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(ABSTRACT) 

In 1993, the international trade groups predicted that the market for 

superconducting devices will grow 100-fold in the next three decades. ! Some of the 

growth areas for bulk superconductors are applications that rely on the ability of the 

superconductor to exclude magnetic fields or shape electromagnetic waves, for 

example, levitated vehicles, motors, and magnetic shields. Additional research, 

development, and manufacturing scale-up are needed to achieve full 

commercialization, especially with high temperature superconductors. Development 

of bulk superconducting applications relying on the Meissner effect or shielding 

capability are limited by the mechanical performance, processability, and 

environmental resistance of high temperature superconductors; however, these 

problems can be alleviated by making superconductor/polymer composites. One 

goal of this research is to process high temperature superconductor/polymer 

composites and to systematically characterize them. A second objective of this 

research 1s to determine if a superconductor/polymer composite can shield 

electromagnetic waves and to define the critical composite requirements for effective 

shielding.



Three types of composite structures, 3-3, 0-3, and 2-3 superconductor/ 

polymer composites, were processed. The 3-3 composites have continuous ceramic 

and polymer phases. The 0-3 composites have ceramic particles in a polymer matnx, 

and the 2-3 composites have ceramic platelets in a polymer matrix. These 

composites were compared on the basis of mechanical performance, machinability, 

environmental resistance, diamagnetic strength, electrical resistance, and shielding 

effectiveness. If the superconductor/polymer 0-3 composites are processed well, 

they have improved mechanical performance, machinability, and environmental 

resistance compared to superconductor/polymer 3-3 composites; however, they do 

not have zero resistance nor provide any shielding capability, and they have a lower 

diamagnetic strength than superconductor/polymer 3-3 composites. The 

YBCO/polymer 3-3 composites have lower superconducting properties than 90% 

dense bulk YBCO, but they have improved machinability and mechanical 

performance. Unfortunately, the processability of superconductor/ polymer 3-3 

composites is not improved compared to bulk superconductors. The 

superconductor/polymer 2-3 composites combine the formability of the 0-3 

composites and the shielding effectiveness of 3-3 composites. This is the first time a 

discontinuous ceramic phase/polymer composite has demonstrated shielding 

capability. Superconducting shielding 1s determined to be a result of reflection, 

dependent on the Meissner effect, and absorption, dependent on the high 

conductivity, but it does not rely on zero sample resistivity. Based on these results, 

the critical composite material requirements for effective shielding are 1) that the 

superconducting phase be of sufficient size and critical current density to absorb 

electromagnetic waves and 2) that the nonnormal volumes of the superconducting 

phase overlap. Thus, a superconductor/polymer 0-3 composite can not provide any 

shielding, but a superconductor/polymer 2-3 composite shields at both low 

frequencies and microwave frequencies.
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I. INTRODUCTION AND MOTIVATION 

Superconductors 

In 1911, the first superconductor was discovered by Heike Kamerlingh-Onnes 

when he observed that mercury lost its electrical resistance when cooled to 4.2 K.2 

Zero dc electrical resistance is one of two phenomena that define superconductivity. 

The second phenomenon, called the Meissner effect, after Walther Meissner who 

discovered it in 1933, is the ability of a material to completely expel a magnetic field 

from its interior, or, in other words, to become a perfect diamagnet.2 Both of these 

characteristics, zero dc resistance and the Meissner effect, are required for 

superconductivity. Superconductivity in mercury occurs only below 4.2 K, which is 

called its critical temperature. If the temperature is raised above this critical 

temperature, normal resistance is immediately restored and flux penetration occurs. 

Similarly, the superconducting phenomena are lost if the electrical current through the 

material exceeds some critical value, called the critical current density, or if the 

surrounding magnetic field exceeds some critical value, called the critical magnetic 

field. These three properties, critical temperature (Tc), critical current density (Jc), and 

critical magnetic field (Hc) are the most important properties of superconductors. 

Figure 1.1 shows the dependence of the superconducting state on Tg, Jc, and Hg.3 

Superconductivity occurs only if the combination of temperature, current, and 

magnetic field is within the dome shown in Figure 1.1. For example, if a 

superconductor is utilized just below its critical temperature, it could carry an infinitely 

small amount of current before it would transition to the normal state, even in a zero 

magnetic field. Similarly, if a superconductor were carrying current at 0 K, it would 

reach its critical current density before realizing any resistance, provided it were in a 

zero magnetic field. To be useful, the critical current density and critical magnetic field 

must be large at the operating temperature; thus, a typical rule of thumb is to use a 

Superconductor at a temperature that is less than three-fourths of its critical 

temperature.4
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Te 
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He Current Density 
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Figure 1.1. Dependence of superconducting state on T¢, Jc, and He.



High Temperature Superconductors 

In 1986, Paul Chu discovered that YBa2Cu307-x [YBCO], a ceramic, lost its 

dc resistance and displayed the Meissner effect when cooled to below 90 K.2. With 

this discovery of a superconductor with a critical temperature above the boiling point 

of liquid nitrogen, 77 K, came a flurry of excitement and an extraordinary amount of 

research on superconductors. A multitude of applications have been proposed for 

high temperature superconductors, superconductors with a transition temperature 

above 77 K. Most applications can be divided into one of the following groups with 

common requirements: current transport, energy storage, magnetic, electromagnetic, 

and shielding applications. 

Applications relying on current transport are the most well-known applications 

to the general public, and perhaps the most familiar application is near lossless 

transport of electrical power.) The first current transport application to reach the 

marketplace is a Josephson junction, an electronic switch that works ten times faster 

than the best semiconductor switch and is the basis for many electronic applications.® 

Since the superconducting switches do not dissipate heat, they can be packed very 

closely together leading to smaller, faster computers. Connecting two Josephson 

junctions in series makes a superconducting quantum interference device (SQUID), the 

most sensitive device available for detecting small magnetic fields, for example, those 

that occur in the human brain. A SQUID operating at 77 K is one of the most 

promising applications for high temperature superconductors such as YBCO.6 

Energy storage is an application that relies on the energy generated by the 

magnetic field of superconducting coils. Utilities could use superconducting magnetic 

energy storage (SMES) to store excess energy in coils without loss of power during 

low demand periods and to release the energy during peak usage periods.6 

Superconducting magnetic energy storage, which has a 90-95% energy efficiency as 

opposed to 75-80% for competing systems, could also be used for storage batteries in 

weight sensitive applications.5 

Magnetic applications are those which rely on the diamagnetism of 

superconductors. In these applications, a magnet is placed in close proximity to the 

superconductor, which repels the magnetic flux lines. The resulting repulsive force



can be used to repel approaching magnets on the rotors of a motor or to levitate a 

magnet, perhaps attached to a vehicle. Others applications include frictionless 

bearings, generators, and magnetic separators in mining. In most cases, friction is 

reduced, so the superconductor increases efficiency and speed in the application. For 

example, a high temperature superconducting motor could reduce the cost of a 1000 

horsepower motor by 25% or more.6 

Electromagnetic applications are those that rely on the ability of the 

superconductor to generate a magnetic field. According to Biot-Savart's law, a 

magnetic field is setup by a current carrying conductor and is proportional to the 

current. Once a current is established in a coil made from superconducting wire, no 

additional power input is required because there is no resistive energy loss; thus, an 

electromagnet made from a superconducting wire with a high critical magnetic field is 

capable of generating high magnetic fields with no steady power dissipation. A 

superconducting electromagnet could be used to make electromagnetic space vehicle 

launch systems producing a higher velocity than current gas expansion launchers.6 

Other applications for superconducting electromagnets include launchers for small 

military guns, electromagnetic pumping, and magnetic field production for medical 

diagnostics in Magnetic Resonance Imaging./ 

Superconductors can also shape magnetic fields; so, they could create an 

environment, free from all outside magnetic fields, in which precision magnetic 

measurements can be made for physics, medical, or biomagnetic applications. Other 

applications include superconducting shields for nuclear explosions or for space 

vehicles re-entering the atmosphere.6 A 100 K temperature can be maintained in space 

by radiative cooling; thus, if a superconductor has a critical temperature of 140 K or 

more, it could be used in space without any cryocoolers.4 The National Aeronautical 

Space Association (NASA) is working on incorporating high temperature 

superconductors into communication devices, remote sensors, cryogenic systems, and 

propulsion systems. 

Despite the promise of great social improvements by utilizing high temperature 

superconductors, there are very few high temperature superconductor applications 

actually on the market. Several start-up companies are continuing efforts to develop



new products and expand markets for existing ones.8 One company is developing a 

superconducting probe for monitoring liquid nitrogen levels. Another company is 

developing bolometers, instruments that use high temperature superconductors to 

detect very faint infrared light by converting electromagnetic radiation into heat and 

detecting the results as a temperature change. A third company has developed high 

temperature superconducting passive microwave devices being marketed in both 

standard and custom configurations. Other companies and universities have made 

prototype devices such as a frictionless bearing and a dc electric motor capable of 

driving an electric fan.’ These efforts represent the scale at which high temperature 

superconductors are entering the market place. 

The primary limiting factor for most of the above potential applications is the 

critical current density. For current carrying applications such as computer 

interconnects or high field magnetic coils, the minimum required critical current 

density is more than 10° A/cm2 in a0 Tesla magnetic field or more than 10° A/cm? in 

a 10 Tesla magnetic field at 77 K.7 The high temperature superconductor closest to 

realizing this goal is YBCO, and yet, the highest critical current density that has been 

achieved in bulk YBCO samples is ~ 2.4 x 104 A/cm2 at 77 K and 10 Tesla.7 Other 

forms of YBCO have been produced with higher critical current densities. For 

example, YBCO thin films were formed onto magnesium oxide substrates by rf 

reactive magnetion sputtering from a single stoichiometric YBCO target, and they are 

capable of carrying 106 A/cm2 at 14 K.8 Most importantly, this critical current 

density was reproducible among many thin films. Films of 0.6 micron thickness were 

deposited onto LaAlOQ3 substrates by plasma enhanced metalorganic chemical vapor 

deposition, and they have a critical current density of 3.3 x 10© Afem2 at 77 K.9 

Although these are very promising results for using thin films in current carrying 

applications, many applications require bulk samples, and the critical current density of 

bulk YBCO samples has not exceeded 104 A/cm2 at 77 K. There are, however, some 

applications that do not require such high critical current densities, such as magnetic 

resonance imaging, magnetic separators, electromagnetic pumping, motors, 

generators, and shielding applications. The critical current density for commercializing 

these applications is 102 A/em2 or possibly lower at 77 K./



Additional hurdles to commercializing bulk YBCO in low critical current 

applications are the processing difficulty, poor mechanical performance and 

machinability, and low environmental stability of YBCO. YBCO is difficult to 

manufacture into intricate shapes since brittle fracture results from flaws, such as 

pores, inclusions, or grains, as small as 20-50 microns, which are difficult to avoid 

during processing or machining.10 Finally, YBCO is not stable over time at ambient 

conditions.11 It reacts with atmospheric water and carbon dioxide to form hydroxides 

and carbonates that release oxygen required to maintain the superconducting phase, 

and moisture collects on its surface, causing moisture enhanced slow crack growth. 

Superconductor/Polymer Composites 

These limitations could be overcome by using a superconductor/polymer 

composite in place of the bulk YBCO. The polymer would improve the mechanical 

performance of the sample and provide protection for the ceramic from the 

atmosphere. In addition, a polymer matrix composite offers processing advantages 

since extrusion and injection molding, typical polymer processing techniques, could be 

used to form these composites into intricate shapes. 

Superconductor/polymer composites are candidates for applications relying on 

the diamagnetic response or shielding capabilities of superconductors, for example, 

frictionless bearings, levitated vehicles, and magnetically shielded enclosures. High 

temperature superconductor/polymer composites have been manufactured and shown 

to demonstrate the Meissner effect needed for applications relying on the diamagnetic 

strength. High temperature superconductors have demonstrated their ability to shield 

electromagnetic waves up to 100 kHz; and, although researchers generally agree that 

the shielding capability can be maintained in superconductor/polymer composites, this 

phenomenon has not been experimentally proven.12,13,14 Several researchers have 

made superconductor/polymer composites and measured the low frequency shielding 

effectiveness. 15,16,17 Hussain made a YBCO powder compact to approximate a 

polymer matrix composite with the highest possible volume fraction of ceramic, 

100%. This powder compact had a large Meissner effect, but it demonstrated no 

shielding up to 100 kHz.15 Wise and coworkers coated substrates with a mixture of 

YBCO particles in a polymer which did not provide shielding.16 Alford made a 

composite with YBCO in tetrahydrolfurfuralmethacrylate/oligourethane methacrylate,



and it did not demonstrate shielding between 10 and 1000 Hz although it did have zero 

resistivity.17 These results suggest that superconductor/polymer composites cannot 

shield; however, one composite, an ethylene-vinyl acetate [EVA] matrix composite 

with 70 weight percent YBCO and 9 weight percent carbon black, has demonstrated 

shielding between 300 and 1000 MHz. The shielding effectiveness of this composite 

increased when the composite was cooled below the superconducting critical 

temperature, and its shielding effectiveness was an order of magnitude higher than that 

of an EVA matrix composite with just 9 weight percent carbon black.18 These results 

suggest that the superconducting phase was responsible for the shielding effectiveness; 

yet, an EVA matrix with 80 weight percent YBCO, which demonstrated the Meissner 

effect, provided no shielding. This apparent inconsistency was not explained, but it 

was suggested that a composite, if optimized, would shield electromagnetic waves. 

Although this view is generally supported, no additional results on optimizing 

composite shielding performance or understanding the shielding mechanism have been 

reported. 

Many superconductor/polymer composites have been manufactured and shown 

to demonstrate the Meissner effect and have been characterized by diamagnetic 

strength, shielding effectiveness, electrical resistance, mechanical performance, 

machinability, or environmental resistance. These results will be discussed in the 

literature review. Unfortunately, individual studies do not generally include both 

electrical or magnetic characterization and mechanical or environmental stability 

performance. 

Research Objectives 

In this research, bulk superconductors and superconductor/polymer 

composites with different structures will be processed and characterized. The goals of 

this research are twofold: (1) to systematically investigate mechanical performance, 

machinability, environmental resistance, and the electrical and magnetic properties of 

superconductor/polymer composites and to determine if improved mechanical 

performance or environmental resistance can be achieved in superconductor/polymer 

composites while maintaining the superconducting properties; and (2) to determine if 

superconductor/polymer composites can shield electromagnetic waves and to define 

the critical composite material requirements for effective electromagnetic shielding.



Ii. LITERATURE REVIEW 

Ceramic Superconductors 

The discovery of high temperature superconductors, in particular YBCO, has 

stimulated an enormous amount of research on the processing and characterization of 

these ceramics. In less than two years after the discovery, numerous processing 

techniques were developed. Ford summarized the primary YBCO processing 

techniques: solid state reaction, metallic alloy oxidation, explosive compaction, melt 

texturing, viscous processing, microwave processing, and sol-gel processing. 19 

Despite these innovative processing techniques, there still exist many obstacles to 

commercializing YBCO. These problems include poor mechanical performance, 

instability in the presence of atmospheric moisture, processing difficulties, and a low 

critical current density. 19 

A more recent discovery was a high temperature superconductor with no rare 

earth elements, Bi2Sr?CaCu20g-x [BSCCO]. It shows a drop in resistivity and 

susceptibility at 120K and retains these properties after a month in air. Because it 

contains no barium, BSCCO is less sensitive to atmospheric moisture and carbon 

dioxide than YBCO; however, it has the poor mechanical performance and processing 

difficulties associated with YBCO.19 In addition, it has a lower critical current density 

than YBCO at 77K. Since the critical current density is the primary limitation of the 

high temperature superconductors, much research since 1988 has concentrated on 

methods to improve the critical current density of high temperature superconductors. 

The compound of interest in this research is Bi2-yPbySr2Ca2 2Cu3010+x 

[BPSCCO]. 

The critical current density in high temperature superconductors is limited 

primarily by two factors: a grain boundary weak link problem and a flux creep 

problem.20 Jin summarized the processing techniques developed to overcome these 

problems and to increase the critical current density of high temperature 

superconductors.20 Weak links at grain boundaries are caused by a disturbed crystal



structure or a deviation in chemistry near grain boundary dislocations. Processing 

techniques can be used to introduce crystallographic texture to avoid high angle grain 

boundaries in paths of transport current and thus, to minimize the weak link problem 

in high temperature superconductors. For YBCO, the most successful texturing 

process is melt-texturing, which is based on a directional solidification. The technique 

which has been most successful to texture BSCCO and BPSCCO superconductors is 

deformation-texture processing. Other techniques, such as interface-induced texture in 

BPSCCO and magnetic field alignment in YBCO, have also been used to form 

crystallographic texture.20 

While the weak link problem in high temperature superconductors can be 

largely overcome by texturing, YBCO critical current density is still limited to ~ 104 

A/cm? at 77K due to flux creep.20 Elementary physics says that a magnetic field 

should be pushed aside as current passes across it, just as air is pushed aside by a 

moving vehicle.4 Such a push is work, and it drains energy from the passing charge. 

This leads to electrical resistance; thus, the critical current density of superconductors 

is limited by this flux flow. The flux creep is so high in BPSCCO that its critical 

current density is zero if the magnetic field is equal to or greater than 1 Tesla. Many 

applications require a critical current density of 10° A/cm? or more in magnetic fields 

greater than 1 Tesla; thus, small fine defects are induced to pin the flux and prevent 

flux creep. Fortunately, the magnetic field in high temperature superconductors is 

bunched into little bundles of field, and individual bundles act as a single, rigid 

structure; thus, pinning a few bundles is sufficient to prevent all the magnetic field 

from moving.4 Flux pinning defects in bulk high temperature superconductors may 

be induced through either a processing route (microstructural modification) or a 

chemistry route (compositional modification). Jin briefly describes several techniques 

which have been shown to be effective in introducing fine defects and improving the 

flux pinning.4 One processing route is irradiation with fast neutrons, protons, ions, 

or electrons which improves flux pinning in high temperature superconductors. A 

second processing technique is phase decomposition of the YBaz?Cu4Og phase into 

YBCO containing a high density of defects induced by the phase transformation. 

Small defects can also be induced by the precipitation of Y2BaCuOs inclusions during 

the melt-texturing of YBCO. Chemical modification to induce flux pinning sites in 

BPSCCO is being explored by chemical doping.



These processing techniques are being developed to improve critical current 

density, one of the primary limitations to using bulk YBCO in practical applications. 

If the critical current density is sufficient, there are still other limitations, including 

mechanical performance, environmental stability, and processing difficulties, to 

commercializing high temperature superconductors. To overcome these three 

problems, many researchers have made ceramic superconductor/polymer composites. 

Processing Ceramic Superconductor/Polymer Composites 

Many ceramic superconductor/polymer composites have been manufactured to 

improve the mechanical properties, machinability, environmental stability or 

processing flexibility of bulk superconductors. These superconductor/polymer 

composites can be divided into three main categories, 3-3, 0-3, and 2-2 composites, 

based on the dimensionality of the connectivity of the two phases in the composites.21 

For example, "1" represents a one-dimensional phase, such as fibers or rods, which is 

connected to itself in one direction; whereas, "2" represents a two-dimensional phase, 

such as platelets or discs, that is connected to itself in two directions. The 3-3 

composites have continuous ceramic and polymer phases, whereas the 0-3 composites 

have a discontinuous ceramic phase, particles, in a continuous polymer matrix. The 

2-2 composites are made of thin two-dimensional layers of the two materials. Very 

different processing techniques are used to manufacture these three types of composite 

structures. 

YBCO/Polvmer 3-3 Composites 

Vilpulanandan and coworkers impregnated sintered YBCO disks with PMMA 

at room temperature.22 The PMMA was formed via free radical chain polymerization 

by mixing methyl methacrylate [MMA] with 2 weight percent of both a promoter, 

dimethyl aniline, and a catalyst, benzoyl peroxide powder. After mixing the promoter 

and catalyst with the monomer, the YBCO disk was allowed to soak in the 

polymerizing mixture. Because the viscosity of MMA was only 0.53 cps, capillary 

forces pulled the polymerizing mixture into the pores of the ceramic disk. The YBCO 

disk was removed when the polymer started to get viscous, which allowed about 10 

minutes for impregnation. The infiltrated sample was then heated at 60°C for 24 hours 

to ensure complete polymerization in the ceramic pores. Electron probe microanalysis 
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and X-ray photoelectron spectroscopy of infiltrated YBCO disks gave no evidence of a 

reaction between the PMMA and YBCO. 

Sarkar and coworkers infiltrated YBCO disks with a low viscosity 2- 

ethylhexyl acrylate monomer containing two polymerization catalysts, 0.5 weight 

percent benzoyl peroxide and 0.25 weight percent dicumyl peroxide.14 After mixing 

the monomer with the two catalysts, a sintered YBCO disk was placed in the solution 

under moderate vacuum for 30 minutes and soaked overnight. The infiltrated disk was 

heated to 60°C for 24 hours to induce crosslinking by activating the dicumy] peroxide 

catalyst. Scanning electron microscopy [SEM] of polished sections of impregnated 

disks showed that the polymer formed a continuous network structure by filling the 

interconnected pores of the ceramic. 

