees with the AFM characterization. Therefore, both GNP 

products are expected to contain a mixture of FLG and MLG. Given that both TME batches were 

processed for similar lengths of time, the significant increase in SSA in TME – 35 is attributed to 

the increased torque and consequently the higher total input energy.  

A concern with dry GNP flakes is that they may be prone to restacking of the layers upon storage 

[92, 93]. To test the stability of the dry material in storage, the TME – 35 was left to stand for 6 

months. The calculated SSA was found to be 424 m2/g, which is very close to the initial value, 

within measurement error. Therefore, we conclude that the material is stable at room temperature 

for at least 6 months of storage with no sign of restacking. 

3.3.2.4 X-Ray Diffraction 

The XRD patterns of the natural graphite show the characteristic high intensity (002) peak at 

2θ = 26o that confirms a highly organized crystalline structure of hexagonal graphite (Figure 3-7). 
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This peak appears in the same position for GNP but is less intense in the final GNP products. 

Notably, the peak is less intense in TME – 35 than TME – 25, which confirms that the higher 

torque led to more exfoliation. This reduction in intensity indicates delamination without lattice 

expansion, providing evidence of bulk exfoliation of graphite into GNP. 

  

Figure 3-7: XRD scans of Graphite, TME – 25, and TME – 35 in the range of (a) 0o<2θ<60o 

(b) 25.5o<2θ<27o 

Furthermore, the concentration of carbon structures is altered by the TME process. We can 

compare the relative intensity (area under the curve) of the peaks at 2θ=43.5o and 2θ=44.5o since 

they represent the proportion of Bernal ABAB structure (2H) and rhombohedral ABCA (3R) 

carbon structures, respectively [94].  The concentration of these carbon structures is important 

since graphene with the 2H arrangement are semi-metals with no band gap, whereas graphene with 

the 3R arrangement has a band gap of 6 meV. Our results show a 2H/3R ratio of 1.40 (58/42) for 

TME – 25 and 1.75 (64/36) for TME – 35, which is in the range of the 18 graphene-based materials 

tested by Seehra et al. [94]. The deconvolution of the peaks at 2θ=43.5o and 2θ=44.5o can be seen 

in Figure 3-8. 
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The 2H arrangement repeats every two graphene layers and the 3R arrangement repeats every three 

graphene layers. Therefore, a ratio of 60/40 means there are exactly equal amounts of carbon atoms 

in each phase [94]. This suggests that the TME material, with a 58/42-64/36 ratio, has roughly 

equal number of carbon atoms in each phase, which is beneficial as the 3R phase allows for GNPs 

to be used in semiconductor applications [94].  
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Figure 3-8: (a) comparison of the 2H and 3R peaks of graphite and TME – 35 (b) the intensity 

(area under the curve) of the 2H and 3R peaks of TME – 35, as calculated using Gaussian functions 

with MagicPlot 2.9 software 

3.3.2.5 Raman Spectroscopy 

Characteristic Raman spectra for graphite, TME – 25, and TME – 35 can be seen in Figure 

3-9. The G peak (1590 cm−1), caused by the in-plane optical vibration (degenerate zone center E2g 

mode), and D peak (1340 cm−1), associated with the first-order zone boundary phonons for these 
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materials are clearly visible [32, 33]. The intensity of the D (disorder or defect band) peak depends 

on the extent of defects, which represent disruptions to the carbon honeycomb lattice [33, 34]. 

This could be from edges, grain boundaries, in-plane vacancies, or a change in carbon 

hybridization [34]. The defect density can be quantified using the intensity ratio between the D 

band and the G band, ID/IG. The ID/IG ratio increases from graphite (0.30) to TME – 25 (0.53) and 

TME – 35 (0.49), which reveals a respective increase in defect density [33]. An increase in D band 

intensity (and therefore ID/IG ratio) can indicate size reduction in a material, since smaller particles 

contain more edge defects per unit volume. The full width at half maximum (FWHM) of the G 

band increases from graphite (17.6 cm-1) to TME – 25 (31.9 cm-1) and TME – 35 (25.7 cm-

1), which also is characteristic of reduced particle size in nanomaterials [35]. It can therefore be 

concluded that the particle size reduction is the reason for the ID/IG increase in TME 

materials. These results are consistent with the significant reduction in particle size observed in 

the SEM images of Figure 3-4. 

The 2D band, found at 2600-2800 cm-1, is assigned to the second order of zone boundary phonons 

[36]. Unlike the D band, it is not activated by defects, and therefore is always present in graphitic 

materials [36]. Its shape, location, and intensity are sensitive to the number of graphene layers 

present. The relative intensities of the G band and 2D bands allow us to estimate the number of 

layers by means of the ratio IG/I2D [36]. For monolayer graphene, the IG/I2D ratio should be 0.5 [37], 

and will increase as the number of layers increase, up to 3.5 for pristine graphite. The IG/I2D ratios 

for TME – 25 and TME – 35 were calculated to be 1.90 and 1.98, respectively, which suggest the 

presence of FLG in the samples [36, 38]. The corresponding value for graphite was 3.47. The 

results are summarized in Table 3-1. 
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The presence of FLG in this sample is further confirmed by the shape of the 2D band. For single-

layer graphene, the 2D band presents a single symmetrical peak with a FWHM of ~30 cm-1 [32]. 

For graphite, the 2D band is fit with two Lorentzian functions, as expected, and can be seen in the 

inset of Figure 3-9 [39]. Fitting the 2D band of TME – 25 and TME – 35 with 4 Lorentzian 

functions reveals that FLG (<5 layers) is present, based on their position [36]. The FWHM of the 

2D band for our TME samples were found to be 66-70 cm-1 which is expected for FLG, as 

confirmed by Robertson et al. [38].  
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Figure 3-9: Comparison of Raman spectra of graphite, TME – 25, and TME – 35. Insets show 

deconvolutions of the respective 2D bands 
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Table 3-1: D, G, and 2D band characterization from Raman spectroscopy for graphite, TME – 

25, and TME – 35 

 Graphite TME – 25 TME – 35 

 

D 

Band 

G 

Band 

2D 

Band 

D 

Band 

G 

Band 

2D 

Band 

D 

Band 

G 

Band 

2D 

Band 

Wavenumber 

(cm-1) 
1344 1585 2691 1351 1595 2695 1341 1581 2683 

D/G 0.30 0.53 0.49 

G/2D 3.47 1.90 1.98 

G band 

FWHM 
17.6 31.9 25.7 

 

3.3.2.6 X-Ray Photoelectron Spectroscopy  

Based on the XPS results in Table 3-2, there are minimal chemical composition differences 

between TME – 25 and TME – 35, but there is a difference between the starting graphite and the 

final GNP products. From the low-resolution scan, there is a minimal change in impurities. The 

high-resolution scan showed a decrease in C=C bonds of 11-14%, which results primarily from an 

increase in oxide groups. Both batches have an increase in carboxyl and carbonyl groups, which 

are only found on the edges of the graphene sheet [95].  An increase in these oxide groups suggests 

shorter lateral dimensions of the GNP particles compared to the starting graphite. Smaller particles 

have more edges, and thus would more readily form carbonyl and carboxyl groups. The increase 

in hydroxyl and epoxide groups means that in-plane functional groups are being incorporated into 

the GNP material [95]. Carbon-hydrogen and carbon-carbon bonds are mostly a result of other 

functional groups (carbonyl, epoxide) and are found along the edges of graphene sheets. An 

increase in these bond types also suggests a reduced particle size.  
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Table 3-2: Chemical composition analysis and comparison for graphite, TME - 25, and TME - 

35. Data collected by XPS 

Sample Low Resolution High Resolution 

 C 1s (%) O 1s (%) C=C (%) O-C=O (%) 

(carboxyl) 

 

C=O (%) 

(carbonyl) 

 

C-OH, C-O-C 

(%) 

(hydroxyl, 

epoxide) 

C-H, C-C 

(%)  

Graphite 97.2 2.4 96.3 0 0.6 3.1 0 

TME - 25 94.6 4.1 82.4 2.4 2.4 7.8 5.1 

TME - 35 94.1 3.8 84.8 2.4 2.4 7.6 2.8 

 

The lack of differences in chemical composition between TME – 25 and TME – 35 suggests that 

the torque level used during processing has minimal effect on the chemical composition of the 

final product. This means the process could be carried out at other torque levels without 

introducing chemical defects.   

