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SUMMARY 

Materials are often classified into three primary groups: metals, ceramics, and 

polymers. Two or more dissimilar materials can be combined to create a unique composite 

material with the intent to incorporate the "best" properties of each individual material 

component and to bring new emerging characteristics. These resultant properties of 

composites are highly dependent on the types of materials, the processing/arrangement of 

these materials, and many other conditions. The most common engineered composites (e.g. 

reinforced concrete, fiber-reinforced polymers) are often used in structural applications. 

This thesis will explore the electrical properties of ceramic-polymer composites as a 

function of particle morphologies, composite compositions, and processing 

techniques. More specifically, MWCNT/PMMA, SiC/PMMA, and SiC/glass composites 

were fabricated to investigate the effect of particle morphology and processing steps on the 

conductive filler network formation and resultant microstructural and electrical properties. 

Understanding of these effects would allow for tailoring composites for specific 

applications and properties and avoid unnecessary trial and error. Equivalent circuit fitting 

is applied to the electrical data to quantify the individual contributions of the filler and 

matrix materials with knowledge of the microstructural features. 

The MWCNT/PMMA composites were made using three different mixing methods 

(mechanical, melt, and solution) to create three different networks of conductive fillers 

within an insulating matrix (segregated network, distributed network, and agglomerated 

microstructures) and study their effect on electrical properties. Of the three mixing 

methods, mechanical mixing resulted in composites with the lowest percolation threshold 



xx

(0.087 phr). When the impedance data were fit to equivalent circuits, before percolation, 

the circuits were the same for all composites. After percolation, the circuits varied but were 

very similar because the same two precursors were used. The melt mixed samples were the 

most different due to the even dispersal of the MWCNT which allowed PMMA to have a 

stronger effect.  

To compare the effect of the filler particle morphologies, three types of SiC 

(micron-sized, nano-sized, and whisker) were used to make SiC/ PMMA composites by 

mechanical mixing. The nano- SiC/PMMA composite formed the most defined segregated 

network composite and provided stable results, the highest conductivity, and a low 

percolation threshold of 2.35 phr. Conversely, the SiCw /PMMA composite had the highest 

percolation threshold of 10 phr. Despite these differences, the SiC/PMMA composites 

could all be fitted by the same circuits representing them since they were made with the 

same type of material and processing. The differences in values of the circuit elements 

present directly correlates to the interaction between the matrix and filler. 

Two sizes of anisotropic SiC (whisker and nanowire) were incorporated into glass 

matrix composites to compare the effect of anisotropic filler size. It was theorized that the 

smaller size of the SiC nanowires would allow it to segregate into the grain boundaries 

more easily and create a lower percolation threshold due to  a higher aspect ratio aiding the 

chance of making network connections. This case proved true in that the SiCnw/glass 

composites did have a lower percolation threshold than the SiCw/glass composites. 

However, the maximum conductivity value achieved was lower for the SiCnw/glass 

composites, and samples became too fragile to continue increasing the concentration. 

Circuit fitting showed that SiCw / glass composites had a variety of circuits as concentration 
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increased. Conversely the SiCnw/glass composites only needed two circuit models to 

represent their electrical properties as concentration was changed. This difference will be 

explained in the thesis. 

During the course of this study, it was discovered that the SiC/glass samples had a 

strong sensitivity to the humidity at the time of testing. For SiCw/glass composites from 0-

2.5 phr, the conductivity increased with increasing humidity. For 7.5 and 12.5 phr, there 

was an initial sharp increase then a gradual decrease in conductivity with increasing 

humidity. For better understanding of the mechanism of conduction with both water and 

SiC contributing to the electrical paths, normalized M” and Z” were plotted together. The 

separate M” and Z” peaks indicated both localized and long-range conductivity. 

This thesis demonstrated that very small differences in material characteristics and 

processing methods used to fabricate the composites may result in very different electrical 

properties. This study provided direct comparisons between processing methods and filler 

morphologies to verify the changes observed in electrical and microstructural properties. 

It is proven that equivalent circuit fittings correlate the contributions of the filler and matrix 

materials and help establish structure - processing - property relationships in conductive 

filler, insulating matrix composites. 
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1 INTRODUCTION 

Composites are multi-phase systems that have a filler and a matrix material. Their 

properties are a combination of the properties of the individual materials plus they 

sometimes have extra properties not from the original materials. The overall properties of 

composites vary depending on multiple conditions including processing and particle 

morphologies which will be explored in this study. A point of interest is the change in 

properties with increasing concentration of filler. Minimizing the amount of filler needed 

to achieve desired properties may decrease production costs. Modeling the exact change as 

the concentration increases is also important to allow for tailoring of composites for 

specific applications without too much trial and error. 

1.1 Percolation in Composites 

Percolation occurs when a filler material spans across the matrix material to form an 

interconnected path through a composite. The critical concentration at which this path 

forms is the percolation threshold, pc. Once the percolation threshold has been achieved, a 

sudden change which may cause multiple magnitudes of increase or decrease in properties 

such as electrical, mechanical, and thermal properties occurs [1]. An example of this is 

shown in Figure 1 using MWCNT as the filler and PMMA as the matrix material [2]. In 

this case, when a critical concentration is reached, pc or percolation threshold, the resistivity 

decreases multiple orders of magnitude, indicating that the filler (MWCNT) formed a path 

through the matrix (PMMA) to conduct the current.  
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Figure 1 – Percolation of PMMA/MWCNT shown using a resistivity versus composition 

graph [2]. 

  

While the previously described percolation definition is good for roughly 

determining the percolation point by looking at percolation graphs, percolation theory is 

necessary to obtain a more accurate measure of pc. Equation 1 may be used to calculate the 

percolation threshold by using experimental data.  

 𝜎 ∝ 𝐴(𝑝 − 𝑝 )    (1) 
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where σM is the property of the mixture, A is proportionality constant, p is the probability 

of a site being filled, pc is the percolation threshold, and s is an exponent that is insensitive 

to the microstructure [3-5].  

1.2 Influence of Microstructure on Percolation Threshold 

The percolation threshold, pc, is dependent on multiple properties including the 

network formation of the filler across the microstructure. The type of network that forms 

is dependent on the processing and resultant microstructure. Three microstructures that can 

be obtained are dispersed, segregated, and agglomerated [6]. Dispersed microstructures are 

commonly made using melt mixing because it evenly distributes the filler across the matrix 

[6-8]. Segregated microstructures, where the filler segregates to the outside of the matrix 

particles, may be made using mechanical mixing [6, 9-12]. Solution mixing may create all 

three microstructures depending on the chemicals used [2, 6, 10, 13-23].  

 The percolation thresholds of composites made from the same two precursors create 

microstructures that are very different from each other. Figure 2 shows a summary of a 

large number of composites that contain MWCNT within polymer composites. This graph 

compares the percolation thresholds for a number of MWCNT/polymer composite systems 

made by using the three mixing methods, which are represented by different symbols [2, 

6-9, 12, 13, 16, 18-55]. The polymers included are PMMA, polyethylene (PE), 

polycarbonate (PC), polypropylene (PP), polyamide (PA), and epoxy. This summary does 

not take into account the sizes of MWCNT or matrix particles. Across the polymer systems, 

it is easy to see that melt mixed samples (represented by circles) had the highest percolation 

thresholds [6-8, 24-41, 43-45, 54-56]. This is likely because they formed the dispersed 
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microstructures which separated the fillers and made it more difficult to form a percolated 

network. The solution mixing method (represented by upward pointing triangles) had 

percolation thresholds mostly below 1 wt%. As stated before, solution mixing has the 

highest variability in microstructures. Solution mixing commonly uses functionalization 

which depending on the method used may help or hinder the formation of a network [6, 

10, 13-23]. Lastly, the mechanically mixed composites (represented by squares) 

consistently showed percolation thresholds below 0.5 wt% [6, 9-12]. The grain-like, 

segregated structure gathers the fillers on the edges of the matrix particles, therefore aiding 

the formation of a filler network [2, 10].  

 

Figure 2 – Percolation thresholds for several carbon nanotube/polymer composites with 

different processing conditions [2, 6-9, 12, 13, 16, 18-55]  
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1.3 Influence of Particle Morphology on Percolation 

The size and shape of the filler and matrix particles have a strong influence on the 

point of percolation and the reproducibility of the composite [3, 19, 57, 58]. Another 

influence is  whether the matrix is monodisperse (similar size particles) or polydisperse 

(mix of different size particles) [59].  

With segregated networks, the percolation threshold generally decreases with 

increasing ratio between matrix and filler particles (pc ∝ 1/(rmatrix/rfiller)) [59, 60]. Figure 3 

shows the resistivity versus composition for nano- and micron- indium tin oxide (ITO) 

filler in PMMA from the same source as this work [61, 62]. The diameters of the particles 

were 31 nm and 3.5 μm for the nano- and micron- sized ITO, respectively. As can be seen, 

the nano-ITO had a percolation threshold around 3 phr, while the micron-ITO had a 

threshold around 5 phr. Therefore, a smaller filler (larger ratio) was able to achieve 

percolation at a lower threshold [61, 62].  
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Figure 3 – Resistivity of nano- and micron- sized ITO /PMMA composites [61, 62] with 

estimated pc 

 

 The shape of the particles also has a strong effect on the percolation threshold. 

Figure 4 shows an example of the change of percolation with graphitic filler size within 

PMMA composites [62, 63]. The MWCNT percolated at a lower concentration than the 

other four graphitic fillers, including the pure black (PB) which is about the same size or 

smaller in diameter than the MWCNT. The anisotropy of the MWCNT allowed the 

MWCNT to segregate to the boundaries easily due to their small diameter and form 

connections more easily due to their length.  

pc 

pc 
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Figure 4 – TEM images of (a) multiwall carbon nanotubes, (b) N-550 carbon black, (c) 

N-772 carbon black and (d) pure black. (e) Resistivity of MWCNT, CDX, N-550, N-772, 

and pure black filler with PMMA matrix composites [62, 63]. 

 

 Figure 5 shows the impedance magnitude (|Z|) versus frequency to show the 

difference between monodisperse and polydisperse PMMA matrix using the same filler, 

antimony tin oxide (ATO) [59]. Both percolate (drop in |Z| where lower frequencies show 

a flattening in |Z|) at the same concentration of 0.99 wt%; however, the monosize PMMA 

composites had a couple of magnitudes lower of |Z| and therefore lower resistance at 

percolation than the polydisperse PMMA composites. It also achieved lower resistance at 

the highest concentration shown of 9.09 wt% [59].  
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Figure 5 –Impedance magnitude versus log frequency of PMMA/ATO nanocomposites 

for different ATO contents using (a) monosize PMMA and (b) polydisperse PMMA [59] 

 

1.4 AC Impedance Spectroscopy 

AC impedance spectroscopy is a method that measures the current, voltage, and 

phase angle over a wide range of frequencies. It is strongly affected by interfaces (pores, 

grain-boundaries, multiphase interfaces, etc) since each has an electrical response 

corresponding to specific frequency ranges [64]. Therefore, as a characterization tool, 

measuring a range of frequencies with impedance spectroscopy allows differentiation 

between different microstructural features.  

Impedance spectroscopy is able to characterize powders, composites, and other 

forms of materials without harming the samples. The complex impedance (Z*) is 

determined by the current (I), voltage (V), and the phase angle (ϴ) between the current and 
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voltage over a frequency (f) range [64, 65]. Equations 2-9 show the relationship between 

complex impedance and the phase angle.  

 
𝑍∗ =

𝑉(𝜔)

𝑖(𝜔)
= 𝑍 − 𝑗𝑍" 

(2) 

 𝑉(𝜔) = 𝑉 sin𝜔𝑡 (3) 

 𝑖(𝜔) = 𝐼 sin(𝜔𝑡 + 𝜃) (4) 

 𝜔 = 2𝜋𝑓 (5) 

 𝑍 = |𝑍| cos 𝜃 (6) 

 𝑍" = |𝑍| sin 𝜃 (7) 

 
𝜃 = tan

𝑍"

𝑍
 

(8) 

and 

 
|𝑍| = (𝑍 ) + ( 𝑍" )   

(9) 

where Z’ and Z” are the real and imaginary part of impedance that represents the energy 

passing through and energy lost or stored in the material, respectively, and ω is the angular 

frequency. Vm and Im are the applied AC voltage and current.  j is √−1, and |Z| is the 

impedance magnitude [64, 65].  
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1.4.1 Nyquist and Bode Plots 

The common way to plot impedance data is to use Nyquist (frequency implicit or 

complex) and Bode plots (frequency explicit). For Nyquist plots, the real and imaginary 

impedance are plotted on the x and y axis, respectively, with the negative values of the 

imaginary impedance in the first quadrant.   

Bode plots are normally plotted as the real impedance (Z’) or imaginary (Z”) 

impedance versus log frequency. The impedance magnitude (|Z|) versus log frequency is 

another common Bode plot (as seen in Figure 5). The change in impedance magnitude with 

frequency can indicate capacitive (decrease with increasing frequency), inductive (increase 

with increasing frequency), and resistive (no change with frequency, typically at low 

frequencies) behavior [66]. Another Bode plot is the phase angle (ϴ) versus log frequency 

where the angle ranges from -90° (capacitive) to 0° (resistive) to 90° (inductive). Again, 

the negative phase angle is typically plotted in the first quadrant.  

 

1.4.2 Conversions into Other Dielectric Functions 

Plotting complex and Bode impedance graphs only shows certain characteristics of 

the samples under test. To understand the full range of a material’s electrical properties, 

permittivity (E* or ε*), dielectric modulus (M*), admittance (Y*), and tanδ (or tand) are 

also important to analyze. These functions are calculated by using Equations 10-14 [64, 

66].  
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 𝜀∗ = 𝜀 − 𝑗𝜀" (10) 

 
𝑀∗ = 𝑀 + 𝑗𝑀" =

1

𝜀∗
 

(11) 

 
𝑌∗ = 𝑌 + 𝑗𝑌" =

1

𝑍∗
 

(12) 

 
𝑍∗ =

1

𝑗𝜔𝐶 𝜀∗
 

(13) 

and  

 
tan 𝛿 =

𝜀

𝜀"
=
𝑀

𝑀"
=
𝑍

𝑍"
=
𝑌

𝑌"
 

(14) 

where ε’ and ε” are real and imaginary permittivity, M’ and M” are real and imaginary 

dielectric modulus, Y’ and Y” are real and imaginary admittance, C0  is geometric 

capacitance, ω is the angular frequency, and 𝑗 = √−1. 

 

1.4.3 Equivalent Circuit Modeling 

Fitting the electrical data to equivalent circuit models is one way to connect the 

microstructure with electrical data. Pruyn, et. al. developed a circuit, shown in Figure 6, 

that explains electrical behavior of a grain-like microstructure composite of antimony tin 

oxide (ATO) / glass [67]. The circuit elements described in Figure 6 are L for inductors, R 

for resistors, and CPE for constant phase elements. CPE is used rather than capacitors (C) 

because they represent imperfect capacitors. They take into account varying thickness, 
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varying composition, or non-uniform current distribution [68]. The circuit elements are 

attributed to the intrinsic particle properties and interactions between particles (filler-filler, 

filler-glass). The contribution of the ATO is assigned to an inductor and resistor in series 

(indicates conductive behavior), and the contribution of the glass is assigned to a CPE and 

resistor in parallel (indicates insulating behavior). The rest of the resistors and capacitors 

within the circuit indicate the contribution of the glass and ATO interacting. This same 

circuit is applied to the insulating MWCNT/PMMA composites of this work due to having 

similar grain-like microstructures. Previous work had modeled conductive composites as 

an inductor and resistor in series [57, 67], indicating, like the circuit in Figure 6, that the 

conductive filler electrical data may be simplified to an inductor and resistor in series 

within segregated network composites. Breaking down the contribution to the electrical 

properties of each material in the composite will aid in understanding the interactions 

between materials (filler-filler, matrix-matrix, and filler-matrix) and the intrinsic properties 

of the materials, which is the objective of this thesis.   
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Figure 6 – Schematics of the possible filler interfaces present in ATO/Glass 

composites and equivalent circuit model [67].  

