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ABSTRACT 

 

 

To prepare dielectric materials for High Temperature Superconductor (HTS) cables, 

nanocomposites consisting of Polymethylmethacrylate (PMMA) and  Barium Titanate (BTA) 

nanoparticles have been manufactured and evaluated. The main objective of this research is to 

enhance the dielectric breakdown strength and reduce the dielectric losses of the 

nanocomposites. 

Polymethylmethacrylate (PMMA) with the addition of BTA (5wt.% and 10wt.% ) 

nanocomposites were fabricated by using two different methods. The breakdown voltage 

measurements have been conducted under AC, DC and lightning impulse high voltage. The 

measurements were conducted at both room temperature (293 K) and liquid nitrogen temperature 

(77 K). The results of the electrical breakdown field measurements of the nanocomposites are 

compared with those of the base polymer. Fracture surface analysis was carried out with SEM 

analysis. The difference in the breakdown area due to different modes of voltages applied and 

effect of the nanoparticles was studied. Mechanical characterization of the resultant 

nanocomposites was also carried out at both the room temperature (293K) and at cryogenic 

temperature (77K). 

The effects of nanoparticles on the electrical and mechanical properties were observed. A 

marginal increase in the dielectric strength of the nanocomposites was observed for AC 

conditions at both the temperatures. There was a decrease in the values of nanocomposites for 

impulse conditions. At cryogenic temperature nanocomposites showed higher dielectric strength 

when DC voltage was applied. For both the temperatures, dielectric losses increased as the 

voltage was increased for all the materials studied, except for PMMA/10wt.%BTA 

nanocomposites at cryogenic temperature, which showed decrease of losses by ~ 70%. An 

increase of ~12% in Young’s modulus and ~ 65% increase in tensile strength of the 

nanocomposites were observed at cryogenic temperature. It also shows that more material 

damage was observed under AC breakdown voltage compared to the impulse and DC voltage 

breakdown cases. Also the material damage was more pronounced at 77 K than that at 293 K.   
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Background and Significance 

The discovery of superconductivity in 1911 by Prof. Kamerling-Onnes gave a hope for 

researchers to develop superconducting cables [1, 2]. The development of superconducting 

cables in early period was suppressed by the very low temperature needed for the materials to 

undergo transition to the superconductor state. In 1960s and 1970s the work again came into 

focus because of large increase in demand for electricity in the industrialized countries, but it 

dwindled due mainly to high cost of using of low temperature superconductor materials [1, 2]. In 

1986, the discovery of high critical temperature superconductors (HTS) gave a boost to the 

interest in the industrial applications of superconductivity [1, 2]. Even these materials can have a 

transition to superconductivity in the liquid nitrogen temperature range, but it is till challenging 

to make a practical cable conductor readily for industrial applications. More development is 

needed to make this material applicable as cable conductors, because of which major research is 

going on development of superconducting cables using HTS in Japan and in US [1, 3-5].  

The attention received by superconducting cables was largely due to their ability to 

transmit power which is of the order of 3-5 times over the conventional cable, without any loss 

[1, 6]. HTS transformers can be built at smaller volume and weight compared to their 

conventional counterparts. However it is not possible to use the superconductors alone in many 

applications. It will inevitably be surrounded by insulating systems [1]. The electrical insulation 

determines the long time reliability of the cables and of the other pieces of the high voltage 

apparatus. It should be always kept in mind that electrical insulation plays a dominant role in the 

life of a cable and the electrical apparatus. One of the key technologies which has been 

recognized for the practical development of superconducting power apparatus is electrical 

insulation at cryogenic temperature. One of the recent research trends in this field deals with 
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composite insulation system of liquid nitrogen (LN2) and solid dielectrics such as paper and 

epoxy [1, 2]. The breakdown characteristics of these materials are being investigated for the 

enhancement of insulation reliability and economic benefit of HTS power apparatus [7]. 

1.2 Mechanisms for cryogenic insulation 

The rapid progress on HTS power applications such as cables, transformers, fault current 

limiters, generators, and motors has boosted research on cryogenic dielectrics, as each requires 

tailored insulation properties [8]. There are basically two patterns of HTS power transmission 

cables: 

• Warm dielectric cable 

• Cold dielectric cable 

In warm dielectric cables, only the phase conductor is liquid nitrogen cooled. As you can 

see in Figure 1 the warm dielectric cable features a conductor made from HTS wires wound 

around a flexible hollow core. Liquid nitrogen flows through the core cooling the HTS wire. 

Outside the conductor there is a vacuum space for thermal insulation which is surrounded by 

conventional dielectric insulation at room temperature [6].  

 

 

 

Figure 1: Warm dielectric cable 

 

In cold dielectric cables, shown in Figure 2, two concentric HTS conductors are used per 

phase: a central phase conductor and a coaxial returns or ground conductor. The dielectric is with 

the conductor inside the cryostat and is cooled by liquid nitrogen. Because of the return 

conductor the cold dielectric offers better capacity and efficiency than the warm dielectric. The 
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return conductor shields the electromagnetic field from the phase conductor and cancels the 

perpendicular magnetic field component, thus reducing the superconducting AC losses [6]. 

 

 

 

Figure 2: Cold dielectric cable 

 

The most commonly used HTS cables are cold dielectric cables. The insulation at 

cryogenic temperatures is subjected to all the constraints of conventional equipment and 

additional ones linked directly to the extremely cold environment [2]. The requirements for HTS 

insulations are as follows 

• There should be no degradation of HTS tape due to insulation process conditions 

• The thickness of the insulation should be less than 10% of the HTS tape thickness 

• The coating should be homogeneous on the surface and on the edges and it should 

be free of porosity 

• They should be resistant to cryogenic temperatures and thermal cycling 

• Minimum ageing 

Some of the dielectric materials used by current manufactures of HTS cables are 

polypropylene laminated paper (PPLP), thermavolt, kapton, formar, etc. Cellulose based paper is 

still the main insulation material used in power transformers, and in some sub-water cable 

applications, paper has been used for decades [9]. But with these papers, large number of layers 

is required for the insulation purpose.  This results in increase in cost and size of the equipment. 
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It is also known that degradation in materials, heat or electric field, impurities, and /or defects, 

leads to undesired insulation failure. 

One way to increase the dielectric properties of the cable material is by incorporating 

nanometric fillers into the base polymers, which are usually major components for the insulation 

materials. Research into nanotechnology has grown exponentially over the last decade. The 

development of nanocomposites represents a very attractive route to upgrade and diversify 

properties of “old” polymers without changing polymer compositions and processing [9]. In the 

insulation engineering, polymer nanocomposites are the second generation of what we call filler 

resins which consists of polymers filled with a large amount (the order of 50wt.%) of the micron 

sized inorganic fillers [10-12]. Polymer nanocomposites can be as substance of polymer filled 

with a small amount (less than 20wt.%) of nano-fillers [12]. The introduction of term 

“Nanometric Dielectrics” by Lewis in 1994 opened a new research area in future for dielectrics. 

The major advantage of adding nano-fillers over micro-fillers is even if we add a small amount 

of it they have a tremendously large surface area[13], as shown in Figure3.  

 

 

 

Figure 3: Interaction zone volume fraction in a nanocomposite as a function of increasing filler 
loading for a variety of filler sizes.  
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As shown in Figure 3 when the size of the filler approaches the nanometric size there is a 

tremendous increase in the interaction zone. A few percent of nano-fillers can self assemble to 

produce “Superstructures” due to their very high specific surface areas, giving the possibility of a 

wide range of dielectric, chemical, physical and thermal properties. In comparison to 

conventional micro-fillers, the same volume fraction of nano-fillers contains about billion-fold 

more in number of nanoparticles, and as a result most of the polymer in nanocomposites is 

located at the interface [11, 14]. It is this interfacial area that gives the nanocomposites its unique 

properties and the promise of tailoring the properties by controlling the interface of the particles. 