3.3.3 Material Evolution during the TME Process 

We have studied the transformation from graphite to GNPs during the TME process, to provide 

more insight on the mechanism of exfoliation and the corresponding energy requirements. For 

illustrative purposes, we present the evolution of the TME – 25 material, which was processed at 

a torque of 20-25 N∙m (shear stresses in the range of 0.2-0.25 MPa, and specific energy 

requirement of 35.8 kJ/g, or 9.72 kWh/kg), at various times throughout the process. 

As the samples evolve from graphite to GNPs, they are often a mixture between both materials. 

For this reason, samples are named G – XX, where XX will represent the number of minutes the 

material had been processed at the time of sampling. The starting graphite is therefore G – 00, and 

the final material is G – 95. 
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3.3.3.1 X-Ray Diffraction 

As discussed in the XRD results above, the peak at 2θ=26.5o can be used to compare the relative 

extent of exfoliation. In Figure 3-10 is the XRD scan for samples G – 00, G – 32, and G – 95. The 

scan in Figure 3-10 shows the decrease in peak intensity at longer processing times, showing 

evidence of increased exfoliation at as time progresses.  

 

Figure 3-10: XRD spectra for G – 00, 32, and 95 focused on the peak at 2θ=26o  

3.3.3.2 TGA Analysis 

In addition to the characterization of the final product, TGA can be used to track the formation of 

GNP in the TME intermediates. The temperature at which half the material has combusted is the 

T1/2, and the difference between the initial and final combustion temperature is the combustion 

temperature range (ΔT); these two quantities can serve to track the changes occurring during 

exfoliation of graphite. The T1/2 represents the type of material and ΔT can be used to characterize 

the polydispersity in particle size [86]. 
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The T1/2 values calculated from the TGA curves shown in Figure 3-11 (a) can be used to estimate 

the composition of the material [20]. The starting graphite has a T1/2 above 800 oC, as shown in 

Table 3. The shift of the T1/2 to lower temperatures, shown in Table 3, suggests the formation of 

increasing amounts of GNPs. The transition can be better represented by the DTG curves (Figure 

3-11 b), which show the presence of peaks, corresponding to the type of material present (Table 

3-3). 

Table 3-3: TGA analysis of samples G – 00 to G – 95, showing the GNP and Graphite peak 

temperatures, T1/2, ΔT, and GNP wt% 

 GNP Peak 

Temp. (oC) 

Graphite Peak 

Temp. (oC) 

T1/2 (oC) ΔT 

(oC) 

Sample Composition 

(Wt% GNPs)* 

G - 00 - 822 816 143 - 

G – 09 - 835 797 188 - 

G – 13 - 831 799 212 - 

G – 19 - 827 787 238 - 

G – 25 620 828 784 360 35 

G – 32 607 817 767 359 40 

G – 41 600 812 751 365 41 

G – 54 590 799 695 347 50 

G – 72 589 792 678 336 59 

G – 95 596 794 656 310 61 

 

*Found by fitting Lorentzian functions 
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Figure 3-11: a) TGA curves of G – 00 to G – 95 b) Derivative TGA of G – 00 to G – 95, both 

showing the evolution of the TME material with respect to processing time.  

In Figure 3-11 (b) the starting graphite material has a peak at 822 oC. As time progresses, this peak 

not only shifts to lower temperatures, but a second peak begins to appear at around 575 oC beyond 

20 minutes of processing. We postulate that this peak corresponds to the formation of GNPs, as 

the graphite gradually delaminated. The magnitude of this peak increases, whereas the magnitude 

of the original graphite peak decreases, as more of the material is delaminated. 

Due to the bimodality of the DTG plot, we can therefore distinguish between the GNP and 

graphite phases of the TME product.  

The ratio of the area under the GNP peak and the graphite peak may be correlated to the 

composition of the TME product [21]. This ratio, and thus relative composition of GNP, increases 

as TME processing time increases, which follows the hypothesis that as TME processing time 

proceeds more graphite is converted to GNP. Therefore, at 95 minutes of TME processing time, 

the product contains about 60 wt% GNP. It should be noted that the graphite peak persists in all 

the GNP samples, suggesting that fragments of unexfoliated micrographitic material remained in 
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the final product. This could be due to inadequate mixing, or dead spots in the mixer, or to the 

need to extend the processing time, and suggests the need for process optimization. As noted in 

section 3.3.2, increasing the torque to 35 N.m resulted in an increase in the fraction of GNPs. 

The GNP and graphite peak temperatures also decrease as TME processing time increases, as 

shown in Table 3-3, which shows the progression of the peak temperature with time. The decrease 

in overall T1/2 is primarily due to increased GNP content as a result of exfoliation, whereas the 

decrease in peak position is due to fragmentation of graphite and GNP flakes [86]. Fragmentation 

causes a reduction in mean lateral dimension (MLD), which causes the material to combust at 

slightly lower temperatures [86]. The GNP peak shifts from 620 oC to 596 oC and the graphite 

peak shifts from 822 oC to 792 oC.   

Furthermore, as seen in Table 3-3, there is a significant increase in ΔT from the graphite sample 

to G – 25, which is likely attributable to the presence of both micrographitic and GNP material in 

the sample, resulting in a wide particle size distribution, in agreement with the SEM 

characterization (Figure 3-4). However, the ΔT decreases as TME processing time increases 

beyond G – 41, which suggests the material is becoming more uniform.  

3.3.3.3 Specific surface area 

TME processing resulted in a substantial increase in SSA with time (Figure 3-12), indicative of 

graphite delamination.  



56 

 

  

Figure 3-12: Evolution of SSA of GNP with respect to TME processing time, for both TME – 25 

and TME – 35 batches 

TME – 25 had a maximum SSA of about 330±9.9 m2/g after 95 minutes of processing, whereas 

TME – 35 had a maximum of 433±13 m2/g after 103 minutes, which can be attributed to the higher 

energy input, as explained earlier in section 3.3.2. The material’s SSA increases throughout the 

process, suggesting a transition from graphite to a mixture of FLG and MLG; longer processing 

times should result in increased conversion to GNPs having fewer number of layers. The DTG 

results (Figure 3-11 b) showed a bimodal curve, indicative of the presence of both GNPs and 

residual micrographite, Therefore, it is likely that the transition does not occur uniformly to all 

graphite particles, but rather the action of shear continuously delaminates some graphite into GNP, 

while other graphite particles remain unaffected.  
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3.3.3.4 Critical Energy Threshold for Exfoliation 

A critical energy threshold for exfoliation is commonly reported for many GNP production 

methods, such as ball milling or liquid phase exfoliation [18, 20]. Figure 3-13 shows plots of the 

T1/2 obtained from TGA analysis, and the SSA from the BET analysis, against energy input. For 

this analysis, intermediates from both the TME – 25 and TME – 35 batches were used. A critical 

energy threshold, estimated to be in a band around 700 kJ of input energy (~14kJ/g), can be 

identified at the point where the slopes of the T1/2 and SSA curves change with energy, from a 

linear trend, to levelling off, as seen in Figure 3-13.  

The change in the slope happens over a relatively broad range, and coincides with the appearance 

of the secondary peak, attributed to the formation of significant amounts of GNPs (Figure 3-11 b). 

These observations suggest that the existence of a critical energy threshold corresponds to a change 

in the mechanism of graphite fragmentation/delamination during the TME process. 
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Figure 3-13: Plot of T1/2 and SSA vs. Energy input, used to find the critical energy threshold (red 

arrow) 

Prior to the threshold value, the T1/2 decreases precipitously, and the SSA increases rapidly. During 

the initial phases of this stage, the graphite peak temperature shows a reduction, but the amounts 

of GNP formed are very low (Table 3-3 and Figure 3-11 b).  