 

1.5 Background on Materials used in the Composites 

Multiwall carbon nanotubes (MWCNT) and four types of silicon carbide (SiC) were 

used as conducting and semiconducting filler materials. PMMA and borosilicate glass were 

used as insulating matrix materials. This section will give some background on the 

properties of these materials and why they were chosen.  

1.5.1 Multiwall Carbon Nanotubes 

MWCNT have superior properties including excellent mechanical strength along 

with high electrical and thermal conductivity that make them a material of interest in 

composite fabrication [54]. They are able to improve the electrical, mechanical, thermal, 

and optical properties among others when added to insulating matrices since composites 
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exhibit a combination of the filler and matrix properties [54]. MWCNTs have low 

resistance which gives them a higher electrical conductivity than copper [69]. Possible 

applications for MWCNT composites include electromagnetic interference (EMI) 

shielding, transparent conducting films, gas sensors, and more [55, 70, 71]. MWCNTs may 

have different diameters and aspect ratios, which may impact the properties of composites 

[54]. MWCNT powders showing polydispersity in size are shown in Figure 7 with an inset 

that shows the MWCNT wall thickness [2].  

 

Figure 7 –TEM image of multi-walled carbon nanotubes (MWCNT) powder. Inset image  

was obtained at a higher magnification [2] 
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1.5.2 Silicon carbide 

SiC has high thermal conductivity that allows dispersion of heat [72]. This property 

and the ability to absorb microwave energy and convert it into heat allows them to be useful 

for microwave applications [73, 74]. SiC crystallizes in a number of different crystal 

structures: (β) 3C-SiC, 4H-SiC, and (α) 6H-SiC, which are shown in Figure 8 [75]. From 

Figure 9, where thermal conductivity is plotted versus temperature, it can be seen that using 

different crystal structures may result in slightly different properties.  

Figure 8 – Crystal structures of silicon carbide [75] 
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Figure 9 – Thermal conductivity versus temperature for 1) 4H-SiC, 2) 3C-SiC, 3) 6H-SiC 

[72] 

 

1.5.3 PMMA 

PMMA is a commonly used matrix for polymer composites [6, 8, 9, 16, 18-22, 54, 

55]. The molecular structure of PMMA is shown in Figure 10 [76]. It is an amorphous 

material with a glass transition temperature in the range of 100-120 °C [77, 78].  
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Figure 10 – Molecular structure of PMMA [76] 

 

1.5.4 Borosilicate Glass 

Borosilicate glass has a range of properties that makes it useful as a matrix material 

for composites. These include low thermal expansion (and therefore thermal shock 

resistance), glass transition temperatures around 500-600°C, chemical durability, and low 

melting temperatures [79].  

1.6 Hypothesis and Objectives 

The main objective of this thesis is to develop an understanding of how conductive 

networks form inside insulating matrix composites through microstructural analysis, 

impedance spectroscopy, and equivalent circuit models. The hypothesis is that using 

equivalent circuit models to represent the electrical data of the individual materials and 

their composites will enhance our understanding of conductive filler network formation in 

insulating matrices using various processing and material types. Applying the equivalent 

circuit models is hypothesized to show the influence of the individual materials on the 

overall electrical properties of the composites. This understanding should be useful to tailor 
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composites for specific applications with a reduction of trial and error. Composites, in 

general, allow for a combination of the matrix and filler materials properties. This is 

especially useful for when the filler is expensive as only a small amount of filler would be 

needed to achieve properties similar to the properties of the innate filler properties. 

Therefore, this thesis will focus on factors that affect the formation of a conductive filler 

network through an insulating matrix material. These factors are the processing of polymer 

composites, filler shape, filler size, and humidity. AC impedance spectroscopy and 

microscopy are used to study the effects of those factors, then circuit fitting is applied to 

break down the contribution of the individual materials within the composites. 

This thesis will first describe the experimental procedures (Chapter 2) and summarize 

the composites fabricated (Chapter 3). Then the effect of the processing method, 

specifically mixing of the powders, will be discussed using MWCNT/PMMA composites 

(Chapter 4). The mixing methods discussed are mechanical, melt, and solution mixing. 

Next an impedance study of silicon carbide powders properties is conducted (Chapter 5). 

Four types of silicon carbide powders (nano-sized, micron-sized, whisker, and nanowire 

SiC) are compared using FTIR, XRD, and microscopy. In Chapter 6, three of the SiC types 

(nano-, micron-, and whisker SiC) are used to identify the effect of filler shape on the 

electrical and microstructural properties of SiC/PMMA, mechanically mixed composites. 

This is followed by a study using SiC whiskers and SiC nanowires as fillers in a borosilicate 

glass. Composites were fabricated using SPS to determine the effect of the aspect ratio of 

the filler on the electrical and microstructural properties (Chapter 7). During this 

investigation, it was observed that the ambient humidity affected the electrical data of the 

glass composites. This observation led to the study of the effect of humidity on the 
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electrical properties of SiCw/glass composites, which is discussed in Chapter 8. Chapter 9 

shows the fits of equivalent circuit models to data presented in Chapters 4-8 to break down 

the electrical data into the roles of each material and microstructure in the overall electrical 

properties. Chapter 10 provides conclusions and suggestions for future work. 
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2 EXPERIMENTAL METHODS 

This chapter provides details concerning the main fabrication steps used to fabricate 

the composites described in this thesis and the methods to characterize them. To have a 

variety of composites to fit equivalent circuits to, multiple methods and materials were 

used to fabricate the composites. Impedance spectroscopy and microscopy were the main 

characterization methods used. Other methods (XRD, XPS, FTIR) were used as needed.  

2.1 Materials 

In this study, two different matrix materials were used along with several fillers to 

make the composites described in this study. Table 1 contains a list of all the matrix and 

filler materials used in this research. The images of those materials are shown in Figure 11.  

Table 1 – Materials Used 

Matrix Material Particle Size Manufacturer 
Polydisperse PMMA 10-100 μm [59] Buehler Ltd., Transoptic 

powder 
Borosilicate Glass 
Microspheres 

45-53 μm [80] Mo-Sci Corporation 
 

Filler Material Particle Size Manufacturer 
Nanoparticle β-SiC 10-70 nm US Research 

Nanomaterials, Inc 
Micron-sized β-SiC 1-2 μm Alfa Aesar 
Whisker β-SiC L: 10-50 μm, D: 1 μm Advanced Composite 

Materials 
β-SiC Nanowires D: 10-122 nm Fabricated from MWCNT 
Multiwall CNTs L: 0.5-2 μm, D: ~20 nm, 

Purity >95% 
Cheaptubes.com 

PMMA – polymethyl methacrylate 
SiC – silicon carbide 
CNT – carbon nanotube 



21 
 

 

 

Figure 11 – (a) Polymethylmethacrylate (PMMA), (b) Borosilicate glass microspheres 

[80], (c) micron-sized silicon carbide (SiC) [81], (d) nano-sized SiC, (e) SiC whiskers 

[81], (f) SiC nanowires, (g) multiwall carbon nanotubes (MWCNT) 
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2.2 Mixing Precursors 

Mechanical mixing was performed using three different methods. For mixing the 

SiC/PMMA, a blender was used for 15 minutes at room temperature until fully mixed. It 

was run in intervals to avoid heating the mix. For mixing CNT/PMMA and SiC 

nanowire/glass, a FlackTek Inc Speedmixer was used at 3500 rpm for 10 s. Lastly, the 

SiCw/glass were mixed using a rotary ball mill with 5mm alumina media (99.5%),[82] then 

later remixed in a speedmixer at 3500 rpm for 10 s. Figure 12a shows a general schematic 

of mechanical mixing.  

Melt mixing was accomplished using a DSM 15cc micro compounder (vertical, co-

rotating twin-screw micro-extruder) at 225 oC for 3 minutes after the powder was initially 

mixed using a speedmixer [6]. The resulting strands were then broken by hand and put in 

a blender to break them into smaller pieces. The blending allowed for a more homogeneous 

compound where the conductive paths are more randomly distributed. 

In solution mixing, the PMMA solvent was ethyl acetate with a solid-to-solvent 

weight ratio of 1:6 [10]. The speedmixer was run for 20 seconds intervals repeatedly until 

the PMMA was dissolved. Then the CNT was added and mixed in. Lastly, the dispersion 

was cast into a Petri dish and left to dry. When mostly dried, it was cut into small pieces 

using a razor blade and then compacted. This process is shown in Figure 12c. 
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Figure 12 – Schematic of mixing methods (a) mechanical, (b) melt, and (c) solution 

mixing and final compacted microstructure [6] 

 

2.3 Compaction 

Two methods were used to compact the powders into pellets for electrical 

measurements using the parallel plate method. For polymer composites, the powders were 

pressed while heated. For glass composites, spark plasma sintering (SPS) was used to form 

the pellets.  
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2.3.1 Pressing 

For polymer matrix composites and neat PMMA, after all mixing methods were 

completed, two grams of each mixture were compression molded using a Struers 

Prontopress 2 (Figure 13) at 170 °C and 20 kN. The result was pellets of 31.7 mm in 

diameter and approximately 2 mm in thickness.   

 

Figure 13 – Struers Prontopress 2 

 

2.3.2 SPS Procedure 

A Fuji Electronic Industrial Co., LTD Dr. Sinter model SPS-211Lx, Figure 14, was 

used to fabricate the glass matrix composites. Settings used were 50 °C/min to 610 °C with 
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a 5 minute hold at a uniaxial pressure of 23.4 MPa under vacuum based on past work by 

Thomas Rudzik [80]. The powder mixes were placed in graphite foil-lined graphite dies. 

A schematic of the die is shown in Figure 15. The temperature was monitored from a 

thermocouple placed in a hole next to the powder. This ensures the temperature read is 

close to the temperature of the sample. 

 

Figure 14 – Dr Sinter LabTM Spark Plasma Sintering System 

 



26 
 

 

Figure 15 – (a) Schematic of die setup (modified from [80]) and (b) picture of live run at 

610°C 

 

2.4 Sectioning, Polishing and Electrode Deposition 

Since the polymer composites were soft, only the edges of the samples were polished 

using a Buehler Ecomet 250 Grinder Polisher (Figure 16) while the large flat faces were 

left alone. For the glass composites, SiC 180 grit SiC pads were used to remove excess 

carbon and diamond pads and paste were used to smooth the sample surfaces for both 

electrical and microstructural examination. Additionally, some polymer composite samples 

were fractured by hand at room temperature to expose fractured cross-sections without 

polishing disruption. 
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Figure 16 – Buehler Ecomet 250 Grinder Polisher 

 

For those sections and all other composites, silver electrodes were deposited onto the 

large flat faces (parallel-plate configuration). This was accomplished by sputtering Ag 

(nominal purity of 99.9%-Alfa Aesar) with an argon plasma in a Denton Vacuum Desk II 

Turbo Sputter Coater (Figure 17) for 16 minutes to ensure good conductivity of electrodes. 

Scotch tape was used to protect the sides from the silver while silver was sputtered on both 

faces of the pellets. If silver got onto the sides despite the tape, the silver was polished off. 
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Figure 17 – Denton Vacuum Desk II Turbo Sputter Coater  

 

2.5 Molten Salt Mediated Synthesis 

For comparison between two sizes of anisotropic SiC (nano- and micron- sized), SiC 

nanowires were fabricated. Wu et al. developed a method for synthesizing silicon carbide 

nanowires from carbon nanotubes [83]. Figure 18 shows a schematic of the method. 

Silicon, sodium fluoride, and sodium chloride were mixed using the speedmixer at 3500 

rpm for 10 seconds and then placed into an alumina boat. Rather than using carbon paper 

with holes, a plain carbon cloth (1071 HCB, Fuel Cell Store) was used because it naturally 

has holes unlike carbon paper. A thin layer of CNT was spread across the top of the carbon 

fabric which was then placed on top of the alumina boat and into a high temperature tube 

furnace. The tube furnace was run at 1250 °C for 8 hrs with argon gas flow.  
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Figure 18 – Schematic of Molten-salt-mediated synthesis of silicon carbide (SiCnw) [83]. 

In this study, carbon cloth was used instead of carbon paper. 

 

2.6 Characterization 

The characterization methods used to analyse the powders and composites are 

discussed in this section.  

2.6.1 Powders 

Scanning and transmission electron microscopy (SEM & TEM), optical 

microscopy, x-ray diffraction (XRD), and in-situ AC impedance spectroscopy were used 

to analyse the powders used in this study. 
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2.6.1.1 Optical and Electron Microscopy 

SEM and TEM were used to determine the sizes of the powders used in this 

research. A Hitachi S-3700N VP-SEM (Hitachi High Technologies America Inc., Dallas, 

TX) was used by Thomas Rudzik to image glass, micron sized SiC, and whisker SiC [81]. 

The size of the MWCNTs, nano-sized SiC, and SiC nanowires were studied using a 

Hitachi-HT7700 TEM. The TEM was also used to verify the transformation of MWCNT 

into SiC nanowires. The PMMA powder was imaged using a Celestron PentaView LCD 

Digital Microscope (Figure 19). 

 

Figure 19 – Celestron PentaView LCD Digital Microscope 
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2.6.1.2 X-ray Diffraction 

The crystalline structures of the SiC powders were verified using XRD data 

gathered using a Malvern PANalytical Empyrean (Figure 20) by David Tavakoli at the 

Materials Characterization Facility (MCF) at Georgia Tech [84]. The equipment conditions 

used for XRD testing were a Cu Kα incident beam, a divergence slit of 0.38 mm, and a 

receiving slit of 1.52 mm with an angle range from 10 to 100 degrees. 

 

Figure 20 – Malvern PANalytical Empyrean [84] 

 

2.6.1.3 AC Impedance Spectroscopy of Compressed Powders 

The electrical properties of the filler powders were measured in-situ under pressure 

through a custom setup shown in Figure 21 located in a 12-ton model-C uniaxial Carver 

press (Carver Inc., Wabash, IN) [5, 80]. The steel pistons were insulated from the Carver 
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press by using electrical tape as seen in Figure 21. The electrical connections were set up 

using two probes – one each for the top and bottom that allows the current to run through 

the pistons and compacted powder. The impedance was measured at pressures between 0 

MPa to 300 MPa, typically in increments of 50 MPa. A Solartron 1260 analyzer (Solartron 

Analytical, Farnborough, Hampshire, U.K.) was used to scan at 100 mV ac voltage with a 

frequency range of 10 MHz – 100 mHz.  

 

Figure 21 – Alumina die used for electrical characterization of powder materials under 

pressure [5, 80] 
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2.6.2 Composite Samples 

The microstructures and electrical properties of the resulting composite samples 

were studied using the methods described in this section. 

2.6.2.1 Microstructural Analysis 

The samples for microstructural analysis were imaged using a Leica DM IRM 

inverted microscope and Celestron PentaView LCD Digital Microscope. For carbon 

nanotube composites, samples with compositions after percolation that had at 104 Ω-cm 

resistivity were selected for further analysis using a scanning electron microscope (SEM), 

specifically a Hitachi SU-8230 SEM, and transmission electron microscopes (TEM). For 

SiC/glass composites, a Phenom ProX Scanning Electron Microscope (Figure 22) was used 

by Gillian Brown to image select samples along with energy-dispersive x-ray spectroscopy 

(EDX).  