Low and coworkers infiltrated sintered YBCO disks with epoxy by soaking the 

disks in a low viscosity epoxy resin at room temperature.23 Samples were cured at 

120°C for 16 hours then at 180°C for 4 hours. The apparent density and porosity of 

the disks before and after infiltration where determined using the ethanol displacement 

technique. The porosity of YBCO/epoxy disks was 5 to 30% depending on infiltration 

time as compared to 38% for YBCO disks. Scanning electron microscopy verified that 

the epoxy filled the pores of the ceramic; however, it showed that the concentration of 

epoxy resin varied from a maximum at the surface of the pellet to a minimum in the 

center of the pellet. The nonuniformity in epoxy concentration manifested itself as a 

variation in hardness across the sample thickness from a maximum at the surface to a 

minimum in the center. Complete, uniform impregnation of the epoxy into the ceramic 

disk was inhibited by three primary factors.24 First, polymer can not infiltrate isolated 

pores; thus, complete impregnation was limited by the amount of closed porosity in the 

ceramic disk. The variation in epoxy concentration across the sample thickness was 

related to a second problem. As the monomer polymerized, the reaction mixture 

became progressively more viscous. Since the rate of flow of the polymerizing 

mixture through the pores of the ceramic was inversely proportional to its viscosity, 

further infiltration was inhibited by the increasingly viscous mixture. The final 

problem resulted from the soaking technique used for infiltration. The monomer 

mixture was typically degased while the ceramic was soaking in the mixture. Asa 

result, some gas remained trapped in pores to minimize surface energy at the liquid-air 
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interface which placed a lower limit on the pressure of air remaining in the pores. The 

polymerizing mixture had to compress the remaining gas in order to fill inner cavities, 

and with the soaking technique, the polymerizing mixture did not provide enough 

force to reach all the cavities. In order to overcome the second two problems that 

resulted in nonuniform infiltration, Crosby and coworkers infiltrated ceramic disks 

with epoxy using a pressure/push and vacuum/pull impregnation vessel.24 Two-part 

epoxy resin mixture was poured on top of a ceramic disk set in a sample holder and 

then covered with a pressurized lid. The bottom half of the vessel was evacuated. 

Impregnation was stopped by equalizing the pressure above and below the sample, 

and curing was completed in situ by heating the sample. Various impregnation times 

and temperatures were used. Immediate evidence of complete infiltration was the 

presence of epoxy on the bottom side of a fully impregnated ceramic disk. 

Microscopy was used to verify that complete and uniform infiltration was achieved in 

ceramic disks using a pressure/push and vacuum/pull impregnation vessel. 

In all the 3-3 composites, the YBCO was first sintered to form a continuous 

ceramic phase, and then infiltrated with a polymer. The addition of PMMA, 2- 

ethylhexyl acrylate, or epoxy into the pores of the ceramic disk did not alter the critical 

temperature, transition width, magnetic susceptibility, Meissner effect, or X-ray 

diffraction pattern of the ceramic. The mechanical performance, environmental 

resistance, diamagnetic strength, and shielding effectiveness of these composites will 

be discussed in following sections. 

Ceramic Superconductor/Polymer 0-3 Composites 

A common technique to process 0-3 composites is to compression mold a dry 

powder blend of YBCO and a thermoplastic polymer at a temperature above the glass 

transition temperature of an amorphous polymer or above the melting temperature of a 

semicrystalline polymer. This technique was used to manufacture YBCO/polymer 0-3 

composites with 0 to 80 volume percent YBCO in phenolic, 5 - 25 volume percent 

YBCO in poly(vinylidene fluoride) [PVDF], and up to 90.5 volume percent YBCO in 

high density poly(ethylene) [PE].25,26,13 None of these samples exhibited zero dc 

resistivity; however, they all exhibited some flux expulsion or Meissner effect at 

temperatures below the critical temperature. YBCO/phenolic composites with 60 

volume percent YBCO or less had smooth, shining surfaces; whereas, composites 
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with 70 and 80 volume percent ceramic had crumbly surfaces, indicating a higher 

degree of porosity. 25 Poor outer appearance corresponded to poor mechanical 

performance, which will be discussed in the following section. Although the 

YBCO/PVDF 0-3 composite did not demonstrate zero dc resistivity, each 

superconducting grain in the composite behaved as a linear diamagnet. The 

susceptibility for a perfect superconductor, for example lead at 4.2 K, is -1.0. For the 

YBCO/PVDF composites, the susceptibility was -0.068 to -0.308 for composites with 

5 to 25 volume percent YBCO.26 The YBCO/PE 0-3 composites had semiconducting 

electrical behavior which was attributed to poor grain-to-grain connectivity resulting 

from the poor surface condition of the YBCO powder.!3 A powder compaction of 

freshly annealed YBCO powder showed semiconducting behavior down to 4 K. The 

surface of the YBCO powder quickly degraded during handling due to moisture and 

carbon dioxide in the environment. This surface degradation was the cause of the lack 

of a superconducting transition to zero dc resistance despite the demonstration of the 

Meissner effect. Sarkar concluded that to manufacture a YBCO/polymer 0-3 

composite capable of carrying dc current with zero resistivity, composite processing 

must be done in an inert atmosphere. 

Sarkar and coworkers processed superconductor/polymer 0-3 composites by 

the same compression molding technique using a more environmentally stable ceramic 

superconductor, BPSCCO, and PE.13 The BPSCCO contained two phases, Bi2- 

xPbxSr2CaCu20y with a T, = 65 K and Bi2-xPbxSr2Ca2Cu30y with a T, = 108 K, 

plus some impurities. Unlike the YBCO powder compaction, a BPSCCO powder 

compaction had a zero resistivity transition at ~ 25 K. In addition, a 92 volume 

percent BPSCCO/PE composite had an onset of a superconducting transition at ~ 80 K 

with the dc resistivity reaching zero at 15 K. Because BPSCCO is more 

environmentally stable than YBCO, it was not as likely to degrade during handling and 

processing which explained the difference in electrical performance between 

BPSCCO/PE and YBCO/PE 0-3 composites. SEM micrographs of the 92 volume 

percent BPSCOO/PE composite showed that there was very little polymer between 

superconducting particles, which facilitated intergranular contact leading to good 

electrical performance. Not all BPSCCO/PE 0-3 composites exhibited zero dc 

resistivity. BPSCCO/PE 0-3 composites with 83, 90.5, and 95 volume percent 

BPSCCO had semiconducting behavior similar to the YBCO/PE composites. This 

13



was attributed to BPSCCO surface contamination during the grinding and sieving used 

to mix the two powders. Although the composites made from powders that were 

ground and sieved together were more homogeneous, the surfaces of the BPSCCO 

powder were contaminated during the mixing process. This supported the importance 

of the surface characteristics of the superconducting powder on the composite 

resistance as a function of temperature. The homogeneity of the composite 

microstructure could have also contributed to the difference in electrical performance 

between composites. The particles were more uniformly distributed and less 

connected; therefore, poorer electrical performance was expected. Unfortunately, all 

the composites were small, weighing just 2 grams, and upscaling to useable sizes 

while maintaining particle connectivity with clean particle surfaces is a difficult 

endeavor. 13 

Pienkowski and coworkers processed YBCO/polymer 0-3 composites with 

two different polymers, ethylene-vinyl acetate [EVA] and polychlorotrifluoroethylene 

[KEL-F]. Composites were made with 10 and 30 weight percent YBCO powder in 

KEL-F and 10, 30, and 80 weight percent YBCO powder in EVA.18 The polymer 

was loaded with 2-7 micron ceramic powder in a plastics mill at room temperature for 

EVA and at 450°F for KEL-F. After milling, the samples were pressed into 0.04 " 

thick plates. Only the 80 weight percent YBCO/EVA sample demonstrated the 

Meissner effect. The ceramic loading in the remaining composites was too low to 

provide sufficient force to lift the magnet. 

Du Moore and coworkers used sheet molding to produce YBCO/PVC 0-3 

composites with 0 to 80 volume percent ceramic.29 The composites were processed 

into thin sheets on a 2 roll mixing machine at 175°C. The sheets were then cut and 

molded in a cylindrical die to form disks. X-ray diffraction analysis indicated that no 

additional phases were present after making the composites. The ceramic in the 

composite structure was still single phase orthorhombic. Diamagnetic properties of the 

composites were verified by magnetic susceptibility and repulsive force measurements. 

A primary research goal was to incorporate superconducting ceramic powder into a 

flexible polymer to overcome the difficulty in handling and shaping YBCO into usable 

forms such as wires, sheets, tubes, and coils. All samples with 60 volume percent 

ceramic or less had a smooth surface and were somewhat flexible: however, all 
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composites with 60 volume percent ceramic or more became increasingly brittle and 

difficult to process. In fact, unlike the other composites, the composites with 60, 70, 

or 80 volume percent ceramic had a density lower than that predicted by a rule of 

mixtures.27 Because these composites had a large amount of porosity, the ceramic 

particles were not in intimate contact, which resulted in higher room temperature 

resistivities. More than 40 volume percent polymer was required to make a well 

consolidated composite with particle-to-particle connectivity. Despite the particle-to- 

particle connectivity in some composites and the evidence of a critical temperature from 

susceptibility measurements in all composites, none of the composites had a drop in 

resistivity with decreasing temperature. A loss of normal resistance of individual 

particles did not affect the total electrical conduction of the composite because the 

ceramic particles were weakly coupled and had a resistive barrier between them from 

the polymer or degraded YBCO surfaces.27,28 

Superconductor/polymer 0-3 composites were also made with elastomers such 

as silicone, polyurethane, and acrylonitrile-butadiene-styrene (ABS).29,30,31,32 To 

make these composites, the ceramic powder was mixed with the rubber, then pressed 

and cured. Fuierer and coworkers made composites with 20 - 75 volume percent 

YBCO in silicone rubber that exhibited flux expulsion and large diamagnetic 

susceptibilities.29 In this system, at least 25 volume percent polymer was required to 

wet all the ceramic and form a homogeneous dispersion of ceramic in polymer with 

little porosity. Homogeneity and porosity were verified by SEM and density 

measurements. 

Nguyen and coworkers fabricated and characterized YBCO/poly(urethane) 

composites with 20 to 90 volume percent ceramic.30 Each of these composites _ 

exhibited the Meissner effect. Composite room temperature electrical resistivity 

showed an electrical percolation behavior with a large drop in resistivity at about 30 

volume percent. This suggested that the ceramic particles were in intimate contact in 

composites with 30 volume percent ceramic or more; yet, all composites exhibited 

semiconducting behavior down to temperatures below the superconducting critical 

temperature. 
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Teng-Ming Chen and coworkers dispersed BPSCCO powder in an 

acrylonitrile-butadiene-styrene (ABS) rubber matrix which was then hot or cold 

pressed and cured.31,32 Below the critical temperature, magnetic flux was excluded 

from composites with 30 to 95 volume percent 2223 phase. The composites, 

however, did not have zero resistivity at the same temperature nor did they 

demonstrate a percolation behavior for room temperature resistivity versus volume 

fraction of ceramic powder. Chen concluded that the lack of zero dc resistance and 

percolation behavior in room temperature resistivity was due to the inhomogeneity of 

the composites or the formation of an insulating polymeric layer on the surfaces of the 

2223 powder.31 

Chiang and coworkers developed a third technique, infiltrating a powder 

compaction of 70 micron YBCO powder with 20 weight percent liquid cyanoacrylate, 

to make superconductor/polymer 0-3 composites.33 After infiltration, the composite 

was cured at room temperature. It demonstrated the Meissner effect in liquid nitrogen, 

and the presence of the polymer did not destroy the inherent flux pinning capability of 

the superconductor 

One of the advantages of a superconductor/polymer 0-3 composite is the ease 

of processing. McNAlford made composites that could be formed by injection 

molding, compression molding, or extrusion.17 The composite was made by mixing 

the YBCO powder with a resin, tetrahydrolfurfuralmethacrylate/oligourethane 

methacrylate copolymer, and a catalyst, tertiary butyl perpivolate, to form a “crumble” 

which could be pressed into a simple shape as is done with other YBCO/polymer 

powder blends. The crumble could also be subjected to high shear to form a plastic 

dough-like compound, which could be shaped by injection molding. The composites 

demonstrated magnetic flux expulsion; however, the out of phase component in the 

magnetic susceptibility measurements was very small, less than 1% of the inphase 

component of the magnetic susceptibility for all seven composite samples. The out-of- 

phase component for a bulk YBCO sample is ~ 25% of the inphase component of the 

susceptibility. This peak is believed to result from the onset of connectivity in bulk 

samples just below the critical temperature. This would suggest, that although 

particle-particle contact in samples with high volume fractions of ceramic was evident 

in electron microscopy, electrical connectivity was negligible. Room temperature 
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resistivity of these composites was an order of magnitude lower than that predicted, 

giving further evidence of a semiconducting or insulating layer between 

superconducting particles. Two of the seven samples had a superconducting drop to 

zero ac resistance below 26 K, but this was not consistent among samples. 

In summary, ceramic superconductor/polymer 0-3 composites can be 

manufactured while maintaining the single phase ceramic and preserving the 

superconducting properties of the individual ceramic particles. There is a limit to the 

volume fraction of ceramic that can be incorporated into a polymer matrix to form a 

well consolidated, homogeneous composite. Depending on the polymer choice, the 

maximum volume fraction of ceramic is 50 to 70 volume percent. With increasing 

volume fraction of ceramic, the composites become more brittle and difficult to 

manufacture until the composites have no mechanical integrity. Many ceramic 

superconductor/polymer 0-3 composites exhibited percolation behavior in room 

temperature resistivity as a function of ceramic volume fraction that suggested contact 

between ceramic particles began at 30 volume percent, but became more intimate at 50 

volume percent of ceramic. Despite the evidence of ceramic particle contact in several 

composites, only two types of superconductor/polymer 0-3 composites demonstrated a 

zero resistivity, at very low temperatures. Superconductor/polymer 0-3 composites 

demonstrated flux expulsion, or the Meissner effect, below the critical temperature. 

The composites offered some advantages: they were easier to process than bulk 

YBCO samples and some offered improved mechanical performance and/or 

environmental resistance which will be discussed in the following sections. 

Ceramic Superconductor/Polymer 2-2 Composites 

Only one example of a superconductor/polymer 2-2 composite was reported in 

the literature. Nguyen processed YBCO/polymer 2-2 composites by first 

manufacturing YBCO and polypropylene tapes.30 The ceramic tape was made by ball 

milling 60 weight percent YBCO and 40 weight percent binder for 10 hours. The 

mixture was cast on glass with a doctor blade then sintered. These sintered tapes were 

layered with polypropylene cast tapes and bonded together. The resulting structure 

demonstrated the Meissner effect, but no other properties were measured. 
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Mechanical Performance 

One motivation for processing ceramic superconductor/polymer composites is 

to improve upon the mechanical performance of the ceramic. YBCO has a low 

strength and low fracture toughness primarily due to 20-50 micron microcracks and 

porosity formed during processing or machining.24 An obvious method to improve 

the mechanical properties of YBCO is to increase the sample density. To optimize the 

superconducting properties of YBCO, it is necessary to fully oxygenate the crystal 

structure of YBCO, and because oxygen diffuses very slowly through the YBCO 

crystal structure, some porosity is needed to oxygenate a bulk sample. Unfortunately, 

the high porosity, required for oxygenation, results in weak, brittle samples.24 A 

method to overcome this challenge is to infiltrate a porous, fully oxygenated YBCO 

sample with a polymer. 

Impregnation of PMMA into YBCO disks had no measurable effect on critical 

temperature, width of transition, Meissner effect, or critical current density of the 

YBCO, but the resulting composites had improved flexural strength, modulus, and 

elongation to failure compared to virgin YBCO disks at room temperature.34 There is 

wide variation in the mechanical properties of YBCO reported in literature.22 Salib 

made 60% to 90% dense YBCO disks with flexural strengths from 10 to 60 MPa.34 

Ceramic disks in the same density range that were infiltrated with PMMA had a 

flexural strength of ~ 75 MPa, regardless of the density. The modulus of YBCO also 

changed as a function of density from <5 GPa to 40 GPa for samples with 40% to 

10% porosity. The YBCO disks infiltrated with PMMA had a modulus of 12 GPa to 

45 GPa for the same density range.34 The ductility of the YBCO samples was greatly 

improved after infiltration due primarily to an increase in the elongation to failure.35 

Filling the pores and microcracks in the ceramic increased the mechanical integrity of 

the sample and may have curtailed initiation of a crack to prevent premature failure of 

the YBCO. YBCO samples infiltrated with ethylhexyl acrylate were expected to have 

similar improvements in mechanical properties as YBCO/PMMA 3-3 composites, but 

mechanical tests were not performed. 

Epoxy is a stronger and stiffer polymer than PMMA, so YBCO disks 

infiltrated with epoxy were expected to perform better than YBCO/PMMA 3-3 

composites. Low and coworkers verified this expectation using the soaking technique 
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to infiltrate YBCO disks with epoxy.23 They described the epoxy as a cement in the 

pores of the ceramic disks, and it increased the tensile strength almost four times from 

6.5 MPa to ~24 MPa. The hardness of the composites varied across the sample 

thickness corresponding to the nonuniform infiltration. Epoxy infiltration was more 

complete near the surface of the composite compared to the interior, and the hardness 

was almost 50% higher near the surface than in the interior. At the surface, the 

composite was twice as hard as the YBCO sample. Crosby and coworkers used the 

vacuum impregnation vessel to achieve a more uniform infiltration of epoxy into the 

ceramic samples, but the tensile tests on the fully impregnated disks were 

disappointing.24 Although the composites were unquestionably stronger during 

handling, the tensile strength was either reduced or not improved after infiltration. To 

explain the decrease in tensile strength yet apparent increase in strength during 

handling, quantitative fracture toughness tests were suggested as future work. 

The primary advantage of YBCO/polymer 0-3 composites is the ease of 

processing; however, they are also presumed to have improved ductility and fracture 

toughness when compared to YBCO.36 Yet the mechanical performance of very few 

superconductor/polymer 0-3 composites has been reported. Two 0-3 composites have 

been tested by Du-Moore, and both YBCO/phenolic and YBCO/PVC 0-3 composites 

demonstrated improved tensile strength compared to YBCO.25 The tensile strength 

varied with volume percent YBCO in the polymer matrix. For the YBCO/phenolic 

composites, the tensile strength was fairly constant with volume fraction of ceramic 

until 60 volume percent YBCO was added. A large drop in tensile strength, 

corresponding to the presence of defects and voids, occurred when 60 volume percent 

ceramic was incorporated into a phenolic matrix. The density of the composites with 0 

to 50 volume percent YBCO was close to the predicted density, calculated assuming 

the density of the YBCO powder to be 6.0 g/cc. The density of the composites made 

with 60 or more volume percent YBCO in phenolic was lower than the predicted 

density indicative of the presence of voids and defects. The tensile strength of these 

YBCO/phenolic 0-3 composites, 10.3 to 14.2 MPa, was between the tensile strength 

of YBCO, 6.5 +/- 0.2 MPa, and YBCO/epoxy 3-3 composites, ~ 24 MPa.23 

YBCO/PVC 0-3 composites had higher strengths than the YBCO/phenolic 0-3 

composites with the same volume fraction of YBCO. For example, comparing two 

composites with 40 volume percent YBCO, the tensile strengths of the composites 
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with a PVC and phenolic matrix were 19 MPa and 12.5 MPa, respectively. The 

YBCO/PVC composite strength decreased with increasing volume fraction of YBCO 

in PVC. There was no apparent drop in tensile strength as with YBCO/phenolic 

composites. The modulus of YBCO/PVC composites, however, had a large decrease 

at 70 volume percent YBCO which corresponded to a drop in density below the 

predicted density for the composites at the same volume fraction. 

McNAlIford made YBCO/tetrahydrolfurfuralmethacrylate/oligourethane 

methacrylate copolymer 0-3 composites which had improved toughness over 

YBCO.!17 The composite work of fracture, calculated by the area under the load 

deflection curve divided by the nominal fracture surface cross-section, was six times 

greater than the work of fracture for YBCO. 

Machinability 

Du-Moore performed machinability tests on YBCO, YBCO/PVC 0-3 

composites, YBCO/phenolic 0-3 composites, and YBCO/epoxy 3-3 composites.25 

Drilling tests were carried out on the center lathe machine at a cutting speed of 500 

revolutions per minute with one of three feedrates: 0.0125, 0.1875, and 0.25 m/min. 

For each sample, a new 1/2" diameter, high speed steel drill with standard cutting 

angle was used. Comparison between materials was made in terms of the hardness 

and brittleness of the material, the finishing quality of the drilled hole, the waste 

material, and cutting tool wear. In summary, the YBCO/PVC 0-3 composites with 60 

volume percent ceramic were the best in terms of ease of machining, the finished 

quality of the hole, and tool wear. The waste material in YBCO/phenolic 0-3 

composites came away in chip form and powder, indicating some abrasive effect on 

the cutting tool. The pure YBCO samples were very brittle, so chipping and cracking 

occurred under high feedrates. The samples could be machined at low feedrates, but 

the tool wear was excessive regardless of feedrate. The YBCO/epoxy 3-3 composites 

showed improved machinability and material toughness compared to unfilled YBCO. 

No chipping or cracking occurred and the holes had very clean edges for all feedrates. 