During this stage, graphite is likely eroded and fragmented into much smaller micrographite 

particles (Figure 3-14). The compressive forces occurring at the walls of the mixing chamber are 

sufficiently high to cause fragmentation [96], which entails breaking carbon-carbon bonds. 

Additionally, throughout the process graphite particles are continuously rubbing against each other 

under high compression forces and temperature, causing erosion. Erosion is evident from the 

rounded shape of the GNPs seen in Figure 3-4 (d) and (f), and from the extremely short lateral 
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dimensions of GNPs in Figure 3-5 (a) and (c). Erosion differs from fragmentation since erosion 

breaks small pieces off a large graphite flake, requiring minimal carbon-carbon bonds to break. 

Erosion is a side-mechanism that likely occurs throughout the entire process but should occur more 

often in the beginning of the process when there is high graphite content and higher friction 

between the compacted graphite particles. 

The formation of smaller micrographite particles results in a lower combustion temperature, and 

broader T, because of the broader particle size (see also Table 3-3). These changes also cause a 

rapid increase in specific surface area, as seen in Figure 3-13.  

However, after the threshold, both trends show signs of leveling off. We propose that after the 

critical energy threshold is met, the stress is sufficient for the platelets to start separating and 

delamination begins to dominate. During this stage the micrographite is primarily being 

delaminated, which reduces the thickness of each flake, without necessarily reducing further the 

lateral dimensions. Reducing the thickness results in the formation of MLG and later FLG GNP, 

which has a lower T1/2 and higher SSA than micrographite. 

As this is a more energy intensive process, the rate of change of the T1/2 and SSA is reduced. It is 

suspected that fragmentation and erosion may still occur and this can be seen by the slight 

reduction in peak position of the GNP peaks in the DTG plots in Table 3-3 and Figure 3-12 (b).  
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Figure 3-14: Conceptual schematic showing fragmentation and delamination of graphite during 

the TME process  

3.4 Extent of Applicability  

The characterization results shown were for batches of GNPs produced from graphite having flake 

size of -325 mesh and >99% purity. It is important to mention that this process has been 

successfully conducted using a range of different starting graphitic materials. We have used a range 

of sizes from -325 mesh to +20 mesh flake graphite, expanded graphite, and turbostratic graphite. 

The starting graphitic materials used varied in lateral dimensions (mesh size), thickness, 

combustion temperature, purity, and bulk density. The post-process products varied depending on 

the starting material, but all showed evidence of bulk exfoliation into GNP. The GNP products 

varied in size, specific surface area, combustion temperature, and percent conversion to GNP. The 

change in SSA is a quick, quantitative method of showing exfoliation (Table 3-4) which shows 

that the TME process is adaptable to many different varieties of starting graphitic materials.  
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Table 3-4: SSA of various graphitic materials before and after TME processing 

Sample Initial SSA (m2/g) Final SSA (m2/g) 

<44 µm Graphite 6.8 330 to 430 

>800 µm Graphite <5 364 

Expanded Graphite 44 ~400 

Turbostratic Graphite (~3 µm) 8 232 

3.5 Conclusions 

Graphene nanoplatelets containing FLG were produced by the exfoliation of graphite via a novel 

thermomechanical process. This process yields high purity graphene products with low amounts 

of defects on a scale that can be easily converted to pilot processes, using readily available 

commercial equipment with a specific energy requirement as low as 35 kJ/g. The GNP product 

was characterized using a range of bulk and surface characterization methods. XRD showed 

evidence of bulk exfoliation based on reduced peak intensity at 2θ=26o. SEM, TEM, and AFM 

imaging revealed the presence of few layered graphene with lateral dimensions of 0.1-1.5 µm and 

aspect ratios reaching 250. Raman spectroscopy showed a ID/IG ratio of 0.49, which can be 

attributed to edge effects due to fragmentation. An IG/I2D ratio of 1.98 and deconvolution of the 

2D band both suggest FLG is present. TGA revealed that conversion depends on processing time 

and energy input. Using 35 N·m torque and 2920 kJ energy input, up to 68 wt% of the graphite 

was converted to GNP. BET showed an approximately linear increase in specific surface area with 

respect to processing time, reaching up to 433 m2/g after about 100 minutes, and equating to an 

average of 6 layers/flake. BET and TGA data were combined to find a critical energy for 

exfoliation at 700 kJ; below this value the dominant mechanism is fragmentation, whereas above 

this delamination occurs.   
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Chapter 4: Polyamide Composites  

4.1 Introduction 

Polyamide (PA) is an engineering polymer commonly used in applications that require high heat 

and corrosion resistance, as well as good processability, such as many engineering fibers, fabrics, 

and automotive parts [97, 98]. Due to the high cost, it is beneficial to use it in composite form, 

filled with reinforcing additives, such as glass fibers. Glass fiber fillers are used up to 50 wt% 

loadings in PA and can offer significant mechanical property enhancements [51-53]. Recently, 

there has been increased demand for functional thermoplastics having a range of properties, 

including thermal conductivity [63], high modulus, impact resistance [28], and electrical 

conductivity [27]. Such requirements can be fulfilled by carbonaceous fillers, such as carbon 

nanotubes (CNTs) [99], carbon black [100], and most recently graphene nanoplatelets (GNP) [101] 

[102]. Recently there has been significant research focus on GNP filled composites because of the 

superior property enhancing effects of graphene-based fillers [20, 22, 97].  

Ability for large scale production is important for more wide-spread acceptance of this technology. 

Graphene composites with good filler dispersion can be produced via in-situ polymerization, but 

usually require graphene oxide (GO) as the starting material, since the functional groups allow the 

monomer to bond to the graphene surface. The resultant composite can be reduced to remove 

residual functional groups, thus restoring electrical conductivity, but this technology poses 

environmental and process safety hazards due to the use of harsh solvents, such as sulfuric acids, 

and reducing agents, such as hydrazine [15, 69, 73, 103, 104]. The other major drawback to in-situ 

polymerization is the adverse effect of GO on reaction kinetics and conversion. GO/polystyrene 

composites experienced a 50% reduction in overall conversion at just 1.0 wt% GO [69]. For these 
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reasons it is typically more industrially relevant to produce graphene composites via melt 

compounding.  

Melt compounding is ideal for industrial applications because it does not require solvents and can 

be easily integrated with extrusion or injection molding processing [105]. The main challenge to 

overcome with melt blending is achieving good filler dispersion. To accomplish this, the filler and 

matrix need to have similar surface energies, otherwise the filler will aggregate within the matrix 

[42]. The composite properties are heavily dependent on filler dispersion, which is why achieving 

a uniform dispersion is so important [106]. Many methods are commonly used to improve filler 

dispersion, including polymer grafting, esterification, or covalent and non-covalent modification 

[106, 107]. Furthermore, melt blending can also be conveniently used to combine two or more 

thermoplastics as matrices, to achieve a wide range of properties. Yan et al. prepared polyamide 

12/reduced graphene oxide (rGO)/polyethylene-octene rubber composites via melt blending, 

which had an electrical percolation of 0.3 vol% [108]. Liu et al. prepared GNP/polyamide 6 

composites via melt blending in a twin-screw extruder. The composites have improved flexural 

strength and modulus, as well as electrical percolation at 12 wt% [109]. Russo et al. prepared 

polyamide 6/GNP composites by melt compounding and found a decrease in crystallinity of up to 

4.5% at 5 wt% GNP loading. They saw an increase in flexural modulus of ~50% at 5 wt% GNP 

loading, but the tensile strain at break was reduced from 30% for neat PA 6 to 7% in the composite 

[98].  