 

Figure 22 – Phenom ProX Scanning Electron Microscope [85] 
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For MWCNT/PMMA composite samples analysed using the TEMs, Dr. Steve Jett 

and Dr. Chanchal Ghosh prepared by microtoming and then imaged the same samples that 

were studied using SEM at the Center for Integrated Nanotechnology at Sandia National 

Labs. The lamellas were collected on 3 mm carbon coated copper grids. The samples were 

further coated with a very fine layer of carbon (~ 5 nm) to provide better stability under the 

electron beam. The TEM studies were carried out by Dr. Chanchal Ghosh and Dr. Steve 

Jett using a Tecnai F30 TEM operated at 300 kV (for solution and melt mixed) and a FEI 

Talos operated at 120 kV (for mechanically mixed). At high magnification specimen 

damage due to the electron beam radiation is very high. 

 

2.6.2.2 Small Angle X-ray Scattering 

Ultra-small angle X-ray scattering (USAXS) and SAXS were used to examine the 

CNT/PMMA samples. These measurements and their analysis were achieved with the help 

of Dr. Jan Ilavsky at the 9ID-C beamline at Argonne National Lab. SAXS is capable of 

delivering structural information of dimensions between 1 and 100 nm, while USAXS is 

able to resolve larger dimensions [86-88]. Figure 23 shows a cartoon of the angles of the 

X-ray scattering [89]. 
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Figure 23 – X-ray scattering angles [89] 

 

2.6.2.3 AC Impedance Spectroscopy of Composites 

Electrical characterization through the thickness of the composites was performed 

using impedance spectroscopy. A Solartron 1260 analyzer was used in conjunction with a 

Solartron 1296 Dielectric Interface (Solartron Analytical, Farnborough, Hampshire, U.K., 

Figure 24a) for the measurements using a parallel plate setup (Figure 24b). The dimensions 

of the samples were measured using a digital caliper (Mitutoyo Corp., model 500-196) and 

used to calculate the resistivity. The majority of scans were taken with a 500mV ac voltage 

and a frequency range of 10 MHz-100 mHz. For glass composites, the humidity at the time 

of measurement was controlled by conducting the measurements within a humidity 

chamber. 
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Figure 24 – (a) A Solartron 1260 analyzer with a Solartron 1296 Dielectric Interface 

(Solartron Analytical, Farnborough, Hampshire, U.K.) and (b) a parallel plate setup. 

 

2.7 Summary 

This chapter described the materials used, methods of composite fabrication and 

characterization for composites and powders. Impedance spectroscopy and microscopy 

were the main characterization methods used. Other methods (XRD, XPS, FTIR) were 

used as needed. The next chapter will show the compositions of each set of composites 

made and which methods were used to fabricate them.  
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3 SAMPLES FABRICATED 

This chapter outlines the composite samples made for this thesis along with the 

methods used to fabricate each set of composites. In all cases, the compositions were 

expressed in phr (parts per hundred resin), which is a measurement of concentration, 

similar to weight percent and calculated according to the equation: Phr = [(mass of filler) / 

(mass of polymer + mass of filler)] x 100. For convenience, volume and weight percent 

will also be provided.  

Overall, three samples at minimum were electrically measured. This amount of 

samples was selected due to the high repeatability of impedance testing. Impedance 

spectroscopy is very sensitive to the microstructural changes within a composite. The 

deviation between samples are typically very small except around percolation. Therefore, 

it directly relates to the repeatability of fabricating the samples. Around percolation, there 

is the minimum mount of filler needed to form a conductive pathway through the 

composite. This means that the pathway is not always formed around percolation due to 

having a small amount of filler. The electrical measurements show this variation around 

percolation by having larger standard deviations. In the cases where the samples have a 

larger difference from each other, more samples were made to accurately determine the 

average electrical properties of the composites. 
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3.1 CNT/PMMA Composites 

The CNT/PMMA composites were mixed using three methods: mechanical, melt, 

and solution mixing. 10 grams of each mixture were made in order to make 3-7 pellets per 

concentration for measurement and characterization. The concentrations used for 

mechanically mixed samples were 0.005, 0.025, 0.0375, 0.05, 0.0875, 0.1, 0.15, 0.2, 0.25 

phr as seen in Table 2. All PMMA composites were fabricated as described in Chapter 2 

Section 2.3.1. Concentrations above 0.25 phr were attempted but fractured on or before 

removal from the compression molder. The concentrations used for melt mixed samples 

were 0.01, 0.1, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, and 15 phr (Table 3), and the concentrations 

used for solution mixed samples were 0.01, 0.1, 1, 1.5, 1.75, 2, 2.25, 2.5, 3, 4, and 5 phr 

(Table 4). At minimum, three samples were made per concentration. Often the 

concentrations around percolation required more samples to reduce the error. 

 

Table 2 – Concentrations used to make mechanically mixed                      

MWCNT/PMMA composites 

Mechanically Mixed MWCNT/PMMA 
Phr Wt. % Vol. % # of Samples 

0.005 0.005 0.003 4 
0.025 0.025 0.014 4 

0.0375 0.038 0.021 4 
0.05 0.050 0.028 4 

0.0875 0.087 0.049 4 
0.1 0.100 0.056 4 

0.15 0.150 0.084 4 
0.2 0.200 0.112 4 

0.25 0.249 0.140 4 
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Table 3 – Concentrations used to make melt mixed MWCNT/PMMA composites 

Melt Mixed MWCNT/PMMA 
Phr Wt. % Vol. % # of Samples 
0.01 0.010 0.006 4 
0.1 0.100 0.056 4 
0.5 0.498 0.280 4 
1 0.990 0.556 7 
2 1.961 1.102 7 
3 2.913 1.637 7 
4 3.846 2.161 7 
6 5.660 3.181 3 
8 7.407 4.162 4 

10 9.091 5.108 4 
12 10.714 6.020 3 
15 13.044 7.329 4 

 

 

Table 4 – Concentrations used to make solution mixed MWCNT/PMMA composites 

Solution Mixed MWCNT/PMMA 
Phr Wt. % Vol. % # of Samples 
0.01 0.010 0.006 4 
0.1 0.100 0.056 4 
1 0.990 0.556 4 

1.5 1.478 0.830 3 
1.75 1.720 0.966 3 

2 1.961 1.102 5 
2.25 2.201 1.237 3 
2.5 2.439 1.371 3 
3 2.913 1.637 5 
4 3.846 2.161 3 
5 4.762 2.676 3 
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3.2 SiC/PMMA Composites 

For SiC/PMMA composites, the powders were mixed using a blender. 10 grams of 

each mixture were made in order to make 4-6 pellets per concentration for measurement 

and characterization. Three types of SiC were used: nano-sized, micron-sized, and whisker 

SiC. The concentrations made were 0.1, 0.5, 1, 2, 3, 7.5, 10, 12, and 15 phr for all three 

types plus 5 phr made for micron-sized SiC. At minimum, three samples were made per 

concentration. All PMMA composites were fabricated as described in Chapter 2 Section 

2.3.1. 

 

Table 5 – Concentrations used to make SiC/PMMA composites 

SiC/PMMA 
Phr Wt. % Vol. % # of mSiC 

Samples 
# of nSiC 
Samples 

# of SiCw 
Samples 

0.1 0.100 0.037 4 4 4 
0.5 0.498 0.183 4 4 4 
1 0.990 0.364 4 4 4 
2 1.961 0.721 4 4 4 
3 2.913 1.071 4 4 4 

7.5 6.977 2.565 4 5 4 
10 9.091 3.342 4 4 4 
12 10.714 3.939 6 5 4 
15 13.044 4.795 4 4 4 

 

3.3 SiC Whisker and SiC Nanowire/Borosilicate Glass Composites 

The powders were mixed (and remixed for the SiCw/glass that was previously ball 

milled) using a speedmixer at 3500 rpm for 15 seconds. The glass composites were 
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fabricated using SPS at 50°C per minute to 610°C with a 5 minute hold. The compositions 

created were 0.01, 0.1, 0.25, 1, 1.5, 2.5, 5, 7.5, 10, and 12.5 phr for SiC whisker composites. 

A larger sample of 10 phr was made then cut to study the conductivity and microstructure 

across the sample. For SiC nanowire composites, the concentrations made were 0.01, 0.05, 

0.1, 0.325, 0.5, 1, 1.5, 3, and 4 phr. At least three samples of each concentration were made. 

For the SiCw composites, there was a limited amount of mixed powder and no more 

samples were made after the amount was used. New composite mixes did not match the 

electrical data of the previous composites which may be due to a change in glass 

composition. The SiC nanowire used was made according to what was shown in Chapter 

2 Section 2.5. 

 

Table 6 – Concentrations used to make SiCw/Glass composites 

SiCw/Borosilicate Glass 
Phr Wt. % Vol. % # of Samples 
0.01 0.010 0.007 3 
0.1 0.100 0.068 3 

0.25 0.249 0.171 3 
1 0.990 0.679 3 

1.5 1.478 1.013 3 
2.5 2.439 1.672 3 
5 4.762 3.264 3 

7.5 6.977 4.782 3 
10 9.091 6.231 3 

12.5 11.111 7.615 3 
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Table 7 – Concentrations used to make SiC nanowire/Glass composites 

SiCnw/Borosilicate Glass 
Phr Wt. % Vol. % # of Samples 
0.01 0.010 0.007 3 
0.05 0.050 0.034 3 
0.1 0.100 0.068 3 

0.325 0.324 0.222 4 
0.5 0.498 0.341 3 
1 0.990 0.679 3 

1.5 1.478 1.013 3 
3 2.913 1.996 3 
4 3.846 2.636 3 

 

 

3.4 Summary 

To provide a thorough examination of the effect of processing and particle 

morphology, three types of composites were fabricated for this thesis (CNT/PMMA, 

SiC/PMMA, and SiC/Glass). This chapter listed the compositions made for each composite 

along with the methods used to fabricate them. In the next chapter, the differences in 

processing will be discussed using the CNT/PMMA composites.  
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4 EFFECT OF THREE DIFFERENT MIXING METHODS ON 

ELECTRICAL AND MICROSTRUCTURAL PROPERTIES 

(CNT/PMMA) 

The mixing method used to fabricate composites strongly affects the network 

formation of the fillers (MWCNT in this case). This chapter will show that three different 

mixing methods created three different microstructures while keeping all other factors 

(materials and compression molding) the exact same. These resultant microstructures also 

cause a change in electrical properties which will be discussed in Chapter 9. 

4.1 Microstructure (Optical, SEM, and TEM) 

The MWCNT/PMMA composites were imaged using a Leica DM IRM inverted 

microscope. The microstructures shown in Figure 25, Figure 26, and Figure 27 show that 

the three mixing methods created distinctly different microstructures [6].  To illustrate the 

change of microstructures with concentration of MWCNT, microstructures of samples 

before, at, and after percolation are included in Figure 25, Figure 26, and Figure 27. In 

Figure 25 a-c, the mechanically mixed samples have segregated microstructures with 

clearly defined grain-like boundaries. Whereas the melt mixed samples, in Figure 26 a-c, 

have a distributed microstructure. Lastly, the solution mixed samples show large 

aggregates in the microstructure, Figure 27 a-c.  
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Figure 25 – Topography of mechanically mixed MWCNT/PMMA composites taken 

using an inverted microscope; (a) 0.025, (b) 0.05, and (c) 0.25 phr, before, at, and after 

percolation [6] 
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Figure 26 – Topography of solution mixed MWCNT/PMMA composites taken using an 

inverted microscope; (a) 1, (b) 2, and (c) 3 phr, before, at, and after percolation [6] 
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Figure 27 – Topography of melt mixed MWCNT/PMMA composites taken using an 

inverted microscope; (a) 0.5, (b) 4, and (c) 5 phr, before, at, and after percolation [6] 

 

To study the placement of MWCNT within the PMMA matrix more closely, the 

samples were examined using a Zeiss Ultra60 FE-SEM. Samples that had a resistivity of  

104 Ω-cm (after percolation which is explained in section 4.3) from all three mixing 

methods were chosen for closer study since the network would be fully formed at those 

concentrations [6]. Figure 28 shows the SEM topographical and fracture surfaces of the 
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MWCNT/PMMA composites for each method. Figure 28 a and d show a sample made via 

mechanical mixing. When looking at the fracture surface, it can be seen that the CNTs were 

segregated to the boundaries, breaking along the grain-like boundaries. Whereas in the melt 

mixed samples, CNTs are visible on both surfaces and the polymer is mixed with the CNT 

creating a random distribution, Figure 28 b and e.  Lastly, the solution mixed samples 

formed agglomerates of CNT/PMMA which left the immediate area around the 

agglomerate deficient in CNT, Figure 28 c and f [6]. 
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Figure 28 – Surface and fracture SEM images of (a, b) 0.1 phr mechanically mixed, (c, d) 

10 phr melt mixed, and (e, f) 2.5 phr solution mixed PMMA composite samples that all 

had the same resistivity of 104 Ω-cm (obtained after percolation), modified from [6] 
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The same samples were studied using TEM. For comparison, the first row of Figure 

29 displays SEM images while the other two are TEM images at increasing magnification. 

In all three cases, the CNTs are 12-15 nm in diameter while the length varies. In the bright-

field TEM micrographs, dark spots can be observed that are the CNTs. The contrast in the 

amorphous matrix is mainly due to rumpling. The microtoming marks can also be observed 

in the polymer matrix. From the SEM images in Figure 29 a-c, the general microstructure 

is visible for each sample type. The TEM images in Figure 29 d-i show the placement of 

MWCNT within the PMMA much clearer. For mechanically mixed samples, the CNT is 

segregated to the boundaries with very few CNT outside the boundaries (Figure 29 d and 

g). For solution mixed samples, the CNT is contained in the agglomerates (Figure 29 e and 

h), leaving an area devoid of CNT surrounding the agglomerates. Lastly, Figure 29 f and i 

show that while the CNT is distributed in the PMMA with melt mixed samples, there are 

agglomerates within the microstructure also.  
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Figure 29 – (a-c) SEM and (d-i) TEM images of MWCNT/PMMA composites for 

mechanical, solution, and melt mixed samples just after percolation at 104 Ω-cm 

resistivity 

 

 To further explore the presence of agglomerates within the melt mixed 

MWCNT/PMMA composites, 0.5 phr and 4 phr samples were also imaged using TEM by 
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the CINT team (Figure 30). Even within the 0.5 phr composite, agglomerates are visible 

although they were smaller than for the higher concentration composites. Since no 

chemical was used to reduce the tendency of MWCNT to agglomerate, it is not surprising 

that agglomerates are visible at low concentrations.  

 

Figure 30 – TEM images of melt mixed MWCNT/PMMA composites  
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Selected area diffraction (SAD) analysis and diffraction contrast imaging were 

carried out on the solution and melt mixed samples. Both produced the same pattern which 

is shown in Figure 31, and the planes and interplanar spacings are summarized in Table 8. 

The patterns were analyzed and the interplanar spacing of the corresponding interplanar 

spacing are marked in Figure 31 which shows the diffraction pattern for MWCNT. The 

ring nature of the pattern indicates that the crystals themselves do not have any specific 

angular relationship. The radius of the rings provides the interplanar spacings which are 

then compared to CNT data within the ICDD database to verify the pattern represents 

MWCNT.  