The filling of pores in the ceramic with resin reduced the likelihood of chipping and 

cracking during machining. 
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Environmental Resistance 

A second motivation for making YBCO/polymer composites is to increase the 

environmental stability of the samples. One of the main limitations to using YBCO in 

practical applications is its high chemical reactivity with atmospheric components, 

especially water and carbon dioxide.37 The following mechanisms are responsible for 

YBCO corrosion:38 

3H20 + YBa2?Cu307 -> Y2BaCuOs + 3Ba(OH)2 +5CuO +0.502 

Ba(OH)2 + CQ? -> BaCO3 + H2O 

The degradation begins by formation of barium deposits on the surface, and the 

corrosion rate increases with temperature and porosity. High porosity provides 

additional pathways for accelerated corrosion causing direct deterioration of these 

weak links, which leads to moisture enhanced slow crack growth.22 Another aspect 

of the corrosion is the release of oxygen necessary for superconductivity. A low 

concentration of oxygen permits easier incorporation of water into the vacant oxygen 

sites.38 BPSCCO degrades by the same mechanisms as YBCO. The surface 

structure degrades first by the formation of carbonate and hydroxide deposits, and the 

major corrosion by-products are CuBi204, SrCOQ3, CaCO3, and CuO. The advantage 

of BPSCCO is that the corrosion is much slower than YBCO degradation. Adding a 

polymer is expected to protect the superconductors from deleterious atmospheric 

components.39,37 

The simplest method to protect a superconductor is to hermetically seal the 

sample with a polymer. YBCO disks were encapsulated with both epoxy and a 

fluorocarbon film for protection from the environment.39,37 DeGuire and coworkers 

coated YBCO disks with epoxy by dipping the sintered YBCO disks into epoxy, then 

allowing the polymer to cure at 105°C for one hour. The coated disks exhibited no 

change in critical temperature (90 K with transition width of 2 K). The onset of 

superconductivity was measured via ac susceptibility and all pellets, coated and 

uncoated, had an onset temperature of 91 K +/- 1K. The magnitude of the 

diamagnetic response during this test was used to quantify the amount of 

superconducting material, and it remained constant after coating. After 

characterization, the coated and uncoated disks were exposed to 70°C water for up to 
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five hours. Then, ac susceptibility measurements were taken again on all samples, and 

cross sections of the coated pellets were examined using SEM. The uncoated samples 

had a 50% decrease in the diamagnetic strength after just 30 minutes in the hot water. 

Yet, after five hours in the hot water, the diamagnetic response of the coated disks was 

nearly identical to the virgin YBCO. No changes were observed in critical temperature 

for the exposed coated disks nor were there any signs of microstructural changes in 

SEM. The only noticeable change was the formation of white precipitates which 

analyzed as rich in barium indicating the presence of precipitated BaCO3, a common 

by-product of the YBCO degradation process. This suggested that the coated disks 

were beginning to degrade, but the degradation was occurring at a much slower rate 

compared to uncoated YBCO disks.39 

In a second study, Sato coated YBCO disks with polyfluorocarbon thin films 

prepared by plasma polymerization of tetrafluoroethene.37 The plasma coating 

affected neither the critical temperature nor the room temperature resistivity of the 

YBCO disks. Uncoated and coated disks were dipped in water and their resistivities 

measured immediately after removal. The room temperature resistivity of the coated 

samples remained constant at 1 x 10-3 cm/S even after dipping them in 60°C water for 

up to 90 minutes. In comparison, the room temperature resistivity of the uncoated 

samples increased to ~ 1 cm/S after dipping them in 60°C for just 5 minutes, and there 

was no transition to zero dc resistivity with decreasing temperature. The coated 

samples retained their superconductivity, although the zero resistivity temperature 

decreased from 90 K to 83 K. The slight decrease in critical temperature may be a 

result of a reaction between water and YBCO on its surface where the lead wire was 

attached for resistivity measurements. It was concluded that coating the sample with a 

fluorocarbon film, made by plasma polymerization, was an effective technique to 

preserve superconductivity by avoiding, or slowing down, a reaction between YBCO 

and water. 

Both examples thus far demonstrated improved environmental resistance via 

coating the sample. Crosby did an environmental study on YBCO/epoxy 3-3 

composites that were made by a soaking infiltration technique. The surfaces of the 

composite samples were removed by grinding to verify that the YBCO disks were not 

encapsulated with polymer.24 He performed an environmental study by placing 
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control YBCO disks and 3-3 YBCO/epoxy composites into a glass desiccator with a 

bowl] of 25°C water to maintain the humidity. The goal was to determine if 

impregnated polymer could impede the decay of the superconducting properties 

without encapsulating the ceramic. After a four week exposure, the surfaces of the 

composites were significantly degraded; however, the superconducting properties 

were maintained on the interior of the samples as measured by the change, or lack 

thereof, in magnetic susceptibility at 81K. Whereas the impregnated samples resisted 

significant degradation for a minimum of four weeks, the control YBCO disk degraded 

almost completely in just one week. It was therefore concluded that impregnation, 

without encapsulation, was able to inhibit degradation of YBCO. 

Polymer was added to YBCO disks via infiltration to prevent degradation from 

atmospheric components; however, the addition of a polymer could cause another 

problem. The composite will inevitably be subjected to thermocycling during 

installation and routine maintenance in any application, and since YBCO has 

anisotropic thermal expansion coefficients which are different than typical polymers, 

thermal stresses could develop. The thermal anisotropy of YBCO produces a 1.2% 

volumetric strain for a 220°C temperature variation which can result in cracking during 

processing or during routine operation.40 Adding a second phase, with a very 

different coefficient of thermal expansion, compounds the problem. In order to better 

understand the performance of YBCO/polymer 3-3 composites after temperature 

cycles, Vipulanandan did thermocycling tests on YBCO/PMMA 3-3 composites.22 

The YBCO disks and infiltrated YBCO disks were cycled between liquid nitrogen and 

room temperature. One cycle was equivalent to one minute in liquid nitrogen followed 

by warming to room temperature using hot air from a heat gun. Mechanical properties 

were measured after 1, 10, and 100 cycles. The flexural strength of the control 76% 

dense YBCO disks remained unchanged at ~ 83 MPa after 100 cycles. The original 

flexural strength, 93 MPa, of the YBCO/PMMA 3-3 composite made from 75% dense 

YBCO disks decreased with increasing cycles. The degradation may have been due to 

the degradation of the polymer within the ceramic pores or due to decrease in 

composite structural integrity resulting from breaking mechanical and/or chemical 

bonds between YBCO and PMMA, which was caused by the differences in expansion 

and contraction of the ceramic and polymer on thermal cycling. Despite the reduction 
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in composite strength on thermocycling, the composite was still stronger than the 

monolithic YBCO after 100 cycles. 

All of the environmental resistance studies reported in the literature thus far 

have been for coated YBCO samples or YBCO/polymer 3-3 composites. No 

systematic study of the effect of water and carbon dioxide on the YBCO/polymer 0-3 

composites has been reported although many researchers, including De Reggi and 

Unsworth, suggested that such a composite should have a longer life since the 

polymer would protect the surface of the ceramic powder grains from exposure to 

deleterious chemicals in the environment.28,26 

Diamagnetic Strength 

One limitation to using high temperature superconductors in current carrying 

applications is their low critical current density at liquid nitrogen temperatures. And, 

adding a polymer to a bulk sample to make a more mechanically and environmentally 

stable sample lowers the physical density and critical current density of YBCO. Thus, 

given the critical current density of the YBCO compared to that needed for practical 

applications, YBCO/polymer 3-3 composites, at this point, are unrealistic for practical 

applications that rely on the current carrying capabilities of the superconductor. The 

superconductor/polymer 0-3 composites have an even greater challenge. Only two 0-3 

composites have been reported to have a drop to zero dc resistance. The zero 

resistance occurred at a temperature considerably lower than the critical temperature, 

and it was not reproducible in either case.17,13 The lack of a superconducting 

transition to zero dc resistance in spite of the ability of the composites to expel 

magnetic field has been attributed to the lack of intimate contact between ceramic 

particles due to the degradation of the YBCO surfaces or to the presence of polymer.28 

Regardless of the reason, no researcher has thus far reported success at reproducibly 

achieving zero dc resistance in superconductor/polymer 0-3 composites. As a result, 

these composites have a critical current density equal to zero which eliminates them as 

candidates for applications relying on the superior current carrying capabilities of 

superconductors. The superconductor/polymer 2-2 composites are made with thick 

ceramic tapes, which are not degraded during processing; thus, the composite current 

carrying capabilities should be equivalent to that of a pure ceramic tape. Zero dc 

resistivity in superconductor/polymer composites depends on the composite structure; 
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yet, all the composites, regardless of their structure, demonstrate the Meissner effect. 

This makes them candidates for applications such as frictionless bearings, motors, 

flywheel devices for energy storage, cryocooler rotors, levitated trains, and magnetic 

separation which rely on the ability of the superconductor to expel magnetic field from 

its interior. A technique to compare the ability of samples to repel magnetic field is 

needed for materials selection in these applications. 

One technique used to characterize bulk superconductors and 

superconductor/polymer composites is magnetic susceptibility. Below its critical 

temperature, a superconductor demonstrates the Meissner effect. In other words, it 

becomes diamagnetic, and for a perfect superconductor, the magnetic susceptibility is 

-1. Magnetic susceptibility or the diamagnetic response can be used as a verification of 

superconductivity. In addition, the magnitude of the diamagnetic response is 

proportional to the amount of superconducting material. Quantifying the amount of 

superconducting phase in a sample through this technique is useful to compare 

composites with superconducting and normal phases. 

The magnitude of the susceptibility measurement quantifies the amount of 

superconducting material, but it does not differentiate between samples with equal 

amounts of the superconducting phase and unequal repulsive forces. Several 

techniques have been developed for this purpose. For example, Unsworth developed 

a technique to measure the repulsive force as a function of distance between the sample 

and a permanent magnet.27,28 A small neodymium iron boron permanent magnet 

was glued on an aluminum bar which was subsequently attached to the end of a very 

sensitive low compliance sensor element incorporated in a Wheatstone bridge. The 

bridge was mounted on a microscopic travel cross head. The sample was then placed 

in a glass dewar and mounted against a thin front wall. The arrangement of the sample 

and magnet was such that the dipole of the magnet was normal to the sample surface. 

By moving the travel cross head, the distance between the magnet and the sample 

could be varied and precisely measured to a resolution of 1 micron. The force between 

the magnet and the superconducting sample strained the sensor beam which gave a 

voltage output over the bridge and was detected by a digital meter. The system was 

calibrated in terms of voltage output against force, and a linear relationship was found. 

To measure the repulsive force, a sample was cooled in liquid nitrogen when it was 2 
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cm away from the magnet, and the voltage was recorded as the magnet was moved 

toward and then away from the sample. 

A simpler technique was developed to measure the repulsive force of 

superconducting/polymer 0-3 composites.28 A small neodymium iron boron magnet 

was placed on a sensitive electronic balance which was subsequently zeroed. A 

sample was placed on a glass supporting tripod above the balance plate so that the 

sample was close to, but not touching, the permanent magnet. The apparent weight of 

the magnet now was due to the repulsive force from the superconducting sample above 

it. The repulsive force, Frag, could be quantified by the following equation: 

Fmag = M(kg) x 9.8 (m/s2) Newtons [1] 

where M is the apparent mass change of the magnet caused by the repulsion from the 

superconducting sample. For a comparison among composites in this study, all 

samples were cut to the same dimensions and placed the same distance from the 

magnet. The repulsive force, at a fixed distance, was determined as a function of 

volume fraction of YBCO in PVC. The repulsive force increased with increasing 

volume fraction of ceramic filler up to 60 percent. The leveling off in repulsive force 

for composites with more than 60 volume percent ceramic was attributed to the higher 

porosity of these composites. 

Shielding Effectiveness 

Another group of applications for which superconductor/polymer composites 

have been considered as candidates are those relying on the shielding capabilities of 

superconductors. A shield is a material that, either through reflection or absorption, 

shapes or excludes electromagnetic waves. Applications requiring strong shields 

include magnetically shielded enclosures for medical, particle physics, and 

biomagnetic applications requiring an absolute minimum level of background magnetic 

field noise.12 For example, Nippon Kakan Kokan, a Japanese company, has 

developed a magnetically shielded cylinder which is made of copper and coated with a 

100 micron layer of YBCO. At 77 K, this cylinder has a critical current density of 

3000 A/cm2 and can shield at magnetic fields as low as 0.6 G.7 Other companies are 

working on a magnet shield apparatus that will enable physicians to block out all 
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magnetic fields and measure the brain's magnetic flux.’ The shielding capabilities of 

the high temperature superconductors could also be capitalized upon as coatings in 

microwave devices, as shields from nuclear explosions, as shields for space vehicles 

re-entering the atmosphere, and as device shields. These applications all rely on the 

ability of the material to create regions free of magnetic field. A technique to quantify 

the shielding capabilities of different materials 1s required. 

Shielding effectiveness is a measure of the ability of a shield to exclude or 

confine electromagnetic waves. It is usually expressed as a ratio of the incident to the 

penetrating signal amplitudes in decibels. Applied fields are radically altered when 

penetrating high performance shields, and the measured amplitude depends on the type 

and position of the sensor. Measurement results are highly sensitive to the test 

procedure employed so when reporting shielding effectiveness, a specific test and 

procedure should be referenced or details of testing procedure documented and the 

sample parameters, such as thickness, should be included.4! 

Many shielding tests and procedures are available, and each is applicable over a 

given frequency range. Shielding effectiveness changes with frequency and the 

numerical results from different procedures can not be directly compared without 

accounting for differences in test specific factors such as the angle of incidence, 

reflection at the interface, and sample thickness. 

Low Frequency Shielding 

High temperature superconductors are expected to shield electromagnetic 

radiation more effectively than aluminum or high permeability ferrous materials 

(mumetal, an industry standard), especially at low frequencies (i.e. below 100 

kHz).15 The shielding capability of high temperature superconductors has been 

demonstrated at low frequencies (up to 100 kHz) using a device made with two 

coupled coils.12,43 Alternating current was applied to one of the coils, and the 

coupling between the coils was measured with and without a sample between the two 

coils. The entire setup was immersed in liquid nitrogen for cryogenic measurements. 

The results have been reported as a shielding factor which is defined as the ratio of the 

reading at room temperature to that at 77 K.42 A more descriptive reporting technique 

is shielding effectiveness (SE) which was calculated from the following relation: 
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SE = -20 * log (V1/V2) (2] 

where V1 and V2 are the induced voltages at the receiving coil with and without a 

sample between the two coils, respectively. Shielding effectiveness is reported in 

decibels (dB).!2 This calculation allowed for measuring room temperature and 

cryogenic shielding effectiveness rather than comparing the performance of a material 

at room temperature to its performance at 77 K. Results of the test depend on many 

factors in addition to the material and frequency. Most importantly, the results depend 

on the magnetic field to which the sample is exposed. The magnetic field can be 

altered by changing the design of the coils (i.e. the number of turns of wire around the 

coil and the size of the coil), the distance between coils, or the amplitude of the 

alternating current. In addition, sample size and shape can alter shielding effectiveness 

since it is not an inherent material property. 

MacFarlane found that not all YBCO samples were good electromagnetic 

shields. The shielding effectiveness measurement technique provided a simple, non- 

contact quantitative measure of the ‘quality’ of a superconducting sample.42 Samples 

with microscopic cracks a few microns wide and several millimeters long, undetectable 

to the naked eye, were poor shields. These flaws were not evident from either 

resistivity or Meissner effect measurements. Shielding effectiveness increased with 

increasing frequency in this range, and measurements at 12 Hz show an exponential 

dependence on thickness. Karthikeyan demonstrated that YBCO coatings less than 

100 microns thick did not show any detectable shielding, even for low (~0.05 mT) 

magnetic fields, whereas thicker YBCO samples demonstrated shielding from 100 Hz 

to 100 kHz.12 Samples less than 100 microns thick did not achieve zero resistivity 

down to 77 K although a distinct diamagnetic signal was observed in ac susceptibility 

studies. These results, the non-zero resistivity down to 77 K and complete flux 

penetration for small alternating fields, suggested that thin samples have weak links 

between granular superconductors. Magnetic flux completely penetrated these weak 

links. In thicker samples, the granular superconductors were strongly linked thus only 

partial flux penetration was possible resulting in significant shielding effectiveness. In 

summary, the shielding effectiveness of YBCO samples increased with sample density 

and coating thickness and decreased with increasing magnetic field intensity.12,42 
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Below the critical magnetic field, complete shielding was achievable if no microscopic 

flaws were present.42 

Although the low frequency shielding effectiveness measurement technique is a 

simple, non-contact measurement technique, little work on characterization of 

superconductor/polymer composites in this frequency range have been reported in the 

open literature. Hussain hand-packed ceramic powder into a disc-shaped glass 

container ~ 3 mm thick. The sample was then reoxygenated for 14 hours at 950°C 

and simple Meissner measurements showed a large diamagnetic strength. 

Nonetheless, the sample caused no significant reduction in output voltage when placed 

between the two wound matched coils of the low frequency measurement device. 

Although flux expulsion did occur from each grain as noted by Meissner effect 

measurements, the flux lines were thought to be concentrated between grains. 

Hussain stated that interparticle contact was essential to enable flux migration to the 

exterior of the compact for flux to be expelled to the exterior for shielding.15 The only 

other composite reported to have been tested for shielding capabilities was that with 

YBCO in tetrahyrdolfurfuralmethacryalte/oligourethane methacrylate. This composite 

had a drop to zero de resistivity at 26 K, but it did not demonstrate any shielding 

between 10 and 1000 Hz.17 These results do not support the generally held viewpoint 

that shielding effectiveness can be maintained in high temperature 

superconductor/polymer composites. 

Mid Frequency Shielding 

The National Bureau of Standards, now the National Institute of Standards and 

Testing [NIST], designed a flanged coaxial test fixture to measure shielding 

effectiveness in the mid-frequency range (300 MHz - 1000 MHz). The power 

transmission of the test fixture was measured with and without a sample in the fixture. 

And shielding effectiveness was calculated as the log of the ratio of these two 

measurements. This fixture was modified by Belden Wire and Cable to allow liquid 

nitrogen to flow through its interior, and thus to the sample for cryogenic 

measurements.18 After calibration of the test fixture in liquid nitrogen, the procedure 

for cryogenic measurements is the same as that for room temperature measurements. 

Although researchers were able to develop a testing procedure to determine shielding 

effectiveness between 300 and 1000 MHz, they were unable to adequately characterize 
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bulk YBCO samples in this frequency range primarily due to the sample size 

requirements. Flat samples, at least 9 cm in diameter, must be able to withstand 

considerable torquing when placed in the flanged device to utilize this technique. 

Processing this brittle ceramic into usable forms is difficult and a 9 cm flat disk is no 

exception to this general rule. The bulk YBCO samples were curved making them 

difficult to mount in the coaxial device.18 In addition, cracks were observed in the 

samples and shielding can not be achieved if the superconducting sample has an 

opening such as a large crack.44 As a result of the difficulties in processing YBCO 

into a 9 cm disk, YBCO was not characterized and the need for 

superconductor/polymer composites was demonstrated.18 Further work was 

underway to make bulk YBCO samples that would shield in this frequency range, but 

in this past four years, no additional work has been reported. 

The shielding effectiveness of YBCO/polymer 0-3 composites has been 

measured in the mid-frequency range. Although it is difficult to process bulk YBCO 

into a 9 cm disk for characterization in this frequency range, a major advantage of the 

composites is improved processability. Pienkowski made YBCO/polymer 0-3 

composites with 10 and 30 weight percent YBCO in KEL-F and 10, 30 and 80 weight 

percent YBCO in EVA. Two additional samples were processed: 70 weight percent 

YBCO and 9 weight percent carbon black in EVA and 9 weight percent carbon black in 

EVA. All samples were placed in the flanged coaxial device for cryogenic 

measurements. The only superconductor/polymer composite that demonstrated any 

shielding was the composite with an EVA matrix, 70 weight percent YBCO, and 9 

weight percent carbon black. Its shielding effectiveness was 12 dB. The composite 

with just carbon black had only 1 dB of shielding in liquid nitrogen. This result, along 

with the observation of a large change in shielding of the YBCO/EVA composite with 

carbon black as it cooled past its critical temperature, indicated superconducting 

shielding.18 Further work was recommended to improve composite shielding 

performance and to understand the shielding mechanism. 

High Frequency Shielding 

The standard shielding effectiveness test for high frequency shielding (1.7 - 18 

GHz) is complicated, requires a shielding enclosure or cavity made from the shielding 

material, and is not well suited for cryogenic measurements.4! Thus, shielding 
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effectiveness of bulk high temperature superconductors has not be reported in the high 

frequency range. Similarly, shielding effectiveness of high temperature 

superconductor/polymer composites has not been reported in this frequency range. 

Literature Summary 

Superconductor/polymer composites have been proposed by many researches 

as a technique to improve the mechanical performance, environmental stability, and/or 

processing ease of high temperature superconductors, in particular, YBCO. 