Ho et al. studied the addition of flake graphite and expanded graphite (EG) to polyamide 6, 12, 

along with using a maleated ethylene-octene copolymer as an impact modifier [42]. They found 

that both flake graphite and EG could be delaminated in situ with melt blending, producing 

delaminated tactoids. Due to the increased interlayer spacing of EG compared to graphite, EG 
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delaminated more readily, resulting in better properties [42]. These composites had a higher 

increase in flexural modulus, lower electrical percolation, and higher thermal conductivity 

compared to the flake graphite composites. PA was identified as being particularly beneficial in 

terms of its compatibility with graphitic fillers, owing to the similarity in surface energies, which 

avoids the needs of functionalization or other surface treatments.  

In the present work, GNPs were produced from flake graphite via a patent pending, 

environmentally friendly, and scalable thermomechanical exfoliation process developed at 

Queen’s University, as explained in Chapter 3 [110]. The process produces GNPs in sufficient 

quantities for compounding operations at relatively low cost. We have previously demonstrated 

that GNPs produced from EG using the TME process resulted in polypropylene composites with 

improved mechanical properties, electrical percolation at 11 vol%, and up to 350% increase in 

thermal conductivity [29, 111]. The PP composite foams had improved cell morphology compared 

to the neat polypropylene, and 700% increase in compressive modulus [111]. The objective of the 

present work is to test the potential of GNPs produced by the TME process as a functional filler to 

improve the conductivity and mechanical properties of PA 6,12, and to compare the performance 

of GNP/PA composites to that of Graphite/PA composites. Following detailed characterization, 

the GNPs produced from flake graphite are added to polyamide 6, 12 (PA) at filler loadings up to 

40 wt%. Ethylene-octene copolymer (EOC) is further used as an impact modifier. The composites 

are tested for their mechanical, thermal, electrical, and rheological properties.  

4.2 Experimental 

4.2.1 Materials 

Polyamide 6,12 (PA), Zytel 151, was obtained from Du Pont Canada. Flake graphite (-325 mesh, 

99% purity) was purchased from Sigma Aldrich and used as-received. Maleated ethylene-octene 
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copolymer (EOC), Exxelor MDEX 95-2, was obtained from ExxonMobil Chemicals. 

Dichloromethane (DCM) was purchased from Fisher Scientific and used as-received. Graphene 

nanoplatelets (GNPs) were produced via TME, as explained in Chapter 3, using a torque range of 

30-35 N·m, temperature of 250 oC, and input energy of 3000 kJ. 

4.2.2 Filler Characterization Methods 

The specific surface area of the fillers was measured using multipoint Brunauer-Emmett-Teller 

(BET) physisorption (Micromeritics ASAP 2010). Samples were first outgassed for 24 hours at 

150 oC before being analyzed at 77 K in a relative pressure range of 0.05-0.30. 

X-Ray diffraction was conducted using a Malvern Panalytical Empyrean diffractometer fitted with 

an PIXcel3D high speed detector. Samples were mounted in backpack sample holders. Analysis 

was carried out with Cu Kα radiation (Ni filtered), 0.04 rad incident beam Soller, 15 mm mask, 

1/8º divergence slit, 1/4º anti-scatter slit, and 0.04º diffracted beam Soller. The count time was 60 

s at 0.02º 2θ increments scanned from 5º to 90º 2θ with sample rotation at 2 s/revolution. 

Raman spectroscopy was done on a Jobin-Yvon/Horiba micro-Raman Spectrometer (Model: Lab 

RAM) equipped with a 632 nm He/Ne laser source, 1800 1/nm grating and an Olympus BX41 

microscope system. The laser power at the sample was kept at 0.17 mW. The spectra were 

collected in the backscattered mode with the use of a filter at room temperature under the following 

conditions: 100 microscope objective, 500 µm pinhole size, 500 µm slit width, and 3x10 seconds 

exposure time. The GNPs and graphite particles were first dispersed in DCM at 5 mg/ml and bath 

sonicated for 20 minutes before centrifuging at 4500 rpm for 20 minutes and pipetting the 

supernatant. The supernatant was then drop-cast onto silicon wafers and allowed to dry at room 

temperature. The spectra were smoothed using exponential smoothing with a damping factor of 

0.9.  
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4.2.3 Melt Compounding and Compression Molding 

The PA was dried at 60 oC for 72 hours prior to melt compounding. A Haake Polylab torque 

rheometer connected to a Rheomix 600QC batch mixer equipped with counter-rotating roller 

rotors was used to melt compound the composites. For all batches, a total of 40g of material was 

melt compounded. The batch mixer was pre-heated to 220 oC. PA, optionally EOC, and the 

corresponding filler were premixed in a beaker at the desired composition, and manually stirred 

before loading in the batch mixer. Composites were mixed for 6 minutes at rotor speeds of 

150 rpm. All neat samples were melt compounded under the same conditions as the composites to 

prevent procedural variations.  

Compression molding was done with a Carver hydraulic press. For consistency, compression 

molding was done 24 hours after melt compounding for all samples at 230 oC for 90 seconds at 

2500 psi. Samples were cooled to room temperature under pressure in a Dake Arbor press.  

4.2.4 Flexural Modulus 

Flexural modulus testing was done using a Universal Tester (Instron 3369) following ASTM D790 

standards [112]. Samples were compression molded into rectangular bars measuring 3mm × 

12.5mm × 125mm, under the conditions described above. At least five samples were tested at each 

composition.  

4.2.5 Impact Strength 

Impact strength was measured using Izod Notched Impact Tester (SATEC System Inc.). Izod 

impact (notched) testing was used and followed ASTM D256 standard [113]. At least five samples 

were tested for each composition. Samples were compression molded rectangular bars measuring 

3mm × 12.5mm × 62.5mm, and notched.  
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4.2.6 Thermal Conductivity  

Thermal diffusivity data was collected via laser flash analysis (LFA), conducted at the Université 

de Sherbrooke, Plateforme de Recherche et d’Analyse des Matériaux (PRAM). Samples were 

prepared by compression molding a thin sheet of composite to 1mm thick, then using a hole punch, 

cutting circular discs 12.5 mm in diameter. The LFA instrument used was an LFA 457 Microflash 

from Netzsch. Analysis was conducted in nitrogen atmosphere at room temperature (22-23 oC), 

type: single layer, with an indium antimonide (InSb) sensor, using the Cowan + pulse correction 

diffusivity model, voltage of 2974V.  

Thermal diffusivity data was used in conjunction with specific heat capacity measurements 

collected via differential scanning calorimetry (DSC), and density measurements collected via an 

Alfa Mirage MD-200S densimeter following ASTM D792-20 [114].  

4.2.7 Differential Scanning Calorimetry 

DSC was performed on a TA instruments DSC Q1000 on the compression molded samples. The 

temperature was ramped from room temperature to 250 oC at 10 oC/minute (first heating curve), 

held isothermally for 1 minute, then cooled to -50 oC at 5 oC/minute, held isothermally for 1 

minute, then heated to 250 oC at 5 oC/minute (second heating curve).  

The degree of crystallinity, χ, was calculated after correcting the heat of fusion for the amount of 

filler in the composite.  

𝜒 =
Δ𝐻𝑓 − Δ𝐻𝑐

𝑤 × Δ𝐻𝑓,100%
× 100% 
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where ΔHf is the heat of fusion found with the second heating curve, ΔHc is the heat of cold 

crystallization, ΔHf,100% is the heat of fusion for a 100% crystalline polyamide 6,12, estimated at 

258 J/g [42], and w is the weight fraction of polymer in the composite.  

4.2.8 Imaging  

Transmission electron microscopy (TEM) for composites without EOC was conducted on a FEI 

Tecnai G2 F20 equipped with a Gatan Ultrascan 4000 CCD camera Model 895 operating at an 

accelerating voltage of 200 keV. Composites with EOC were imaged with a Thermo Scientific 

Talos F200X G2 S/TEM equipped with a Ceta 16M 4k x 4k CMOS camera. Samples were 

sectioned with a Leica UC7/FC7 cryo-ultramicrotome at -100oC. Thin sections 50-70 nm thick 

were transferred to 200-mesh Cu grids with Formvar supports. 