The structures of nanometric dielectrics and their characteristics based on the bulk and the 

layered structures and especially on the interfacial aspect of nanometric phenomena has been 

discussed by Tanaka [11, 13].  

In addition to the increase in the dielectric properties with the help of nanofillers, 

polymer nanocomposites have some more advantages. With the use of polymer nanocomposites 

the insulation can be more compact which will overall reduce the cost of the apparatus and 

installation. Reliability can be improved resulting in lower maintenance cost [11]. 

1.3 Research Objective and Tasks 

The above discussion suggests that the materials currently used for HTS cable insulation 

need to have a dramatic jump in their performance to meet future application requirements. 

Researches have been carried out on different insulation material systems, such as epoxy, 

polyvinyl alcohol (PVA) in filled form with micron and nano sized fillers. However, the 

dielectric property improvement for the nanocomposites is not tremendous so far [14-17]. But we 

believe that if the nanoparticles are properly added the properties can be enhanced. The 

enormous increase in interfacial zone in nanocomposites makes the composite to behave in a 

different way. In this research, a literature review was carried out to find out the possible 

candidate materials for matrix and fillers, and some of the properties of both base polymers and 

fillers are also outlined so as to anticipate the possible properties of the final nanocomposite. 

Information about the mechanical properties of nanocomposites has been found by many 

researchers, but concrete information about the dielectrical behavior of such composites is yet to 

come.  The effect on the dielectric properties of the material because of the interaction zone and 

the fundamental understanding of that zone is yet to be established. In order to understand the 



6 
 

role of the nanoparticles in determining the final dielectric breakdown strength or the life time of 

the material, the interaction zone needs to be further investigated. Therefore some attempts have 

been made to explain the behaviors of such nanocomposites from interaction zone standpoints. 

For example, such an investigation is possible by comparing the SEM images of the breakdown 

area of the pure and filled dielectric material. 

In this research, the objective is to examine the potential of polymer nanocomposites for 

insulation applications for HTS (High temperature Superconductor) devices. In particular, the 

research will focus on: 

• Manufacturing of nanocomposites 

• Study of the effects of nanoparticles and manufacturing processes on the 

nanocomposite material 

• Electrical characterization of the materials at both room and cryogenic 

temperatures 

• Mechanical characterization of the materials at both room and cryogenic 

temperatures 

• Analysis of the electrical failure modes 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 Dielectric Breakdown Mechanisms 

 Dielectrics are poor conductors of electricity and are used as insulators. When the 

insulation resistance exhibits the first irreversible discontinuity as a function of resulting current, 

it is assumed that breakdown has occurred [18]. In simple words, if the voltage across a dielectric 

material becomes too high, i.e.: if the electrostatic field becomes too intense, the material will 

suddenly begin to conduct current. This phenomenon is called dielectric breakdown. In solid 

dielectrics electrical breakdown usually results in permanent damage. 

Breakdown mechanisms for polymers can be classified into two broad categories [19]: (i) 

low level degradation models, where the insulating system properties are degraded due to the 

application of electric field and sometimes in conjunction with the other agents. (ii) deterministic 

models, where the ultimate breakdown event is the direct effect of an earlier detrimental event. 

These events might lead to a drastic increase in field exceeding the critical limit for a particular 

material. These two models are discussed below briefly from the stand point of the materials 

which are used as cryogenic dielectrics, and Figure 4 gives a schematic illustration about the 

difference between breakdown and degradation. The breakdown of polymers happens within a 

fraction of a second whereas degradation happens over days and months. 
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Figure 4: Schematic depicting times and electric fields at which various electrical breakdown 
mechanisms are operative. 

 

2.1.1 Low-level Degradation 

2.1.1.1 Ageing behavior 

The changes that take place with time that lead to a loss of service life or dielectric 

strength is generally know as ageing. The materials undergo stresses which can be physical, 

electrical, mechanical, and radiation or thermal. Generally while considering cryogenic 

dielectrics radiation and thermal stresses are not considered as the major factor. As different 

polymers have different chemical structures, they are expected to behave differently under 

similar or identical stresses[2]. Since the properties of the polymer are controlled by its chemical 

structure and microstructure, when the temperature is lowered the movement of the polymer 

chain is hindered. The polymer will pass through its glass transition temperature (Tg) at a certain 

range which is different for different polymeric materials [2]. Below the glass transition 

temperature the movement of the polymer chain is hindered as it is more stiffened and brittle, 

because of which it will respond differently to ageing behavior than they would have at room 
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temperature and higher temperature. The mechanical properties are extremely important below 

the glass transition temperature due to the increased stiffness. Much information given about the 

thermal ageing of polymers over the years is not applicable under cryogenic temperatures. This 

is because the factors influencing the ageing at higher temperatures are different from those at 

cryogenic conditions. So while selecting the polymers it is necessary to gather information about 

their low temperature properties. As discussed above the cryogenic properties of the base 

polymer materials, selected for this work, were taken into consideration. 

2.1.2 Deterministic model 

Deterministic models are classified according to the processes that lead to the final 

dielectric breakdown of the polymers. 

2.1.2.1 Electrical breakdown 

Electrical breakdown is initiated by the accelerated electrons under the applied field, and 

is sometimes referred as the electron multiplication mechanism [14]. The phenomenon when, the 

applied voltage is so high that insulation material will suddenly conduct current, is known as 

dielectric breakdown and the voltage is called the breakdown voltage Vb. Every application of 

superconductors in cryogenic temperatures, that can be in electrical generation, conservation, 

transport and in superconducting magnet technologies, requires sufficient knowledge about the 

breakdown mechanism of insulating structures [2]. The electric field applied also plays a vital 

role in the breakdown process of the polymers.  So the dielectric breakdown investigations of the 

nanocomposites in this work were carried out at both room (in oil) as well as at cryogenic 

temperature (in liquid nitrogen) for DC, AC and impulse voltage conditions [20]. 

2.1.2.2 Thermal breakdown 

An electrical insulation system is thermally deteriorated at an elevated temperature, when 

operated at room temperature or above. The cable insulation is always subjected to heat cycles 

which may cause some mechanical failure for the long run. It should be emphasized that a 

superconducting cable, independent of insulation design, is operated at the fixed temperature of 

the incorporated superconductor. Thermal cycling does occur due to quench conditions. This is 

when the superconducting material undergoes transition to the so called normal [1]. 
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2.1.2.3Electromechanical breakdown 

The basis for electromechanical breakdown is due to the fact that the mechanical 

characteristics of polymer are similar to the breakdown characteristics at high temperature. 

Under the electric filed the dielectric is compelled by the forces between the electrodes. The 

structure of the dielectric deforms when the external field is very high. This mechanism has very 

limited significance for polymeric cables as the cable is not usually used above the softening 

point of the polymer [14, 20]. 

2.1.2.4Partial discharge breakdown 

When there is gas present inside any voids in the polymer, it gets ionized leading to 

breakdown or discharge within the void under high electric fields. This is known as partial 

discharge breakdown in polymer. The discharge damages the structure of materials and the voids 

(cracks) become larger, which erodes the dielectric which results in breakdown. Discharge can 

also take place on the surface of the dielectric if the surface is contaminated by dirt, water or any 

other impurities [14, 20]. 

2.2 Dielectric Loss (Tan δ or dissipation factor) 

Low tan delta value is always desired in the dielectric material, for any insulation system. 

As cryogenic fluids have a lower permittivity than the solid insulation, composite insulation is 

superior to solid insulation with respect to dielectric loss. The tan delta value of polymers in the 

cryogenic region is usually significantly smaller than that at room temperature because, polymers 

commonly have a glass transition temperature considerably above the cryogenic temperature. 

Thus even the polar groups in the polymer do not macroscopically contribute to the dielectric 

response [1, 21], hence polymer-based dielectrics have low tan delta property. 