YBCO/polymer 3-3, 0-3, and 2-2 composites have been processed and characterized 

by resistivity, mechanical performance, machinability, environmental stability, 

diamagnetic strength, and/or shielding effectiveness in many separate studies. In 

addition, BPSCCO/polymer 0-3 composites have been manufactured and characterized 

by some of the same techniques. However, no systematic investigation of mechanical 

performance, environmental resistance, and superconducting properties of all the 

composites has been published. For example, the diamagnetic strength and shielding 

effectiveness of YBCO/polymer 3-3 composites have not been reported. Likewise, no 

environmental stability or thermal cycling tests have been reported for YBCO/polymer 

0-3 composites. And the results that have been reported, in some cases, contradict 

each other. For example, Low reported that YBCO/epoxy 3-3 composites had 

improved tensile strength over YBCO, and Crosby reported that the tensile strength of 

epoxy impregnated YBCO disks was either reduced or not improved compared to 

virgin YBCO disks.23,24 Also, Sarkar and McNAIford have reported a drop to zero 

resistivity in superconductor/polymer 0-3 composites, but these results were not 

reproducible, even within their own studies.14,17 Most importantly, researchers 

generally agree that superconductor/polymer composites should shield electromagnetic 

waves; however, those that have published their results have been unable to 

experimentally support this hypothesis. Pienkowski is the only researcher to publish 

evidence of superconducting shielding in a superconductor/polymer composite, but he 

suggested that much more work was required to optimize composite performance and 

to understand superconducting shielding in composites.18 Overall, the results from 

these individual studies on high temperature superconductor/polymer composites are 

not conclusive. 
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In this research, bulk superconductors, superconductor/polymer 3-3 

composites, superconductor/polymer 0-3 composites, and superconductor/polymer 2- 

3 composites are processed and characterized. One goal is to perform a systematic 

investigation of mechanical performance, machinability, environmental resistance, and 

electrical or magnetic properties of superconductor/polymer composites and to 

determine if improved mechanical performance or environmental resistance can be 

achieved in a superconductor/polymer composites while maintaining good electrical or 

magnetic performance. The second goal is to ascertain if a superconductor/polymer 

composite can shield and to define the critical composite material requirements for 

effective electromagnetic shielding. 
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HI. EXPERIMENTAL PROCEDURE 

Materials Selection 

High Temperature Superconductors 

A transition temperature above the boiling point of nitrogen, 77 K, is the 

primary selection criteria for the superconductors. YBCO and BPSCCO, the two high 

temperature superconductors chosen for this study, have transition temperatures of 90 

K and 106-109 K, respectively. YBCO was chosen because it is well characterized 

and is relatively easy to manufacture with reproducible properties. One undesirable 

characteristic of YBCO is its high reactivity with atmospheric components, such as 

water and carbon dioxide. BPSCCO was chosen because it is more environmentally 

stable than YBCO. In 0-3 composites, the ceramic particles have a large surface area 

per volume; so, the improved environmental resistance of BPSCCO should increase 

the life of the composites. In addition, the BPSCCO particles have an aspect ratio of 

two which will effect the critical volume fraction, the volume fraction of filler required 

for particle connectivity throughout the composite. At the critical volume fraction, the 

composite becomes a 3-3 composite rather than a 0-3 composite. Because the 

BPSCCO particles are more oblong than the YBCO particles, the critical volume 

fraction for BPSCCO will be lower which could improve the electrical performance of 

the BPSCCO/polymer matrix composite.21 BPSCCO has a higher transition 

temperature than YBCO, but it has a lower critical current density than YBCO at 77 K. 

Critical current density is the primary limiting factor to using high temperature 

superconductors in practical applications, so although BPSCCO has a higher transition 

temperature, has particles with a higher aspect ratio, and is more environmentally 

stable than YBCO, YBCO is more likely to be used in practical applications, and it is 

the primary focus of this research. 

The YBa2Cu3Ox (6.3 <x <7) powder was purchased from Seattle 

Superconductor Company in two particle size ranges: 2-6 microns and less than 38 

microns.45 The powder is more than 99.9% pure orthorhombic YBCO, and the 

remaining components are the constituent materials: barium carbonate, yttrium oxide, 
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and copper oxide. Its theoretical density is 6.38 g/cc. The 

Bij gPbo9.4Sr2Ca2_ 2Cu3010.34x (x ~ 0.3) 15 micron powder was purchased from 

Hoechst Celanese.46 Typical impurities in the 99.9% pure powder are the following: 

0.03% sodium, 0.02% aluminum, 0.03% carbon, 80 ppm iron, 25 ppm silicon, 20 

ppm nickel, and < 0.5 ppm cobalt. The phase purity, according to x-ray diffraction, is 

85% or more, and its theoretical density is 6.2 g/cc. 

To make thick ceramic tapes, poly(vinyl butyral) [PVB], ethanol, and dibutyl 

phthalate is mixed with YBCO powder. All three materials were purchased from 

Aldrich Chemical Company. The ethanol and PVB are reagent grade, and the dibutyl 

phthalate is 99% pure. 

Polymer for Superconductor/Polymer 3- mposite 

One of the motivations for making a YBCO/polymer 3-3 composite is to 

improve the mechanical performance of the ceramic. PMMA improved the fracture 

properties of alumina; thus, it is a good candidate to strengthen YBCO.34 In addition, 

it has a low viscosity monomer (0.53 cp) which can be impregnated into a porous 

YBCO sample at room temperature and atmospheric pressure.22 The PMMA is made 

by polymerizing a methyl methacrylate monomer, which has the following structure: 

H CH, 
| 1 

oF 
H C-O-CH, 

This monomer was purchased from Fischer Scientific and is more than 98% pure. 

The remaining components are an inhibitor (hydroquinone) at 25 ppm +/- 5 ppm and 

color (APHA) at 10 ppm. An initiator, n,n dimethy] aniline, and a catalyst, benzoyl 

peroxide, were added to polymerize the monomer. The n,n dimethyl aniline, 

C6H5N(CH3)2, is more than 99% pure, and the benzoyl peroxide, C14H19O4, is 

reagent grade. Both were purchased from Fischer Scientific. 
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Polymers for rcon t/Polymer Q- mposi 

The compression molding processing technique for the 0-3 composites 

demands that the polymer be a thermoplastic available in powder form. The composite 

is molded at a temperature just above the polymer melting temperature for 

semicrystalline polymers or above the polymer glass transition temperature for 

amorphous polymers. Since YBCO can be annealed at temperatures as low as 400°C, 

the composite molding temperature, and thus the polymer melting temperature, must 

be less than 400°C to minimize reaction between YBCO and the polymer. Although 

any reaction between the polymer and ceramic is undesirable, good adhesion between 

the two materials is required for improved composite mechanical performance. Four 

thermoplastic polymers, PMMA, poly(ethylene) [PE], poly(propylene) [PP], and 

poly(etheretherketone) [PEEK], were chosen for the superconductor/polymer 0-3 

composites. PMMA was selected to make a 0-3 composite which could be directly 

compared to YBCO/PMMA 3-3 composites. Because YBCO degrades by reacting 

with atmospheric components, including water, two hydrophobic polymers, PE and 

PP, were chosen for this study. The final choice is a polymer with a high modulus, 

PEEK, to maximize the potential for improved mechanical performance. The structure 

of PMMA was given in a proceeding section, and the structures of the PE, PP, and 

PEEK will be shown in a following section. 

PMMA, PE, and PP powders were all purchased from Aldrich Chemical 

Company. PMMA is an amorphous polymer with a reported glass transition 

temperature of 114°C.47 Its flexural strength, modulus, and toughness are 115 MPa, 

2.68 GPa, and 340 kJ/m>. The other three polymers, PP, PE, and PEEK, are 

semicrystalline. The reported glass transition temperature of PP is -31°C, and its 

reported melting point is 1899°C.47 Poly(propylene) has a flexural strength, modulus, 

and toughness of 36.1 MPa, 1.43 GPa, and 105 kJ/m3. The poly(ethylene) has a 

reported glass transition temperature and melting point of -125°C and 115°C.47 The 

reported flexural modulus and strength are 68 GPa and 350 MPa for tensile drawn 

PE.48 For comparison, PP, processed in the same manner, has a reported flexural 

modulus and strength of 22 GPa and 930 MPa, respectively.48 Victrex 

poly(etheretherketone), supplied by ICI company, is a linear aromatic polymer with a 

reported glass transition temperature of 143°C and melting point of 340.59C.49 

PEEK has a relatively high modulus, 3.55 GPa. Its flexural strength is 116 MPa and 
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toughness is 239 kJ/m3. PEEK has excellent resistance to a wide range of organic and 

inorganic liquids. 

Polymer for Superconductor/Polymer 2-3 Composites 

The thermal expansion coefficient of YBCO is 1.29 x 10-5 cm/cm/°C at room 

temperature, which is lower than the thermal expansion for the polymers used in 

superconductor/polymer 0-3 composites.50 The linear coefficients of thermal 

expansion are 7 x 10-5 cm/cm/°C for PMMA, 10 x 10-9 cm/cm/°C for PE, 6.5 x 10-5 

cm/cm/°C for PP, and 5.5 x 10-5 cm/cm/°C for PEEK at room temperature.49,51 In 

YBCO/polymer 2-3 composites, the ceramic phase is platelets. In this form, the 

difference in thermal expansion difference between the YBCO and polymer causes 

stresses which lead to cracking in PMMA, PE, PP, or PEEK matrix composites; thus, 

the ideal polymer choice for a 2-3 composite is one that has the same coefficient of 

thermal expansion as the YBCO or one does not adhere as well to the ceramic and has 

a low modulus. Finding or developing a polymer with the same coefficient of thermal 

expansion of YBCO is difficult; therefore, the latter approach was used. In 

superconductor/polymer 0-3 composites, strong adhesion between the ceramic and 

polymer is desired to provide adequate load transfer for improved mechanical 

properties. In superconductor/polymer 2-3 composites, less adhesion is desired to 

diminish the stress between the two materials during thermal cycling and minimize 

cracking, even if the coefficients of thermal expansion are different. A low modulus is 

desired so that if the polymer is strained due to thermal expansion, it will not develop a 

large stress to cause cracking. 

Silicone rubber, supplied by General Electric Silicones, was chosen for the 

superconductor/polymer 2-3 composites because silicones have very low moduli. 

This silicone has a surface energy of 25.5 mJ/m? as determined by a technique 

developed by Owens and Wendt; therefore, it will wet the ceramic particles.52 Its 

coefficient of thermal expansion is 2.7 x 10-4 cm/cm/°C, and its tensile strength and 

elongation to failure are 6.34 MPa and 160%, respectively.53 The silicone is a two 

part silicone rubber, RTV615 A and B.53 The silicone potting compound is 60 to 80 

weight percent vinyldimethylpolysiloxane, 10-30 weight percent vinyl containing 

resin, 2 ppm toluene, and 50 ppb benzene. It was mixed with 10 weight percent of a 

crosslinking agent made up of 30-50 weight percent vinylpolydimethy! siloxane, 30- 
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60 weight percent polydimethylhydrogen siloxane, 5 ppm benzene, and less than 0.5 

weight percent toluene. Because the modulus of silicone is small and the silicone does 

not adhere well to the ceramic platelets, very little stress is developed between the two 

phases despite the difference in thermal expansion coefficients of the two phases; thus, 

cracking does not occur in the composite. 

Processing 

Bulk Superconductors 

To make YBCO superconducting ceramic disks, 2-6 micron YBCO powder 

was cold pressed at 15.5 MPa for 30 seconds with 0-10 weight percent PVB binder. 

The amount of PVB binder was varied to produce 3.2 cm diameter disks with a range 

of final densities. The green disks were placed on zirconia plates and sintered to 

950°C in air. The disks were heated at 5°C/min to 950°C and held at that temperature 

for 12 hours. They were then cooled at 2°C/min to 500°C and annealed for 12 hours 

after which they were slowly cooled to room temperature. Porous YBCO samples 

were made with densities ranging from 60% to more than 90% of the theoretical 

density, 6.38 g/cc, with open porosities from 2.2% to 20% of the total volume. 

To make BPSCCO superconducting ceramic disks, BPSCCO powder was 

cold pressed into 3.2 cm diameter disks at 15.5 MPa for 30 seconds. The cold 

pressed disks were placed on zirconia plates and sintered at 900°C for 12 hours 

followed by a slow cool, 2°C/min, to room temperature in air. These disks were 55% 

to 70% of the theoretical density, 6.2 g/cc. 

YBCO/PMMA 3-3 Composites 

To make a YBCO/PMMA 3-3 composite, a porous YBCO disk was 

impregnated with a polymer. A bulk YBCO sample was first manufactured by the 

above procedure with 2-6 micron YBCO powder and approximately 5 weight percent 

PVB to form a 60% to 70% dense YBCO disk. To infiltrate this porous YBCO disk, 

MMA was mixed with 2 weight percent dimethyl aniline and 2 weight percent benzoyl 

peroxide. This monomer solution was stirred for 5 minutes at room temperature, at 

which point a porous YBCO disk was soaked in the solution while it was heated to 

approximately 80°C. When the monomer solution began to polymerize, the solution- 

soaked disk was removed from the viscous liquid and heated to approximately 60°C 
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for 16 hours to complete polymerization. The resulting structure had a continuous 

ceramic phase and a co-continuous infiltrated polymer phase. 

Some bulk YBCO disks and YBCO/PMMA 3-3 composite disks were 

encapsulated with PMMA for an environmental resistance study. To make a coating, 

methyl methacrylate solution was made by mixing MMA monomer with 2 weight 

percent dimethy] aniline and 2 weight percent benzoyl peroxide as described above. In 

this case, the monomer solution was heated at ~ 80°C until polymerization began and 

the mixture became viscous. At this point, the sample was dipped in the solution, 

immediately removed, and subsequently heated to 60°C for 8 hours to ensure 

complete polymerization. 

Other bulk YBCO samples were encapsulated with PE for the environmental 

resistance study. Sheets of PE were cut into squares just larger than a YBCO disk. A 

PE sheet was placed on each side of the sample and heat shrunk to the sample with a 

heat gun at ~125°C. The PE was sealed on all sides to ensure complete encapsulation 

of the YBCO disk. 

Ceramic/Polymer 0-3 Composites 

To make a YBCO/polymer 0-3 composite, YBCO powder was mixed with 

polymer powder to form a dry blend. This powder blend was then placed in a closed 

mold and compression molded in a Carver platen press at 1.38 MPa and at a 

temperature just above the melting temperature of a semicrystalline polymer or above 

the glass transition temperature of an amorphous polymer to form a consolidated 10.2 

cm square composite plaque. The molding temperature and molding time varied for 

each polymer selected. Samples were processed at the following temperatures: 10 

minutes at 240°C for PMMA, 5 minutes at 180°C for PE, 10 minutes at 190°C for 

PP, and 30 minutes at 345°C for PEEK matrix composite. The resulting composites 

had ceramic particles dispersed in a continuous polymer phase. 

The primary variable in processing the YBCO/polymer 0-3 composites was the 

volume fraction of YBCO in the consolidated plaque. The composites had 40 to 85 

volume percent YBCO. Another variable was the method used to blend the dry 

powders. Three mixing methods were used: hand mixing, mechanically mixing, and 
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ball milling. Hand mixing required that the two powders be placed in a jar and shaken 

by hand for ~ 5 minutes. Mechanically mixing required that the two powders be 

placed in the same jar and shaken in a SPEX Vibro Mill for 5 minutes. The mill 

agitated the jar in a rigorous “figure 8" fashion so that the powders were well mixed. 

To achieve more intimate mixing, the ceramic and polymer powders were ball milled 

together. They were placed, along with two 7/16" tungsten carbide balls, in a tungsten 

carbide vial which was subsequently rigorously agitated in a "figure 8" fashion in the 

SPEX Vibro Mill for two hours. 

Another variable in the processing of the 0-3 composites was the particle sizes 

of the ceramic and polymer. The YBCO powder had two particle size ranges, 2-6 

microns and less than 38 microns hereafter referred to as the small and large YBCO 

particles, respectively. Unless otherwise noted, the YBCO/polymer 0-3 composites 

were made with large ceramic particles. The polymer powders were larger than the 

YBCO particles. Originally, the PMMA particles had an average size of 150 microns 

and were spherical as shown in Figure 3.1a. To determine the effect of polymer 

particle size on composite formation, some of the PMMA powder was milled in a 

SPEX Vibro Mill, as described in the preceding paragraph, for two hours and four 

hours to obtain additional particle size ranges. After milling two hours, the PMMA 

powder had a bimodal size distribution around 60 microns and 156 microns, with an 

average particle size of 117 microns. The particles were more irregularly shaped than 

the original powder, as shown in Figure 3.1b. After milling four hours, the PMMA 

powder still had irregularly shaped particles, shown in Figure 3.1c. The particle size 

distribution was bimodal around 53 microns and 172 microns, with an average size of 

89 microns. The PE, PP, and PEEK powders were all milled for two hours using the 

same procedure. As a result, the PE had asymmetric particles, as shown in Figure 

3.2a. The PP and PEEK particles are shown in Figure 3.2b and c. The PP particles 

were 300 microns spheres, and the PEEK particles were 100 microns in size and 

irregularly shaped. 

BPSCCO/polymer 0-3 composites were processed in the same manner as the 

YBCO/polymer 0-3 composites. Polymers used for these composites were PMMA 

and PP. The composites had 40 to 60 volume percent ceramic. The powders were 
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mechanically mixed prior to molding. The molding times and temperatures were 

identical to those used for YBCO/PMMA and YBCO/PP 0-3 composites. 

Superconductor/polymer 0-3 composite plaques were cut into 3.4 cm square 

samples to measure their diamagnetic strength, shielding effectiveness, resistivity, and 

environmental resistance or into 5.1 cm x 1.27 cm strips for mechanical performance 

measurements. Some of the 3.4 cm square samples were coated with a polymer, 

PMMA or PE, for the environmental resistance study. 

YBCO/PMMA 0-3 composites were coated with PMMA by dipping the 

composite in a methyl methacrylate solution. The MMA monomer was mixed with 

two weight percent of both dimethyl aniline and benzoyl peroxide. The solution was 

stirred and heated at ~ 80°C until it began to polymerize and become viscous. At this 

point, the composite was dipped into the solution and immediately removed. It was 

heated to ~ 60°C for 8 hours to ensure complete polymerization. Some YBCO/PE 0-3 

composites were coated with PE. Sheets of PE, cut into > 3.4 cm squares, were 

placed on each side of the composite and heat shrunk to the sample using a heat gun at 

~1259C. 

YB ilicone 2-3 Composit 

To make YBCO/silicone 2-3 composites, thick ceramic tapes were 

manufactured and then mixed with silicone rubber. To make the ceramic tapes, 31.9 

grams of 2-6 micron YBCO powder was mixed in a jar with 1.0 g of dibutyl phthalate 

and 10.4 g of ethanol. The jar was agitated back and forth on a mechanical shaker for 

two hours. Then, 1.5 g of PVB was added, and the mixture was shaken two 

additional hours. The mixture was cast onto a Teflon coated fiberglass sheet with a 

doctor blade. The cast tape dried at room temperature for ~ 24 hours to evaporate the 

ethanol. The green tape was removed from the fiberglass sheet, placed on a zirconia 

plate, and sintered in air to 950°C for one hour followed by a 60 minute anneal at 

500°C. Increasing and decreasing temperature rates were 2°C/minute. Silicone 

potting compound was mixed with 10 weight percent of the crosslinking agent in a 

plastic container. The sintered tapes were broken into pieces and arranged in this 

viscous resin so that the YBCO platelets were all parallel to the bottom of the plastic 

container. The silicone cured in 24 hours at room temperature. The composite was 
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then removed from the plastic container. The resulting composite structure had 

discontinuous aligned ceramic platelets in a continuous silicone matrix. 

Characterization 

Structure 

X-ray diffraction (XRD) patterns of YBCO samples, obtained with a Scintag 

X-ray diffractometer operating at 40 kV and 30 mA with CuK@ radiation, were used 

to verify the crystal structure of the ceramic. The X-ray diffraction angle, 20, varied 

from 10° to 80° at a scanning rate of 19° 28/minute. The composite x-ray diffraction 

patterns were compared to the pattern for the pure ceramic to determine if degradation 

occurred. Least square cell refinement of the YBCO/polymer composites was 

completed using a program called REFINE written by Kurt Bartelmehs and Bob 

Downs. X-ray diffraction patterns of the BPSCCO samples were obtained with a 

Philips PW1729 X-ray diffractometer with CuKo radiation, operating at 40 kV, 30 

mA, and 0.19 -26/second scanning rate. The XRD patterns of the BPSCCO/polymer 

0-3 composites were compared to the BPSCCO powder pattern. 

The composite structures were analyzed by density, scanning electron 

microscopy [SEM], and scanning acoustic microscopy [SAM]. The density was | 

determined by an Archimedes method [ASTM C 373-88] with ethanol as the wetting 

fluid. In addition to the density of the sample, the ethanol adsorption technique gives 

the open and closed volumes of the samples. A comparison of the open porosity of 3- 

3 YBCO/PMMA composites before and after polymer infiltration gave a quantitative 

measure of the degree of infiltration. Cross sections of the composites were examined 

under SEM to verify polymer infiltration in YBCO/PMMA 3-3 composites and to 

determine homogeneity of the superconductor/polymer 0-3 composites. An Olympus 

acoustic microscope, operating at 25 MHz or 50 MHz, was also used to determine 

sample homogeneity of the superconductor/polymer 0-3 composites. 