 

Figure 31 – Selected-area diffraction (SAD) of MWCNT in 10 phr melt mixed 

MWCNT/PMMA. The measured interplanar spacings are marked in the image. The beam 

stop is used because the specimen is thin, and the rings are therefore faint. 
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Table 8 – SAD interplanar spacing and planes (ICDD database) of MWCNT within 

PMMA matrix 

Interplanar spacing (nm) Planes 
0.121 1120 
0.171 0004 
0.211 1011 
0.346 0002 

 

4.2 SAXS and USAXS of MWCNT/PMMA Composites 

Ultra-small angle X-ray scattering (USAXS) and small angle X-ray scattering 

(SAXS) were used to examine the CNT/PMMA samples as mentioned in Section 2.6.2.2. 

SAXS is capable of delivering structural information of dimensions between 1 and 100 nm, 

while USAXS is able to resolve larger dimensions [86-88]. Figure 32 , Figure 33, and 

Figure 34 shows the intensity versus scattering vector, Q, which ranges between 10-4 – 1.5 

Å-1 for the mechanically, melt, and solution mixed CNT/PMMA composites, respectively. 

Each showed a very similar behavior. The data in Figure 32, Figure 33, and Figure 34  were 

then fit to a unified fit [90].    
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Figure 32 – Intensity versus scattering vector, Q, for mechanical mixing 

MWCNT/PMMA composites 
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Figure 33 – Intensity versus scattering vector, Q, for solution mixing MWCNT/PMMA 

composites 

 

Figure 34 – Intensity versus scattering vector, Q, for melt mixing MWCNT/PMMA 

composites 
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Figure 35 show the unified fit data for 8 phr melt mixed CNT/PMMA as a 

representation of the fit data since it is a good case example. All the data in Figures 32-34 

were fit similarly to the data in Figure 35. The data is fit in multiple stages (levels) where 

the lowest level indicates the smallest features and the highest level indicates the largest 

features [90]. Level 1 fitting of all composites reveals that the radius of gyration, Rg, is 

around 3 nm. This may correspond to the MWCNT wall thickness (Figure 11). Level 2 

fitting also has the same Rg for all composites. For Level 2, the Rg is around 10 nm which 

may correspond to the radius of the MWCNT (Table 1). Figure 36 shows the change in Rg 

(Level 1 and 2) with increasing concentration of MWCNT for all the MWCNT/PMMA 

composites using all three mixing methods. Overall, there is no significant change in Rg 

with concentration, which supports the conclusion that the Level 1 and Level 2 Rg values 

are measuring the wall thickness and radius of the MWCNT. Level 3 and 4 fits for the 

composites would show larger features and are inconclusive. Since the Rg remains the same 

for all three mixing methods and at all concentrations, the methods of mixing have not 

affected the diameters or wall thicknesses of the MWCNT.  
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Figure 35 – Intensity versus Q data and unified fit for 8 phr MWCNT/PMMA melt mixed 

composite 
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Figure 36 – Radius of gyration of (a) mechanically, (b) solution, and (c) melt mixed 

MWCNT/PMMA composites 

 

4.3 Electrical Characterization 

The impedance properties of the MWCNT powder were explored to give a baseline 

for the composites. As described in Chapter 2, MWCNT was compressed under increasing 

pressure from 1 to 325 MPa and the electrical properties were measured in-situ. Figure 37 
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shows the complex admittance of the MWCNT from 1 to 325 MPa. When lightly 

compressed at 1 MPa, the conductivity is much lower than at the higher pressures used.  

 

Figure 37 – Complex admittance of MWCNT compressed and measured in-situ at 

different compaction pressures  

 

Figure 38 displays the impedance magnitude and phase angle versus frequency for 

all samples made by all three methods [6]. The points shown are an average of at least three 

samples. For the phase degree graphs, -90° indicates capacitive behaviour, 0° indicates 

resistive behaviour, and 90° indicates inductive behaviour. In all cases the samples go from 

capacitive behaviour (-90°) to inductive behaviour (90°) as the CNT content increases as 

seen in Figure 38 b, d, and f. For mechanical mixing, Figure 38 a-b, the change starts at 
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0.05 phr. It loses capacitive behaviour until 0.1 phr, where it switches to inductive 

behaviour. The point where it starts to deviate from capacitive behaviour is the percolation 

point where the CNTs are starting to form a conductive network. The same behaviour is 

shown in both the melt and solution mixed samples, starting at 4 and 2 phr, shown in Figure 

38 c-d and e-f, respectively. The electrical responses for CNT only and PMMA only 

samples are included on each graph. It can be seen that the mechanically mixed samples at 

0.25 phr (~101 Ω) come the closest to achieving the value of pure CNT impedance (~10-1 

Ω), but never quite reach it because the amount of MWCNT in the composite is so small.  
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Figure 38 – Impedance magnitude and phase angle vs frequency for (a, b) mechanically, 

(c, d) melt, and (e, f) solution mixed CNT-PMMA composites. pc is percolation 

threshold, updated from [6] 
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The data in Figure 39 were calculated from the real admittance at 0.1 Hz and sample 

dimensions. All three methods of mixing at low concentrations of MWCNT match the 

conductivity of PMMA, while the highest concentrations are close but do not reach the 

conductivity of pure MWCNT. The graph clearly shows the change from insulating to 

conducting behavior, or in other words the percolation point, of each set of mixing method 

samples. Mechanically mixed samples are the first to percolate at around 0.05 phr. The 

solution mixed samples percolate at about 2 phr, and the melt mixed samples percolate at 

about 4 phr. Since melt mixing causes an even distribution of MWCNT throughout the 

PMMA matrix, it requires more MWCNT to form a network. Conversely, mechanically 

mixing segregates the MWCNT into the boundaries which forms the network at lower 

concentrations.  
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Figure 39 – AC Conductivity versus concentration for MWCNT/PMMA along with 

PMMA and CNT individually for reference, where pc is percolation threshold 

 

Percolation theory was applied to the conductivity data to determine the point of 

percolation more accurately. Equation 1, Section 1.1, is the percolation theory equation 

used for the calculations.  

 𝜎 ∝ 𝐴(𝑝 − 𝑝 )    (1) 

where σM is the property of the mixture, A is a constant, p is the probability of a site (or 

bond) being filled, pc is the percolation threshold, and s is an exponent. p and pc can be 

thought of in terms of composition (volume % or phr). In the case of MWCNT/PMMA 

pc 

pc 
pc 
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composites, p is the composition of the conductor in the composite while pc is the 

composition required to achieve percolation. 

Applying Equation 1 produced the graphs in Figure 40. The equations used (𝜎 =

𝑦 = 𝐴(𝑝 − 𝑝 ) , 𝑥 = 𝑝 − 𝑝 ), R2 (accuracy of fit), and percolation threshold, pc, are in the 

corner of each graph. The calculated percolation thresholds are 0.087 phr for mechanically 

mixed, 2.1 phr for solution mixed, and 3.55 phr for melt mixed MWCNT/PMMA 

composites, which are close to the previous estimates. The two highest concentrations of 

the solution mixed data were excluded due to a possible second percolation after 3 phr. 

Incorporating the two highest points results in an unacceptable R2 value, which suggested 

that a second percolation occurred. It could be that the first percolation is from 

agglomerates touching to form a network while the second could be the agglomerates 

growing further by agglomerates merging as depicted in Figure 41.  
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Figure 40 – AC conductivity of MWCNT/PMMA composites fit using percolation theory 

equations shown in the corners of each graph.  

 

 

Figure 41 – Schematic of agglomerates forming a network  
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4.4 Summary 

The processing method has a strong effect on the resultant microstructure and 

properties. The comparison of three different mixing methods revealed three different 

microstructures with very different electrical properties [6]. The percolation thresholds and 

maximum conductivity reached is summarized in Table 9. Impedance spectroscopy and 

percolation theory was used to determine the percolation thresholds to be 0.087 phr (0.049 

vol % MWCNT), 2.1 phr (1.16 vol % MWCNT), and 3.55 phr (1.93 vol % MWCNT) for 

the mechanically, solution, and melt mixed samples, respectively. Solution mixing had a 

possible second percolation after 3 phr. Optical microscopy, SEM and TEM were used to 

analyse the microstructure and filler placement. This showed that the mechanically mixed 

samples had the MWCNT segregated to the boundaries, which resulted in fewer MWCNTs 

to be used to achieve formation of the percolated network. The melt mixed samples had 

both agglomerates and distributed MWCNTs which required more MWCNTs to form the 

network through the matrix material. Lastly, solution mixed samples had agglomerates 

with a lack of MWCNT in the surrounding area of each. Overall, higher conductivity and 

lower percolation threshold of the mechanically mixed MWCNT/PMMA composites than 

the other two is due to the MWCNT being compressed within the PMMA particle 

boundaries, allowing them to form more connections. The melt mix composites conversely 

has highly distributed MWCNT that increases the spacing between the MWCNT filler, 

which increasing the percolation threshold and decreases the conductivity.  

 

 



67 
 

Table 9 – Summary of percolation thresholds and conductivity of MWCNT/PMMA 

composites made using mechanical, melt and solution mixing 

Method Experimental, 
pc 

Percolation 
theory, pc 

Highest Conductivity 

Mechanical 0.05 phr 0.087 phr 11.85 ± 1.04 (Ω-cm)-1at 0.25 phr 
Melt 4 phr 3.55 phr 1.77 ± 0.22 (Ω-cm)-1at 15 phr 

Solution 2 phr 2.1 phr 1.09 ± 0.17 (Ω-cm)-1at 5 phr 

 

Overall, this chapter shows that when considering electrical properties, mechanically 

mixed CNT/PMMA nanocomposites are able to produce resistivity close to that of pure 

CNT while using only a small amount of MWCNT. This may lead to a reduction in 

production cost for CNT based technology. 

In the next chapter, SiC powders of different sizes are analysed before being 

incorporated into the composites in Chapters 6 and 7. This is conducted to show how the 

filler morphology, crystal structure, and contamination may affect the electrical and 

morphological properties.  
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5 COMPARISON OF SIC POWDERS TO DETERMINE THE 

DIFFERENCES IN ELECTRICAL PROPERTIES AND 

CRYSTAL STRUCTURE 

Before creating the composites, the powder differences need to be analysed. In this 

chapter four types of silicon carbide powders will be compared. Nano-, micron-, and 

whisker SiC were bought from industry (Table 1), and SiC nanowires were fabricated as 

described in section 2.5. These four powders were compared using XRD and impedance 

spectroscopy to determine the base differences between the powders. 

5.1  Fabrication of SiC Nanowires 

To compare with SiCw, smaller anistropic SiC (nanowires) were fabricated. Figure 

42 shows a TEM image from the first attempt at making SiC nanowires along with an 

image of the powder fresh out of the furnace. From the TEM image, a strand of MWCNT 

is visible among the SiC nanowires. The SiC nanowires do not have the visible walls that 

the CNT does and therefore are easy to distinguish.  
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Figure 42 – The first attempt at making SiC nanowires. (a) TEM of SiC nanowires made 

from CNT and (b) SiC nanowire powder upon removal from furnace 

 

To reduce the amount of untransformed carbon nanotubes, the hold time within the 

furnace was increased from 6 to 8 hours. There was still some carbon contamination despite 

the increase in time as can be seen in Figure 43b. Another noticeable difference is that the 

SiC nanowires have a capped end unlike the MWCNT (Figure 43a).  
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Figure 43 – TEM images of SiC nanowires made from MWCNT 

 

From multiple TEM images, the diameters of the SiC nanowires and MWCNT were 

determined by measuring 135 and 155 diameters respectively.  The average and standard 

deviations are shown in Table 10. Overall, the SiC nanowires are slightly larger than the 

MWCNTs that they were made from.  

 

Table 10 – Sizes of MWCNT and SiC nanowires 

Powder Avg. diameter (nm) Max. diameter (nm) Min. diameter (nm) 
MWCNT 20 ± 8 63 5 

SiC nanowires 32 ± 20 122 10 
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To verify that the composition is correct, FTIR was used to compare spectra of SiC 

whiskers, nanowires and carbon nanotubes. The results are shown in Figure 44. It is 

obvious that the silicon carbide nanowires match the SiC whiskers.  

 

Figure 44 – FTIR of SiCw from Advanced Composite Materials, SiC nanowires made 

from MWCNT, and MWCNT 

 

5.2 Silicon Carbide Phase Characterization by X-ray Diffraction 

Since silicon carbide may have four different crystal structures, XRD was used to 

verify that the silicon carbides used were all β-SiC [91, 92]. The XRD results for the SiC 

powders are shown in Figure 45 with an enlarged view in Figure 46. Overall, all the SiC 
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powders are β-SiC (111, 200, 220, 311, and 400 peaks); however, there are some 

impurities. Both micron-SiC and SiCw have peaks (6H 101, 103, and 109) that correspond 

with α-SiC (6H). Both the nano-SiC and SiC nanowires have peaks (labelled as SF) that 

correspond to stacking faults. Lastly, the micron-SiC and SiC nanowires show a peak 

(labelled as carbon) that represents carbon contamination (Figure 46) which is expected for 

the nanowires from its method of fabrication.  

 

Figure 45 – XRD of nano-, micron-, whisker, and nanowire SiC powders 
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Figure 46 – Enlarged view of XRD of nano-, micron-, whisker, and nanowire SiC 

powders 

 

Table 11 shows the reported impurities of each of the silicon carbide powders that 

could cause further differences in properties in addition to the crystal structures. 
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Table 11 – Reported impurities of the SiC powders 

Particle Impurities Source 
SiCw Free C: 0.05-0.3% 

SiO2: 0.35-0.75% 
Advanced Composite 
Materials 

Micron-SiC 0.2% max metal impurities Alfa Aesar 
Nano-SiC Free C: 0.76% 

Free Si: 0.24% 
US Research Nanomaterials, 
Inc 

SiC nanowires Carbon contamination This work 

 

5.3 Silicon Carbide Particle Impedance Response 

As a baseline, the conductivities of each silicon carbide powder that was 

compressed at 350 MPa using the die shown in Figure 21 were determined from the 

impedance magnitude at 0.1 Hz. The conductivities of whisker, nano-sized, micron-sized, 

and nanowire SiC powders were 2.43 x 10-3, 5.89 x 10-3, 4.45 x 10-2, and 0.169 1/Ω-cm, 

respectively. The impedance magnitudes and phase angles of each SiC powder are shown 

in Figure 47. The sizes are similar so the data in the graphs are comparable. The same trend 

is visible with SiCw as the most resistive and the SiC nanowires as the most conductive.  
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Figure 47 – Impedance magnitude and phase angle of whisker, micron-sized, nano-sized, 

and nanowire SiC powder compressed at 350 MPa and measure in-situ  

 

Figure 47 made a comparison at 350 MPa. This pressure was selected after testing 

from 25-350 MPa as it formed the most connections between the MWCNTs. Overall, the 

patterns of the SiC powders are the same as pressure is increased as can be seen in the 

complex impedance graphs within Figure 48. The point where the data curves meet the Z’ 

axis indicates the resistance value. The change from semicircles in the first quadrant to a 

vertical line in the fourth quadrant indicates a change from capacitive to inductive behavior, 

while the decrease along the Z’ axis indicates decreasing resistive behavior [65].  This is a 

result of the increased pressure causing an increase in contact points. The micron SiC 

powder is more conductive than the whisker or nano-SiC powders. Figure 49 shows the 

complex impedance graph for the SiC nanowires which did not show the same change 

(semicircles to vertical lines)  as the other SiC powders and immediately showed a 

conductive response (vertical line in 4th quadrant).  
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Figure 48 – Complex impedance of (a-b) SiCw, (c-d) nano-SiC, (e-f) micron-SiC powder 

compressed and measured in-situ, with insets at intermediate magnification 
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Figure 49 – Complex impedance of silicon carbide nanowire (SiCnw) powders 

compressed and measured in-situ 

 

5.4 Summary 

This chapter compared the XRD and impedance of four silicon carbide powders of 

different morphologies. First the nanowire SiC was fabricated and compared to SiC 

whiskers that were bought commercially. FTIR showed little difference between the two 

anisotropic powders. Next all four SiC powders were compared using XRD and found to 

overall be considered β-SiC crystal structures. However, micron and whisker SiC had some 

α-SiC (6-hexagonal) peaks. Finally, the powders were pressed and electrically measured 
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in-situ using impedance spectroscopy. The nanowire SiC powder showed as the most 

conductive powder with micron-sized SiC a close second. It should be noted that both of 

those powders had carbon contamination peaks showing in the XRD data. With the 

knowledge of the differences between the powders, a more accurate comparison between 

SiC composites may be made. 