2.3 Effect of Nanoparticle Incorporation 

Incorporation of nanoparticles into polymer matrix for developing polymer 

nanodielectrics has led to some exciting results for the last few years. This has led to investigate 

the mechanisms creating the improved properties of the material and put forward several 

hypotheses about it[22]. Those researches all emphasize the critical role of the interfacial region 
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and present a hypothesis for the multiscale phenomena operating in polymer nanodielectrics. 

Figure 7 shows a physical description of the interface region in polymer nanocomposites [22]. In 

thermoplastics the interfacial polymer can exhibit changes in crystallinity [23, 24], mobility [25], 

chain conformation [26], molecular weight [27], and chain entanglement density [28]. There is 

an additional complication of changes in crosslink density, in crosslinked matrices, due to small 

molecule migration either to or from the interface [28]. 

 

 

Figure 5: A schematic illustration showing that the dielectric properties need to be considered at 
the macro scale, meso scale, and molecular scale followed by an image of the changes in 

structure and charge distribution near a nanoparticle surface. 

 

The interfacial region has a direct impact on the dielectric properties of the composites. 

Therefore it is very important to study the interfacial region. A multi-core model was developed 

by Tanaka, which tries to capture the charge behavior and structure of the interfacial region [29]. 

The metal oxide nanoparticle has a surface charge, which creates a stern layer at the 2D 

interface. This is screened by a charged layer in the polymer. The next layer is a diffuse double 
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layer of charge with ≈ 10 nm of radial depth in a resistive medium, it is similar to the ionic 

Gouy-Chapman layer associated with liquid interfaces [30]. Since this is a region of mobile 

charge, it has a significant influence both on the dispersion of nanoparticles and in the resulting 

dielectric and conductive properties of the nanocomposite. 

Based on the interface structure, Smith [22] came forward with the hypothesis to explain the 

impact of the interfacial region on the dielectric properties as summarized in the followings, 

• There is a change in polymer structure (free volume, mobility, etc.) and local charge 

distribution because of the nanoparticle surface. 

• The interfacial region becomes more dominant, as the size of the filler is reduced. 

• The density and perhaps the depth of trap sites are altered due to the change in local 

structure which reduces carrier mobility and energy. 

• The carriers are accelerated over shorter distances and have reduced energy, if they are 

trapped more often, and this is same for carriers that are scattered. This increases the 

dielectric lifetime of the polymer as it causes less damage. 

• The voltage required for charge injection is increased as the homocharge resulting from 

carrier trapping mitigates the electric field at the electrodes. Thus the voltage required for 

the short term breakdown is also increased. The breakdown strength becomes the 

function of the rate of measurement (ac, dc, impulse), as the charge takes time to build 

up. 

• As the nanocomposites have larger interfacial area, it increases probability for increased 

scattering. This may become the primary mechanism for the increase in the breakdown 

strength of nanocomposites during impulse test conditions. Since the required shielding 

homocharge cannot be accumulated in such a short time. 

Because of the difference in the interfacial areas in microcomposites and 

nanocomposites, few of the above mentioned mechanisms may operate in microcomposites. 

Various properties of polymers such as electrical and mechanical properties can be enhanced by 

incorporating nanoparticles. Researchers have shown marginal enhancement in electrical 

properties of nanocomposites. Work done by Tuncer et al. on epoxy / barium titanate micro and 

nanocomposites at room temperature, have shown that the nanocomposites have better results 

than the microcomposites as shown in Figure 6 [16]. They have also studied polyvinyl alcohol 
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(PVA) resin with titanium dioxide and barium titanate nanoparticles at cryogenic temperature, 

and the results of nanocomposites were higher than the base resin [17]. 

 

 

 

Figure 6: Summary of the dielectric breakdown strengths of Epoxy/BTA micro and 
nanocomposites 
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CHAPTER 3 

 

MATERIAL SELECTION 

 
 
 

3.1 Material Selection of Nanodielectrics for High Temperature 

Superconductor (HTS) applications 

Material selection for any research is crucial step in controlling the required properties of 

the final product. For electrical insulation, a nanocomposite may be defined as a conventional 

dielectric material into which filler particles, of a few to few tens of nanometers in size, have 

been introduced, to form a well dispersed homogeneous blend [9]. In this research the base resin 

material and the filler material were selected based on the literature search of typical materials 

used in the industry.  The final nanocomposites must possess required dielectric and mechanical 

properties, after the base and filler candidates are processed into nanocomposites. A short list of 

some matrix and filler candidates based on their breakdown strength, voltage endurance, loss 

factor and, thermal conductivity, as well as availability in the market can be summarized. The 

desirable properties of a dielectric material for HTS applications may be summarized as[14]: 

• The nanodielectrics should have a breakdown strength at least as high as that of the 

base polymer matrix 

• The nanodielectrics should have low electrical conduction and loss tangent, so as to 

reduce electrical leakage and power loss under the operating conditions 

• They should have good thermal properties so as to withstand the cooling and heating 

cycles that take place in the system 

• Mechanical properties of the nanodielectrics should have sufficient flexibility for the 

cable to be wound on a drum. 

• The nanodielectrics should be able to manufactured under the existing facilities with 

only some minor changes 

• The nanodielectrics should be chemically and environmentally stable. 
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• The matrix and filler materials should be chemically compatible with each other 

For the matrix materials Polymethylmethacrylate (PMMA) and Stycast 2850FT Blue (an 

epoxy resin from Emerson & Cumming) were chosen as the primary candidates in this study. 

The choice was made mainly on the required properties listed above and cost. The candidates 

examined for potential nanoparticle filler materials included: barium titanate (BTA), aluminum 

dioxide (Al2O3) and titanium dioxide (TiO2). The properties and advantages of using each filler 

candidates are discussed further in this chapter.  

3.1.1 Base resin materials 

 

Table 1: Properties of base resin materials 

 

Typical Properties of PMMA and Stycast 2850FT 

Physical PMMA Stycast 

Density, g-cm-3 1.19 2.35-2.45 

Tensile Strength, Mpa 47-70 45-60 

Thermal Conductivity, w/m°C 0.16-0.25 1.1 

Glass Transition Temperature 

(°C) 
85-105 68 

Working Temperature (°C) 150-235 25-65 

Cost of bulk Material ($/lb) 
2.97 11 

Dielectric Strength, kV/mm 17 14.8 

Dielectric Constant @ 1mHz 2.6 5.36 

Dissipation Factor, % at 1mHz 0.014 0.051 

Volume Resistivity,  Ωm 2-14x1015 >1015 
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The base materials were selected based on their electrical as well as physical properties. 

The materials selected were PMMA and Stycast. The choice was mostly based on the key 

electrical properties of insulation, such as electric strength and dielectric loss. Table 1 shown 

above gives a comparison between the properties of the selected materials. It is always to choose 

a non-polar dielectric resins, if dielectric properties were the only ones of importance in the 

selection of a material, thus ensuring low dielectric loss, high dielectric constant, high insulation 

resistance, and high dielectric strength. By this criterion, non-polar paraffin wax would be a 

useful material; actually it is very little use as a practical dielectric. However the numerous other 

factors influencing the choice of a dielectric include the following ; cost and availability, form, 

size and weight, tensile and compressive strength, impact strength, softening temperature, 

stability at high and low temperatures, flexibility and brittleness, moisture absorption, and 

resistance to oxidation, photochemical effects, and chemical agents. 

3.1.1.1 Polymethylmethacrylate (PMMA) 

The PMMA (Trade name Acrylite) used in the study is from Evonik Industries. Apart 

from the properties listed in the Table 1 PMMA shows higher breakdown voltages as the 

temperature decreases. Figure 7 shows that as the temperature decreases its electric strength 

increases [1]. This is favorable for electrical insulation for HTS applications. The insulating 

material is in liquid nitrogen and is subjected to very low temperature. It is also relatively low 

cost plastic material. 