Resistivity 

The resistance as a function of temperature, from room temperature to 81K, 

was measured using a standard Four-Point-Probe method on all sample types. Four 

pure silver contacts, 0.1 microns thick, were evaporated onto the samples. A Keithley 

225 current source supplied a 80 mA current across the outer contacts, and the voltage 
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between the inner two contacts was measured with an HP 3476A multimeter. A J-type 

thermocouple was used to measure the temperature at one degree intervals. The 

superconductor/polymer 0-3 composites had higher resistances; therefore, a HP 

3478A multimeter was used for measuring the voltage across a four point probe on 

these samples. The resistance was accurately determined to the closest 0.1 microohm. 

Diamagnetic Strength 

The samples demonstrated magnetic levitation by lifting a small rare earth 

magnet in liquid nitrogen. For determining the levitation force quantitatively, a simple 

measurement technique was used. A small rare earth magnet was placed on a 

microbalance. The sample was placed in a liquid nitrogen bath on a tripod above the 

magnet as shown in Figure 3.3. The mass of the magnet was measured with and 

without the sample above it. The repulsive force, Frep, was calculated by the 

following equation: 

Frep = (M2 - Mj) * 9.8 [3] 

where M2 and M] are the mass of the magnetic with and without a sample above it, 

respectively. The repulsive force measurements were reported in mN with a precision 

of +/- 5%. The dipole of the magnet was normal to the sample, and all samples were 

placed 5.5 mm above the magnet. The bulk superconductor samples and 

YBCO/PMMA 3-3 composites were 3.2 cm diameter disks. To compare these 

samples to superconductor/polymer 0-3 composites of similar size, the 

superconductor/polymer 0-3 composite plaques were cut into 3.4 cm square samples 

for diamagnetic strength measurements. The repulsive force varied across the sample, 

so the highest force was recorded. For each sample, three measurements were taken 

and averaged, and the results were reproducible within +/- 5%. 

Shielding Effectiveness 

Low frequency (1 to 40,000 kHz) magnetic shielding measurements of the 

bulk superconducting samples and composites were performed at 77K and 25°C using 

a standard technique with two coupled coils.43 The test specimens were placed 

between the two coils as shown in Figure 3.4a. The coils were wound at NASA 

Langley with 1400 turns around a 0.75 inch diameter spindle. The inner and outer coil 

diameters were 7.85 mm and 19.34 mm. The magnetic fields were produced in the 
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primary coil using a Leader LFG 13L0 function generator, and the voltage induced in 

the secondary, or pick-up, coil, was measured with a Tetronix 2232 100 MHz digital 

storage oscilloscope. The voltage input to the primary coil was 7.5 volts, and the 

magnetic field produced between the coils was 106 mT. Measurements were taken 

between 10 kHz and 40,000 kHz, and the shielding effectiveness [SE] at each 

frequency was calculated using the relation: 

SE = -20 * log(V1/V2) [4] 

where V1 was the voltage induced in the secondary coil with the test specimen in 

place, V2 was the voltage induced in the secondary coil for an open system (i.e., no 

test specimen) and SE was reported in decibels [dB] with a precision of +/- 2 dB. The 

entire measurement setup was immersed in liquid nitrogen for cryogenic, 77K, 

measurements. 

No standard technique exists for measuring high frequency cryogenic shielding 

effectiveness; therefore, a new technique was developed.54 This high frequency [7.5 

to 12.5 GHz] electromagnetic shielding measurement technique uses the same 

insertion loss principle on which the low frequency measurements are based. The 

sample was placed between two coaxial to X-band waveguide adapters, as shown in 

Figure 3.4b. The waveguide adaptors were then bolted together with nylon screws 

and connected to a Hewlett Packard HP8550 Network Analyzer via 50 Ohm coaxial 

cables to determine what fraction of the source energy was transmitted through a 

sample. The network analyzer served as both the source and detector of 

electromagnetic radiation. Measurements were taken at 0.05 GHz intervals between 

7.5 and 12.5 GHz. At each frequency, 32 input-output data pairs were collected and 

averaged. Shielding effectiveness was then calculated using the following equation: 

SE = 10*log(Pin/Pout) [5] 

where Pjn was the incident (transmitted) power, and Poyt was the transmitted 

(received) power, and SE was reported in decibels [dB] with a precision of +/- 5 dB. 

Because the waveguide fixture was immersed in liquid nitrogen for cryogenic 

measurements, it had to be modified by drilling small holes at the current nulls on the 

top and bottom of each waveguide adapter. The holes permitted liquid nitrogen to 
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flow freely through the fixture and contact the test sample without disturbing the 

electromagnetic field distribution in the adaptors. One problem which was not directly 

addressed by the fixture design is the effect of the dielectric constant difference 

between air and liquid nitrogen. The inner dimensions of commercially available 

waveguides are specifically designed assuming that air will be the transmission media. 

No direct modifications were made to the fixture to account for the differences 

introduced by the presence of liquid nitrogen. However, in order to eliminate any 

errors this may introduce, calibration of the modified waveguide fixture was 

performed while the fixture was immersed in liquid nitrogen. The calibration process, 

Thru-Reflect-Line (TRL), was able to remove errors due to the use of a liquid nitrogen 

dielectric as well as those from the microwave adapters, making all subsequent 

measurements necessarily relative to the calibration standards. The calibration 

standards used were a Thru, a shorting aluminum plate (Reflect), and a 7.5 cm section 

of waveguide (Line). The maximum shielding effectiveness that can be measured for 

the system dynamic range is ~ 90 dB at room temperature; therefore, using this 

technique, it is not possible to distinguish between samples that shield more than 

99.9999999% of the electromagnetic field at 259C. Likewise, the limit of the 

measurement device in liquid nitrogen is ~ 70-80 dB. This sensitivity range is 

sufficient to distinguish between good and poor shields. 

Mechanical Performance 

YBCO disks, from 50% to 90% dense, and YBCO/PMMA 3-3 composites 

were cut on a diamond saw into 3.2 cm x 0.5 cm strips that were no more than 1.5 

mm thick for mechanical tests. Polymers and superconductor/polymer 0-3 composites 

were molded to 1.5 mm thick 10.2 cm square plaques which were subsequently 

machined into 5.1 cm x 1.27 cm strips for mechanical tests. Mechanical performance 

of all samples was determined by three-point-bend testing. Flexural strength, ultimate 

strain, and flexural modulus were calculated using linear beam theory. In addition, 

toughness was estimated by calculating the area under the flexural stress-strain curve. 

All three-point-bend tests were performed on an Instron test frame with a 200 Ib load 

cell and a crosshead speed of 2.5 mm/minute. The test span was 25 mm and the span 

to depth ratio for the samples was greater than 16. 
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Machinability 

To determine machinability of the bulk superconductors and composites, each 

sample, glued onto an aluminum block, was turned on a lathe at 650 rpm into a 1 inch 

diameter disk using a Valente polycrystalline diamond blade. The sample was hand 

fed and water cooled during the cutting. Each cut was 0.1 inch. Afterwards, the 

aluminum block was heated with an acetylene torch in order to raise the temperature of 

the glue and allow the 1 inch disk to be removed from the block. The disk was 

mounted on the lathe, and a 0.316" hole was drilled in the center using a carbide drill. 

The drill was hand fed and water cooled during drilling. The resulting sample was a 1 

inch washer. Comparison between machinability of samples was made in terms of 

finishing quality of the washer and the waste material. 

Environmental Resistance Stu 

The environmental resistance was determined for bulk superconductors, 

YBCO/PMMA 3-3 composites, and superconductor/polymer 0-3 composites. The 

bulk superconductor samples and YBCO/PMMA 3-3 composites were pressed and 

sintered into 5 mm thick disks with a diameter of 3.2 cm. The 

superconductor/polymer 0-3 composites were molded into 5 mm thick 10.2 cm square 

plaques which were subsequently cut into 3.4 cm square samples for the 

environmental resistance study. Some of the samples were encapsulated with a 

polymer, either PMMA or PE, for this study. 

Samples were exposed to one of the following environments: thermal cycling, 

a water exposure, or a humidity exposure. The thermal cycling environment required 

that a sample be cycled between room temperature and liquid nitrogen 39 times. One 

cycle consisted of 5 minutes in liquid nitrogen followed by warming in air for 20 

minutes. After cycling, the sample was placed in a 95°C furnace with containers of 

water for 18 hours. The water exposure was submersion in 80°C water for four 

hours. The humidity exposure required that a sample be placed on a 200 mesh screen 

above containers of water in a 95°C furnace for 24 hours. 

Samples were characterized by diamagnetic strength, x-ray diffraction, weight, 

and thickness before and after exposure. Environmental resistance was quantified by 

the change in repulsive force after exposure. A small drop in repulsive force was 
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indicative of good environmental resistance. Changes in x-ray diffraction, weight, and 

thickness of the samples were recorded to support the repulsive force results. 
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IV. THEORETICAL SUPPORT FOR RESEARCH 

X-Ray Diffraction 

To determine the phase purity of the superconductor, x-ray diffraction (XRD) 

of bulk samples and composites was performed. The x-ray diffraction pattern for 

orthorhombic YBCO is shown in Figure 4.1a. Its two theta angles in decreasing order 

of intensity are as follows: 32.89, 58.39, 32.69, 46.79, 68.99, 58.859, 40.459, 

47.69, 77.89, 89.30, 38.69, 79.19, 68.29, 22.99, If a material diffracts at these 

angles, it has orthorhombic YBCO present. If additional peaks are present, then the 

YBCO is not single phase. If the intensity of the peaks are different, the YBCO is 

either preferentially aligned or the unit cell dimensions changed. Variations in unit cell 

volume, obtained from x-ray diffraction data, were correlated with the oxygen content 

of the material.55 As the oxygen content of YBa2Cu307-x decreases from one 

composition (x=Q) to another (x=1), the formal oxidation state of the copper changes 

from Cut3 to Cut!. With a loss of electrons in the outer shell, the effective radius of 

the copper increases; thus, the unit cell volume increases. In other words, the higher 

the oxygen content, the smaller the volume. So, changes in unit cell volume can be 

used to determine if the composite processing takes oxygen, needed for 

superconductivity, from the YBCO unit cell. The unit cell volume for YBa?Cu307 is 

~ 173.27 A3.55 

The x-ray diffraction pattern for BPSCCO is shown in Figure 4.1b. The two 

theta peaks in decreasing order of intensity are as follows: 28.99 33.99, 24.09, 

33.29, 44.59, 48.19, 32.99, 35.59, 47.569, 26.229, 59.99, 56.59, 52.79, 60.79, 

72.09, 64.89, 49.29, 35.19, 31.29, 27.59. This was the standard to which the 

BPSCCO composites were compared. 

The semicrystalline polymers may cause the x-rays to diffract at additional 

angles in the superconductor/polymer composites. The x-ray diffraction patterns of 

the molded polymers are shown in Figure 4.2. 
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Zero DC Resistivity 

One of the defining characteristics of superconductors is their ability to carry dc 

current with no resistance. The presence of a net attractive interaction between 

electrons, which normally repel each other because they have the same charge, 1s 

essential for the electrical resistance to drop to zero. In conventional metallic 

superconductors, such as lead, mercury, and niobium, this attraction comes from 

lattice motion which leads to an electron-phonon-electron interaction. As an electric 

potential is applied to the superconductor, the electrons begin to move parallel to the 

applied field in accordance with Gauss's law. When one conduction electron moves 

through a crystal, a "positive area" exists at the electron's former location. A second 

electron is attracted to the positively charged lattice distortion by Gauss's law. At 

normal temperatures, thermal vibrations wash away these positive lattice vibrations, 

and the second electron never sees them nor is attracted to them But, at very low 

temperatures, the thermal motion of the lattice is slow, and these lattice distortions 

persist long enough for a second electron to be attracted to them. An analogy 

commonly used as an aid in the theoretical explanation of zero dc resistivity is to think 

of the positive lattice vibrations as footprints in sand.59 If the sand is soaked, 

footprints are immediately filled in just as lattice distortions do not persist at high 

temperatures. Likewise, in dry sand, footprints persist as do lattice vibrations at low 

temperatures. These "positive areas" or “footprints form a wave motion, or phonon, 

as the lattice responds to the moving electrons. The electrons give up energy to Stay in 

this motion. As the temperature falls below critical temperature, electrons fall into 

these regions and form pairs, called Cooper pairs, which create the superconducting 

phase. This concept of superconductivity, developed by John Bardeen, Leon H. 

Cooper, and J. Robert Schrieffer and called the BCS theory, is generally accepted; 

however, the attraction mechanism between electrons in a Cooper pair in high 

temperature superconductors is still under debate. Thermal vibrations destroy the 

phonon mechanism at 40 K, which is well below the transition temperatures of high 

temperature superconductors; therefore, the BCS theory must be modified to be able to 

predict superconductivity in the ceramic superconductors.5’ Theorists generally agree 

that the electrons form pairs that create the superconducting phase in high temperature 

superconductors; however, they disagree on the attraction mechanism involved in 

these pairs.58 
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In order for a sample to demonstrate zero dc resistivity, there must be a path of 

superconducting material which is intimately interconnected. Any resistive or 

insulating barrier between the superconducting particles will inhibit the flow of 

electrons resulting in a nonzero resistance. It is therefore expected that 

superconductor/polymer 0-3 composites will not have zero dc resistance. The only 

composites that are expected to carry current with no resistance are those in which the 

ceramic is sintered together in a continuous phase, i.e. the YBCO/PMMA 3-3 

composites. 

Diamagnetic Strength 

The diamagnetic strength of superconductors is quantified by the repulsive 

force, or the force with which a magnetic field is repelled from the interior of the 

superconductor. This is the second defining characteristic of superconductors. When 

a superconductor passes through its critical temperature, it will act as a perfect 

diamagnet. This is a unique property of the superconducting state that is not predicted 

by simply considering the superconductor as a medium of zero resistivity.09 Perfect 

diamagnetism, resulting in the Meissner effect, arises from the quantum nature of 

superconductivity.>/ 

The quantum nature of superconductors results from the fact that magnetic flux 

within a superconductor can have only certain quantized values. In a magnetic field 

inside a superconductor, there will always be some closed path small enough that the 

quantized flux value closest to the flux determined by the magnetic field and the area 

encircled by the path is zero. The magnetic field will be oriented such that the net flux 

in that region is zero. Then, a second path will form around the first path by the same 

principle. It will be just slightly larger than the first path so that the quantized flux 

value closest to the flux determined by the magnetic field and the area enclosed 

between the first and second path is zero. In the superconductor, the net flux in this 

region will also be zero. A third path will form around the first two by the same 

principle, and this will continue until the magnetic field has been completely expelled 

from the superconductor except for a thin surface layer.97 In this thin surface layer, 

called the magnetic field penetration depth, supercurrents flow creating a magnetic field 

that exactly cancels the external field. The force of this magnetic field can be displayed 

by floating a magnet freely above a superconductor, demonstrating the Meissner 
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effect. Since the magnet has a downward force of gravity working on it, it takes 

energy to balance this force, which comes from the energy required to expel the 

magnetic field. Because energy is needed to expel the magnetic field, there is an upper 

limit on the strength of the magnetic field that a superconductor can expel. This limit is 

the critical magnetic field strength. Below this critical magnetic field strength, 

complete expulsion of magnetic field G.e. B=0) occurs. In high temperature 

superconductors such as YBCO and BPSCCO, complete expulsion of magnetic field 

occurs only at very low magnetic field strengths (i.e. below He}, a lower critical 

magnetic field strength). If superconductivity were completely destroyed at this field 

strength, YBCO and BPSCCO would have no practical applications. Fortunately, 

between this lower critical magnetic field and an upper critical magnetic field strength, 

the high temperature superconductor is in an intermediate state in which some magnetic 

field does penetrate the superconductor, but the superconductor still demonstrates the 

Meissner effect and has zero dc resistivity. When He?, the upper critical magnetic 

field, is exceeded, all the magnetic field penetrates and the Meissner effect, as well as 

zero dc resistivity, is completely lost. Exceeding He? is similar to exceeding the 

critical temperature because it is reversible. If the magnetic field is lowered below the 

critical magnetic field, flux will be expelled again. 

This intermediate state, called a vortex state, is very important for high 

temperature superconductors, also called Type II superconductors. As stated above, 

without this intermediate state, these superconductors would have no practical 

applications. When the magnetic field exceeds H¢1, flux penetrates the 

superconductor in quantized values in cylindrical regions called flux tubes. The 

magnetic field in a flux tube is generated by supercurrents that circulate around the flux 

tube and restore the field originally expelled from the superconductor. The radius of a 

flux tube roughly equals the penetration depth; however, only the region in a tube with 

radius of the coherence length, the distance between paired electrons, loses its 

superconductivity (See Figure 4.3).57 The number of flux tubes increases with 

increasing field, until, at the upper critical field, He?, the nonsuperconducting regions 

overlap and superconductivity ceases. The difference between Type 0 

superconductors and Type I superconductors, such as the metals lead and mercury, is 

this intermediate state. In Type I superconductors, the coherence length is much 

greater than the penetration depth so these materials can not preserve superconductivity 
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Figure 4.3. Flux tubes in type II superconductors showing normal cores 
surrounded by circulating supercurrents. 
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by forming a mixed state. For each flux tube formed in a Type I superconductor, 

superconductivity is lost in a cylindrical region that extends far outside the flux tube.57 

In the Type II superconductors, the penetration depth exceeds the coherence length 

allowing a mixed state to form which can preserve superconductivity while allowing 

some flux penetration. 

This property of flux expulsion can be capitalized upon for many applications 

such as motors and generators, frictionless bearings, magnetic shielding, magnetic 

separation, and levitated vehicles. Although other materials, such as copper, bismuth, 

and gold, are diamagnetic, the magnitude of the apparent diamagnetic susceptibility per 

mass of bulk superconductors is very much larger than for typical diamagnetic 

substances making these new applications possible. 

If the thickness of the superconducting sample is less than the penetration 

depth, typically hundreds of Angstroms in the high temperature superconductors, the 

magnetic field will completely penetrate the sample, and the sample will not 

demonstrate the Meissner effect. Demonstration of the Meissner effect is also 

dependent on the critical current density. It is expected that a sintered bulk 

superconductor will have a greater repulsive force than that demonstrated by the same 

sample before sintering because the sintered disk has a higher critical current density. 

Shielding Effectiveness 

The Meissner effect is essentially a dc phenomena (i.e the magnetic field is 

static); however, if an alternating field is applied, a superconductor will still exclude 

the applied field. In fact, at infinitely low frequencies, the field approaches a dc 

magnetic field so the phenomenon is quite similar, but the shielding may originate 

from perfect conductivity of the sample as well as from the Meissner effect. Under 

these conditions, the repulsive force measurement technique does not quantify the 

ability of materials to shield electromagnetic waves. Instead, the measure of a 

material's ability to confine electromagnetic waves is given by shielding effectiveness 

(SE). Shielding effectiveness of high temperature superconductors is of particular 

interest at low frequencies. Magnetic field penetration (skin depth) in normal metals 

(€.g. copper) is inversely proportional to the square root of frequency; thus, 

attenuation is poor at low frequencies. However, in high temperature 
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superconductors, the penetration depth (analogous to skin depth in normal metals), is 

generally independent of frequency so superconductors can shield waves at low 

frequencies where normal metals are ineffective.60 In fact, today there are essentially 

no practical methods for shielding large volumes from low frequency magnetic fields.5 

In this frequency range, ferromagnetic materials, such as nickel and iron, are used for 

passive shielding, but the mass of a ferromagnetic shield is simply prohibitive for 

many applications since the required thickness increases inversely with the square root 

of the frequency to be shielded. Superconductors, however, have higher 

susceptibilities; therefore, they are more efficient shields. Within the penetration depth 

of the superconductor, surface currents are created generating a magnetic field which 

counters the applied magnetic field as discussed above. Since the surface current is 

created only below the transition temperature, shielding is a superconducting 

phenomena. The shielding increases with critical current density since the surface 

current is proportional to critical current density, and it decreases if any weak links, 

such as cracks or grain boundaries, are present. 

At higher frequencies, less shielding, compared to copper, occurs for two 

reasons. First, the shielding effectiveness of copper, or any normal metal, increases 

with frequency since the penetration depth decreases. To understand the second 

reason, it is important to realize that superconductors never have zero resistivity under 

an alternating current. An applied ac field creates an inductive reactance which in turn 

produces a current of "normal" electrons, as opposed to paired superconducting 

electrons, in the sample. Due to the flow of these normal electrons, superconductors 

always have a finite ac resistance, albeit low at low frequencies. As frequency 

increases, an alternating field creates a greater amount of normal current that eventually 

exceeds the superconducting current, even below Tc.61 In this case, the shielding 

effectiveness is the same at room temperature and at liquid nitrogen temperatures. At 

frequencies below the microwave range, it may be possible to see an increase in 

shielding effectiveness, compared to room temperature shielding, provided the 

measuring temperature is well below the critical temperature. Above a critical 

frequency, which is dependent on the material, shielding effectiveness will not 

increase on dropping the temperature from room temperature to 0 K.61 Fortunately, a 

number of effective methods exist to shield high frequency electromagnetic fields; 
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thus, superconducting shields are not as beneficial at high frequencies as they are at 

low frequencies, where effective shielding materials are not available.5 
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V. EXPERIMENTAL RESULTS 

Structure 

Bulk Superconductors 

Bulk YBCO samples were made with a range of final densities from 63% to 

90% of the theoretical density, 6.38 g/cc. A scanning electron micrograph of the cross 

section of a 90% dense YBCO disk is shown in Figure 5.1. The grains are much 

larger than the 2 to 6 micron particles that were used to make the disk which is 

evidence that the ceramic particles are sintered together. In addition, there is little 

apparent porosity in the micrograph which is consistent with the high density. 