In the next chapter, nano-, micron- and whisker SiC / PMMA composites will be 

examined using impedance spectroscopy and microscopy. This will show the effect of filler 

size on the electrical measurements and microstructure which will later (Chapter 9) be used 

to fit equivalent circuits.  
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6 EFFECT OF PARTICLE SHAPE ON THE ELECTRICAL AND 

MICROSTRUCTURAL PROPERTIES (SIC/PMMA) 

The shape of the filler particles also has a strong effect on the connectivity of the 

conductive filler network. The ratio between filler and matrix particle size needs to be taken 

into account. In this section, three types of SiC (nano-sized, micron-sized, and whisker) 

within PMMA matrices will be studied. Since the same size PMMA will be used in all 

cases, a direct comparison between the composites is possible. 

6.1 Microstructure of SiC/PMMA Composites 

Since the SiC/PMMA composites were made using mechanical mixing via a 

blender, they form segregated network, grain-like microstructures seen in Figure 50 [58]. 

At low concentrations (0.1 phr), the SiC/PMMA samples are partially transparent. Overall, 

nano-sized SiC / PMMA composites have the most defined microstructure (Figure 50 a 

and d) since the small particles were easier to segregate into the boundaries. In contrast, 

the SiCw was unable to fully segregate into the boundaries (Figure 50 c and f) due to the 

length being more similar to the size of PMMA (10-100 μm, Table 1). The micron- SiC / 

PMMA composites fall between the other two sizes since micron-SiC does segregate but 

not as clearly as nano-SiC (Figure 50 b and e).  
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Figure 50 – Microstructures of SiC/PMMA composites before percolation at 0.1 phr and 

after percolation at 7.5 phr for (a,d) nano-sized, (b,e) micron-size, and (c,f) whisker SiC 

[58] 

 

6.2 Electrical Characterization of SiC/PMMA Composites 

The impedance magnitude and phase angle data of the SiC powders discussed in the 

previous section are included in Figure 51 along with PMMA data for comparison. From 

Figure 51, it is observed that the SiC/PMMA composites (lowest |Z|~106 Ω at 0.1 Hz) do 

not come close to the conductivity of pure SiC (|Z|~101 at 0.1 Hz) for all three sets of 

composites. The percolation is observed by the flattening of the curves in |Z| at low 

frequencies or the first deviation from -90° in phase angle. The percolation points of nano-
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, micron-, and whisker SiC are estimated to be 2 phr, 7.5 phr, and 10 phr, respectively. The 

overall trend indicated by the phase angles (Figure 51 b, d, and f) is a decrease in capacitive 

behavior (deviation from -90°) with increasing composition. It does not reach 90° which 

indicates a lack of inductive behavior. 
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Figure 51 – Impedance magnitude and phase angle vs frequency for (a, b) nano-sized, (c, 

d) micron-sized, and (e, f) whisker SiC-PMMA composites, where pc is percolation 

threshold 
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 Figure 52 shows the average conductivity versus concentration for 3-5 samples the 

SiC/PMMA composites (with standard deviations). The nano-SiC composite achieved 

percolation (increase in conductivity) at the concentration of 2 phr while the whisker SiC 

achieved percolation at the higher concentration of 10 phr. Despite this, both reached the 

same maximum conductivity (for the concentrations tested). Micron-sized SiC never 

reached the same conductivity. Two samples were made using a similar mechanical mixing 

method at 25 phr for the micron-SiC/PMMA, which averaged to about the same 

conductivity as the 15 phr micron-SiC/PMMA. A mentioned in Chapter 5, the micron-

sized powder has a higher conductivity than the nano-sized and whisker SiC. Despite that, 

the micron-SiC/PMMA composites had the lowest conductivity of all the SiC/PMMA 

composite sets, presumably because there was an issue with forming the conductive 

network with micron-SiC. The larger size of the micron-SiC (1-2 μm, Table 1) without 

anisotropy may have allowed the PMMA to interfere with the connectivity of the SiC since 

the micron-SiC would have a more difficult time segregating to the boundaries of the 

PMMA particles.  
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Figure 52 – Conductivity of SiC/PMMA composites as a function of SiC content. pc is 

percolation threshold, updated from [58] 

 

Percolation theory (Equation 1) was applied to the data in Figure 52 to determine 

the percolation threshold. The equations used (𝜎 = 𝑦 = 𝐴(𝑝 − 𝑝 ) , 𝑥 = 𝑝 − 𝑝 ), R2 

(accuracy of fit), and percolation threshold, pc, are in the corner of each graph in Figure 53. 

The percolation thresholds are 2.35 phr for nano-SiC, 2.1 phr for micron-SiC, and 9.8 phr 

for whisker SiC composites. For the micron-sized SiC composite, this is a large difference 

from estimating by looking at the graph in Figure 52. This difference may be able to be 

reduced by creating more samples in the 2-5 phr range. A possible reason for the difference 

may be the rigidity and larger powder size of the micron-SiC.  It should also be noted that 
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the micron-SiC composite percolation fit has an R2 of 0.708, indicating that the fit is not 

very accurate, most likely due to the reasons listed earlier.  

 

Figure 53 – AC conductivity of SiC/PMMA composites fit using percolation theory 

equations shown in the corners of each graph. 

 

 The crystal structure, size difference, and impurities of the three SiC powders used 

as fillers in the chapter all have an effect on the resultant properties. The combination of 

these factors resulted in different electrical properties of the powders (Figure 47) which 
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then are compounded by the change in filler morphology within the composites. Table 12 

summarizes these factors.  

Table 12 – Summary of crystal structure, size, and impurities for SiC powders 

Particle Crystal Structure  Size Impurities 
SiCw β- Cubic with α (6 Hexagonal, 

6H) contamination 
L: 10-50 μm, 
D: 1 μm  

Free C: 0.05-0.3% 
SiO2: 0.35-0.75% 

Micron-SiC β- Cubic with α (6 Hexagonal, 
6H) contamination 

1-2 μm 0.2% max metal 
impurities 

Nano-SiC Cubic with stacking faults 10-70 nm Free C: 0.76% 
Free Si: 0.24% 

 

 

6.3 Summary 

Three types of silicon carbide were used to make PMMA composites in order to 

determine the effect of particle morphology on the electrical and morphological properties. 

All the composites formed segregated network microstructures since they were made using 

mechanical mixing. The nano-SiC formed the most defined network, while the SiC 

whiskers broke out of the PMMA network boundaries due to their length. Using impedance 

spectroscopy and percolation theory, the percolation thresholds were determined to be 2.35 

phr for nano-SiC, 2.1 phr for micron-SiC, and 9.8 phr for whisker SiC composites. There 

is a large difference for the micron-SiC between the percolation threshold determined by 

estimation from the conductivity graph (5 phr) and percolation theory (2.1 phr). Overall, 

the nano-SiC composites were the most reliable, had the lowest percolation, and highest 

conductivity.  
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Table 13 – Summary of percolation thresholds and conductivity of nano-, micron-, and 

whisker SiC/PMMA composites  

Particle 
Size 

Experimental, 
pc 

Percolation 
theory, pc 

Highest Conductivity 

Nano 2 phr 2.35 phr 7.62 x10-9 ± 2.61 x10-9 (Ω-cm)-1 
at 15 phr 

Micron 5 phr 2.1 phr 8.70 x10-11 ± 8.57 x10-12 (Ω-cm)-1 
at 15 phr 

Whisker 10 phr 9.8 phr 9.04 x10-9 ± 3.88 x10-9 (Ω-cm)-1 
at 15 phr 

 

This chapter showed that SiCw /PMMA composites had the highest percolation; 

however, the MWCNT/PMMA composites from Chapter 4 had low percolation and were 

also anisotropic in shape. Therefore, Chapter 7 will compare SiC nanowires (32 nm in 

diameter) and whiskers (1 μm in diameter) to determine the effect of anisotropic filler size 

on the overall electrical and microstructural properties.  
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7 EFFECT OF PARTICLE SIZE ON ELECTRICAL AND 

MICROSTRUCTURAL PROPERTIES (SIC/GLASS) 

Past work suggested that high aspect ratio particles would achieve lower percolation 

concentrations [62, 63, 93]. The ratio of the size of the filler and matrix particles is 

important. Chapter 6 showed that while the SiC whiskers have a high aspect ratio, their 

length (10-50 μm) was too similar to the size of the PMMA particles (50 μm) to easily 

segregate to the boundaries of the PMMA particles. This chapter will use two sizes of 

anisotropic SiC whiskers in a glass matrix to study the effect of anisotropic filler size on 

electrical and microstructural properties. The size of the glass (45-53 μm) is about the 

average of the range of the PMMA particles (10-100 μm), as listed in Table 1. A SiC 

nanowires (32 nm), which are closer in size to the MWCNT (20 nm), will be used to prove 

that smaller anisotropic SiC will reduce the percolation threshold within segregated 

network composites.   

7.1 Microstructure of SiC Whisker and Nanowire/Glass Composites 

Figure 54 shows microstructures of SiCw-glass composites at 0.1, 1, 5, and 12.5 

phr. Since the SiCw is larger than the CNT used in this work, the microstructure is not as 

defined as for the ones made with CNT. The microstructures are grain-like since the glass 

was created at specific temperature (610°C) and pressure conditions (23.4 MPa) that made 

the glass matrix deform due to lower viscosity but not decrease the viscosity enough so 

that the filler enters the glass [82]. SiCw agglomerates, as seen in Figure 54b, were seen to 
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form starting at 1 phr. As the concentration increased SiCw becomes even more visible in 

the microstructure.  

 

Figure 54 – Optical microscope pictures of SiCw-glass composites at (a) 0.1, (b) 1, (c) 5, 

and (d) 12.5 phr 

 

 A few samples were selected based on their electrical properties (section 7.3) for 

SEM imaging to get a clearer idea of the placement of the SiCw within the glass matrix. 

Figure 55 a and e show the microstructure of a 0.25 phr SiCw/glass composite which does 

not appear to have any visible SiCw. Conversely, the 7.5 phr composite shown in Figure 55 

b and f shows that the SiCw are along the edges of the grains, which is easiest seen when 

looking at where a glass bead appeared to have pulled out during polishing. Figure 55 c-d 

and g-h are the same composition of 10 phr. However, Figure 55 c and g are a cross-section 
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of a sample that was cut with a diamond blade. The SiCw is visible but harder to spot since 

the act of cutting the sample appears to have fractured the glass. Figure 55 d and h show a 

sample made using newly bought borosilicate glass mixed with SiCw using a speedmixer 

and without ball-milling as previously done. The micrographs show again that the SiCw is 

relegated to the grain-like boundaries. From the exposed locations where the SiCw are more 

visible, the SiCw appears to be directionally oriented along the grains but pointed randomly 

in that plane.  

 

Figure 55 – SEM images of (a,e) 0.25 phr, (b,f) 7.5 phr, and (c,g) 10 phr cut sample 

SiCw/glass composites and (d,h) 10 phr SiCw /glass composites made with recently 

bought glass and no ball-milling.  

 

Figure 56 shows the optical photographs of the microstructures of (a,b) below, (c,d) 

at and (e,f) above percolation samples of SiC nanowires/glass composites. Below 
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percolation (0.325 phr), the microstructure appears sintered. At percolation (1 phr), the 

glass particles appear more rounded and less sintered than before percolation. Despite 

being made at the same temperature and pressure as the SiCw/glass composites, the SiC 

nanowire/glass composites appear less sintered and are more fragile at higher 

concentrations (at and after percolation) than the SiCw/glass composites. At 4 phr, the 

samples were easily broken by hand, so no higher concentrations were made. After 

percolation, agglomerates are clearly seen in the microstructure.  
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Figure 56 – Pentaview optical images of (a-b) 0.325 phr, (c-d) 1 phr, (e-f) 4 phr SiC 

nanowires/ glass composites 

 

Figure 57 shows the SEM images of the same samples as in Figure 56. In Figure 

57a, a large agglomerate of SiC nanowires is visible within a composite containing 0.325 

phr composition. At 1 phr, the SiC nanowires are not easily spotted, and at 4 phr the 

nanowires have formed small agglomerates. The higher concentration of SiCnw at 4 phr 
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may have lead to visible agglomerates. Additionally, the 4 phr appears partially sintered 

which is evidenced by the glass particles that are not perfectly spherical.   

 

Figure 57 – SEM images of (a,d) 0.325 phr, (b,e) 1 phr, and (c,f) 4 phr SiC 

nanowire/glass composites 

 

 EDX of the samples was performed to verify the location of the SiC within the 

matrix. Figure 58 shows the EDX results and the location at which it was measured on the 

SEM images. This was performed for all the samples for which SEM analysis was 

conducted, but only 10 phr of the SiCw and 4 phr of the SiCnw are shown here. Red plus 

signs show the locations of the measurements. Figure 58 a and c were measured on the 

glass portion, while b and d were placed on SiC. The presence of carbon within the SiC 

showed in the EDX allows for identification of the location of the SiC within the glass 
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matrix. When measuring the nanowires, the glass also was observed using EDX. The glass 

signature shows some elements (Br, Na, and Sn) that may be contaminates. The bromine 

may actually be aluminium as that is a known ambiguity in EDX.  
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Figure 58 – EDX of SiCw and SiCnw composites. Red + signs mark the location measured 
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7.2 SPS In-situ Collection of Data 

Figure 59 and Figure 60 show the data collected during the fabrication of the SiC 

whisker/glass and SiC nanowire/glass composites using spark plasma sintering (section 

2.3.2), respectively. There was only one sample (7.5 phr S1) that had an abnormal voltage 

and current fluctuation during the SiCw/glass fabrication. 0.05 phr S2 also had abnormal 

fluctuation during the SiC nanowire/glass fabrication. This may have been due to the 

thermocouple shifting during the temperature increase or non-perfect PID settings. Overall, 

the runs were very consistent with current, voltage, and temperature.  
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Figure 59 – SPS run data for SiCw-glass composites with (a) temperature, (b) voltage, and 

(c) current versus time 
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Figure 60 – SPS run data for SiC nanowire-glass composites with (a) temperature, (b) 

voltage, and (c) current versus time 

 

7.3 Electrical Properties of SiC/Glass Composites at 10% Humidity 

Figure 61 shows the impedance magnitude (|Z|) and phase angle (ϴ) versus 

frequency for the SiCw-glass composites. The orange squares in Figure 61 represent the 

impedance data of SiCw pressed at 350 MPa, which were measured in situ. Percolation is 

seen at a concentration of 5 phr where there is the first deviation from -90° in the phase 

angle and where the impedance graph first decreases. At and after percolation, there is a 
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large variability that shows in the standard deviations in both |Z| and phase angle. The 

variability indicates that sometimes the network formed (lower |Z|) and other times it did 

not (higher |Z|).  