3.1.1.2 Epoxy - stycast 2850 FT blue 

Stycast 2850 FT Blue was sourced from Emerson & Cumming. The insulation is always 

subjected to heat cycle during service, which has a major effect on the mechanical properties of 

the material in long run. The thermal contraction of the dielectric material must match that of the 

conductor. Most of the conductors used in HTS applications have the thermal contractions 

ranging from 0.2% - 0.4% (incl. Bi2223 HTS) [1]. Most of the polymers have thermal 

contraction of 1.3% - 2.4% as shown in Figure 8. Filled epoxies usually have a contraction rate 

of 0.2% - 0.7%. It should be always verified if there is a thermal compatibility of the dielectric 

and the conductor material[1]. Also recent study of epoxy/BTA micro and nanocomposites has 

shown better results in their dielectric strength. The nanocomposites have shown breakdown 

strength as high as the base resin [15]. For this study Stycast is not the first choice because of the 
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difficulty in getting the proper dispersion of nanoparticles in the resin. If the dispersion of the 

nanoparticles is not proper it might lead to hindering the properties of the nanocomposites. 

 

 

 

Figure 7: Electric strength of various polymers including the cryogenic region, Nonpolar 
polymers: LDPE (low-density polyethylene), PS (polystyrene), PIB (polyisobulylene) Polar 

polymers: PVAl (polyvinyl alcohol), PMMA (polymethyl methacrylate), PVC-Ac (polyvinyl 
chloride acetate)  

   

 

 

 

Figure 8: Thermal contraction versus temperature of some metals and polymers 
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3.1.2 Filler Candidates 

3.1.2.1 Barium titanate (BTA) 

Over the years, because of its ferroelectric properties BTA has been used in a variety of 

applications in various forms [31]. BTA exhibits strong temperature dependent crystalline forms; 

above 120°C it has the prototype cubic perovskite structure, below 120°C it transforms into 

tertragonal structure, at 5°C to orthorhombic and finally to a trigonal phase below -70°C. BTA, 

especially the tetragonal phase, has excellent dielectric properties, which make it one of the most 

important compounds used in most of the dielectric applications. Grain size also plays a vital role 

on the dielectric properties of BTA. Generally large grain size (> 1µm) shows high dielectric 

constant at the curie temperature than the grains which are lesser than 1µm. But at room 

temperature the dielectric constant of coarse grained BTA which has larger grain size, was found 

to be 1500~2000. On the other hand, fined grained BTA ceramic exhibited dielectric constant in 

the range of 3500~6000. As shown in Table 2, the dielectric constant of amorphous BTA is ~ 17. 

Amorphous BTA has paraelectric properties, as shown in Table 3 paraelectrics are less 

dependent on temperature, frequency thickness, dielectric fatigue or film structure. They are very 

easy to handle and are commercially available[31]. The dielectric constants of ferroelectrics also 

degrade with time due to long-term changes in crystal structure.  

The nanoparticles selected have cubic phase because of which it does not have 

ferroelectric properties but it still has higher dielectric constant with lower dissipation factor 

(dielectric losses, tanδ) than most of the nanoparticles shown in Table β. Since the dielectric 

properties of BTA increases by decrease in temperature and size, nanoparticles of BTA were 

selected to for this study.  

3.1.2.2 Aluminum dioxide (Al2O3) 

The dielectric constant of Al2O3  or alumina is 9 and the dissipation factor is lesser than 

BTA from Table 2. Alumina is available commercially in both its α and  phase with different 

properties. Study shows, when the nanoparticles of alumina were added into polyimide the 

breakdown strength was improved [14]. For this study alumina nanoparticles were not selected 

because of the low dielectric constant than that of BTA nanoparticles. 
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3.1.2.3 Titanium dioxide (TiO2) 

Titanium Dioxide (TiO2) or titania has a very high dielectric constant of 31. Even though 

titania has higher dielectric constant than the other materials shown in Table 2, it has higher 

dissipation factor. For this study titania nanoparticles were not selected because it has large 

amount of losses. 

 

Table 2: Dielectric constants and dissipation factors of some dielectric materials 

 

Composition Dielectric Constant (k) Dissipation factor (%) 

SiO2 3.7 0.03 

Al2O3 9 0.4-1 

BTA (amorphous) 17 1 

TiO2 31 (anatase) 2.5 

78 (brookite) 

117 (polycrst) 

BTA (tetragonal) Up to thousands 5 
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Table 3: Comparison of paraelectric and ferroelectric dielectrics 

 

 

 

 

 

 

 

 

 

 

 

Property Paraelectrics Ferroelectrics 

k (dielectric 

constant) 
2-50 

Typically 1,000s and as high 

as 20,000 

k vs T 

Little 

dependence, 

<500ppm/*C 

Highly dependent due to 

crystal phase transitions and 

ion mobility 

k vs frequency 
Little 

dependence 

Decreases significantly above 

few Ghz 

k vs film thickness 
No dependence 

since amorphous 

Highly dependent due to 

effects on crystal structure 

Dielectric fatigue None 
k can decrease with cycles 

and time 

k vs film structure 
Little or no 

dependence 
Must be crystalline 

Cure requirements None 
May require upto 700*C in 

O2 
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CHAPTER 4 

 

EXPERIMENTAL PROCEDURE 

 

 

4.1 Sample Preparation 

The nanocomposites were prepared using two methods: solvent casting and anti-solvent 

precipitation (ASP). The thicknesses of the nanocomposites were different for both the methods. 

With the first solvent casting method the thickness was ~ 0.8-1mm and with the second method 

(ASP) the thickness was much less, just about ~ 0.1-0.15mm. The materials used were 

Polymethylmethacrylate (PMMA) from Evonik Industries and Barium Titanate (BTA) from 

Advanced Materials, the size of the nanoparticles was ~100nm. 

4.1.1 Neat polymethylmethacrylate (PMMA) 

Neat PMMA crystals was weighed and placed in a mold (100mm x 100mm x 1mm). The 

mold was then placed on a hot die press; the temperature was raised gradually until the 

temperature reached 2200C. Pressure was then applied on the materials at 6-7MPa, when it was 

in semi-solid state. The pressure was maintained and the sample was allowed to cool for between 

7 and 10 hours. The clear sheet of PMMA whose thickness was approximately 1mm and 

0.01mm, depending upon the mold used, was then removed from the mold and cut using a laser 

cutter to the required shape & size.  

4.1.2 Synthesis of PMMA / BTA nanocomposites 

The nanocomposites were prepared using two methods: solvent casting and anti-solvent 

precipitation (ASP). BTA nanoparticles used were of the size 100nm and the amount was 5wt.% 

and 10wt.% of nanocomposites. 
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4.1.2.1 Solvent casting method 

In the solvent casting method as shown in Figure 9, 14.25g of PMMA crystals were 

dissolved in 150 ml of Chloroform. 750 mg of BTA was mixed with 80 ml of Chloroform on 

sonicator (Misonix Sonicator 3000) for 15 minutes. The two solutions were mixed and left on 

sonicator for a further 15 minutes. The resulting mixture was allowed to dry for between 24 and 

48 hours in open air and placed in a vacuum oven for 12 hours at 90°C. The solid material was 

then placed on a mold same as mentioned in prior section and kept on a hot press. The 

temperature gradually rose until it reached 220°C; a pressure of 6-7MPa was then applied to the 

sample. The press was allowed to cool for between 7 and 10 hours to the room temperature. The 

sheet of PMMA / BTA was then removed and cut to required size using a laser cutter. For 

10wt.% PMMA/BTA nanocomposites 13.50g of PPMA and 1.5g of BTA nanoparticles were 

used.  

 

 

 

Figure 9: Flow chart for manufacturing neat PMMA and PMMA/BTA nanocomposite samples 
by solvent casting method 
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4.1.2.2 Anti Solvent Precipitation method 

In this process as shown in Figure 10, 14.25 g of PMMA crystals was dissolved in 150 ml of 

Chloroform. 750 mg of BaTiO3 was mixed with 400 ml of Chloroform on sonicator for 2 hours. 