An XRD pattern for the bulk YBCO sample is shown is Figure 5.2a. The 

peaks correspond to those from the original powder. This pattern was used to 

determine the unit cell parameters to be the following: a = 3.82 A, b = 3.90 A, and 

= 11.69 A, which are consistent with reported values.95 

BPSCCO disks were made with densities ranging from 58% to 64% of the 

theoretical density, 6.2 g/cc. A SEM of the cross section of a 64% dense BPSCCO 

disk is shown in Figure 5.3. The grains are more elongated than those in the YBCO 

disk, and there is very little apparent porosity in these samples. The lack of apparent 

porosity is not consistent with the measured open porosity, 30% of the total volume, 

for this sample, which is representative of all the BPSCCO disks. The maximum 

density that could be achieved in these samples is 4 g/cc or ~ 64% of the theoretical 

density. Longer sintering times have no effect on density, and higher sintering 

temperatures cause a pellet to melt onto the zirconia plate. 

YBCO/PMMA 3-3 Composites 

YBCO disks were 63% dense to 78% dense with open porosities of 20% to 

15% of the total volume, respectively. An SEM of a 64% dense YBCO disk is shown 

in Figure 5.4a. This disk is apparently more porous than the 90% disk shown in 

Figure 5.1, which is consistent with the measured open porosities. The 63% to 78% 
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Figure 5.1 SEM of a cross-section of a 90% dense YBCO disk. 
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10 microns 

Figure 5.3 SEM of cross-section of a 64% dense BPSCCO disk. 

64



  
Figure 5.4 SEM of cross-sections of (a) 64% dense YBCO disk and (b) 64% 

dense YBCO disk infiltrated with PMMA. 
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dense disks were infiltrated with MMA which was subsequently polymerized to 

PMMA to form the YBCO/PMMA 3-3 composites. The electron probe microanalysis 

and x-ray photoelectron spectroscopy done in previous work by Vipulanandan 

indicated that the stoichiometry of the YBCO was maintained.22 In other words, the 

polymer did not react with the YBCO during infiltration. XRD patterns of bulk YBCO 

and a YBCO/PMMaA 3-3 composite are shown in Figure 5.2. The unit cell volumes of 

YBCO and the YBCO/PMMA 3-3 composite are 174.3 A3 (+/-0.2 A3) and 174.7 A3 

(+/- 0.3 A3) as determined by least squares refinement of the unit cell of these two 

samples. The two unit cell volumes are equivalent within the standard deviations; 

therefore, polymer infiltration did not effect the stoichiometry of the YBCO. The cross 

section of a 64% dense YBCO disk after infiltration is shown under SEM in Figure 

5.4b. The weblike features in this micrograph are the polymer stretched within the 

pores of the ceramic; and since the ceramic pores are interconnected, the infiltrated 

polymer forms a continuous phase. The PMMA typically fills over 90% of the open 

porosity; thus, the infiltration procedure is an effective technique to make 

YBCO/PMMaA 3-3 composites, with a negligible loss of oxygen. 

YB MMA mposi 

The YBCO/PMMA 0-3 composites have a very different structure than the 

YBCO/PMMaA 3-3 composites. In the 0-3 composites, one phase is not 

interconnected. Discrete YBCO particles are dispersed in the PMMA matrix which is 

evident from SEM of the cross section of a 50 vol% YBCO/PMMA 0-3 composite 

shown in Figure 5.5a. The composite shown in Figure 5.5a was molded after 

mechanically mixing the powders. Other mixing methods were also used to make 

these composites. Figure 5.6 compares the effect of (a) mechanically mixing versus 

(b) hand mixing on the homogeneity of YBCO/PMMA 0-3 composites with 50 volume 

percent ceramic. In these micrographs, the hand mixed sample has a region of just 

polymer and another region with many ceramic particles whereas the mechanically 

mixed sample has ceramic and polymer particles dispersed throughout. At the same 

magnification, no comparably sized regions of just one phase are evident in the 

mechanically mixed sample; thus, it appears more homogeneous. Further evidence of 

the difference in homogeneity between the two samples is demonstrated in scanning 

acoustic micrographs (SAM), shown in Figure 5.7, for 50 vol% YBCO/PMMA 0-3 

composites that were a) hand mixed and b) mechanically mixed. At the same 
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Figure 5.5 SEM of cross-sections of 50 vol% YBCO/polymer 0-3 composites 

made with (a) PMMA, (b) PE, (c) PP, and (d) PEEK. , 
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-sections of 50 vol% YBCO/PMMA 0-3 composites: 
(a) hand mixed and (b) mechanically mixed. 

SEM of cross Figure 5.6 
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Figure 5.7 SAM of 50 vol% YBCO/PMMA 0-3 composites: 

(a) hand mixed and (b) mechanically mixed. 
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frequency, 50 MHz, the mechanically mixed sample has an even distribution of the 

two phases; whereas, the hand mixed sample has large dark and light regions 

representing large regions of just polymer and ceramic phases, respectively. The large 

dark lines represent cracks in the hand mixed sample. To achieve more intimate 

mixing between the ceramic and polymer, a 60 vol% YBCO/PMMA sample was made 

after milling both powders together for two hours, and a SAM of this composite 

compared to a 60 vol% YBCO/PMMA 0-3 composite that was mechanically mixed is 

shown in Figure 5.8. These two samples show no striking differences in 

homogeneity. Unless otherwise noted, the samples in this study were molded after 

mechanically mixing the powder blend. 

An XRD pattern for a 50 vol% YBCO/PMMA 0-3 composite is shown in 

Figure 5.9a. It is similar to the XRD pattern for YBCO powder, indicating that the 

ceramic is still orthorhombic YBCO after compression molding with PMMA powder 

to form a 0-3 composite. The unit cell volume of the YBCO powder in the 

YBCO/PMMA 0-3 composite is 172.1 A3 (+/- 0.2 A3), compared to 173.5 A3 (4/- 

0.1 A3) for large YBCO powder before composite molding. The unit cell volume of 

the YBCO powder in the composite is slightly lower than the original unit cell volume, 

which indicates that the YBCO powder lost some oxygen during composite 

processing; however, the stoichiometry was not drastically changed. 

The porosity of these samples is also an important structural feature of the 0-3 

composites. The sample with 50 vol% YBCO has the lowest open porosity and the 

highest density of all the YBCO/PMMA 0-3 composites, and it is also the best 

consolidated plaque in terms of surface appearance. It has a smooth, shiny surface 

characteristic of a well consolidated composite and has very little apparent porosity. 

The composites with 60 volume percent or more YBCO have rough, dull surfaces. 

They are difficult to process and not well consolidated. The composite with 40 

volume percent YBCO has a shiny surface, but it has grooves and holes in it which are 

evidence of a large amount of open porosity. If all composites are well consolidated, 

the composite density would increase with increasing percentage of the high density 

phase, YBCO. The measured density versus the volume percentage of YBCO filler 

for YBCO/PMMA 0-3 composites is shown in Figure 5.10. The straight line is the 

calculated theoretical density for the composites as defined by the following equation: 
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Figure 5.8 SAM of 60 vol% YBCO/PMMA 0-3 composites: 

(a) mechanically mixed and (b) ball milled. 
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Figure 5.10 Density versus volume fraction of YBCO in YBCO/PMMA 
0-3 composites. 
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Dcomposite = VYBCO*DYBCO + Vpolymer*Dpolymer {6] 

where VYBCO and Vpolymer are the volume fraction of superconductor and polymer 

and Dcomposite, DYBCO, Dpolymer ate the density of composite, superconductor, 

and polymer respectively. The density of YBCO is 6.38 g/cc and the density of the 

polymer, PMMA, is 1.188 g/cc in these calculations. Only the 50 volume percent 

YBCO/PMMaA 0-3 composite has a density within 2% of the predicted density. The 

remaining composite densities deviate from the calculated values by 20% or more 

indicating an increase in porosity of the composite samples. 

Other variables in the processing of these composites are the particle sizes of 

the ceramic and polymer. Composites made with the small ceramic particles have no 

noticeable change in homogeneity; however, the density of these composites is slightly 

lower. For 50 vol% YBCO/PMMA 0-3 composites, the density of the composite with 

large particles is 3.73 g/cc compared to 3.13 g/cc for the composite made with small 

particles. A YBCO/PMMA 0-3 composite made with 25 vol% small YBCO particles 

and 25 vol% large YBCO particles has a density of 3.67 g/cc. The composites 

discussed thus far were made with PMMA powder that was milled for two hours to an 

average size of 117 microns and then mixed with the YBCO powder. The polymer 

powder had a bimodal distribution around 156 microns and 60 microns. When 

comparing the effect of the PMMA particle size, composites were made with two 

additional average polymer particle sizes: 150 microns and 89 microns. The PMMA 

powder with an average size of 89 microns had a bimodal distribution around 172 

microns and 53 microns. An SEM of the cross section of a 60 vol% YBCO/PMMA 0- 

3 composite made with the original PMMA powder is shown in Figure 5.1 la, This 

composite has light and dark areas in the micrograph which indicates that the density 

of the sample 1s not homogeneous. Composites made with milled PMMA powder 

appear more homogeneous as shown in Figure 5.11b for a 60 vol% YBCO/PMMA 0- 

3 composite. This composite is not noticeably different than a composite made with 

polymer powder milled for four hours, and they both are more homogeneous than the 

first composite. A last variable in processing is milling the ceramic and polymer 

powders together for two hours. Milling both powders decreases the particle size of 

the ceramic as well as the polymer particle size, and it intimately mixes the two 
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Figure 5.11 SEM micrographs of 60 vol% YBCO/PMMA 0-3 

composites: (a) not milled, (b) polymer milled two hours, 
and (c) polymer and ceramic milled together two hours. 
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powders resulting in a composite with a high density, 3.53 g/cc, and low open 

porosity. The decrease in porosity is evident from the micrograph shown in Figure 

5.11c. Unlike the first two 60 vol% YBCO/PMMA 0-3 composites, this composite, 

molded after milling the ceramic and polymer together, has very little apparent 

porosity. A graph of the densities of these three 60 vol% YBCO/PMMaA 0-3 

composites is shown in Figure 5.12. 

YB E mposite 

YBCO/PE 0-3 composites were made with 40 to 60 volume percent YBCO. 

Higher loadings of ceramic could not be incorporated into a poly(ethylene) matrix. 

Poly(ethylene) is a linear polymer with the following repeat unit: 

H H 
t | 

t¢-Ct 
H H 

It has very little opportunity for dipole interactions with the ceramic particle surfaces or 

with other polymer chains; therefore, it does not adhere to the ceramic particles well, 

and the composites with more than 60 vol% ceramic fell apart when they were 

removed from the mold. The experimental densities of the YBCO/PE composites with 

40 and 50 volume percent ceramic, shown in Figure 5.13, are 95% of the theoretical 

density, which is calculated as described above assuming that the density of PE is 

0.915 g/cc. The 50 vol% YBCO/PE 0-3 composite is the best consolidated plaque and 

has the lowest open porosity of all YBCO/PE 0-3 composites. The ceramic particles 

are evenly dispersed throughout this composite as shown in the micrograph in Figure 

5.5b. 

The XRD pattern for a 50 vol% YBCO/PE 0-3 composite is shown in Figure 

5.9b, demonstrating that the YBCO is still single phase YBCO when incorporated into 

a PE matrix. The unit cell volume is 173.2 A3 (4/- 0.1 A3), which is lower than the 

unit cell volume of YBCO powder, 173.5 A3 (4/- 0.1 A3). The YBCO powder, 

therefore, may have lost a small amount of oxygen during composite processing. 
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Figure 5.13 Density versus volume fraction of YBCO in YBCO/PE 0-3 composites. 
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YB P Q-3 Composite 

The XRD pattern for a 50 volume percent YBCO/PP 0-3 composite is shown 

in Figure 5.9c. The peaks match those from the bulk YBCO sample; however, they 

are in a different order. This indicates that the ceramic is still orthorhombic YBCO, 

but it is preferentially aligned to give a different order of intensities. The unit cell 

edges, 3.82 A, 3.89 A, and 11.68 A, are not different than those for YBCO powder, 

and the unit cell volume, 173.6 A3 (4/- 0.1 A3) is not significantly different from the 

unit cell volume of YBCO powder, 173.5 A3 (+/- 0.1 A3) which is further evidence 

that the ceramic powder did not degrade. 

Poly(propylene), whose repeat unit is shown below, has very little opportunity 

for dipole interactions with the ceramic particle surfaces, and the maximum ceramic 

loading that could be incorporated into a PP matrix was 60 volume percent. 

H CH, 
| | 

45-¢t 
H H 

YBCO/PP 0-3 composites were made with 50 to 60 volume percent ceramic. The 

powder blend was mechanically mixed prior to molding, and these composites are 

homogeneous as evident from SEM and SAM. A SEM of across section of a 50 

volume percent YBCO/PP 0-3 composite is shown in Figure 5.5c. 

YB EEK 0-3 Composites 

YBCO/PEEK 0-3 composites were made with 40 to 60 volume percent 

ceramic. The repeat unit for PEEK is shown below: 

£6)---©-»-O)-$5 
The carbonyl! functionality provides dipole interaction which can improve the bonding 

between the ceramic and polymer. The XRD pattern for a composite with 50 volume 

percent YBCO is shown in Figure 5.9d. The peaks for YBCO are present in the 

correct intensity order indicating that the ceramic is not degraded during composite 

processing. The unit cell volume of YBCO powder in the YBCO/PEEK 0-3 
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composite is 173.8 A3 (+/- 0.2 A3), which is not significantly different from the unit 

cell volume of the YBCO powder. 

These composites are homogeneous, and the cross section of a 50 vol% 

YBCO/PEEK 0-3 composite is shown in Figure 5.5d. The most striking feature of 

this micrograph is that the polymer surrounds the ceramic particles. In the YBCO/PP 

and YBCO/PMMA composites, many YBCO particles appear on the surface with no 

polymer around their sides. In Figure 5.5d, the PEEK is evidently surrounding each 

ceramic particle. This demonstrates a stronger adhesion between the ceramic and 

polymer in this composite which is important for mechanical performance. 

BPSCC lymer. composites 

Polymer matrix composites were made with BPSCCO dispersed in PMMA and 

PP. The XRD patterns for examples of each of these composites are shown in Figure 

5.14. For both composite types, the XRD pattern is identical to the standard 

BPSCCO, indicating that the ceramic superconductor did not degrade during 

composite processing. Figure 5.15 shows a SEM of a cross section of a 50 vol% 

BPSCCO/PMMaA 0-3 composite. The most noticeable feature of this micrograph is 

that the ceramic particles are more oblong than the YBCO particles, and as a result, 

they are more interconnected. 

Resistance versus Temperature 

Bulk Superconductors and YBCO/PMMA 3-3 Composites 

The resistance versus temperature measurement was used to determine which 

sample types have the capability of carrying dc current with no resistance and to 

measure the critical temperature of these samples. The resistivity versus temperature 

of a bulk YBCO sample is shown in Figure 5.16, and its critical temperature is 89 K. 

Above the critical temperature, the sample has metallic behavior, which is consistent 

with a well processed superconducting sample. Infiltrating a bulk YBCO sample has 

no effect on the transition to zero dc resistance, as shown in Figure 5.16; thus, a 

YBCO/PMMA 3-3 composite is a candidate for current carrying applications. 
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Figure 5.15 SEM of a cross-section of a 50 vol% BPSCCO/PMMA 0-3 composite. 

82



  

——*— YBCO —t-— YBCO/PMMA 3-3. 

    
  

  

    

Composite 

0.8 + 

0.6 + 

Resistivity , , | 
(Ohm-cm) 0.4 

0.2 + 

a 
0 — at) — + 4 

0 50 100 150 200 250 300 

Temperature (K) 

Figure 5.16 Resistivity versus temperature for (a) bulk YBCO and (b) 
YBCO/PMMA 3-3 composite. 
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YBCO/Polymer 0- mposites 

The resistance of several superconductor/polymer 0-3 composites was 

measured as a function of temperature down to 81 K, and none of the samples had a 

transition to zero dc resistance. Figure 5.17a shows the results for an 85 vol% 

YBCO/PMMaA 0-3 composite, the superconductor/polymer 0-3 composite with the 

highest loading of ceramic. It has a high room temperature resistance and 

semiconducting behavior; therefore, it is not suitable for current carrying applications. 

One sample did have a metallic behavior with an exponential increase in resistance 

between 106 K and 84 K, as shown in Figure 5.17a. This sample is YBCO powder 

in polyaniline, a conducting polymer. Some superconducting samples have an 

exponential increase in resistance right before they transition to zero resistance; 

therefore, it is possible that the dc resistance of the YBCO/polyaniline sample would 

drop to zero at lower temperatures.62 Two polymer matrix composites, reported in 

the literature, had zero dc resistance at very low temperatures; however, these 

superconductor/polymer 0-3 composites, like the YBCO/polyaniline 0-3 composite, 

are not suitable for current carrying applications at 77 K.14,17 

YBCO/Silicone 2-3 Composites 

YBCO tapes demonstrate zero dc resistance and a transition temperature of 

89K, as shown in Figure 5.17b. The resistance of YBCO tapes/silicone 2-3 

composites was not accurately determined. The silicone was scraped off the top of 

composite in order to evaporate pure silver directly onto the ceramic tapes; however, 

the layered ceramic tapes are uneven so the silver could not be deposited evenly and 

the resistance could not be measured. The silicone, surrounding the YBCO tapes, is 

an insulating barrier which would provide resistance at all temperatures; thus, the 

resistance versus temperature curve for a YBCO/silicone 2-3 composite is expected to 

be similar to that shown in Figure 5.16a, for a 85 vol% YBCO/PMMA 0-3 composite, 

even if contact resistance were not a problem. 

Diamagnetic Strength 

Bulk YBCO 

The repulsive force for 5 mm bulk YBCO samples with densities from 63% to 

90% and for 90% dense YBCO disks with thicknesses from 1.5 mm to 8.6 mm are 
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Figure 5.17. Resistance versus temperature for (a) 85 vol% YBCO/PMMA and 

YBCO/polyaniline 0-3 composites and (b) YBCO Tape. 
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shown in Figures 5.18a and 5.18b, respectively. For a given sample thickness, the 

repulsive force of bulk YBCO increases with sample density. Similarly, for a given 

density, the repulsive force increases with thickness. 

The repulsive force for YBCO tapes was also measured. Each batch of YBCO 

tapes has a slightly different thickness, and since the tapes are much less than 1.5 mm, 

the difference in thickness is significant in repulsive force measurements. 

Unfortunately, the ceramic tapes are extremely brittle and the thickness could not be 

measured without cracking the samples. The dependence of repulsive force on 

thickness can be demonstrated with one batch of ceramic tape broken into ~4 cm 

diameter pieces. One piece has an average repulsive force of 0.91 mN. Placing two 

tapes on top of each other increases the repulsive force to 1.3 mN, and three tapes 

layered together have a repulsive force of 1.55 mN. 

YB MMA 3- mposi 

Infiltration of poly(methyl methacrylate) into YBCO disks was proposed as a 

method to increase the mechanical performance of the ceramic disks without 

degradation of the ceramic.40 YBCO disks with varying thicknesses and densities 

were manufactured and subsequently infiltrated with PMMA. The thickness of the 

resulting structure increases due to a thin polymer coating that forms on the surface of 

the pellets after infiltration. Figure 5.19a shows the repulsive force for YBCO 

samples before and after infiltration with PMMA. The repulsive forces of virgin 

YBCO disks varies because they have different densities and thicknesses. Yet, 

regardless of the initial repulsive force, it decreased approximately ~5.7% after 

infiltration. The repulsive force is dependent on the distance between the magnet and 

sample which was held constant at 5.5 mm for these measurements. The 

YBCO/PMMA 3-3 composites in Figure 5.19a have a polymer coating that was on 

average 0.2 mm thick. This coating increased the distance between the sample and 

magnet to 5.7 mm and contributed to the lower repulsive force. Figure 5.19b shows a 

linear dependence of the percent change in repulsive force on the thickness of polymer 

coating in YBCO/PMMA 3-3 composites. This is evidence that the 5.7% drop for the 

composites in Figure 5.19a is due primarily to the increase in distance between the 

sample and the magnet, and not a result of a change in the stoichiometry of the YBCO. 

More evidence that the change in repulsive force is due to the increased distance was 
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obtained by coating two YBCO disks with very viscous polymerizing methyl 

methacrylate solutions and measuring the repulsive force of the coated YBCO disks. 

In this case, the polymerizing methyl methacrylate was too viscous to infiltrate into the 

pores of the ceramic disk, as verified by SEM; yet the percent drop in repulsive force 

is 6.8% for a 0.24 mm thick coating and 24.4% for a 0.53 mm thick coating, which 

fall along the linear graph in Figure 5.19b and support the result that the change in 

repulsive force is due to the increase in distance between the magnet and sample, and 

not a result of a change in stoichiometry of YBCO. This is consistent with XRD 

results reported in a previous section. 