Scanning electron microscopy (SEM) images were obtained on an MLA 650 FEG ESEM under 

high vacuum. The fracture surface from impact testing was imaged for each sample. Composites 

containing EOC were dispersed in xylene heated to 120 oC and stirred for 1 hour to etch the EOC 

phase prior to imaging. GNP samples were first dispersed in DCM at 0.05 mg/ml and bath 

sonicated for 10 minutes before spray coating the dispersion on to a silicon wafer with a handheld 

Paasche VL airbrush at 0.2 bar. Graphite samples were dispersed in DCM at 0.5 mg/ml, bath 

sonicated for 30 minutes, and drop-cast onto a silicon wafer. This preparation was different 

because graphite does not disperse in DCM as easily as GNP, and the larger particle size could 

clog the airbrush.  

4.2.9 Rheology 

Samples for rheological testing were prepared using compression molding to form samples 25 mm 

in diameter and 1 mm thick. A stress-controlled rheometer, Reologica StressTech, with 25 mm 

parallel plate fixtures were used in the oscillatory mode with a gap of 0.8 mm. Samples were 
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loaded at 230 oC and allowed to melt for 3 minutes. Stress sweeps from 1 to 100 Pa at a frequency 

of 0.1 Hz were conducted on all samples to find the linear viscoelasticity region. Frequency sweeps 

are performed on all samples at a frequency range of 0.01 to 16 Hz and a stress range of 20 to 

235 Pa. All samples were tested 3 times to ensure reproducible results. 

Samples that were too viscous for the Reologica were tested on an Alpha Technologies Advanced 

Polymer Analyzer 2000 Rheometer. Strain sweeps from 0.02o to 5o at 1 Hz were done on all 

samples to find the linear elasticity region. Frequency sweeps were performed at 0.1o strain over a 

frequency range of 0.5 to 30 Hz. All samples were tested 2 times.  

4.2.10 Electrical Conductivity 

The electrical volume resistivity was found by testing samples with an Electro-Tech Systems 

Volume Resistivity Test Cell connected to a Keithley 8009 electrometer for samples with 

resistivity above 107 Ω∙cm. These samples were compression molded into thin circular sheets 

measuring 80 mm × 80 mm × 1mm. The volume conductivity was calculated as the inverse of the 

volume resistivity (Equation (4-1)). 

𝜎 =
1

𝜌
          (4-1) 

where 𝜎 represents volume conductivity and 𝜌 represents volume resistivity. Samples with a 

resistivity below 107 Ω∙cm were unmeasurable with the electrometer. These samples were tested 

by applying a thin layer of silver nanoparticle paste to both sides of a compression molded square 

(10 mm x 10 mm x 1 mm) of composite, then using an Agilent 34401A multimeter equipped with 

probes to measure the resistance. The volume resistivity was calculated using Equation (4-2).  

𝜌 = 𝑅
𝑙∗𝑤

ℎ
        (4-2) 
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where R represents resistance, l represents length, w represents width, and h represents the 

thickness. Five replicates were done for each sample to ensure reproducible results.  

The electrical conductivity was modelled by fitting a power-law model above and below the 

electrical percolation threshold [29].  

𝜎 = 𝜎𝑚𝑎𝑡𝑟𝑖𝑥 (
𝜙𝑐−𝜙

𝜙𝑐
)

−𝑠

, 𝜙 < 𝜙𝐶      (4-3a)                

𝜎 = 𝑚 (
𝜙−𝜙𝑐

1−𝜙
)

𝑡

, 𝜙 > 𝜙𝑐      (4-3b) 

where σ is the conductivity of the measured composite, σmatrix is the conductivity of the neat matrix, 

φ is the volume fraction of filler of the tested composite, φc is the percolation threshold of the filler, 

s and t are critical exponent factors below and above the percolation threshold respectively, and m 

is a constant. 

4.3 Results and Discussion 

4.3.1 Filler Characterization 

The GNPs used in this work were produced via thermomechanical exfoliation, which utilizes shear 

forces to exfoliate flake graphite into smaller, thinner GNP. The resulting flake structure can be 

seen in the SEM images in Figure 4-1. Flake graphite contains primarily large, multilayered flakes 

(Figure 4-1a and b) whereas the TME process produces smaller few to multi-layered flakes (Figure 

4-1 c and d).  
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Figure 4-1: SEM imaging of (a) graphite 20µm scale bar (b) graphite 5 µm scale bar (c) GNP 1µm 

scale bar (d) GNP 1µm scale bar 

The specific surface area (SSA) of the GNPs is 402±12 m2/g, a significant increase from 6.8 m2/g 

in graphite. This is a result of shearing the graphene layers of the graphite apart during the TME 

process. Given the SSA of monolayer graphene is 2630 m2/g, the average number of layers per 

GNP flake is estimated to be around six to seven.  

(a) (b) 

(c) (d) 
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XRD characterization of the bulk graphite and GNP presented in Figure 4-2 (a) shows the 

characteristic (002) peak, which is much less intense in the GNP sample compared to graphite. 

This represents a significant reduction in π-π bonding, indicating the GNP has fewer graphene 

layers, because of the exfoliation process. 

 

 

Figure 4-2: Characterization of graphite and GNPs, (a) XRD showing peak at 2θ=26o (b) Raman 

spectra showing D, G, and 2D peaks, with insets to show the deconvolution of the 2D peaks 

Raman spectra of graphite and GNPs were analyzed using the characteristic D, G, and 2D peaks, 

located at wavenumbers of 1340 cm-1, 1600 cm-1, and 2700 cm-1, respectively (Figure 4-2 b). The 

ratio of the intensity of the D peak to the G peak is used to quantify the defect density. An increase 

in ID/IG of 0.30 to 0.49 is most likely the result of the smaller flakes having more edges, which 

causes a more intense D peak. Deconvolution of the 2D peak was used to estimate the number of 

graphene layers present in the sample. The graphite 2D peak is deconvoluted with 2 Lorentzian 

functions, indicative of multiple layers of graphene, as expected in graphite. The GNP 2D peak is 

deconvoluted with 4 Lorentzian functions, indicative of few-layer graphene. Finally, the ratio of 
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the intensity of the G peak to the intensity of the 2D peak can also give an estimate of the number 

of graphene layers present. For graphite, the IG/I2D is 3.5, which is expected for graphite and once 

again means the sample has multiple layers of graphene. For GNP, this ratio decreases to 1.9; 

values below 2.5 are representative of the presence of few layer graphene [115, 116]. It is noted 

that the limiting minimum ratio of 0.5 is found in monolayer graphene [117].  

4.3.2 Composite Characterization 

4.3.2.1 Imaging 

Imaging was done to observe the dispersion of filler throughout the matrix. Good dispersion 

without aggregates benefits the mechanical properties, because large aggregates may create weak 

spots in the composite, which initiate cracks when strained.  

TEM and SEM images in Figure 4-3 and Figure 4-4 respectively show that the fillers are uniformly 

dispersed throughout the matrix, with no signs of aggregation.  This result can be explained on the 

basis of the surface energies of PA 6, 12 and GNP, which are 43.4 mJ/m2 and 42.9 mJ/m2, 

respectively [42]. Because the surface energies are so similar, there is no need for compatibilization 

to achieve good filler dispersion. 
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Figure 4-3: TEM images of 10wt% GNP/PA at scale bar of (a) 1µm and (b) 200nm 

  

(a) (b) 

(a) (b) 

GNP 
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Figure 4-4: SEM images of PA composites with (a) 10wt% GNP (b) 20wt% GNP (c) 10wt% 

Graphite (d) 20wt% Graphite 

Image analysis of the TEM images revealed that the GNP flakes are 50-500 nm in length, whereas 

graphite particles range from 5-30 µm as seen from the SEM images. Close examination of the 

graphite images (Figure 4-4 c and d) revealed some flakes that appear to be exfoliated into thinner 

flakes, which suggests that the shear forces generated during the melt blending process are 

sufficient to delaminate graphite. This has been reported previously by Ho et al. who observed in 

situ delamination of graphite and expanded graphite when melt blending those fillers with PA [42].  