The two solutions were mixed and sonicated for a further 20 minutes. The resulting mixture was 

then mixed with large volume of methanol (ratio of methanol to chloroform 3:1). The solution is 

continuously stirred on a mechanical stirrer to enable co-precipitation of PMMA and the 

nanoparticles. The semi-solid precipitate of PMMA/BTA was then filtered from the solution and 

was allowed to dry for between 10 and 12 hours at room temperature. The nanocomposite was 

then placed in a vacuum oven for 12 hours at 90°C. The solid was then placed on a mold 

(100mm x 100mm x 0.1mm) and mold was placed on hot press. The temperature was gradually 

rose until it reached 220°C; a pressure of 6-7MPa was then applied to the sample. The press was 

allowed to cool for between 7 and 10 hours to room temperature. The sheet of PMMA / BTA 

was then removed and cut to required size using a laser cutter. 

 

 

 

Figure 10: Flow chart for manufacturing neat PMMA and PMMA/BTA samples by ASP method. 
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4.2 Characterization setups and procedures 

The PMMA/BTA nanocomposites for AC and Impulse characterization were prepared 

using solvent casting method since the experiments used relatively thick samples. For DC 

measurements nanocomposites were manufactured using anti-solvent casting method for thin 

samples and ensure good BTA dispersion. Sheets of nanocomposites were molded using the 

processes discussed in section 4.2 and then they were cut into circular discs of diameter 30mm. 

The thickness of the discs for AC and Impulse measurements was ~1mm and for DC 

measurements was ~0.15 mm. 

4.2.1 AC breakdown 

For the room temperature measurements, two 25 mm diameter Bruce Profile electrodes 

were used. One electrode was inserted into an acrylic cup and then attached to the steel rod at the 

bottom of the sample holder. The other electrode was attached onto a stainless steel rod inserted 

at the top of the sample holder. The sample material was placed on the bottom electrode and the 

top electrode was lowered onto the sample, as shown in Figure 11. The stainless steel rod was 

then locked into place with a G10 bolt at the top of the sample holder. The ground connection 

was attached to the steel extending out of the side of the bottom of the sample holder, and the 

cup was filled with silicon transformer oil. The entire setup was placed on a G10 platform in a 

splash container, and connected to high voltage transformer whose rating is 150 KVA. Figure 12 

shows a schematic of the experimental set up.  

 

 

 

Figure 11: Sample holed between the electrodes 
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Figure 12: Schematic of the experimental setup for AC measurements. 

 

For tests performed in liquid nitrogen, the lower electrode was attached to the sample 

holder without the acrylic cup. The stainless steel rod was not locked in place immediately, but 

was instead held pressing down onto the sample with a welding clamp, and the ground 

connection was attached to the steel rod at the bottom of the sample holder. The entire assembly 

was immersed in a bath of liquid nitrogen. After the temperature equalized, the stainless steel rod 

was locked into place with the G10 bolt and the welding clamp was removed. Care being taken 

that the pressure exerted on the sample was always the same for each sample under test. 

For AC breakdown measurements, the voltage was ramped at a rate of 500 V/Sec until 

there was a breakdown of the sample. The voltage and waveform at the point of collapse were 

recorded. For each material ten such measurements were taken at each of the temperatures, 293 

K and 77 K respectively. All the samples studied in this work were of thicknesses ~ 1.00 mm. 

4.2.2 Impulse breakdown 

The samples were held in the same manner as described above. The setup was connected 

to single stage Haefely impulse generator, rated 140 kV and 250 J. For impulse breakdown 
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measurements, the voltage was applied to the experimental gap in steps of about 5 kV or less 

until a breakdown was recorded. As before ten such measurements were made for the material at 

each of the temperatures. Figure 13 shows a schematic of the experimental set up. All the 

samples studied in this work were of thickness ~ 1.00mm 

 

 

 

Figure 13: Schematic illustration of the experimental setup for Impulse measurements. 

 

4.2.3 DC breakdown 

The samples were held in the same manner as described above. The setup was connected 

to DC power supply, rated at 100 kV, 16kW (Glassman Model SH100R160). For DC breakdown 

measurements, the voltage was ramped at 500 volts per second until a breakdown occurred. The 

breakdown voltage and waveform were recorded. The samples used were approximately 0.15 

mm thick, and fifteen samples were tested at each temperature. Figure 14 shows a schematic of 

the experimental set up. All the samples studied in this work were of thickness ~ 0.15mm. 
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4.2.4 Tan δ measurements 

A Haefely 2820 Automated Measuring Bridge with a 100 pF standard SF6 capacitor rated 

100 kV was used for these measurements. The electrodes were connected as described above. 

The voltage was raised in steps until the voltage was about 80% of the breakdown voltage. At 

each voltage the measurements were read off the tanδ bridge connected to the experimental set 

up. The bridge gave the value of tanδ which was a measure of the losses in the dielectric under 

test. Figure 15 shows a schematic of the experimental set up. All the samples studied in this work 

were of thickness ~ 1.00mm 

 

 

Figure 14: Schematic illustration of the experimental setup for DC measurements. 

 

 

 

Figure 15: Schematic illustration of the Tan δ measurements setup. 
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CHAPTER 5 

 

RESULTS AND DISCUSSION 

 

 

5.1 PMMA / BTA Nanocomposites: Effect of Processing Parameters 

PMMA / BTA nanocomposites were prepared by both solvent casting and anti-solvent 

precipitation (ASP) methods. Due to their large surface area and strong van der Waals 

interaction, BTA nanoparticles intended to exist as clusters. An efficient dispersion method is of 

critical importance for achieving good dispersion of any nanoparticles in polymer based 

nanocomposites. High power sonication, one of the most commonly used methods for 

nanoparticle dispersion, is often employed in the nanocomposite preparation [9, 32]. However, in 

the solvent casting process, BTA nanoparticles re-aggregate as solvent evaporated, due to 

thermodynamic reasons to reduce the surface free energy in our process. Figure 16 shows the 

clusters formed by the nanoparticles in PMMA resin for 5wt.% and 10wt.%BTA nanocomposites 

manufactured by solvent casting method. This process can be slowed down or prevented by 

utilizing kinetic mechanism, to quickly lock down (freeze) the nanoparticle/resin dispersion 

status before re-aggregation occurs [9, 32]. Thus, the anti-solvent precipitation process was 

employed. In this process, instead of allowing solvent to evaporate slowly, small drops of the 

suspension were added to an anti-solvent (methanol) in which the polymer is insoluble while the 

original solvent (chloroform) is soluble. It is envisaged that the rapid diffusion of chloroform 

into methanol leads to fast precipitation of polymer/BTA agglomerate and slowing down of 

nanoparticle re-aggregation [32, 33]. As a result BTA nanoparticles clusters are reduced in ASP 

method and it can be seen that the nanoparticles are embedded inside PMMA matrix as shown in 

Figure 17.  
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Figure 16: Cross-section of (a) & (b) PMMA/5wt.%BTA nanocomposites, (c) & (d) 
PMMA/10wt. % BTA nanocomposites by solvent casting method 

 

 

 

Figure 17: Cross-section of (a) PMMA/5wt.%BTA nanocomposites, (b) PMMA/10wt. % BTA 
nanocomposites by anti-solvent precipitation method 

 

Nanoparticle 

clusters 

formed 

Nanoparticles 

embedded 

inside 

polymer 
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5.2 Weibull Analysis 

In the analysis of results for electrical breakdown at both temperatures and under AC, 

Impulse and DC waveform conditions we have employed Weibull Statistical plots [34, 35] to 

present the results, and the equation governing the statistics is given as : 

))/(exp(1)( 0

β
EEEF −−=  

Where E is the electric breakdown field, E0 is the field for which the cumulative 

probability is 6γ.β% and  is the shape factor, which is obtained from the plot of log10 (-ln(1-F)) 

as a function of log10 E. The slope of the regression line fitted to the experimental data points is  

and it is representative of how reliable the data is. More reliable results are represented by 

steeper slopes because the spread of the values is reduced. 