YB lymer Q- mposite 

The YBCO/polymer 0-3 composites demonstrated the Meissner effect by lifting 

a small rare earth magnet. The repulsive force of 5 mm thick YBCO/PMMA 0-3 

composites was measured as a function of volume percentage of ceramic, and the 

results are shown in Figure 5.20a. The force increases with the volume percent of 

YBCO and levels off above 80 percent. The filled in square on the graph represents 

the repulsive force for a 5 mm thick powder compaction of YBCO. This powder 

compaction has the maximum amount of YBCO that can be incorporated into a 5 mm 

thick, 3.2 cm diameter disk; so, its repulsive force represents the maximum force that 

can be achieved for a 5 mm thick YBCO/PMMA 0-3 composite. To increase the 

repulsive force above 5.2 mN, the thickness of the sample must be increased. Figure 

5.20b shows the dependence of repulsive force on the thickness of 75 vol% 

YBCO/PMMA 0-3 composites. 

It should be noted that the repulsive forces for the YBCO/PMMA 0-3 

composites are significantly lower than those for the bulk YBCO or YBCO/PMMA 3-3 

composites; so, although the superconductor/polymer 0-3 composites demonstrate the 

Meissner effect, the repulsive force may be too low to be practical. To compare the 

two types of composites, it is apropos to examine composites with the same thickness 

and volume fraction of ceramic. For example, the average repulsive force of 5 mm 

thick YBCO/PMMA 3-3 composites with 74% YBCO is ~9 mN; whereas 5 mm thick 

YBCO/PMMaA 0-3 composites with 70 volume percent ceramic have an average 

repulsive force that is less than 4 mN. The repulsive force of YBCO/PMMA 3-3 

composite is more than twice that of the YBCO/PMMA 0-3 composite; thus, sintering 
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the ceramic phase is important for achieving high diamagnetic strength. To make a 

more direct comparison between composite types, the force per given mass in a 3.2 

diameter disk was calculated. For the bulk YBCO disks, shown in Figure 5.18, the 

average force is 0.585 mN/g [SD = 0.104 mN/g]. The infiltrated disks, shown in 

Figure 5.19, have an average force of 0.515 mN/g [SD = 0.025 mN/g], after 

accounting for the increase in sample thickness. The YBCO/PMMA 0-3 composites, 

shown in Figure 5.20, have an average force of 0.129 mN/g [SD = 0.021 mN/g], 

which is approximately 75 - 80% of that of the bulk YBCO disks or infiltrated YBCO 

disks. This is evidence that sintering the ceramic is very important for achieving high 

diamagnetic strengths. In a superconductor/polymer 0-3 composite, only a fraction of 

the particles are effectively working; thus, a bulk YBCO sample that is one fifth the 

thickness of a YBCO/polymer 0-3 composite will have the same repulsive force. This 

comparison is necessarily relative due the strength and size of the magnet as well as the 

geometry of the set-up to measure repulsive force. If, however, one compensates for 

these experimental variables, the average force per mass could be used as an absolute 

performance factor for a superconducting sample. 

The diamagnetic strengths of 50 vol% YBCO/polymer 0-3 composites made 

with PE, PP, and PEEK were measured, and the repulsive forces for 5 mm thick 

YBCO/polymer 0-3 composites are shown in Figure 5.21. The repulsive forces of 

these composites are not significantly different from each other nor are they different 

from the repulsive force, 3.55 mN (SD = 0.3 mN), of 5 mm thick YBCO/PMMA 0-3 

composites. A very important factor in determining the repulsive force of 

YBCO/polymer composites is the amount of ceramic in the composite which is 

controlled by the volume fraction of YBCO and thickness of the composite. 

Another important factor effecting repulsive force is the ceramic particle size. 

The composites discussed above were made with large YBCO particles, ~ 38 microns. 

Composites made with small ceramic particles, 2-6 microns have lower repulsive 

forces. For example, 50 volume percent YBCO/PMMA 0-3 composites made with 

small YBCO particles have a repulsive force of 2.32 mN (SD = 0.13); whereas, 

similar composites made with large YBCO particles have an average repulsive force of 

3.55 mN (SD = 0.30). Ceramic particles were made even smaller when they were ball 

milled with the polymer powder to form a homogeneous powder blend. A 60 volume 
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percent YBCO/PMMaA 0-3 composite molded after milling the powder blend together 

for two hours has a repulsive force of 1.52 mN (SD =0.15 mN), smaller than any 5 

mm thick composite made with 5O or 60 volume percent small or large ceramic 

particles. To verify that the ceramic particle size effects diamagnetic strength, a 5 mm 

thick YBCO/PMMA 0-3 composite with 25 vol% small YBCO particles and 25 vol% 

large YBCO particles was processed and characterized. Its repulsive force is 2.98 

mWN, which is between the repulsive forces, 2.32 mN and 3.55 mN, of 5 mm 

YBCO/PMMA 0-3 composites with 50 vol% small YBCO particles and 50 vol% large 

YBCO particles, respectively. 

Another variable in processing is the polymer particle size. There is no 

difference in homogeneity or repulsive force for composites made with PMMA 

powder milled for two or four hours; however, a 60 volume percent YBCO/PMMA 0- 

3 composite made with 150 micron PMMA powder was more difficult to process and 

has a lower repulsive force. The lower repulsive force, as compared to similar 

composites made with milled PMMA, is attributed to the increase in porosity of the 

samples. The density of the composites is ~10% lower; so, in the same volume, a 5 

mm thick 3.2 cm square, the composite made with milled PMMA has more ceramic, 

thus a greater repulsive force. 

Bulk BPSCCO and BPSCCO/Polymer Composites 

The superconductor/polymer composites discussed thus far have YBCO as the 

superconductor. A second high temperature superconductor, BPSCCO, was also 

used to make bulk superconductors and superconductor/polymer 0-3 composites. 

Seventeen BPSSCO disks were manufactured and characterized by diamagnetic 

strength. The samples have an average thickness of 4.75 mm (SD = 0.26) and density 

of 62.67% (SD = 4.89) of theoretical density, and the average repulsive force is 4.58 

mN (SD = 0.37 mN). The average repulsive force for eight 62.83% dense (SD = 

1.21) YBCO samples is 8.59 mN (SD = 0.30). YBCO disks of similar density have a 

higher repulsive force because they have a higher critical current density at 77 K. A 

5.25 mm thick BPSCCO powder compaction has a repulsive force of 3.34 mN. This 

is lower than the repulsive force for a YBCO powder compaction; thus, 

BPSCCO/polymer composites are expected to have lower repulsive forces than 

equivalent YBCO/polymer 0-3 composites. This is indeed the case. BPSCCO/PMMA 
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0-3 composites with 50 volume percent ceramic have a repulsive force of 1.66 mN 

(SD = 0.22) for ~ 4.5 mm thick samples, and 50 volume percent BPSCCO/PP 0-3 

composites have a repulsive force of 1.49 mN (SD = .034 mN) for ~ 5.5 mm thick 

samples. YBCO/PMMA and YBCO/PE 0-3 composites with 50 volume percent 

ceramic have repulsive forces of 3.55 mN and 3.78 mN respectively for 5 mm thick 

samples. The comparison between repulsive force of bulk YBCO and YBCO 

composites to bulk BPSCCO and BPSCCO composites is summarized in Table 5.1. 

Shielding Effectiveness 

Low Frequency 
Bulk YBCO 

The frequency dependence of the shielding effectiveness of a 0.6 mm thick 

copper plate, a 0.11 mm thick mumetal plate, and 5 mm thick bulk YBCO disk at 77 K 

are shown in Figure 5.22. Copper is considered a good shielding material at high 

frequencies, but due to the increase in penetration depth with decreasing frequency, it 

is not effective at low frequencies. The industry standard used at low frequencies is 

mumetal, which is an alloy composed of the following: 75-78% nickel, 0-1.5% 

manganese, 0-0.5% silicon, 0-0.05% carbon, 4-6% copper, 2% chromium, and the 

remaining is iron. Mumetal is considered the standard by which YBCO should be 

compared at low frequencies.16 Figure 5.22 shows that YBCO has a higher shielding 

effectiveness than either copper or mumetal between 100 and 10,000 kHz; thus, this is 

the frequency range of interest for high temperature superconductors. To demonstrate 

that the shielding provided by YBCO is a superconducting effect, the frequency 

dependence of shielding of YBCO at room temperature was measured. At room 

temperature, YBCO provides less than 1 dB of shielding in this frequency range. 

The dependence of shielding effectiveness on repulsive force of YBCO is 

shown in Figure 5.23. The repulsive force of bulk YBCO samples was shown 

previously to depend on the sample density and thickness and on critical current 

density, and since shielding effectiveness is shown in Figure 5.23 to be directly 

proportional to the diamagnetic strength, it is concluded that electromagnetic shielding 

is also dependent on sample density, thickness, and critical current density. 
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Chart 5.1. Diamagnetic strength of superconductors and superconductor/polymer 
composites with YBCO and BPSCCO. 

Repulsive Force (mN) 

Ceramic Superconductor: YBCO BPSCCO 
Structure 
(~ Smm thick samples) 

Bulk Superconductor (63% dense) 8.59 (0.30) 4.58 (0.37) 

Powder Compaction 5.22 3.34 

50 vol% Ceramic/PMMA 0-3 Composite 3.55 (0.30) —-1.66 (0.22) 

50 vol% Ceramic/PP 0-3 Composite 3.50 (0.15) 1.49 (0.034) 
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Figure 5.22 Low frequency shielding effectiveness of (a) mumetal, (b) bulk YBCO, 
and (c) copper at 77K. 
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YBCO/PMMA 3-3 Composites 

Figure 5.24 shows the low frequency shielding effectiveness of a 

YBCO/PMMaA 3-3 composite compared with the same bulk YBCO disk prior to 

infiltration. The bulk YBCO disk has a density of 76%, with 75% of its open porosity 

filled with PMMA. There is no significant difference between the low frequency 

shielding effectiveness of the YBCO sample before and after infiltration with PMMA, 

which indicates that the presence of the polymer does not effect the shielding 

capabilities of the ceramic superconductor. This is expected since the infiltration does 

not deleteriously effect the transition to zero dc resistance. 

Superconductor!Poltymer 0-3 Composites 

Figure 5.25 shows the low frequency shielding effectiveness of a 85 vol% 

YBCO/PMMaA 0-3 composite at 77 K. At both 77K and room temperature, the 

composite shows less than 1 dB of shielding. Since 85 volume percent is the highest 

ceramic loading achieved in a YBCO/polymer 0-3 composite, it is expected that no 

other superconductor/polymer 0-3 composite will shield. To verify this, a well 

consolidated composite, a 50 volume percent YBCO/PMMA 0-3 composite was tested 

and it demonstrated no shielding capability. The highest possible repulsive force from 

a 0-3 composite was estimated by measuring the repulsive force of YBCO powder and 

BPSCCO powder compactions, and neither powder compaction demonstrated any 

reduction in signal power across the two matched coils. These results suggest that, 

regardless of ceramic loading, superconductor/polymer 0-3 composites can not 

provide effective shielding. 

YBCO/Silicone 2-3 Composites 

Figure 5.25 also shows the low frequency shielding effectiveness of bulk 

YBCO, silicone, and three YBCO/silicone 2-3 composites at liquid nitrogen 

temperatures. These three composites were made with YBCO ceramic tapes from the 

same batch; thus, the tapes have the same thickness and critical current density. The 

difference between the composites is the size of the ceramic tapes in the silicone 

matrix. The outer diameter of the coil is 19.34 mm, and the tapes in the YBCO 

tapes/silicone composite are larger than 20 mm; thus, they completely block the 

measurement detector. The large tape pieces are on average 10 mm and the small tape 

pieces are 5 mm, on average, in the tape pieces/silicone composites. Since an 

98



  

——tF— Bulk YBCO ——*# — 3-3 Composite 
    

  

    

40 + 

30 + . 

S.E. (dB) 20 | ae 

Yo 
10 + 

0 | — 

100 1000 10000 100000 
Frequency (kHz) 
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individual small or large ceramic tape piece provides no reduction in signal power 

across the two coils, the shielding provided by the composites with small or large 

ceramic tape pieces results from the ceramic tape pieces working together. Thus, a 

discontinuous ceramic phase/polymer matrix composite can provide effective shielding 

at low frequencies and cryogenic temperatures. At room temperature, the 

YBCO/silicone 2-3 composites do not provide any shielding. 

High Frequency 
Bulk YBCO 

Copper, steel, a carbon filled perfluoroelastomer, and Teflon were used to 

verify that the waveguide device could be used to compare microwave shielding 

effectiveness of materials with varying electromagnetic properties. This verification is 

described in Appendix I, and the shielding effectiveness of these four materials in 

liquid nitrogen is shown in Figure 5.26. In liquid nitrogen, copper has a shielding 

effectiveness of 70-80 dB, which is the limit of the measurement device in liquid 

nitrogen; therefore, it shields more than 99.99999% of the incident power and is an 

excellent shield at microwave frequencies. Once verification was completed, the 

waveguide device was used to characterize a 2.4 mm bulk YBCO disk. Its shielding 

effectiveness, shown in Figure 5.27, is 70-80 dB, which is the limit of the 

measurement device in liquid nitrogen. At cryogenic temperatures, 2.4 to 5.8 mm 

thick YBCO disks are all equivalent to copper in microwave shielding effectiveness; 

therefore, YBCO is an excellent shield at liquid nitrogen temperatures and microwave 

frequencies. 

YBCO/IPMMA 3-3 Composites 

The shielding effectiveness of a 5 mm thick 76% dense YBCO disk before and 

after infiltration with PMMA is shown in Figure 5.28. The shielding effectiveness of 

the two samples overlap demonstrating that the polymer infiltration does not effect the 

microwave shielding capability of this material, which is consistent with the low 

frequency results; thus, a continuous ceramic phase/polymer composite is an excellent 

shield at microwave frequencies and cryogenic conditions. 
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Superconductor!Polymer 0-3 Composites 

A 50 vol% YBCO/PMMA 0-3 composite provides less than 10 dB of shielding 

as shown in Figure 5.29. Regardless of the ceramic loading, polymer matrix, or 

ceramic superconductor, the superconductor/polymer 0-3 composites does not 

demonstrate shielding greater than 12 dB, which is seven orders of magnitude lower 

than the shielding effectiveness of bulk YBCO. In addition, the shielding 

effectiveness of the superconductor/polymer 0-3 composites is the same at 77K and at 

room temperature which is evidence that the 10 dB of shielding is not a 

superconducting phenomenon. 

YBCO/Silicone 2-3 Composites 

Several YBCO/silicone 2-3 composites provide shielding at low frequencies; 

therefore, the shielding effectiveness of a silicone matrix composite with small tapes, 

approximately 5 mm in diameter, was measured in the microwave range, and the 

results are shown in Figure 5.29. This composite shows the lowest shielding 

capability of all YBCO/silicone 2-3 composites at low frequencies, and it still provides 

shielding at microwave frequencies. In this frequency range, the shielding 

effectiveness is approximately 40 dB, which is lower than that of bulk YBCO but 

_ much higher than any YBCO/polymer 0-3 composite and higher than its shielding 

effectiveness at room temperature. This confirms the low frequency result that a 

YBCO/polymer 2-3 composite can provide superconducting shielding, but it is not as 

effective as a bulk superconductor or a superconductor/polymer 3-3 composite. 

Processability 

One of the disadvantages of bulk superconductors is the difficulty in 

processing. Making YBCO/PMMA 3-3 composites requires that a bulk 

superconductor be made first; thus, YBCO/PMMA 3-3 composites offer no processing 

advantage. The polymer matrix composites can be processed more easily using typical 

processing techniques such as extrusion or injection molding. Unfortunately, not all 

superconductor/polymer 0-3 composites can be processed well. The densities, open 

porosities, and surface appearances of superconductor/polymer 0-3 composites were 

discussed in the structure section, and these results can be used to compare 

processability of these composites. Immediate evidence of a well consolidated plaque 

is a smooth surface resulting from a thin polymer layer. The superconductor/polymer 
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0-3 composites with 50 vol% YBCO or BPSCCO have this characteristic. A second 

indication of processability is the density or open porosity of the composites. A large 

open porosity is evidence of difficulty in processing a well consolidated plaque. For 

YBCO/PMMA 0-3 composites, the composite with 50 vol% ceramic has the best 

surface appearance and the lowest open porosity; thus, it is the easiest to process. The 

remaining YBCO/PMMA 0-3 composites have larger open porosities, as shown in 

Figure 5.10, and dull, flaky surfaces which are evidence of the difficulty in 

processing. A third indication of the processability is the modulus of the composite. 

The rule of mixtures predicts that the modulus of well processed ceramic/polymer 0-3 

composites will be between the modulus of the ceramic and polymer. The 

experimentally determined moduli of bulk YBCO, PMMA, and YBCO/PMMA 0-3 

composites are shown in Figure 5.30. The modulus of molded PMMA is ~ 2.68 GPa; 

whereas, the modulus of bulk YBCO in this study is between 3 and 6.5 GPa, and the 

reported modulus for bulk YBCO with 40% to 10% porosity is < 5 to 40 GPa.34 The 

YBCO/PMMA 0-3 composites with 60 and 70 volume percent YBCO have moduli 

below that of either PMMA or YBCO which is evidence of the poor processability of 

these composites. Composites with 40 or 50 volume percent YBCO have higher 

moduli, which are between the modulus of PMMA and the modulus of 90% dense 

YBCO. This is consistent with the increase in processability of these composites. In 

summary, 50 vol% YBCO/PMMA 0-3 composites are the easiest YBCO/PMMA 

composites to process in terms of surface appearance, open porosity, and modulus. 

The 60 vol% and 70 vol% YBCO/PMMA 0-3 composites are more difficult to 

process, and, as a result, they are more fragile, which will be discussed in the 

following section. 

The effect of polymer particle size on the processability of 60 vol% 

YBCO/PMMA 0-3 composites is quantified by the density of these composites, which 

is shown in Figure 5.12. Milling the polymer created a bimodal particle size 

distribution which increased the density of the molded composite, and a higher density 

is evidence of a better consolidated plaque. In fact, to incorporate more than 60 

volume percent YBCO into the composite, milling the polymer was essential. If the 

polymer was not milled, a composite with more than 60 volume percent ceramic fell 

apart when it was removed from the mold. The bimodal polymer particle size 

distribution increased the packing efficiency between the ceramic and polymer particles 
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which allowed more polymer to contact the ceramic powder; thus, less polymer was 

required to mold a well consolidated composite. 

All of the YBCO/polymer 0-3 composites with 50 volume percent ceramic have 

a smooth surface finish and low open porosity. In summary, they are easier to 

process. However, increasing the volume fraction of ceramic decreased the 

processability of the superconductor/polymer 0-3 composites. As discussed 

previously, PE and PP do not have side groups to provide dipole interaction with the 

ceramic particles; thus, they do not adhere well to the ceramic particles or to other 

polymer chains, making it difficult to incorporate more than 60 volume percent ceramic 

into these polymer matrices. Thus, the processability of these composites is lower 

than that of PMMA matrix composites. 

The BPSCCO/PMMA and BPSCCO/PP 0-3 composites are processed well as 

evidenced by the smooth surface appearances and low open porosities. The percent 

open porosity of the 50 vol% BPSCCO/PMMA 0-3 composite is 2.32%, and the 50 

vol% BPSCCO/PP 0-3 composite has 2.78% open porosity. 

Mechanical Performance 

Bulk YBCO and YBCO/PMMA Composites 

The mechanical performance of YBCO varies considerably. The results for 

YBCO samples with densities from 63% to 90% are shown in Figures 5.31 and 5.32. 

Infiltrating 63% to 80% dense bulk YBCO samples with PMMA increases the strength 

and toughness, as shown in the same figures; however, the modulus is not 

significantly changed from the average of 4.5 GPa. The polymer fills the pores and 

cracks which cause brittle fracture; thus, more energy is required to break the samples. 

A higher toughness was expected for a polymer matrix composite with the 

same volume fraction of ceramic; however, this is not realized. The toughness and 

strength of 70 vol% YBCO/PMMA 0-3 composites, shown in Figures 5.31 and 5.32, 

are lower than that of YBCO/PMMA 3-3 composites. The 70 volume percent 

YBCO/PMMA 0-3 composites are not well consolidated, as evidenced by the open 

porosities, dull surfaces, and low moduli; thus, they have brittle fracture at low loads. 