4.3.2.2 Electrical and Rheological Percolation Thresholds 

Electrical percolation is reached once the conductive filler particles form an interconnected 

network throughout the matrix. The connected filler can transfer electrons along the network, 

resulting in electrical conductivity.  

The addition of graphite and GNP resulted in dense networks, as shown in Figure 4-3 and Figure 

4-4. The GNP/PA composite followed typical percolation behaviour, with an electrical percolation 

threshold at 29 wt% (16 vol%), as determined by fitting equations 3a and 3b to the data shown in 

(c) (d) 

GNP 
GNP 

Graphite 



76 

 

Figure 4-5. On the other hand, the conductivity of graphite/PA composites increased in a more 

gradual manner and did not follow percolation theory. Ho et al. [29, 42] showed that larger, 

micron-sized aggregates do enhance the electrical conductivity at low filler loadings, but at the 

expense of lower overall electrical conductivity at higher loadings. It is noted that the graphite 

used by Ho et al. had larger particle sizes (45-220μm) than the graphite used in this study (<44μm), 

and they saw that graphite was able to percolate. This suggests that larger sized graphite has 

enhanced capacity to percolate compared to the graphite used in the present study. The GNP filled 

composites exhibit a much larger increase in electrical conductivity compared to graphite because 

it has a larger surface area and higher aspect ratio. This means that at equal filler loadings, the 

GNPs form a more extensively and uniformly connected network throughout the matrix, compared 

to graphite.  

An important concept when discussing electrical percolation in an insulating matrix is tunneling. 

Tunneling occurs when the filler particles are close together but separated by an insulating material 

yet are still able to transport electrons. This distance is estimated to be a few nanometers [42]. 

Tunneling is important for these well-dispersed fillers because the lack of aggregation means that 

creating a network of filler that is physically connected will require a very high filler loading [60]. 

This explains the high electrical percolation threshold, compared to other fillers like CNTs. 
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Figure 4-5: Electrical conductivity of Graphite/PA and GNP/PA composites. The line shows the 

power-law model fitting the GNP/PA composites according to equation 4-3a and 4-3b, with fit 

parameters s=2, m=5, t=2.5 

Similar to electrical percolation, rheological (or geometrical) percolation occurs when the filler 

particles form an interconnected network within the polymer matrix. Rheological percolation is 

seen when the viscosity and modulus of the melt increases exponentially at a specific filler loading, 

and occurs because the filler is constraining the motion of the polymer chains [29, 118]. This 

percolation threshold is typically lower than the electrical percolation threshold because the 

particles do not need to physically touch to constrain the motion of the polymer chains [119]. 

Figure 4-6 shows the reduced modulus, Gr’, versus filler content, where Gr’ is defined as the ratio 

of the composite storage modulus to the matrix storage modulus: 
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𝐺𝑟
′ =

𝐺′

𝐺0
′  

Here G’ is the storage modulus of the composite and G0’ is the storage modulus of the matrix. 

The rheological percolation was found by fitting a power law model above and below the 

percolation threshold, similar to the equations used to find the electrical percolation but replaced 

with the corresponding reduced storage modulus parameters [120]. 

𝐺𝑟
′ = (

𝜙𝑔−𝜙

𝜙𝑔
)

−𝑎

   𝜙 < 𝜙𝑔        (4-4a) 

𝐺𝑟
′ ≈ (𝜙 − 𝜙𝑔)

𝑏
   𝜙 > 𝜙𝑔        (4-4b) 

From the fits shown in Figure 4-6, the rheological percolation is estimated at 14 vol% (26 wt%) 

and 16 vol% (29 wt%) for GNP and graphite respectively. GNP percolates at lower filler content 

and reaches higher Gr’ values than graphite, likely because it has a higher aspect ratio. Unlike 

electrical conductivity, graphite does show an abrupt increase in the reduced modulus, likely 

because of the presence of aggregates, but not to the same extent as the GNPs.  
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Figure 4-6: Reduced storage modulus versus filler content at 3.14 rad/s. Lines denote fits obtained 

with equations (4-4a) and (4-4b) 

4.3.2.3 Rheological Properties and Aspect Ratio 

The dispersion, size, aspect ratio, and filler content affect the viscoelastic properties of the 

composites [29, 119]. Figure 4-7 (a) and (b) show the viscosity of the GNP and graphite 

composites, respectively. GNPs result in a much more substantial enhancement in all the 

viscoelastic properties, because of the higher surface area that it is available for interactions with 

the matrix [29]. The Cross model [121] was used in Figure 4-7 (a) and (b) to fit the viscosity vs. 

frequency curves when a Newtonian plateau was present at low frequency (up to 10 wt% GNP and 

30 wt% graphite). For higher filler loadings, a power law model was used because there was no 

Newtonian plateau. The equations for these models are found in Appendix A. 

Figure 4-7 (c) summarizes the relative viscosity of the composites, defined as the ratio of the 

complex viscosity of the composite to the complex viscosity of the neat matrix, versus the filler 
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content. The aspect ratio of the filler can be estimated with the Krieger-Dougherty model, which 

relates the relative viscosity to the intrinsic viscosity, using the following equation [122]: 

𝜂𝑟 = (1 −
𝜙𝑣𝑜𝑙

𝜙𝑚𝑎𝑥
)

−[𝜂]𝜙𝑚𝑎𝑥

          (4-5) 

where ƞr is the relative viscosity of the composite, Φvol is the volume fraction of filler in the 

composite, and Φmax is the maximum filler loading fraction possible. [ƞ] is the intrinsic viscosity, 

which Meuller et al. have shown can be related to the aspect ratio of the filler using the following 

relationship [123].  

[𝜂] = 3.02 + 0.321𝑝         (4-6) 

where p is the aspect ratio of the filler. Due to the irregular shape and size of the filler, the 

maximum filler loading is unknown, and depends upon the shape and dispersity of the fillers [124]; 

therefore it is used as a fitting parameter in equations (5) and (6). Using equations (4-5) and (4-6), 

the aspect ratio of graphite is estimated at 16-34 for maximum filler loadings of 25 and 35 vol%, 

respectively, whereas the aspect ratio of GNPs is estimated to be 75-87 for maximum filler 

loadings of 40 and 60vol%, respectively. GNPs appear to have a higher maximum filler loading 

than graphite due to the broader range of particle size, which could achieve a higher packing 

density than the more uniform graphite particles [124]. The differences in dispersity have been 

explained in Chapter 3 section 3.3.2 The model fits are shown in Figure 4-7 (c). 

The high aspect ratio of GNPs confirms that they have a high specific surface area and thus 

enhanced interactions with the polymer matrix. The graphite composites have a larger aspect ratio 

than the one reported by Ho et al. [42]; this may be due to delamination of the graphite particles, 

as reported in Figure 4-4 (c) and (d). 
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Figure 4-7:  Complex viscosity versus frequency for (a) GNP/PA samples (b) graphite/PA samples. 

The lines represent Cross model and power-law model fits (c) relative viscosity (at 0.1 rad/s) as a 

function of filler loading. The lines depict the Krieger-Dougherty model fits. GNP K-D 40 and 

GNP K-D 60 are fits with maximum filler loadings of 40 and 60 vol%, respectively. G K-D 25 

and G K-D 35 are fits with maximum filler loadings of 25 and 35 vol%, respectively. 
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4.3.2.4 Thermal Conductivity 

PA is generally more conductive compared to other thermoplastics, because it has higher 

crystallinity, which causes an increase in thermal conductivity because the crystals result in a 

decrease in the phonon mean free path [125]. By filling PA with a thermally conductive filler, it is 

possible to significantly improve the thermal conductivity of the composite. Figure 4-8 shows the 

thermal conductivity of the composites at various filler loadings. The thermal conductivity of the 

sample increases from 0.95 W/mK in the neat polymer, to a maximum of 1.59 and 2.74 W/mK at 

40 wt% GNP and graphite, respectively.  