 

Figure 61 – (a) Impedance magnitude and (b) phase angle vs frequency for SiCw/glass 

composites measured at 10% humidity, where pc is percolation threshold 

 

Figure 62 shows the impedance magnitude (|Z|) and phase angle (ϴ) versus 

frequency for the SiC nanowire/glass composites at 10% relative humidity. The blue 

spheres represent the SiC nanowire powder measured at 350 MPa in-situ. There is less 

deviation with the SiC nanowire composites compared to the SiCw composites indicating 

that the electrical measurements were more reproducible. The phase angle graph appears 

to have more wave in it than seen in the SiCw/glass phase angle graph in Figure 61. For 

example, the 1 phr SiCw/glass composites have a very visible variation in the error. From 

the impedance magnitude graphs in Figure 62a, percolation appears to start at 1 phr, where 

a slight decrease in impedance magnitude is observed. 
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Figure 62 – (a) Impedance magnitude and (b) phase angle vs frequency for SiC 

nanowire/glass composites measured at 10% humidity 

 

Figure 63 depicts the percolation graph of data collected from anisotropic SiC / 

glass composites and glass SPS samples. Additionally, SiCw/glass composites that were 

hot pressed by Dr. T. Pruyn are included in Figure 63 to compare with the SPS SiCw/glass 

samples [82]. The humidity that the hot-pressed samples were tested at is unknown. The 

hot-pressed samples were tested both in parallel and perpendicular to the hot-pressed 

direction. The SPS samples percolated at a lower concentration (5 phr) than the hot-pressed 

samples. An interesting trend is that both hot-pressed and SPS samples fabricated from the 

same ball-milled mixed powders experienced a dip at 10 phr. In order to explore this 

further, a 10 phr sample was cross-sectioned which will be shown in section 7.4.  

In Figure 63, there are a couple of points representing the properties of the pure 

glass. The “past glass SPS” (black square) was tested at 10% humidity by Dr. T. Rudzik as 

a reference [94], while the “SPS glass-new” (red circle) is newly bought glass that was also 

tested at 10% humidity. There is a more than a magnitude of difference between the new 
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and old glass. This is important to do because the abnormal dip observed for the electrical 

properties of both hot-pressed and SPS sintered 10 phr SiCw/glass composites. Due to this 

discrepancy, three samples of 10 phr SiCw/glass were made using the new glass and 

speedmixing the powders (without ball milling). It had a dramatic effect of increasing two 

orders of magnitude in conductivity suggesting the original mix was different 

(contamination or a mislabeled composition possibly) from the new mix or it may have 

been incorrectly labeled. It may be coincidence, but the electrical conductivity of the new 

SPS sintered 10 phr SiCw/glass composites (pink downward triangle) aligns with the rest 

of the compositions of the SPS sintered SiCw/glass where the 10 phr would be expected 

rather than the dip that happened.  
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Figure 63 – Conductivity of SiC/glass composites as a function of SiC content comparing 

SPS and hot-pressed composites from Dr. Pruyn’s work [82], where pc is percolation 

threshold 

 

Next, the conductivities of SiC nanowire and whisker composites are compared in 

Figure 64. The SiC nanowire glass composites did have a lower percolation (1 phr) than 

the SiCw / glass composites (hot-pressed and SPS); however, the highest conductivity 

achieved for the SiCnw composites is much lower than for the SiCw composites, and the 

samples became too fragile to continue increasing the concentration since they broke on 

removal from the SPS. 
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Figure 64 – Conductivity of SiC/Glass composites as a function of SiC content 

comparing SiCw and SiCnw as fillers, where pc is percolation threshold 

 

7.4 Electrical Properties – Heterogeneities at 10 phr SiCw/Glass (Original Mix) 

As mentioned, to explore the unexpected dip in conductivity a 1arger 10 phr sample 

was made using the original ball-milled mix [82] then cut using a diamond blade to study 

the change in microstructure and electrical properties across the sample. Figure 65 shows 

how the sample was cut, images of the slices, and the dimensions of the cut samples.  
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Figure 65 – (a-b) Schematics of cuts made into a 10 phr SiCw/borosilicate glass 

composite, (c) cut samples, and (d) size of samples 

 

 The microstructures of the samples were studied using a Pentaview optical 

microscope and are shown in Figure 66. It is observed that the individual cut samples are 
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inhomogeneous. Samples 6 and 7 showed much larger SiCw agglomerates than all other 

sample slices.  

 

Figure 66 – Optical microstructures of the 10 phr SiCw/glass composites slices cut using 

the method depicted in Figure 65 

 

Figure 67 displays the impedance magnitude and phase angle versus frequency of 

the sample slices except for sample slice 5, which was left out for SEM analysis (shown in 
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Figure 55c and g). There is a large difference in electrical response across the sample. The 

impedance magnitude ranged from about 1011 to 107
 Ω, indicating that the original sample 

was inhomogeneous. It should be noted that the graphs in Figure 67 are not normalized by 

sample dimensions which may shift the values, but not the overall observed trends.  

 

Figure 67 – (a) Impedance magnitude and (b) phase angle versus frequency for 10 phr 

sample cut into 8 sections. Not normalized by sample dimensions. Measurements were 

done on the largest face of each sample.  

 

The conductivity values reported in Figure 68 take into account the size of the 10 

phr sliced SiCw/glass samples. It is observed again that the sample is not homogeneous. 

Overall, the sample labeled 0 (red square), which is before slicing, had the highest 

conductivity. Sample 3 was measured in the pressing direction and is represented by the 

blue square. The samples measured perpendicular to the press direction show that samples 

6 and 7 have the lowest conductivity which coincides with the agglomerates that were seen 

in their microstructures (Figure 66 f and g). Since this was a thicker sample than made 
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before, that may cause some difference in its properties from the thinner samples 

mentioned previously in this chapter. However, it still should help with understanding the 

dip in the conductivity of the 10 phr SiCw/glass (Figure 63). The dip is likely due to the 

presence of enough SiCw within the matrix to form larger agglomerates but not enough to 

form a network of agglomerates (Figure 66).  

 

 

Figure 68 – Conductivity of each section of the 10 phr cut sample compared to whole 

sample. Inset shows location of each slice within the whole sample. 
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7.5 Summary 

Two different sizes of anisotropic SiC (whisker and nanowire) were used to study the 

effect of filler size on the electrical percolation and microstructure of SiC/glass composites 

made using SPS. It was theorized that the smaller size of the SiC nanowires would allow 

it to segregate into the grain boundaries easier and create a lower percolation threshold. 

The basis for this theory is from works that did calculations and FEA simulations of 2D 

idealized segregated network microstructures with truncated octahedral and truncated 

tetrahedral shapes [59, 60]. Those works show that smaller filler particles of octahedral and 

tetrahedral shapes percolate at lower concentrations. This chapter focused on how the 

electrical properties (including percolation) and microstructure changed with anisotropic 

filler size rather than isotropic fillers. While it was true that the percolation threshold did 

decrease as predicted, the maximum conductivity value reached was not as high as for the 

SiCw/glass composites value (Table 14). The SiC nanowire composites also became too 

fragile to handle with increasing the concentration after 4 phr. It may be that despite being 

the same materials, the SiC nanowire composites needed to be processed at a different 

temperature at higher concentration.  

Table 14 – Summary of percolation thresholds and conductivities of whisker and 

nanowire SiC/glass composites 

SiC Particle Percolation, pc Conductivity 

Whisker 5 phr 4.09 x 10-7 ± 4.08 x 10-7 (Ω-cm)-1 at 12.5 phr  

Nanowire 1 phr 1.02 x 10-9 ± 1.11 x 10-9 (Ω-cm)-1 at 4 phr 
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 The SPS made SiCw/glass composites were also compared to hot-pressed 

composites made by a past student using the same powder mixes (Figure 63) [82]. In that 

case, the percolation threshold was lower while still reaching the same conductivity. Both 

hot-pressed and SPS composites had a dip at 10 phr. This may be due to either incorrect 

measurement of powders or agglomerates reaching a critical point of pulling SiCw into 

agglomerates then raising conductivity again after having more SiCw to reform the 

network. A sample at 10 phr was cut to study this phenomenon and did reveal an 

inhomogeneous microstructure with large agglomerates. 

 All the samples made in this chapter were tested at 10 % relative humidity because 

it was observed that the electrical measurement varied with increasing humidity. Chapter 

8 will discuss the electrical properties trends and conduction mechanisms observed with 

increasing humidity for SiCw/glass and PMMA composites.  
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8 EFFECT OF CHANGING HUMIDITY ON THE ELECTRICAL 

PROPERTIES 

In this chapter, the effect of humidity during impedance testing will be reported for 

MWCNT/PMMA, SiC/PMMA and SiC/glass composites. The humidity range tested is 

from 10 – 80 % relative humidity using a humidity chamber to control the humidity during 

measurement. The impedance data will be converted to other dielectric functions (section 

1.4.2) in order to explore the mechanism of conduction within the composites with 

changing humidity.  

8.1 Impedance Spectroscopy of PMMA Composites Under Different Humidity 

For PMMA composites, there appears to be little effect of humidity on the impedance 

response of the composites. This is seen for both MWCNT/PMMA (Figure 69) and 

SiCw/PMMA (Figure 70) composites, where the symbols represent the samples measured 

at 60% humidity and the lines represent the samples measured at 10% humidity. The high 

humidity (60% and 50%) and low humidity (10%) overlap for both sets of PMMA 

composites, indicating no change with humidity.  
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Figure 69 – (a) Impedance magnitude and (b) phase angle versus frequency for 

MWCNT/PMMA composites measured at 60% relative humidity (60H, symbols) and 

10% relative humidity (10H, lines) where the 60% and 10% relative humidity data 

overlap at all concentrations 
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Figure 70 – (a) Impedance magnitude and (b) phase angle versus frequency for a 2 phr 

SiCw/PMMA composite measured at 50% relative humidity (50H, symbol) and 10% 

relative humidity (10H, line) where the 50% and 10% relative humidity overlap 

 

8.2 Impedance Spectroscopy of SiCw/Glass Composites with Varying Humidity 

The SiCw/glass composites are a very different case than the PMMA composites. 

Borosilicate glass composites have been shown to be humidity sensitive using ITO/glass 

composites [80]. Figure 71 shows the change in impedance magnitude (|Z|) and phase angle 

(ϴ) for (a-b) 0.25, (c-d) 2.5, and (e-f) 12.5 phr SiCw/glass composites with humidity from 

10-60% relative humidity. Each composite set shows at least a three magnitude decrease 

in impedance magnitude and an increase in inductive (decrease in capacitive) behavior with 

increasing humidity.  
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Figure 71 – Impedance magnitude and phase angle versus frequency for SiCw/glass 

composite samples containing (a-b) 0.25, (c-d) 2.5, and (e-f) 12.5 phr measured from 10-

60% humidity 
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Converting real impedance to conductivity, the graph in Figure 72 was created 

using bootstrapping (of 10000 random selections) to average at least 3 samples with the 

deviations shown using the error bars. The exceptions are the measurements at 88 % 

relative humidity, which could not be reached again once summer ended.  From 0-2.5 phr, 

the conductivity decreases with increasing humidity until 40 or 50% humidity then 

increases. At 20% humidity, the 0.01 phr SiCw/glass shows a spike in conductivity. For 7.5 

and 12.5 phr, there is an initial sharp increase then a gradual decrease in conductivity with 

increasing humidity. This suggests that once the SiCw have formed conductive paths, the 

continued addition of absorbed water disrupts these conductive pathways, whereas it 

increases conductivity for the lower concentrations.  
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Figure 72 – Conductivity versus humidity of the SiCw / glass composites  

 

8.3 Conductivity Mechanism as a Function of Humidity Using Normalized M”, Z”, 

and Tanδ  

To understand the mechanisms of conductance which takes place within the glass 

composites, imaginary impedance (Z”), imaginary modulus (M”), and tan delta (tand or 

tanδ) were normalized by dividing by their max amplitude. For this section, even though 

at least three samples were measured, only data for one sample of each composition 

(around the average conductivity of the samples displayed in Figure 72) are shown to ease 

understanding and represent the general trends. The presence or absence of a M” or Z” 

peaks indicates long range conductivity or localized conductivity [66]. When Z” and M” 
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peaks overlap at the same frequencies, this indicates long range conductivity [66]. In Figure 

73a, the 0.01 phr composite has a full overlap of Z” and M” peaks from 40 to 80% humidity 

indicating long range conductivity through water molecules (green text). For the 0.01 phr 

composite, the conductivity is mainly due to the water absorbed into the composite. As the 

concentration increases, the conductivity is a mix of SiC and water creating the conductive 

paths. In Figure 73b, the 0.25 phr composite shows close but not fully overlapping Z” and 

M” peaks. The trend continues in Figure 73c where the Z” and M” peaks for the 2.5 phr 

composite have separated further. When the Z” and M” peaks are separate but present, this 

indicates a mix of long-range conductivity and localized relaxation [66]. At the highest 

concentrations shown of 7.5 and 10 phr (Figure 73 d and e), Z” peaks are present for all 

percent humidity and shift to higher frequencies with increasing humidity indicating that 

long range conductivity from the SiC was already present and then absorbed water from 

the atmosphere became a factor as humidity increased. Comparing the peaks of tanδ and 

M” (Figure 74) also reveals the mechanisms of conductivity. Tanδ peaks in the low 

frequencies indicate an onset of DC conductivity [66]. For the tanδ peaks shown in Figure 

74e (12.5 phr high humidity), it is not clear exactly what is contributing to them other than 

being caused by the humidity.  
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Figure 73 – Normalized Z” and M” versus frequency graphs of the SiCw/Glass 

composites at (a) 0.01, (b) 0.25, (c) 2.5, (d) 7.5, and (e) 12.5 phr measured for 10-88% 

relative humidity (green text used where peaks overlap.) 
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Figure 74 – Normalized tanδ and M” versus frequency graphs of the SiCw/Glass 

composites at (a) 0.01, (b) 0.25, (c) 2.5, (d) 7.5, and (e) 12.5 phr measured for 10-88% 

relative humidity 
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The patterns of the peak locations (Figure 76) and peak height (Figure 77) are also 

important to study with the change in humidity. Figure 75, which displays representative 

spectra from different compositions and humidity, are labeled with Z” peak, M” peak 1, 

M” peak 2, tand peak 1, and tand peak 2 to help explain the naming convention shown in 

Figure 76 and Figure 77. From Figure 76, the change in the frequency location of the peaks 

is shown. At all concentrations, only the M” peak 1 (highest peak) and Z” peak show a 

significant shift in the frequency of the peak location with increasing humidity. The M” 

peak 1 and Z” peak also both increase in frequency with increasing composition. At the 

concentration of 12.5 phr, the tanδ peak 1 also showed a shift in the frequency as was seen 

in the appearance of tanδ peaks in Figure 74e. At lower concentrations, the tanδ peaks do 

not show much change in frequency.  
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Figure 75 – (a) Representative imaginary impedance and modulus versus frequency and 

(b-c) imaginary tan d and modulus versus frequency to understand peak naming 
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Figure 76 – Peak location frequency versus percent humidity for select SiCw/Glass 

composites at (a) 0.01 phr, (b) 0.25 phr, (c) 2.5 phr, (d) 7.5 phr, and (e) 12.5 phr 
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 Peak heights were obtained from M”, Z”, and tanδ graphs for each  composition at 

increasing percent humidity. These results are summarized in Figure 77. For the highest 

peak of M” (peak 1), in all compositions there is a slight increase in peak height with 

increasing humidity (Figure 77a). A smaller peak in M” (peak 2) shows a slight increase 

peak height for 7.5 and 12.5 phr (Figure 77b). Conversely as shown in Figure 77c, 0, 0.01, 

and 0.25 phr composites increase in peak height for the highest tanδ peak (peak 1). Lastly 

(Figure 77e), the Z” peak decreases for 0-2.5 phr compositions with the increase in 

humidity.  
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Figure 77 – Peak height versus percent humidity for select SiCw/Glass composites at 0 

phr, 0.01 phr, 0.25 phr, 2.5 phr, 7.5 phr, and 12.5 phr. (a) M” peak 1, (b) M” peak 2, (c) 

tanδ peak 1, (d) tanδ peak 2, and (e) Z” peak 
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8.4 Summary 

MWCNT/PMMA, SiCw/PMMA, and SiCw/glass were all impedance tested at a range 

of humidities. Both composites with a PMMA matrix were not affected by increasing the 

humidity. Conversely, the glass composites were strongly affected by humidity. There was 

also a difference in how the composites react to humidity with different content of SiC.  