5.2.1 AC breakdown measurements 

The recorded values of voltage and waveform at the point of sample collapse for AC 

voltage applied were collected. The values were added to statistical analysis software Relex 2009 

(Parametric Technology Corporation), with the help of which the Weibull plots were generated.  

Figure 18 shows the Weibull plot for neat PMMA and PMMA/ (5wt.% and 10wt.%) 

BTA nanocomposite samples for AC breakdown at 293K and 77K. Table 4 shows the threshold 

values at 63.2% and the shape factor  for AC breakdown. Under AC conditions there was a 

marginal increase in the threshold (E0)63.2% for neat PMMA and PMMA/5wt.%BTA 

nanocomposite samples from room temperature to cryogenic temperature, but there was a slight 

decrease in the values for PMMA/10%BTA nanocomposites. The slope of the nanocomposites at 

293K was about twice of that at 77K. For the pure polymer the slope at 77K was three times as 

that of 293K. 

Figure 19 and Table 4 show the threshold values (E0)63.2% and  values for AC 

breakdown at room and cryogenic temperatures. There was an increase in the values of the 

PMMA and PMMA/5wt.%BTA materials from room temperature to cryogenic temperature, but 

there was a significant decrease in the values for the PMMA/10wt.%BTA nanocomposites. 

Addition of the small amount or 5wt.%BTA nanoparticles has shown almost same threshold 
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values (E0)63.2%  as that of the base polymer. By addition of the large amount of the nanoparticles 

causes more nanoparticle clusters. These clusters may act as microparticles, which might 

decrease the properties of the base polymer. For both nanocomposites, their  values increased 

significantly at the room temperature, indicating that the effect of nanoparticles had produced a 

material that was uniform and homogeneous. At room temperature with the increase in  values 

produces highly reliable system, but there was a decrease in  values at the cryogenic 

temperature. 

 

 

 

 

Figure 18:  Weibull plot of PMMA and PMMA/BTA nanocomposites for AC breakdown at 293 
K and 77 K. 
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Table 4: Weibull parameters for AC Breakdown properties 

 

 

E
63.2% 

(Kv/mm) β 

293K 77K 293K 77K 

PMMA 35.28 38.12 6.33 17.08 

PMMA 
/5%BTA 

34.15 37.85 20.47 13.09 

PMMA 
/10%BTA 

28.97 25.12 11.69 5.39 

 

 

 

 

Figure 19: Threshold (E0)63.2% values for AC breakdown 

 

5.2.2 Impulse breakdown measurements 

Weibull plot for impulse breakdown measurements was generated as mentioned in 

section 5.2.1. Figure 20 shows Weibull plot for PMMA and PMMA/(5wt.% and 10wt.%) BTA 

nanocomposite samples for impulse breakdown at 293K and 77K. Table 5 shows the threshold 

values at 63.2% probability and the shape factor  values for the impulse breakdown 
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measurements. Under the impulse conditions there was decrease in the threshold (E0)63.2% for all 

the materials studied from room temperature to cryogenic temperature. For the pure polymer the 

slope at 77K was three times as that of 293K. 

Figure 21 shows the threshold values (E0)63.2% for Impulse breakdown at room and 

cryogenic temperatures. The values of PMMA and the nanocomposites decreased from room 

temperature to cryogenic temperature. PMMA/5wt.%BTA nanocomposites showed better results 

than the base polymer at 77K. PMMA/10wt.%BTA nanocomposites have lower values than the 

base polymer at both the temperatures, which was similar to the AC breakdown measurements. 

For both nanocomposites, their  values decreased at cryogenic temperature, indicating that the 

effect of nanoparticles had produced a material that was non-uniform and not homogeneous and 

decrease the reliability of the material.  

 

 

 

Figure 20:  Weibull plot of PMMA and PMMA/BTA nanocomposites for impulse breakdown at 
293 K and 77 K. 

 

 



34 
 

Table 5: Weibull parameters for impulse breakdown measurements 

 

 

E
63.2% 

(Kv/mm) β 

293K 77K 293K 77K 

PMMA 91.35 69.28 6.2 16.82 

PMMA 
/5%BTA 

79.76 71.92 10.05 15.55 

PMMA 
/10%BTA 

69.07 58.37 11.00 11.98 

 

 

 

 

Figure 21: Threshold (E0)63.2% values for impulse breakdown 

 

The breakdown values at AC and impulse voltages were decreased by addition of higher 

weight percentage of the nanoparticles. In order to understand the mechanics of breakdown in 

these materials we would have to do more study. Several factors come into play such as particle 

size, dispersion of the particles in the host resin and the concentration of nano-particles in the 

finished material. Some work that may help with this analysis is given in [36] where the authors 
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had studied a composite made up of Alumina nano-particles in PMMA. They had taken steps to 

treat the nano-particles prior to mixing with PMMA, so as to increase uniformity of dispersion in 

the host polymer PMMA. It was reported that the interface between the particles and PMMA 

which was the host resin created voids due to adding the nanoparticles. This, if it could be 

confirmed, will point to a possible cause of the decrease in breakdown strength of PMMA/ BTA 

nanocomposite in the present work, specially for the high concentration case (10wt.%BTA). 

The nanocomposites studied for AC and impulse voltages were manufactured by solvent 

casting method, in which the sonication time was limited. The mixture was allowed to dry and it 

took a long time for the chloroform to evaporate. These parameters may have given time for the 

nanoparticles to form clusters. As shown in Figure 15 the clusters formed in the nanocomposites 

may have acted as microparticles which resulted to decrease in the threshold values of the 

material. To decrease the number of clusters and get the proper dispersion of the nanoparticles in 

the base polymer a new approach was used (anti solvent precipitation or ASP see Section 

4.1.2.2). The further measurements were carried out on the materials which were manufactured 

by ASP method. Figure 16 shows the SEM images of the nanocomposites manufactured by ASP 

method. The dispersion of the nanoparticles was much better than the solvent casting method.  

5.2.3 DC breakdown measurements 

Weibull plot for DC breakdown measurements was conducted as described in Section 

5.2.1. Figure 22 shows the Weibull plot for PMMA and PMMA/(5wt.% and 10wt.%) BTA 

nanocomposite samples for DC breakdown at 293K and 77K. Table 6 shows the threshold values 

at 63.2% probability and the shape factor  values for DC breakdown. Under DC conditions at 

room temperature, there was decrease in the threshold (E0)63.2% values when the nanoparticles 

were added. At cryogenic temperature the values increased by addition of nanoparticles. There 

was significant difference in the slope for all the materials studied from 293K to 77K.  

Figure 23 and Table 6 shows the threshold values (E0)63.2% for DC breakdown 

measurements at room and cryogenic temperatures. As mentioned above the threshold values 

increased as the amount of nanoparticles increased at cryogenic temperature. There is a 

significant decrease in the values for all the materials from room temperature to cryogenic 

temperature. For both nanocomposites, their  values increased significantly at both room and 
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cryogenic temperature, indicating that the effect of nanoparticles had produced a material that 

was uniform and homogeneous. At cryogenic temperature with the increase in  values indicates 

a highly reliable system. 

 

 

 

Figure 22:  Weibull plot for PMMA and PMMA/BTA nanocomposites for DC breakdown at 293 
K and 77 K. 