 

Figure 4-8: Thermal conductivity of neat PA, graphite/PA and GNP/PA composites at 10-40wt% 

filler loading 

An increase in thermal conductivity occurs when the filler particles form connected pathways, 

[63]. One factor that can reduce the thermal conductivity is the interfacial thermal resistance. This 

occurs at the boundary of filler and matrix interfaces, and causes phonon scattering [63]. Because 
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of interfacial resistance, at low filler loadings it is possible to have lower thermal conductivity than 

the neat polymer, as is seen in the 10 wt% graphite/PA and GNP/PA composites in Figure 4-8. 

A potential reason for graphite having a higher thermal conductivity compared to GNP is due to 

interfacial thermal resistance. Since graphite has a much larger particle size, it has fewer filler-

polymer interfaces, and thus interfacial thermal resistance is lower overall compared to the smaller 

GNP particles which have more filler-polymer interfaces. Differences in the crystallinity of the 

composites, which may be induced in the presence of graphite depending upon the processing 

conditions as explained in the section below, may also play a role.  

4.3.2.5 Thermomechanical Properties 

Figure 4-9 depicts the DSC curves of the neat PA and the composites. Cold crystallization appears 

in PA and all the composites, except from the 40 wt% GNP/PA composite (Figure 4-9 a). The cold 

crystallization disappears in the second heating curve (Figure 4-9 b), suggesting that the fillers act 

as nucleating agents for crystallization; this in turn may influence the mechanical properties [126]. 

Figure 4-9 (c) shows an increase in crystallization temperature of 4 and 10 oC for graphite/PA and 

GNP/PA composites, respectively. GNPs increased the crystallization temperature more than 

graphite, suggesting that they acted as an efficient nucleating agent, likely because of the smaller 

particle size and better dispersion. Additionally, the graphite composites have a bimodal 

crystallization peak, suggesting the formation of two different crystal forms. The relative sizes of 

the peaks within the bimodal peak change with graphite content; the higher temperature crystal 

formation becomes the dominant crystal at 40 wt% graphite. 



84 

 

  

 

Figure 4-9: DSC results (a) melting peak in the first heating curve (b) melting peak in the second 

heating curve (c) crystallization peak in the cooling curve. G stands for graphite. 

Table 4-1 shows that there is no significant change in crystallinity between the neat PA and 

graphite/PA or GNP/PA composites during the first heating sequence. However, the second 

heating curve reveals a significant increase in crystallinity; the neat polyamide had a crystallinity 

of 26.7%, and an average increase of 7 and 15% was seen in the crystallinity of the GNP/PA and 
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graphite/PA composites, respectively, verifying that these fillers act as nucleating agents for 

crystallization, with graphite having a more substantial effect.  

Table 4-1: Summary of the DSC values for all samples, including melting temperature (Tm), 

crystallization temperature (Tc), and percent crystallinity for the first and second heating curves 

 

Graphite (wt%) GNP (wt%) 

 Neat 

PA 

10% 20% 30%  40% 10% 20% 30% 40% 

First 

Heating 

Curve 

Tm (oC) 218.0 216.6 216.2 216.1 216.0 216.4 216.8 215.4 215.5 

Crystallinity 

(%) 27.0 25.2 27.9 25.9 23.8 25.0 29.1 26.8 21.6 

Second 

Heating 

curve 

Tm (oC) 216.4 216.9 216.9 216.7 216.5 217.1 217.2 216.6 215.7 

Crystallinity 

(%) 
26.7 40.1 43.4 41.1 41.8 37.6 35.8 35.4 27.7 

Tc (oC) 190.8 194.3 194.2 194.3 201.1 200.2 201.1 203.1 203.8 

 

The results of the mechanical testing can be seen in Figure 4-10. Both types of fillers resulted in 

significant increases in the flexural modulus, with as much as a 140% increase at 40 wt% filler 

loading (Figure 4-10 a). The modulus enhancement by graphite is more substantial than previously 

seen by Ho et al, who observed an increase of only 55% at 15 vol% (28 wt%) graphite in the same 

PA 6,12 matrix [42]. This difference in enhancement is likely due to graphite particle size, which 

was smaller in the present study. The smaller graphite was likely better dispersed, and was 
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delaminated more easily during melt compounding, as shown in Figure 4-4 (d) and by the aspect 

ratio estimated with the K-D model in section 4.3.2.3.  

          

        

Figure 4-10: PA/GNP and PA/graphite mechanical properties (a) flexural modulus (b) flexural 

strain at yield (c) impact strength  
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The flexural strain remained relatively stable, up to 20 wt% filler loading, and decreased further 

beyond this content (Figure 4-10 b).  

Interestingly, the impact strength increased up to 20 wt% filler loading, with the GNP/PA 

composites exhibiting a three-fold increase compared to the neat PA (Figure 4-10 c). This result, 

which is contrary to what is expected in composites containing rigid fillers is likely because of the 

affinity between the PA and the graphitic fillers, due to the similar surface energies. Furthermore 

GNPs are very well dispersed, as seen by the lack of GNP aggregates in Figure 4-3 and Figure 4-4, 

whereas the graphite composites contain aggregates due to the larger particle size, which act as 

stress points [126]. It has been shown that GNP may act as a shock absorber, capable of reducing 

propagation energy through a GNP sheet by 65%, and slowing the shock wave by 50% [127]. This 

may occur in graphite as well since the shock wave propagates perpendicular to the graphene plane.  

4.3.2.6 Impact Modified Blends 

An elastomeric, maleated EOC was added as impact modifier, to investigate whether it can 

improve the impact strength at compositions of 30 wt% GNP, which are advantageous, because 

they are above the electrical percolation threshold. A maleated EOC was used since the maleic 

anhydride group on the EOC can engage in covalent interactions with the terminal amino group 

on PA [45]. This helps create a better dispersion of EOC in PA, as seen in Figure 4-11, and 

consequently benefits the mechanical properties.  

Imaging of the unfilled EOC blends (Figure 4-11 a) reveal sub-micron sized dispersed domains. 

The small size of the dispersed phase and good dispersion throughout the matrix indicate good 

compatibility between the phases. The filled EOC blend shows good adhesion between the matrix 

and the GNPs, whereas the dispersed phase cannot be seen because of the larger size of the GNP 
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flakes (Figure 4-11 b).  The good filler dispersion was maintained upon addition of EOC, as seen 

in Figure 4-11 (c) and (d). 

  

  

Figure 4-11: SEM images of (a) unfilled 80/20 PA/EOC blend (b) 30wt% GNP 80/20 PA/EOC 

blend. TEM images (c) and (d) 30 wt% GNP 80/20 PA/EOC. The EOC phase was etched before 

imaging by SEM. 

 

(a) (b) 

(c) (d) 
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The addition of EOC to the PA resulted in a very tough material, which did not break at 

compositions of 80/20 and 70/30 PA/EOC weight ratio. The flexural strain also increased (Figure 

4-12 b), whereas as expected the modulus decreased in the presence of the soft elastomeric phase 

(Figure 4-12 c).  

  

 

Figure 4-12: GNP/(PA/EOC) composite mechanical properties (a) impact strength (the 80/20 and 

70/30 unfilled blends did not break) (b) flexural strain at yield (c) flexural modulus 
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The addition of EOC has a significant affect on the impact strength of the composites. The 

composites containing 30 wt% GNPs saw up to 350% increase in impact strength at 70/30 PA/EOC 

wt. ratio compared to the 30 wt% GNP/PA composite without EOC. This is a 700% increase in 

impact strength of the neat PA.  