From 0-2.5 phr, the conductivity increases with increasing humidity. For 7.5 and 12.5 phr, 

there is an initial sharp increase then a gradual decrease in conductivity with increasing 

humidity. The mechanism of conductivity was analyzed by normalizing the imaginary 

impedance, imaginary modulus, and tanδ and plotting them together for comparison. As 

humidity increases the peaks shift towards higher frequencies. For most compositions, M” 

and Z” are separate which indicates that both localized relaxation and long-range 

conductivity are present.  

 Chapter 9 will apply equivalent circuit models to the impedance data collected in 

this chapter and Chapters 4-7 to fulfill the hypothesis of this thesis. The equivalent circuit 

models should show, through individual circuit element values, the effect of individual 

materials, processing, and humidity on the overall electrical properties. 
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9 UNDERSTANDING THE ELECTRICAL RESPONSE OF 

CONDUCTIVE FILLER / INSULATING MATRIX COMPOSITES 

BY MODELING IMPEDANCE DATA  

In order to properly analyze impedance data for a sample, fitting the data to an 

equivalent circuit is essential. Seeing the change in circuit values with concentration, 

humidity, or any other condition allows for a better understanding of the contribution of 

each feature present within the material to the overall properties. This chapter will take the 

impedance data from Chapters 4-8 and fit them to equivalent circuits.  

9.1 Initial Models for Compressed Filler Powders and Sintered PMMA and Glass        

First, the impedance data for individual materials are fit to equivalent circuit models 

for later comparison to composite circuits. Each of the models may contain resistors (R), 

constant phase elements (CPE), and inductors (L). As mentioned in Section 1.4.3, CPEs 

are used instead of capacitors since they account for the imperfects of real capacitance. 

9.1.1 MWCNT Powder Equivalent Circuit Fitting 

The base materials need to be fit before fitting the composite materials. For the 

compressed MWCNT powder presented in Figure 37 showed that increasing the loading 

decreased the impedance. The data obtained for 300 MPa compression produced the most 

stable measurement, so it was chosen for equivalent circuit fitting. The circuit developed 

for MWCNT powder is shown in Figure 78 along with the values.  
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The MWCNT equivalent circuit fitting is very close to one of the equivalent circuits 

developed by Dr. Rachel Muhlbauer in past work with in plane impedance measurements 

of MWCNT deposited on paper [95]. The circuit in this dissertation has one more inductor 

than Muhlbauer’s, most likely due to the absence of the paper substrate. This indicates that 

measuring the MWCNT as a pellet rather than on a paper substrate forms more 

interconnects between the MWCNT.  

 

Figure 78 – Experimental data and fits complex admittance of MWCNT compressed at 

300 MPa and measured in-situ 

 

9.1.2 SiC Powder Equivalent Circuit Fittings  

 Most of the SiC powders were able to fit to the same circuit, as seen in Figure 79 

with complex admittance data. The powders were all measured in-situ under 350 MPa 
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(Figure 48 and Figure 49). The micron-SiC R circuit values were lower and the CPE circuit 

values higher than the corresponding values for nano-SiC and whisker SiC. Conversely, 

the SiCw R circuit values were higher and CPE circuit values were lower than the nano-

SiC and micon-SiC corresponding values. The SiC nanowires were more conductive than 

the other three powders and had one less CPE in its circuit. A possible reason for this is the 

difference in the purity of the powders. The circuit for the SiC nanowire is the same circuit 

used to fit the MWCNT data. The SiC nanowire fit has higher resistance values, one larger 

inductance value, and one inductance value about the same as the MWCNT values. 

Overall, they are both very conductive which leads to the same circuit being used.  
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Figure 79 – Complex admittance and fits for (a) nano-sized, (b) micron-sized, (c) 

whisker, and (d) nanowire SiC powders compressed at 350 MPa and measured in-situ 

 

9.1.3 PMMA Pellet Equivalent Circuit Fittings 

PMMA was compression molded the same way that the polymer composites were 

at 170 °C and 20 kN. Figure 80 is a complex modulus graph with a single sample’s data 

(from data in Figure 38 and Figure 39), fit, and equivalent circuit. The PMMA circuit has 

no inductors, three resistors, and 3 CPEs. Overall, the circuit has very high resistance and 

low capacitance. 



129 
 

 

 Figure 80 – Complex modulus and fit of PMMA hot-pressed sample with fit data  

 

9.1.4 Borosilicate Glass Equivalent Circuit Fittings 

The borosilicate glass samples were fabricated using an SPS at 610°C heated at a 

rate of 50°C per minute, the same as the composite SPS samples. The equivalent circuit fit 

of one glass sample (10% humidity) is shown in Figure 81. This circuit is similar the 

PMMA equivalent circuit, which has one more resistor in series. The glass fit has smaller 

CPE values and higher resistance values than PMMA fit values indicating that overall, 

PMMA is more conductive than the glass which correlates with the conductivities 

measured previously (Figure 39 and Figure 63).  
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Figure 81 – Complex modulus and fits of SPS sintered glass 

 

9.2 Change in Equivalent Circuit Models with Increasing Concentration of CNT 

within Composites made using Three Mixing Methods 

The equivalent circuits used for fitting the electrical data vary with the formation 

of CNT paths through the differently made composites. Figure 82 shows the typical 

formation of paths for the composites made using the three different mixing methods. In 

the mechanical case (Figure 82a), the conducting particles (black lines) are segregated to 

the edges of the insulating particles (blue background). This creates a grain-like structure 

that reduces the space the conducting particles may be located in and therefore requires 
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fewer particles to form a conducting path. The solution mixed composites have the largest 

variety of microstructures but in this case the MWCNTs are agglomerated. Figure 82b 

shows that first the agglomerates form then the conducting path forms through the touching 

of agglomerates. Last, the melt mixed composites (Figure 82c) distributes the conducting 

particles more evenly through the insulating matrix. Since the particles are evenly 

distributed over the whole volume of the composite, it takes many more conducting 

particles to form the paths. For the insulating samples, the intrinsic CNT contribution is 

simplified to an inductor and resistor in series. The edge of the network and PMMA matrix 

is represented by RPMMA and CPEPMMA, while R1/CPE1 and R2/CPE2 parallel RC circuits 

in series represent the main conducting path. In Figure 82c, the conducting paths are 

colored red with dead ends marked in lime green. The flow of current through the 

composites is reliant on the connections of the paths. If there is only one connection that 

the current may pass through with others serving as dead ends, that point will limit the 

conduction of the composite overall [96]. This causes the circuits for conducting samples 

to vary more than for insulating samples. 
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Figure 82 – Formation of paths in CNT/PMMA composites made by three different 

mixing methods 

 

Table 15 contains the average circuit fitting data for all the MWCNT/PMMA 

samples before full conductivity is reached. The composites from the lowest concentration 

of CNT until it almost reaches full conductivity are represented by the circuit (labeled 

MWCNT/PMMA Composites) under Table 15. As the concentration of CNT increases, 

more contact points form to start developing paths through the composites. This causes a 
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decrease in resistivity (R1 and R2) which represent the main conducting path resistance. 

The circuit elements that represent intrinsic CNT properties and PMMA that separates 

CNT particles remain about the same with increasing CNT concentration. All the 

equivalent circuit fits of this thesis simultaneously fit all the dielectric functions which 

results in small standard deviations which are shown in each circuit fit table below the 

averages.  
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Table 15 – Equivalent circuit fits for MWCNT/PMMA composites before reaching full 

conductivity (averages of at least 3 samples with ± standard deviation) 
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Table 16 contains the circuit fitting data for all of the MWCNT/PMMA samples 

after percolation is reached. In contrast to samples before percolation, the circuits (a-g) 

show that the composites after percolation vary more depending on the connectivity of the 

path. As the concentration increases, the resistivity decreases and inductance increases. 

Some samples do deviate back to a more insulating representative circuits which indicates 

that fewer paths formed for those samples. With the mechanically mixed samples, the 

samples changed from the previous insulating to conductive equivalent circuits without 

intermediate circuits that form with the other two mixing methods. The circuits developed 

do not match the equivalent circuit of CNT alone (Figure 78) because even at high 

concentrations the insulating matrix does interact with the network and is represented by 

the capacitive and some resistive behavior. The equivalent circuit for CNT alone is solely 

made of an inductor (L), a resistor (R) and a parallel RL in series. Therefore, the increased 

presence of inductance within the developed circuits is the inter- and intra- particle 

interaction of the CNTs.  
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Table 16 – Circuits used for MWCNT/PMMA samples and table of circuit values after 

percolation (averages of at least 3 samples with ± standard deviation) 

 

 

To summarize the previous two tables, Figure 83 demonstrates the progression of 

the circuit elements with increasing composition using the complex admittance data and 

fitting for representative samples. The trend from capacitive behavior to more inductive 
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behavior is seen in all three composite types.  The melt mixed composites have a different 

final circuit that is likely due to the more even distribution of CNT. The PMMA has a 

stronger presence in a distributed matrix resulting in more capacitance. When reading the 

complex admittance graphs, insulating composites data show in the 4th quadrant (Figure 83 

a and b), and conductive composites data show in the 1st quadrant (Figure 83 c-e). The 

mechanically mixed composites showed the highest conductivity (see Table 9 in Chapter 

4), and it shows in the complex admittance plot as a partial semicircle. 
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Figure 83 – Complex admittance of select MWCNT/PMMA composite samples with 

fitted data and representative equivalent circuits 
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9.3 Equivalent Circuit Modeling of the Effect of Particle Shape on Electrical 

Properties (SiC/PMMA) 

In all three SiC/PMMA composites with different SiC particle shapes, the same two 

equivalent circuits are used to fit to the impedance data. The two circuits are shown at the 

bottom of each table of circuit values (Table 17, Table 18, and Table 19). The nano-sized 

SiC/PMMA composite equivalent circuit values are shown in Table 17. As concentration 

increases, resistance decreases (R1 and R2), CPE1-T and -P increases (capacitance), CPE2-

T and -P remains about the same, and CPE3 -T and -P shows a small increase. This indicates 

that as the concentration increases, the CPE2-T and -P is not strongly affected by the 

formation of percolated paths with the nano-SiC and likely results from the PMMA 

interfering with the conductive paths. This theory is supported by the fact that the value of 

CPE2-T is in the range of 10-11 F, which is the same as seen in the equivalent circuit for 

neat PMMA (Figure 80). With the other values, the increase in nano-SiC within the matrix 

causes more connections to form and cause the observed reductions in R and increases in 

CPE. With the PMMA interfering, the SiC in the composites cannot reach values 

comparable to the nano-SiC powder fitting (Figure 79).  
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Table 17 – Equivalent circuit fit values for nano-sized SiC / PMMA composites 

(averages of at least 3 samples with ± standard deviation) 

 

The micron-sized SiC/PMMA composite equivalent circuit values are shown in 

Table 18. As concentration increases, resistance decreases with spikes to higher values (R1 

and R2), CPE1-T and -P increases slightly, and CPE2-T and -P and CPE3 -T and -P remain 

about the same. As with the nano-SiC/PMMA composites, the CPE2 values match that of 

PMMA CPE values, further supporting that CPE2 represent the PMMA contribution. The 

values for the micron-SiC /PMMA composites are much more unstable (equivalent circuits 

change more) than for the nano-SiC /PMMA. The sample fits often switch between the two 
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circuits used (Table 18 circuits column) until it stabilizes after 5 phr. Despite percolation 

theory suggesting a low percolation around 2 phr, the equivalent circuit fitting suggests 

that percolation is completed after 5 phr. 

 

Table 18 – Equivalent circuit fit values for micron-sized SiC / PMMA composites 

(averages of at least 3 samples with ± standard deviation) 
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The whisker SiC/PMMA composite equivalent circuit values are shown in Table 

19. As concentration increases, R1 decreases, R2 increases, CPE1-T and -P and CPE2-T and 

-P increase slightly, and CPE3 -T and -P increases. The resistance behavior within the 

circuits is different than the behavior observed in the previous two cases. The anisotropy 

and length of the SiCw is likely the cause of the difference in trends between the whiskers 

and the other two shapes. Its length probably caused it to interact more with the PMMA 

than the nano- and micron- SiC. Since its length is closer in size to the PMMA than the 

others, it is more difficult for it to fit in the grain-like boundaries. Since the CPE2 increases 

slightly, this supports the idea that the PMMA is not containing the SiCw like it did with 

the other two.  
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Table 19 – Equivalent circuit fit values for whisker SiC / PMMA composites (averages of 

at least 3 samples with ± standard deviation) 

 

Figure 84 shows the complex impedance graphs (Z” vs Z’) and fit data for select 

SiC / PMMA composites. As the concentration increases, the resistance decreased in all 

cases. With complex impedance graphs, where semicircles meet the real impedance (Z’) 

axis indicates the resistance. In Figure 84a, the vertical data are a portion of a very large 

semicircle due to the resistance being too large to be measured in the range of frequencies 

used. The semicircles form at and after percolation in the complex impedance for the 
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SiC/PMMA composites with increasing concentration (Figure 84 b-d). The size of the 

semicircles decreases with increasing concentration which causes a decrease in resistance. 

 

Figure 84 – SiC/PMMA composite equivalent circuit fits from (a) below percolation, (b) 

near percolation, and (c-d) after percolation for select compositions 

 

9.4 Equivalent Circuit Modeling of the Effect of Particle Size on Electrical 

Properties (SiC/Glass)  

The whisker SiC/PMMA composite equivalent circuit values are shown in Table 20. 

As concentration increases, resistance decreases (R1 and R2), CPE-T increases in all cases, 
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and CPE1-P and CPE3-P increase while CPE2-P decreases. Since no circuit fit value stays 

steady with increasing concentration, it is likely that the same phenomena occurred as with 

the SiCw/PMMA where the SiCw length is closer in size to the glass. The SiCw/glass 

composites shift between five circuits as concentrations increase. This may be due to the 

glass being monodispersed (50 μm) rather than polydisperse like the PMMA (10-100 μm). 