 

Table 6: Weibull Parameters for DC Breakdown 

 

 

E
63.2% 

(Kv/mm) β 

293K 77K 293K 77K 

PMMA 287.95 128.38 3.81 7.54 

PMMA 
/5%BTA 

263.82  173.12  5.23  21.09  

PMMA 
/10%BTA 

238.73  183.06  6.80  11.97  
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Figure 23: Threshold (E0)63.2% values for DC breakdown 

 

5.3 Tan δ measurements  

Figure 24, 25 and 26 shows the variation of tanδ, as a function of the electric field (E 

kV/mm) for PMMA and PMMA/5wt.%BTA, PMMA/10wt.%BTA nanocomposite respectively. 

The maximum of voltage at which tanδ was measured on any sample was restricted between 

70% and 80% of its AC breakdown value. In all cases it can be seen that the tanδ value increased 

as the voltage was increased, except for PMMA/10wt.%BTA  nanocomposites at cryogenic 

temperature. This was an indication that there was partial discharge occurring [37] (see Section 

2.1.2.4) and hence increased the dielectric losses. Also, at the point of contact close to the edge 

of the electrode and the dielectric the triple junction effect manifests itself as field enhancement 

which is a function of the permittivity of the material [38-40]. 

For the PMMA samples as shown in Figure 24 (a) & (b) the difference in the value of tan 

δ, when the electric field strength was less than (11 kV/mm), between 293 K and 77 K was 

insignificant. However, there was a significant difference as the electric field was increased, and 

at the highest field level the losses at 77 K were twice those at 293 K. A similar pattern of 
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behavior was exhibited by PMMA/5wt.%BTA nanocomposite as shown in figure 25 (a) & (b). 

The increase in losses indicates that there is a partial discharge occurring as mentioned above.  

For PMMA/10wt.%BTA nanocomposites at room temperature the pattern was similar to 

that of the base polymer and 5wt.% BTA nanocomposites. The losses increase as the voltage 

applied was increased. At cryogenic temperature the losses reduced by ~70% and when the 

applied voltage was increased there was a marginal increase in the losses as shown in Figure 26 

(b). 

 

 

 

Figure 24: tanδ vs electric field for PMMA 

 

 

 

Figure 25: tanδ vs electric field for PMMA/5wt.%BTA 
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Figure 26: tanδ vs electric field for PMMA/10wt.%BTA 

 

5.4 Fracture Surface Analysis 

Scanning electron microscopy was used to characterize the fracture surfaces of the neat 

PMMA and PMMA/BTA nanocomposites which have been electrically tested for AC, impulse 

and DC voltages at both room and cryogenic temperature.  

The breakdown under AC voltage of the dielectric occurs over about two cycles, which 

amount to approximately 33 ms; in addition there was partial discharge which precedes the 

breakdown event. In the case at 77 K the shock propagation pattern indicated that the burn area 

has given rise to very rapid cooling due to the experiment being conducted in an open bath of 

liquid nitrogen. At 293 K under AC voltage the duration for breakdown was similar to the above. 

However, the experiment was conducted in a bath of transformer oil and hence there was not as 

steep a temperature gradient as with the cryogenic case, consequently the shock propagation was 

not as marked. Under impulse voltages the situation was quite different. The total duration from 

the point of application of the voltage to the point at which breakdown occurs was approximately 

βμs to 4μs. Hence the damage to the dielectric was much less pronounced. An additional fact to 

be taken into account was that there was no partial discharge occurring prior to the breakdown 

event. 

The SEM images show that the damage to the dielectric was more pronounced under AC 

breakdown conditions at 293 K and at 77 K for PMMA, shown in Figure 27 (a), (b), (c) & (d). 

As the total duration of the breakdown for AC voltage is much higher than for the impulse 
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voltage. Also, cracks formed due to rapid quenching of the material are also seen at cryogenic 

temperature. 

 

 

 

Figure 27:  Failure mode analysis (a) AC breakdown of PMMA at 293K, (b) Impulse breakdown 
of PMMA at 293k, (c) AC breakdown of PMMA at 77K, (d) Impulse breakdown of PMMA at 

77K 

 

Figure 28 (a), (b), (c) and (d) are the images for PMMA/5%BTA nanocomposites for AC 

and impulse breakdown at room temperature and cryogenic temperature. The nanocomposites 

show surface difference in comparison to the neat PMMA sample. The pattern of the images 

shown in Figure 27 and Figure 28 are similar, but the difference cause by the nanoparticles 

added can be distinguished in the images. The damaged caused by AC breakdown is much more 

than the damage caused by impulse breakdown. The burnt area of the sample was more 

prominent for AC breakdown. When compared Figure 27 (d) with Figure 28 (d), there were 

holes formed from the burning of nanoparticles. 
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Figure 28: Failure mode analysis (a) AC breakdown of PMMA/5wt.%BTA at 293K, (b) Impulse 
breakdown of PMMA/5wt.%BTA at 293k, (c) AC breakdown of PMMA/5wt.%BTA at 77K, (d) 

Impulse breakdown of PMMA/5wt.%BTA at 77K 

 

    

Figure 29 (a), (b), (c) and (d) are the images for PMMA/10%BTA nanocomposites for 

AC and impulse breakdown at room temperature and cryogenic temperature. As mentioned 

earlier, the nanocomposites show surface difference in comparison to the neat PMMA sample. 

The pattern of the images shown in Figure 28 and Figure 29 are similar. Due to the longer 

duration of the AC breakdown, the damaged caused by AC breakdown is much more than the 

damage caused by impulse breakdown. The burnt area of the sample was more prominent for AC 

breakdown. There were cracks propagated due to the rapid quenching of the material as shown in 

Figure 29 (d).  
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Figure 29: Failure mode analysis (a) AC breakdown of PMMA/10wt.%BTA at 293K, (b) 
Impulse breakdown of PMMA/10wt.%BTA at 293k, (c) AC breakdown of PMMA/10wt.%BTA 

at 77K, (d) Impulse breakdown of PMMA/10wt.%BTA at 77K 

 

Figure 30 shows the DC breakdown area of the base polymer (PMMA) and PMMA/BTA 

nanocomposites at room and cryogenic temperature.  The SEM images for PMMA show that the 

damage to the dielectric was similar at both temperatures except for the cracks formed on the 

surface of the sample at 77K. When the voltage was applied and the breakdown occurred, the 

polymer in that region was burned. But at cryogenic temperature, because of the very low 

temperature around it, the material was rapidly quenched. Due to this rapid quenching of the 

material, there were cracks formed at the breakdown area. Similar cracks were also observed for 

the fabricated nanocomposites, after breakdown occurred at 77K. In the case at 293K, the 

experiment was carried out in a bath of transformer oil. After the breakdown of the 

nanocomposite, it took a longer time for the melted polymer to cool. During that period the nano-

particles migrated out of the bulk material sticking out of the surface. Due to surface tension, 
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brought about by the fact that the surface area of the nano-particles being larger, thus resulting in 

cluster formation of BTA nanoparticles, shown in Figure (c) & (e). These clusters were not 

formed at 77K, due to the fact that after melting there was very rapid cooling of the PMMA 

material which trapped the nano-particles. As shown in Figure 30 (d) & (f), the nano-particles 

are on the surface of the polymer in the form of clusters, covered by the host polymer PMMA. 

These clusters formed were in large numbers for 10wt.%BTA nanocomposites as compared to 

5wt.%BTA nanocomposites. In PMMA/5wt.%BTA nanocomposites, the nanoparticles are much 

widely separated as compared to higher percentage nanocomposites. This might have caused to 

reduce the number of clusters formed in those nanocomposites. 
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Figure 30: Failure mode analysis (a) DC breakdown of PMMA at 293 K, (b) DC breakdown of 
PMMA at 77K (c) DC breakdown of PMMA/5wt.%BTA at 293 K, (d) DC breakdown of 
PMMA/5wt.%BTA at 77K, (e) DC breakdown of PMMA/10wt.%BTA at 293 K, (f) DC 

breakdown of PMMA/10wt.%BTA at 77 K, 
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CHAPTER 6 

 

MECHANICAL PROPERTIES OF PMMA & PMMA/BTA 

NANOCOMPOSITES 

 

 

6.1 Introduction 

Nanodielectrics have been of great interest to researchers in recent years because of their 

unique structure leading to enhancement of properties. Nanodielectrics provide a unique 

opportunity to enhance mechanical properties with the improvement of dielectric aspects [13]. 