The flexural modulus decreases and the flexural strain at yield increases with increasing EOC 

content. This shows that the material is transitioning from rigid to ductile, as expected from adding 

the elastomeric EOC. It appears that the strain at yield reaches a maximum of ~0.07 mm/mm at 

80/20 PA/EOC, which is 40% higher than neat PA and all composites without EOC. Increasing 

EOC content beyond this did not result in a more ductile composite. 

The addition of EOC did not affect the electrical conductivity of the composites, suggesting that 

for these ternary composites with droplet-matrix morphology up to 70/30 PA/EOC ratio, the EOC 

content has no effect on the composite electrical conductivity.  

4.4 Conclusions 

PA composites filled with GNPs, produced through thermomechanical exfoliation, and graphite 

were tested for their mechanical, electrical, thermal, and morphological properties. These 

composites exhibited up to a 2.4 times increase in flexural modulus and up to a 3 times increase in 

impact strength compared to the neat matrix. The GNP composites exhibited an electrical 

percolation at 29 wt%, whereas the graphite composites did not percolate, but rather displayed a 

gradual increase in electrical conductivity with increased graphite loading. In the presence of 

graphite, the thermal conductivity increased from 0.95 W/mK to 2.74 W/mK, at 40 wt% loading. 

Composites with 30 wt% GNP were blended with EOC as an impact modifier. These composites 

saw an increase of 700% in impact strength and 40% increase in strain at yield, over neat PA. The 

addition of EOC did not affect the electrical conductivity of the composite. The ability to tune the 
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composite properties by changing the filler and EOC content allows for the preparation of PA 

composites having a wide range of properties, suitable for various industrial applications.  
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Chapter 5: Contributions, Conclusions and Future Work 

5.1 Contributions 

This thesis presents a new thermomechanical exfoliation method, which differs from the current 

state-of-the-art as it does not involve harsh chemical treatments, and it produces functional group-

free GNPs, at moderate temperatures, short processing times, and lower energy requirements 

compared to other methods. The method uses commercially available polymer compounding 

equipment and can be readily scaled to produce sufficient quantities for use in composite 

formulations, or other applications.  

As proof of principle, polyamide-based composites having good combinations of electrical, 

thermal and mechanical properties were produced, showing that these GNPs can be used in a 

multitude of functional applications 

5.2  Conclusions 

A thermomechanical exfoliation process was implemented to produce GNPs from flake graphite. 

Processing in a torque range of 30-35 N·m for 100 minutes resulted in 68 wt% conversion to GNPs 

having a SSA of 430 m2/g at a specific energy input of 61 kJ/g. Surface characterization methods 

revealed the presence of few-layered graphene with aspect ratios up to 250, with minimal amounts 

of functional groups or defects. The critical energy for exfoliation was estimated to be around 

700 kJ, independent of the torque. Before reaching the critical energy threshold during processing 

graphite was primarily fragmented into micrographite, whereas once the critical energy was 

reached micrographite was delaminated into GNPs.  

GNPs produced via the TME method were used as additives in a PA 6,12 matrix. The GNP/PA 

composites had an electrical percolation at 30wt%, increasing to 10-1 S/m at 40 wt% GNP 

loading. However, graphite filled composites did not percolate even at 40 wt% loading. The 
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thermal conductivity of the composites increases from 0.95 W/mK for PA, to 1.59 and 

2.74 W/mK for 40 wt% GNPs and graphite, respectively.   

The flexural modulus of both graphite and GNP composites were increased by up to 140% at 

40 wt% filler loading, compared to neat PA; however, this came at the expense of the flexural 

strain at yield. The impact strength was maximized at 20 wt% for both fillers and increased three-

fold in the composite containing 20 wt% GNP compared to neat PA. To further improve the impact 

strength, maleated EOC was added to the PA matrix, in compositions ranging from 10 to 30 

wt%. These ternary blends exhibited an increase in impact strength, up to 150 J/m for the 70/30 

PA/EOC composition containing 30 wt% GNP. This is a 350% increase over 30 wt% 

GNP composites without EOC, and a 700% increase over the neat PA.  

5.3 Future Work  

This work was the first to study this TME process. Its main goal was the general understanding of 

the process and its products, along with proving that GNPs are made in sufficient quantities 

to differentiate it from graphite. With this completed, there are many opportunities for future work 

in this area, some of which are listed below. 

I. In addition to torque and energy, the effect of temperature and rotor speeds should be 

investigated in detail. 

II. Scale up of the process to pilot plant or large sized continuous processing equipment should 

be studied, to facilitate more cost-effective and continuous production. 

III. Functionalization of the GNPs may result in improved interactions with various 

applications, such as hydrophilic polymers, and would broaden the potential applications 

and range of properties. 
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IV. The influence of the size of the initial graphitic material should be investigated. Only -325 

mesh flake graphite was extensively studied in this work, but promising results were seen 

in various other graphitic materials, as explained in section 3.4. 

V. GNPs should be tested as fillers in other polymer matrices to see if the resultant composites 

have enhancement properties. 

VI. GNPs can impose anisotropic properties to polymer composites if the GNPs are aligned in 

the matrix. This should be tested, possibly by 3D printing, to see if a material with 

anisotropic thermal and electrical conductivity can be made. 
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Appendix A 

Sample Calculations  

Equations used for estimating the shear stress during the TME process 

𝐹 =
𝜏

𝑟𝑟
 

where F is the force, 𝜏 is the torque, and rr is the rotor radius. 

𝜎 =
𝐹

2𝜋 · 𝑟𝑟 · 𝑙𝑟
 

where 𝜎 is the stress and lr is the rotor length. 

The input energy for the TME process was calculated by finding the area under the power vs. 

time curve, which is output by the Haake batch mixer: 

𝐸 = 𝑃 · Δ𝑡 

where E is energy in J, P is the power in watts, and Δt is the time interval that the power was 

used for, in seconds. 

Rheology Models 

Cross Model fits used in modelling rheology results 

𝜂∗ =
𝜂𝑜

1 + |𝜆𝜔|(1−𝑛)
 

where η* is the complex viscosity, ηo is the zero shear viscosity, λ is the relaxation time, ω is the 

frequency in rad/s, and n is a constant related to the shear-thinning behaviour [121].  
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Power law model fits used in modelling rheology results 

𝜂∗ = 𝜅 · 𝜔𝑛−1 

where η* is the complex viscosity, κ is the flow consistency index, ω is the frequency in rad/s, and 

n is a constant [128]. 

Appendix B: Detailed Thermomechanical Exfoliation Experimental 

Procedure 

The TME process begins by preheating the mixing chamber and rotors to 250oC, and starting the 

rotors at a low speed, 50rpm. Flake graphite (80-90g but can vary depending on the graphite used) 

is sequentially loaded into the chamber and compacted using the ram. The final amount of graphite 

loaded is determined by putting the ram in the bottom position and locking with the locking pin, 

then increasing the rotor speed to 150rpm and waiting a few minutes to see if the torque begins to 

rise. If the torque does not rise, then more graphite should be added. Within a few minutes, a 

sudden increase in torque should occur (Figure 3-3). The rise in torque can exceed 180 N·m (the 

limit on the equipment used in this work). Controlling the torque within a desired range is done by 

releasing the locking pin on the ram once the maximum desired torque is reached, and keeping 

pressure on the graphite by raising the ram a few millimeters before holding its position. Lifting 

the ram by just a few millimeters can decrease the torque quite significantly, so careful control of 

the ram’s position is required to keep the torque in a strict range. Sequential lifting and holding of 

the ram is required to keep the torque in a desired range.  

To avoid equipment damage and to ensure uniform exfoliation of graphite, the rotors were stopped 

periodically to remove the graphitic mixture, clean out the rotors and mixing chamber, before 

reloading the mixture to continue processing. Reloading the mixture is easier than the initial 
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loading steps, since the mixture has already been compacted and should now easily fit in one step, 

without the need to sequentially compact it. The cleaning and reloading steps repeat until the 

desired length of time or energy input has been met, at which point the graphitic material can be 

removed for the last time, cooled, and stored for later use.  