The polydisperse PMMA has a better packing factor than monodisperse glass, and 

therefore the segregation of the filler to the boundaries of the monodisperse glass is easier 

than in PMMA. This allows for the filler to be the more dominant factor in determination 

of the electrical properties which results in more sensitivity to the path formation of the 

SiC and more equivalent circuits to model the changes.  
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Table 20 – Equivalent circuit fit values for whisker SiC / borosilicate glass composites 

(averages of at least 3 samples with ± standard deviation) 

 

 

 Figure 85 shows the phase angle data and equivalent circuit fits below, at and after 

percolation of SiCw/glass composites along with fits for the SiCw powder. Unlike with the 

SiCw/PMMA, there is an inductor within the circuits for most concentrations. This 

inductance is from the higher concentration of SiCw.  
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Figure 85 – Phase angle versus frequency for SiCw/Glass composites and SiCw powder 

compressed at 350 MPa 

 

The SiC nanowire /glass composite equivalent circuit values are shown in Table 

21. As concentration increases, resistance decreases (R1 and R2), CPE1-T and CPE4-T 

remain about the same value, and CPE2-T increases. The CPE1-P and CPE2-P values seem 

to increase and then decrease, while CPE3-P does the opposite; it decreases and then 

increases. Since the SiC nanowires are much smaller than the whiskers, the glass properties 

show more in the circuit values. CPE1-T (~10-10 F) and CPE4-T (~10-12
 F) both have values 

that correlate to the glass CPE fitting values (Figure 81).   
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Table 21 – Equivalent circuit fit values for SiC nanowire / borosilicate glass composites 

(averages of at least 3 samples with ± standard deviation) 

 

 Figure 86 summarizes the change in equivalent circuit fits with increasing 

concentration for select SiCw and SiCnw / glass composites. While the trend starts out as 

the same as the SiCw/glass with reducing the size of a semicircle (decreasing resistance), it 

then continues to form a distorted semicircle at the highest concentrations made. These 

distortions are a representation of a second semicircle (second RC in parallel) showing in 

the complex impedance graph. Prior to that point, the first semicircle was large enough to 

obscure the second semicircle. The circuits have multiple resistors and CPEs in parallel 
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with each other, this indicates multiple semicircles should show within the complex 

impedance. However, the values of the circuit elements determine if they are visible in 

relation to each other. Once the conductivity increased, the other elements were no longer 

obscured by the larger values of the first RC. This is seen in the distorted semicircles in 

Figure 86 d and e.  
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Figure 86 – Complex Impedance and equivalent circuit fit of select SiCnw and SiCw / 

glass composites at (a) below percolation, (b-c) about percolation, and (d-e) after 

percolation 
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9.5 Equivalent Circuit Modeling of the Effect of Humidity on Electrical Properties 

(SiCw/Glass) 

Table 22 shows the equivalent circuit values of SiCw/glass composites as they change 

with increasing humidity. Overall, the equivalent circuits become more complex with 

increasing circuit elements as both the humidity and the concentration increase. As 

humidity increases for 0.01 – 7.5 phr, resistance decreases and CPE1-T increases. For the 

lower concentrations (0.01 and 0.25 phr), CPE1-P increases and CPE2-P decreases with 

increases in humidity. At 2.5 and 7.5 phr, other than CPE1-T, there is little change for the 

CPE values with changing humidity. Lastly, at 12.5 phr the only values that exhibit 

significant change are R2, CPE4-T, and CPE4-P. Both R2 and CPE4-T increase while CPE4-

P decreases. The absorption of water into the glass composites is the reason for all of these 

changes. At low concentrations, the water particles carry the charge. As the concentration 

increases, the SiCw increasingly contribute to the overall conductivity. At 12.5 phr, the 

water particles appear to increase the natural resistance of the composite rather than 

increase it [66, 97]. At that stage, the water instead takes away the charge from the SiCw 

paths.  
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Table 22 – Equivalent circuit fit values and circuits for select whisker SiC / borosilicate 

glass composites at 10-60% humidity (averages of at least 3 samples with ± std. dev.) 

 



153 
 

Figure 87 shows the complex modulus graphs and fits of SiCw/glass at 10% and 

60% humidity. The increase in humidity increases the conductivity of 0.1, 0.25, and 2.5 

phr composites so that the modulus forms a semicircle where there was only the start of 

one before (Figure 87 a, b, and c). The humidity increase for 7.5 and 12.5 phr causes the 

semicircles to change from deformed to more even, indicating that one process related to 

the humidity dominated over the others (Figure 87 d and c). Figure 87 also contains the 

circuits for each fit to show the progression with the representative graphs.  

Figure 88 contains select graphs of normalized Z”, M”, and tanδ versus log 

frequency of the experimental data and equivalent circuit fits for SiCw/glass at 10% and 

60% humidity. These graphs are from the same experimental data as Figure 73 and Figure 

74. The normalized fit data also align with the normalized data.  
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Figure 87 – Complex modulus and equivalent circuit fit of SiCw / glass composites at (a) 

0.01 phr, (b) 0.25 phr, (c) 2.5 phr, (d) 7.5 phr, (e) and 12.5 phr for 10% and 60% 

humidity 
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Figure 88 – Normalized impedance, modulus, and tanδ with equivalent circuit fittings of 

SiCw / glass composites at (a-b) 0.01 phr, (c-d) 2.5 phr, and (e-f) 12.5 phr for 10% and 

60% humidity 
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9.6 Summary 

The impedance spectroscopy data presented in Chapters 4-8 were fit to equivalent 

circuits. This analysis first fit circuits to the base materials first (MWCNT, SiC, PMMA, 

and glass). From the base material analysis, circuit fit values from the base materials can 

be identified within the composite materials. The overall conductivity is determined by the 

interactions between the filler and matrix materials. This means that changing the 

processing, filler shape, and filler size all change the circuits and circuit values that 

represent the composites. 

When comparing three different mixing methods for MWCNT/PMMA composites, 

the equivalent circuit is the same before percolation occurs. After percolation, the circuits 

are similar but vary more depending on the microstructure and particle interactions. The 

melt mixed composites have different circuits than the solution and mechanically mixed 

composites. This is most likely caused by the PMMA having a stronger effect on the 

electrical properties due to the MWCNT being more evenly distributed. All three types did 

have the trend from capacitive behavior to more inductive behavior as MWCNT 

concentration increases.  

The difference in particle shape also showed a difference in the circuit values of the 

SiC/PMMA composites. Since all three were mechanically mixed, it is not surprising that 

they had the same circuits representing them. There is a difference in the values within the 

circuits. Both micron- and nano- SiC showed a CPE value that correlated with the CPE of 

PMMA at all concentrations, indicating that the PMMA still played a strong role in 

disrupting the conductive particle paths. On the other hand, the same CPE for the SiCw had 
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an increase. This is likely because the length of the SiCw was closer in size to the PMMA 

particles. 

 The length of the SiCw also had the same effect on the SiCw/glass composites that 

it did on the SiC/PMMA composites. With the SiCw/glass, there were no circuit elements 

that did not change with increasing concentration. It also required five different circuits to 

show the changing concentration rather than the two circuits developed for SiCw/PMMA. 

This is likely due to the glass being monodisperse (50 μm) rather than polydisperse like the 

PMMA (10- 100 μm). The glass allows the SiC to fit into the boundaries of the glass 

particles more easily due to the lower packing factor. The SiCnw/glass composites showed 

two steady circuit elements with values corresponding to that of the glass circuit values, 

and it only had two circuits to represent the change in concentration. Its smaller size (~32 

nm) let it segregate to the grain-like boundaries of the glass particles with less difficulty 

than the SiCw (1 μm).  

Lastly, humidity at the time of measurement plays a large role in the measured 

properties of the glass composites. At the lowest concentrations, absorbed water from the 

atmosphere carries the charge. As the concentration increases, both the filler (SiCw) and 

the absorbed water carry the charge. At the highest concentrations, instead of 

supplementing the conductive paths, it detracts from it and increases the resistance of the 

composites. 

Overall, equivalent circuit fittings successfully broke down the contributions of the 

individual materials within the composites to the overall electrical properties. It showed 

this for multiple different composite microstructures and filler morphologies.  



158 
 

10 CONCLUSIONS AND FUTURE WORK 

10.1 Conclusions  

In this dissertation, MWCNT/PMMA, SiC/PMMA, and SiC/Glass composites were 

fabricated to study the effect of network formation and particle morphology on the 

microstructural and electrical properties. The hypothesis of this thesis was that applying 

equivalent circuit models to the electrical data of the individual materials and the 

composites would enhance our understanding of conductive filler network formation in 

insulating matrices using various processing and material types. Applying the equivalent 

circuit models was hypothesized to show the influence of the individual materials on the 

overall electrical properties of the composites. Overall, equivalent circuit fittings 

successfully broke down the contributions of the individual materials within the composites 

to the overall electrical properties. It showed this for multiple different composite 

microstructures and filler morphologies.  

 The MWCNT/PMMA composites were made using three different mixing methods: 

mechanical, solution, and melt mixing. These mixing methods resulted in segregated 

network, agglomerated, and distributed microstructures respectively, allowing for the 

comparison of network formation with three different microstructures.  To compare the 

effect of particle morphology, three types of SiC (micron-sized, nano-sized, and whisker) 

/ PMMA composites were made using mechanical mixing. Lastly, two sizes of anisotropic 

SiC (whisker and nanowire) were incorporated into glass to make composites to compare 

the effect of anisotropic filler size. It was demonstrated that the smallest difference in 

materials and processing may result in very different properties. This study provided direct 
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comparisons to verify the changes along with equivalent circuit fitting to correlate the 

contributions of the filler and matrix materials.  

For the effect of network formation, the mechanically mixed MWCNT/PMMA 

resulted in the lowest percolation threshold (0.087 phr) and the closest conductivity value 

to the value of compressed MWCNT powder. Optical microscopy, SEM and TEM revealed 

that the mechanically mixed samples had the MWCNT segregated to the boundaries. The 

melt mixed had both agglomerates and distributed MWCNTs, and solution mixed samples 

had agglomerates with a lack of MWCNT in the surrounding area of each. The SAXS 

results confirm that the MWCNT in all cases remain unaffected in wall thickness and 

diameter by the processing method. The equivalent circuit fitting showed that at 

compositions before percolation, the same equivalent circuit applies to all composites. 

After percolation, the circuits varied with the processing method but were overall very 

similar. The melt mixed samples had the largest number of different circuits which was 

likely due to PMMA having a stronger effect due to the dispersal of MWCNT. All three 

types did show the change from capacitive behavior to more inductive behavior as 

MWCNT concentration increases. 

For the effect of particle morphology, the nano-SiC/PMMA composite formed the 

most defined segregated network composite, with the most stable results and highest 

conductivity, and a low percolation threshold of 2.35 phr, while the whisker SiC/PMMA 

composites had a high percolation threshold of 9.8 phr. The length of SiCw was close in 

size to the size of the PMMA powder, which may have led to difficulty with segregating 

to the boundaries of the PMMA. This also was seen from the values of the equivalent 

circuits. The micron-sized SiC/PMMA composites had results that were not very 
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reproducible. Both micron- and nano- SiC composites have CPE values that correlate to 

PMMA circuit values, but whisker SiC composites have that same CPE increase with 

concentration. Therefore, the size of the SiCw in relation to the PMMA may have interfered 

with the PMMA particles more than the others by reducing the ability of the SiCw to fit into 

the boundaries of the PMMA particles. Overall, the SiC/PMMA composites were all 

represented by the same circuits because they are the same type of material and processing 

but slightly different circuit element values. 

For the effect of anisotropic particle size, whisker and nanowire SiC / borosilicate 

glass composites were made using SPS. It was theorized that the smaller size of the 

nanowire would allow it to segregate into the grain boundaries easier and create a lower 

percolation threshold due to the added length aiding the chance of making network 

connections. This case proved true in that the SiCnw/glass composites did have a lower 

percolation threshold (1 phr) than SiCw/glass composites (5 phr). However, the maximum 

conductivity value achieved was lower, and samples became too fragile to continue 

increasing the concentration. For the circuit fitting, the SiCw/glass composites required five 

different circuits to represent them with increasing concentrations. The increase in the 

number of equivalent circuits is likely due to a combination of monodisperse glass and the 

length of the SiCw, as compared to the polydisperse PMMA. Conversely the SiCnw/glass 

composites required only two circuits to represent their electrical properties during the 

change in concentration and had two CPE values correspond to the contribution of the 

glass. 

During the course of this study, it was discovered that the SiC/glass samples had a 

strong sensitivity to the humidity at the time of testing, whereas PMMA composites were 
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unaffected by the humidity. From 0-2.5 phr, the conductivity of the SiCw/glass composites 

increases with increasing humidity. For 7.5 and 12.5 phr, there is an initial sharp increase 

then a gradual decrease in conductivity with increasing humidity. For better understanding 

of the mechanism of conduction with both water and SiC contributing, normalized M” and 

Z” were plotted together. The separate M” and Z” peaks indicated both localized and long-

range conductivity. 

 

10.2 Suggested Future Work 

An interesting continuation of this dissertation would be to create SiC nanowire 

/PMMA composites to compare them to the other three SiC/PMMA composites. This 

would verify if the nanowire composites would be comparable to the nano-SiC composites. 

Theoretically, they should be better than nano-SiC/PMMA composites due to their 

anisotropy.  

 The SiCnw/glass composites were very fragile after percolation. While the hold 

temperature of 610°C worked perfectly for SiCw/glass, it may not be optimal for the 

SiCnw/glass composites. A single sample at a higher temperature did not appear to give 

better results or make it less fragile, but a more thorough study may reveal a better 

temperature to sinter them at.  

 Some optimization of the SiCnw conversion from MWCNT was done since the 

original study that created the SiC nanowire did not provide amounts of precursors. The 

best yield achieved was less than 0.5 grams per run with some powder needing to be run a 
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second time because of obvious untransformed MWCNT. The gas flow would also need 

to be optimized during this. If the gas flow was run too high, the closest MWCNT to the 

entry point would not transform.  

The SiC composites may be used in microwave applications due to their high 

dielectric loss factor and thermal conductivity, which allows them to heat rapidly. While 

their electrical conductivity (~10-9 (Ω-cm)-1) is low in the composites of this thesis, they 

may be able to be used in electrical dissipation. If the SiCnw composites are studied and 

optimized as described before, it may be able to achieve higher electrical conductivity. 

 The high conductivity of the MWCNT/PMMA composites allows them to be used 

in different applications. Specifically, the criterion for EMI shielding is fulfilled (σdc > 10-

1 (Ω-cm)-1 [55]) by the MWCNT/PMMA composites of all mixing methods. The 

knowledge of the three mixing methods effect on the microstructural and electrical 

properties allows for tailored selection of the fabrication for specific applications. A future 

study into the mechanical properties would also be useful. General observations of the 

mechanical properties of the three mixing methods are that the melt mixed composites are 

the most difficult to break while the mechanically mixed composites are more easily 

broken. The mechanically mixed composites fracture along the grain-like boundaries. 

Therefore, the mechanical properties of a given application also need to be considered.  

 COMSOL modeling and a percolation model has been applied to ideal segregated 

network composites using truncated octahedral and truncated tetrahedral shapes for the 

fillers [59, 60]. This thesis explored the microstructures and electrical properties of 

agglomerated and distributed network composites in addition to segregated network 
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composites for anisotropic fillers. Using the electrical and microstructural data from this 

thesis, COMSOL and percolation models could be created for all three microstructures 

using anisotropic fillers. 

 Applying electrical circuits to conductive filler composites may later be done by 

machine learning. To use machine learning, many different composites using different 

mixing methods and materials would need to be studied. Using percolation models, an 

approximate percolation threshold could be determined. From there, composites could be 

made with compositions around the theoretical percolation threshold. The composites 

could then be impedance tested (which is non-destructive), then fit to equivalent circuits. 

Machine learning would reduce the time to fit circuit and reduce human error in 

determining the values. This would allow for insight into the effect of the fabrication 

methods and materials used to fabricate the composites accurately and efficiently.  
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