Polymer composite insulation often is subjected to constant vibration/abrasion by power 

frequency magnetic forces and higher shear stress under rapid thermal loading conditions [9]. 

The increase in the tensile stresses lead to gradual decrease in the breakdown strength of the 

material, followed by a stable rise up to the yielding stress [2]. Addition of nanoparticles in the 

polymer has shown a great potential in enhancement of the mechanical properties of the 

nanocomposites.   

6.2 Experimental Procedure 

6.2.1 Preparation of samples 

The pure PMMA and PMMA/BTA (5% and 10%) nanocomposites were prepared using 

the ASP process as discussed in the prior section. The prepared samples were molded to final 

shape and size for measuring the tensile properties. The dimensions of the final samples were 

determined based on ASTM D 638 standard for specimen thickness less than 4mm. The samples 

were cut with the help of the laser cutter to the required shape as shown in Figure 31. The 

thickness of the samples was 1 mm. 
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Figure 31: (a) Pure PMMA and (b) PMMA/BTA nanocomposites samples for tensile property 
measurement 

 

6.2.2 Tensile testing 

The tensile property of the samples (pure PMMA and PMMA/BTA (5wt.% & 10wt.%) 

nanocomposites) was determined using MTS machine with 5KN load cell attached at National 

High Magnetic Field Laboratory (NHMFL). The tests were carried out at room and cryogenic 

temperature. Five samples of each were tested for both the temperatures. Figure 32 shows the 

setup for the tensile testing. ASTM D 638 standard was used as a guide for testing and the 

samples were tested at a constant speed of 1mm/min. For the tests at the lower temperature, the 

sample holder was immersed in the liquid nitrogen bath and the load was applied.  

 

  

(a) (b) 
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Figure 32: Tensile test setup at room and cryogenic temperature at NHMFL 

 

6.3 Results and Discussion 

The measured properties of the pure PMMA and PMMA/BTA nanocomposites included 

the Young’s modulus and tensile strength.  

Weibull plot for the Young’s modulus measured was generated as described in section 

5.2.1. Figure 33 shows Weibull plot for PMMA and PMMA/(5wt.% and 10wt.%) BTA 

nanocomposite samples for Young’s modulus at 293K and 77K. Table 7 shows the values at 

6γ.β% probability and the shape factor .   

At room temperature the modulus of the PMMA/(5wt.%)BTA nanocomposite was twice 

as that of pure PMMA. From Figure 34 it can be seen that there was a marginal increase in the 

modulus of 10wt.% BTA nanocomposite at room temperature. There was a tremendous increase 

in the values of Young’s modulus for PMMA and PMMA/(10wt.%) BTA nanocomposite 

samples from room temperature to cryogenic temperature. PMMA/(10wt.%)BTA nanocomposite 

showed an increase of ~12% from the base polymer at cryogenic temperature.  
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Figure 33: Weibull plot of PMMA and PMMA/BTA for Young’s modulus at 293 K and 77 K. 

 

Table 7: Weibull Parameters for Young’s modulus 

 

 

E
63.2% 

(GPa) β 

293K 77K 293K 77K 

PMMA 2.69 6.9 17.1 8.1 

PMMA 
/5%BTA 

6.55  6.81  52.58  13.98  

PMMA 
/10%BTA 

2.71  7.74  12.7  19.6  
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Figure 34: Young’s Modulus values at 293K and 77K 

 

Figure 35 shows the Weibull plot for PMMA and PMMA/(5wt.% and 10wt.%) BTA 

nanocomposite samples for tensile strength at 293K and 77K. Table 8 shows the values at 63.2% 

probability and the shape factor . 

The tensile strength of nanocomposites decreased marginally at room temperature as 

shown in Figure 36. At cryogenic temperature the 5wt.% nanocomposite showed an increase of 

~20% strength with compared to the base polymer and the 10wt.% nanocomposite showed an 

increase of ~65%. This shows that the tensile strength increased as the percentage of 

nanoparticles increased in the polymer at cryogenic temperature. At cryogenic temperature, the 

trend was similar to the measurements for young’s modulus and DC breakdown. 

Anti-solvent precipitation method has shown to improve the interaction between the BTA 

nanoparticles and the polymer matrix, as well as enhanced the dispersion quality. The improved 

dispersion increases the interfacial surface area for effective load transfer from the surrounding 

PMMA matrix [9].  
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Figure 35:  Weibull plot of PMMA and PMMA/BTA for tensile strength at 293 K and 77 K. 

 

Table 8: Weibull parameters for tensile strength 

 

 

E
63.2% 

(MPa) β 

293K 77K 293K 77K 

PMMA 32.07 37.40 6.6 12.8 

PMMA 
/5%BTA 

26.91  45.09  8.1  6.41  

PMMA 
/10%BTA 

27.17  61.53  5.8  70.22  
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Figure 36: Tensile strength at 293K and 77K 
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CHAPTER 7 

 

CONCLUSIONS 

 

 

7.1 Conclusions 

In this study, PMMA and PMMA/BTA nanocomposites were synthesized and tested for 

their dielectrical and mechanical properties at both room and cryogenic temperature. It was 

observed that addition of nanoparticles affected the properties at both the temperatures. It was 

also observed that the efficiency of BTA nanoparticles in increasing the properties of the 

polymer greatly depends on the dispersion of nanoparticles in the polymer matrix. There was a 

decrease in the breakdown voltages under AC, DC and impulse conditions, at room temperature, 

as the nanoparticles were added. At cryogenic temperature, there was a decrease in the 

breakdown voltages under AC and impulse conditions for nanocomposites, due to the 

insufficient nanoparticles dispersion. By fabricating process improvement in nanocomposite 

synthesis, uniform BTA nanoparticles dispersion in PMMA is achieved. This resulted in increase 

in the threshold values under DC voltages, at cryogenic temperature, when the nanoparticles 

were added. The dielectric losses also reduced about ~70% decrease in PMMA/10wt.%BTA 

nanocomposites at cryogenic temperature. Fracture surface analysis is conducted on the 

breakdown area for all three voltages conditions (AC, DC and impulse) showed that the damage 

caused to the materials was greater under AC breakdown voltages than when the breakdown was 

caused by DC and impulse voltage. This is because breakdown occurs for a longer duration 

under AC conditions. Also the damage was more pronounced at 77 K than at 293 K, due to the 

rapid quenching of the material after the breakdown is occurred and led to micro-cracks 

remained in the samples. 

The tensile properties of the PMMA and PMMA/BTA nanocomposites were measured at 

both room and cryogenic temperature. The process improvement in the synthesis of 

nanocomposites leads to improved dispersion and a prossible good interfacial bonding between 

the PMMA and BTA nanoparticles. The effectiveness could be seen with improved tensile 
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properties of the nanocomposites. By adding 10 wt.% of BTA nanoparticles, the Young’s 

modulus increased by ~12 % and tensile strength by ~65% at cryogenic temperature. Though 

higher concentration of nanoparticles should work as better reinforcement to enhance the tensile 

property, dispersion becomes more challenging with increase in BTA concentration.  

7.2 Recommendations 

The current study conducted was limited in its range of amount of nanoparticles added.  

Future work could prepare a detailed study and expand the property and database at a range of 

percentage by weight of the nanoparticles to be added. Furthermore, other polymers such as 

cross-linked polyethylene (XLPE) and stycast 2850FT blue can be studied with addition of 

different nanoparticles such as silica (SiO2), titanium dioxide (TiO2) and alumina (Al2O3).  
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