Since the modulus and strength decreases with increasing volume percent ceramic and 
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the elongation to failure remained approximately constant, the toughness also 

decreases. 

mic rconductor/Polymer 0-3 Composite 

Figure 5.33 shows the strength and toughness of 50 vol% YBCO/polymer 0-3 

composites with PEEK, PE, PMMA, and PP. Composites with PEEK and PE failed 

cohesively, which is evident from the SEM of cross sections of these composites 

shown in Figure 5.5. The YBCO/PE 0-3 composite has polymer on the ceramic 

particles which is evidence that the composite failed by polymer fracture. Similarly, 

the PEEK in the YBCO/PEEK 0-3 composite in Figure 5.5d is deformed which is 

evidence that some polymer elongation occurred before fracture. The interphase in 

these composites is stronger than the polymer which is why the composites failed 

cohesively and have a relatively high toughness. This was expected for the 

YBCO/PEEK composites since they have carbonyl functionality to provide dipole 

interaction between the polymer chains and ceramic particles; however, it was not 

expected for the YBCO/PE 0-3 composites. PE has no side groups to provide dipole 

interaction between the polymer chains and ceramic particles; thus, good adhesion was 

not expected. Since the interphase is not the cause of failure, the PE adheres more to 

the ceramic than to other polymer chains. The strength of these composites is very 

low because the strength of PE is low; thus, the interface is not necessarily strong, just 

stronger than the adhesion between PE chains. The strength of the YBCO/PEEK 0-3 

composite is higher than that of the YBCO/PE composite because PEEK is a stronger 

polymer. The SEM of the fracture surfaces of YBCO/PMMA and YBCO/PP 0-3 

composites provide evidence of adhesive failure since the ceramic particles have no 

polymer adhering to them. In these composites, the polymer is stronger than the 

interphase; thus, the polymer did not elongate before interface failure and the 

toughness is low. Since the strength of the YBCO/PMMA 0-3 composites is higher 

than that of the YBCO/PP 0-3 composites, the interphase in the YBCO/PMMA 0-3 

composites is stronger . 

The strength and toughness of YBCO/PE 0-3 composites as a function of 

volume fraction of ceramic is shown in Figure 5.34. In these composites, the 

modulus increases with increasing volume fraction of ceramic; therefore, unlike the 

YBCO/PMMaA 0-3 composites, the strength increases with the volume fraction of 
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Figure 5.33. Strength and toughness of 50 vol% YBCO/polymer composites with 
various polymers. 
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Figure 5.34. Strength and toughness versus volume fraction of YBCO in 
YBCO/PE 0-3 composites. 
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ceramic. As the amount of PE decreases, the local PE strains are higher during the 

three-point bend test; therefore, the composite's elongation to failure is lower and the 

toughness decreases. 

The mechanical properties of 50 vol% YBCO/PMMA 0-3 composites made 

with small ceramic particles are lower than those of similar composites with large 

ceramic particles. The strength and toughness of composites with small YBCO 

particles are 21.1 MPa (SD = 3.51 MPa) and 11.33 kJ/m3 (SD = 2.59 kJ/m3) 

compared to 47.77 MPa (SD = 8.1 MPa) and 22.71 kJ/m3 (SD = 3.23 kJ/m3) for 

composites with large YBCO particles. The composites with the small ceramic 

particles have a larger interphase region since the ceramic particles have a greater 

surface area for a given volume fraction. Since adhesive failure occurs in these 

composites, the increase in interphase area decreases the mechanical properties. The 

BPSCCO particles are ~ 15 microns or on the same order of magnitude of the large 

YBCO particles, less than 38 microns; therefore, the interphase region in 

YBCO/polymer and BPSCCO/polymer 0-3 composites should be on the same order of 

magnitude. BPSCCO/PMMA 0-3 composites with 50 volume percent ceramic were 

mechanically tested. These mechanical properties have very large standard deviations 

and are not significantly different from 50 vol% YBCO/PMMA 0-3 composites. The 

strength, modulus, and toughness of the BPSCCO/PMMA 0-3 composites are 35.83 

MPA (SD = 21.54 MPa), 3.80 GPa (SD = 2.77 GPa), and 19.72 kJ/m3 (SD = 11.25 

kJ/m3). 

The ease of processing and mechanical performance of the bulk 

superconductors and superconductor/polymer composites are manifested in the 

machinability results, which will be discussed in the following section. 

Machinability 

The results from the machinability study are summarized in Table 5.2. The 

surface finish is qualified by the following five adjectives: excellent, good, average, 

fair, and poor. Photographs of examples of each of these surface finishes are shown 

in Figure 5.35. The waste material is qualified by its size: spiral shavings, large or 

small chips, or powder. Details of the machinability results are described below. 
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Chart 5.2. Machinability of bulk superconductors and superconductor/polymer 
composites. 

  

  

Sample Surface Finish* Waste Material** 

Bulk Superconductors 
YBCO Poor Very fine powder 
BPSCCO Fair Very fine powder 

YBCO/PMMA 3-3 Composite Average Powder 

YBCO/PMMA 0-3 Composites 
40 vol% YBCO Average Small chips 
50 vol% YBCO Excellent Large chips/spiral shaving 
60 vol% YBCO Good Small chips 
70 vol% YBCO Poor Fine powder 
80 vol% YBCO Poor Very fine powder 

50 vol% YBCO/Coated Average Smail chips 

50 vol% YBCO/polymer 0-3 Composites 
PMMA Excellent Large chips/spiral shaving 
PE Excellent Agglomerates on blade 
PP Good Chips/spiral shaving 
PEEK Good Chips 

50 vol% BPSCCO/polymer 0-3 Composites 
PMMA Good Chips 
PP Average Chips 

  

  

*Surface Finish: Excellent, Good, Average, Fair, Poor 
**Waste Material: Long center piece, Chips, Powder 
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Figure 5.35. Machined washers with (a) excellent, (b) good, (c) average, (d) fair, and (e) poor surface quality (all disks have a one inch diameter). 
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Bulk Superconductors 

A 90% dense bulk YBCO sample broke while it was being machined into a 

circle; thus, a second bulk sample was machined into a 1" disk at a slower feed rate, 

then a hole was drilled in its center. This was the only sample machined at a slower 

rate, and the resulting structure did not break, but due to the brittleness of YBCO, it 

has large chips on its outer edges and in the center hole. The BPSCCO bulk sample, 

shown in Figure 5.35d, was machined with the original feed rate, and it has smooth 

edges with a few large chips on the inside and outside edges. Among all the samples, 

this is considered a fair surface finish due to the large chips. The waste material from 

both bulk superconductors is a very fine powder, which would have some abrasive 

effect on a cutting tool other than diamond. A 75% dense YBCO sample was also 

machined into a washer, and like the 90% dense YBCO sample, it has smooth edges 

with some large chips. In addition, a crack on the top of the sample formed, but it did 

not cause catastrophic failure. The waste material is a fine powder. Overall, pure 

ceramic samples can be machined with smooth edges, but large chipping and cracking, 

possibly leading to catastrophic failure, occur because the samples are so brittle. 

YB MMA 3-3 Composit 

A 76% dense YBCO disk was infiltrated with PMMA, and approximately 75% 

of its open porosity was filled with polymer. The resulting YBCO/PMMA 3-3 

composite has improved strength and toughness compared to pure YBCO, which is 

reflected in the machinability. The outer edges of this sample are smooth with some 

chipping, but compared to a pure 75% dense YBCO sample, the chips in the infiltrated 

YBCO disk are smaller as shown in Figure 5.35c. The composite sample has a crack 

on its top surface, but it did not break into two pieces. In addition, the waste material 

is a powder, which would wear a typical cutting blade. Overall, an infiltrated YBCO 

disk has smaller chips on its edges and is less likely to catastrophically fail during 

machining compared to bulk YBCO. 

YBCO/Polymer 0-3 Composites 

YBCO/PMMA 0-3 Composites 

YBCO/PMMaA 0-3 composites with 70 and 80 volume percent ceramic were 

manufactured to make a comparison between YBCO/PMMA 0-3 and 3-3 composites 

with equivalent amounts of ceramic. The machined YBCO/PMMA 3-3 composite was 
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a 76% dense YBCO disk prior to infiltration, and its machinability is better than that of 

the 70% or 80% YBCO/PMMA 0-3 composites in terms of surface finish quality and 

waste material. The machined surface of the 70% YBCO/PMMA 0-3 composite is 

poor. It has rough edges and a big chip in the center hole, as shown in Figure 5.35e. 

In addition, the waste material is a very fine powder indicative of the difficulty in 

machining this sample. The 80 vol% YBCO/PMMA 0-3 composite, which is even 

more difficult to machine, has rough, frayed edges with many chips, and most 

importantly, is very weak. Most of the samples came off the aluminum block at the 

glue interface, but the 80 vol% YBCO/PMMaA 0-3 composite broke, leaving part of the 

sample attached to the aluminum mount. This demonstrates the poor mechanical 

integrity of the 80 vol% YBCO/PMMaA 0-3 composite. It is weaker than the glue 

interface, and machining a weak sample, without catastrophic failure, is difficult. 

The YBCO/PMMaA 0-3 composites with 40 to 60 volume percent ceramic have 

better processability and better mechanical properties than the composites with 70 and 

80 volume percent ceramic, and this is manifested in the machinability. The 60 vol% 

YBCO/PMMaA 0-3 composite have smooth edges with one chip in the center hole, 

similar to the 50 vol% YBCO/PP 0-3 composite, shown in Figure 5.35b. The 50 

vol% YBCO/PMMA 0-3 composite machines the best of all the YBCO/PMMA 

composites. Its machined finish is excellent: it has smooth, sharp edges as shown in 

Figure 5.35a. Further evidence of the good machinability is the waste material from 

the center hole. In general, the larger the waste pieces, the easier the piece is to 

machine. The waste from the bulk ceramic samples is powder and that from the 60 

vol% YBCO/PMMA 0-3 composite is small chips. The waste material from drilling a 

hole in the 50 vol% YBCO/PMMA 0-3 composite is one long spiral shaving which 

demonstrates the ease with which this sample is machined. The 40 vol% 

YBCO/PMMA 0-3 composite has smooth outer edges, but the center hole is rough and 

there are a few small chips. 

A 50 vol% YBCO/PMMA 0-3 composite, coated with PMMA, was also 

machined into a washer geometry. It has a good surface finish on the outer edges; 

however, there are chips in the center hole. The waste material from drilling is chips, 

not one long spiral shaving similar to that from the uncoated sample. Overall, the 

machinability of the coated 50 vol% YBCO/PMMA 0-3 composite is average among 
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all the samples in this study, and the uncoated 50 vol% YBCO/PMMA 0-3 composite 

has the best machinability. 

YBCO/PE, YBCO/PP, and YBCO/PEEK 0-3 Composites 

YBCO/polymer composites with 50 volume percent of PE, PP, or PEEK were 

machined and compared to the machinability of a 50 vol% YBCO/PMMA 0-3 

composite. The 50 vol% YBCO/PE 0-3 composite has an excellent surface appearance 

similar to the photograph in Figure 5.35a. It is smooth, with no evidence of chipping 

or cracking. While machining the YBCO/PE composite into a disk, the waste material 

agglomerated and stuck to the cutting blade. If more intricate shapes or larger pieces 

were machined, the agglomerated waste material would hinder machining. The inner 

circle of the YBCO/PE 0-3 composite drilled nicely, with a smooth finish. The 

machinability of the 50 vol% YBCO/PP 0-3 composite is comparable to that of the 50 

vol% YBCO/PMMaA 0-3 composite in terms of waste material; however, its surface 

finish is good, not excellent. The waste material from cutting a 1" circle is large chips, 

and the waste from drilling is one long shaving. The machined surface is very 

smooth, but there is one chip in the center hole, as shown in Figure 5.35b. The 50 

vol% YBCO/PEEK 0-3 composite also has good machinability. The surface 

appearance of the composite is equivalent to that of the YBCO/PP composite in that 

there is one chip in the center hole; however, the waste material from drilling the center 

hole is chips, not shavings. Overall, the 50 vol% YBCO/PMMA 0-3 composites have 

the best machinability, followed by the YBCO/PP then YBCO/PEEK 0-3 composites. 

The YBCO/PE 0-3 composites machined very well, but they have one major 

drawback: the waste material agglomerated on the cutting blade. 

BPSCOO/Polymer 0-3 Composites 

BPSCCO/polymer 0-3 composites with 50 volume percent polymer, either 

PMMA or PP, were also machined. The BPSCCO/PMMA 0-3 sample machined off 

in chips, and it has a smooth surface finish with one chip in the center hole. The 

BPSCCO/PP sample has a lower machinability than the BPSCCO/PMMA 0-3 

composite in terms of machined surface quality and waste material. Its outer edge is 

very good, but the center hole is rough. The 50 vol% YBCO/PP 0-3 composite is 

better than the 50 vol% BPSCCO/PP 0-3 composite in terms of machined surface 

quality. 
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Environmental Resistance 

The primary figure of merit in the environmental resistance study is the percent 

drop in repulsive force after exposure to one of three environments: water, humidity, 

or thermal cycling. The changes in repulsive force after water and humidity exposures 

are similar; thus, these results are averaged together and the cycling results are reported 

separately. Since the standard deviation in measuring the repulsive force was +/- 5%, 

a difference of more than 10% is required to consider two samples significantly 

different from one another. The results for the environmental resistance study are 

summarized in Appendix II. It includes the percent drop in repulsive force for all 

samples after exposure to water/humidity and thermal cycling environments. The 

details of these results are discussed below. 

Bulk Superconductors 

The percent drop in repulsive forces for the bulk superconductors after 

exposures are shown in Figure 5.36. The 90% dense YBCO samples demonstrates 

excellent resistance to water and humidity, with less than a 5% change in repulsive 

force. Some of the 63% and 74% dense YBCO samples fell apart during the water 

exposure, and they had to be pieced together to measure the repulsive forces, which 

drops more than for the 90% dense disks. In addition, thickness of the 74% dense 

disks after the humidity exposure increases by an average of 37%; whereas, the 90% 

YBCO samples have less than 5% change in thickness or weight after either exposure. 

The 63% dense YBCO samples have the largest drop in repulsive force, 48.9%, for 

the bulk superconductors. A white film formed on the surfaces of the YBCO disks 

which is evident in the photographs, shown in Figure 5.37, of 90%, 74%, and 63% 

dense disks after exposure to the water environment. This white film was scraped off 

of one sample and examined by infrared spectroscopy [IR] and x-ray photoelectron 

spectroscopy [XPS] to be a barium rich compound. According to Barkatt, the 

degradation of YBCO begins by the formation of barium deposits on the sample 

surface; thus, the white precipitates are evidence that degradation of YBCO began in ail 

samples.38 The high porosity of the 63% and 74% dense samples provides additional 

pathways for the water; thus, the degradation process occurs over a larger surface area 

and is more severe than in the 90% dense samples. The BPSCCO samples, which are 

~ 63% dense, perform better than the 63% or 74% dense YBCO samples in terms of 

the change in repulsive force. BPSCCO is more environmentally stable than YBCO; 
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Figure 5.36. Environmental resistance of bulk superconductors after 
water/humidity and thermal cycling exposures. 
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Figure 5.37. Photographs of (a) 90%, (b) 74%, and (c) 63% dense bulk YBCO 

disks after water exposure. 
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thus, this is expected.38 The percent drops in repulsive force for the bulk 

superconductors after thermal cycling are also shown in Figure 5.36. For the YBCO 

samples, the degradation due to cycling is more severe than that caused by water or 

humidity exposures. In fact, most of the 63% and 74% dense YBCO samples fell 

apart and were pieced together to measure the repulsive force. 

YB MMA 3- mposit 

YBCO disks were infiltrated with PMMA or coated with PMMA in the 

environmental resistance study. The drops in repulsive force for these composites 

after exposure to water/humidity and cycling are shown in Figure 5.38. Infiltrating a 

74% dense disk improves its overall environmental resistance; however, coating the 

74% dense disks has little effect. Like the 74% bulk YBCO samples, approximately 

half of the coated 74% dense YBCO disks fell apart during exposure. A PMMA 

coating affords no protection for the 90% dense YBCO disks during cycling either. 

The coefficient of thermal expansion for YBCO is two orders of magnitude higher than 

that for PMMA. The difference in expansion and contraction during thermal cycling 

causes the coating to crack and fall off the ceramic disks; therefore, the PMMA is not 

encapsulating the ceramic during the entire cycling exposure. During the water and 

humidity exposures, water vapor is able to get between the ceramic and polymer 

coating; thus, the PMMA coating peels off. Although the coatings provide little to no 

protection from the environment, the infiltrated YBCO samples have a tremendous 

improvement in resistance. None of them fell apart after any exposure, and the percent 

drop in repulsive force is greatly reduced. For example, after water and humidity 

exposures, the repulsive force of 74% dense infiltrated samples drops 4.2% compared 

to 32.5% for 74% bulk YBCO disks, and the repulsive force of 63% dense infiltrated 

samples drops 19.1% compared to 48.9% for 63% bulk YBCO disks after the same 

exposure. 

YBCO/PMMA 0-3 Composites 

The environmental resistance of the superconductor/polymer 0-3 composites 

has a strong correlation to the open porosity of the samples. Figure 5.39 shows the 

drop in repulsive force of YBCO/PMMA 0-3 composites after exposure to water and 

humidity for uncoated and coated samples and the percent open porosity of these 

composites. The composites with 50 volume percent ceramic, which have less than 
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1% open porosity, have the lowest drop in repulsive force. They have smooth surface 

finishes resulting from a thin polymer layer that provides protection against 

atmospheric components; therefore, coating the samples with an additional polymer 

layer has little effect. The composites with 60 and 70 volume percent YBCO have 

dull, flaky surfaces and large open porosities. These characteristics are evidence of 

poor processing and indications of poor environmental resistance. Since a thin 

polymer layer does not form on these composites during molding, the degradation is 

more severe than in the 50 vol% YBCO/PMMA 0-3 composites, and coating the 60 

vol% and 70 vol% YBCO/PMMaA 0-3 composites improves their environmental 

resistance. The 40 vol% YBCO/PMMA 0-3 composite have smooth surface finishes; 

however, they are very porous which provides access for the water and water vapor to 

reach the ceramic. This results in degradation, as evidenced by white precipitates on 

the surface and the low environmental resistance. The drop in repulsive force is 

reduced by coating the composites; however, the PMMA does not adhere as well to 

these composites as it does to the 60 and 70 vol% YBCO/PMMA 0-3 composites so 

the improvement in environmental resistance is not as great. 

Since the open porosity of the samples affects the environmental resistance, it 

is expected that the milling, which was shown previously to affect the open porosity or 

density of the composites, will have an effect on the environmental resistance. This is 

demonstrated in Figure 5.40 which shows the drop in repulsive force after water or 

humidity exposure for 60 vol% YBCO/PMMA 0-3 composites. The composites made 

with a ceramic and polymer blend that was milled together for two hours has the 

highest density and, as expected, the lowest drop in repulsive force. Unfortunately, 

the particle size of the ceramic powder was reduced during milling; so, the repulsive 

force, 1.52 mN, is lower than in the composite made with milled polymer. In fact, 

after exposure, the repulsive force of a composite made with milled polymer drops 

42%, and it is still higher than the initial repulsive force of a composite made with 

milled polymer and ceramic. The composite made without any milling has the highest 

drop in repulsive force and the corresponding lowest density. 

YBCO/PE and YBCO/PP composites were made to take advantage of the 

hydrophobic nature of these polymers in the environmental resistance of 

YBCO/polymer 0-3 composites. To compare the environmental resistance of 
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composites made with these three polymers, 50 vol% YBCO/polymer composites 

were made and characterized, and the drops in repulsive force after the composites 

were exposed to water and humidity are shown in Figure 5.41. Poly(ethylene) matrix 

composites have the best environmental resistance as the drop in repulsive force is less 

than 5%. On the other hand, the PP matrix composites crumbled during the humidity 

exposure; so, the 27.4% drop reported in Figure 5.41 represents the drop after only 

the water exposures, and it is higher than the drop for PMMA or PE composites with 

50 volume percent YBCO. 

To verify that the porosity of the YBCO/polymer composites affects the 

environmental resistance, YBCO/PE composites with 40 to 60 volume percent ceramic 

were environmentally tested, and the drop in repulsive force after these composites 

were exposed to water and humidity is shown in Figure 5.42. The open porosity of 

these composites is shown on the same graph to demonstrate the importance of the 

open porosity on the environmental resistance. The 60 vol% YBCO/PE 0-3 composite 

has a much higher open porosity than the 40 vol% and 50 vol% YBCO/PE 0-3 

composites and a corresponding increase in the drop in repulsive force after exposure. 

These composites are coated with PE and tested for environmental resistance. Since 

the drops for composites with 40 and 50 volume percent YBCO are less than 5%, the 

coatings have no measurable effect. Water and water vapor was able to get between 

the coating and the 60 vol% YBCO/PE 0-3 composite sample; thus, the coating peeled 

off during the exposures and provides little protection. 

BPSCCO/polymer composites with 50 vol% PMMA or PP were made and 

exposed to all three environments, and the results are shown in Figure 5.43. The 

BPSCCO/PMMA composites perform better than the BPSCCO/PP composites, which 

is consistent with the results for YBCO/polymer composites. After water and 

humidity exposures, the composites with BPSCCO perform ~ 5% better than the 

composites with YBCO, which is not significant given the precision of these 

measurements.; however, after cycling, the drop in repulsive force for 

BPSCCO/polymer 0-3 composites is approximately one third the drop for YBCO 

composites. For example, 50 vol% ceramic/PP composites made with YBCO have a 

53.1% drop in repulsive force and those made with BPSCCO have a 14.7% drop after 

thermal cycling. This is attributed to the higher environmental stability of BPSCCO as 
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Figure 5.41. Environmental resistance after water/humidity exposure for 50 vol% 
YBCO/polymer 0-3 composites with different polymers. 
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Figure 5.43. Environmental resistance of 50 vol% BPSCCO/PMMA and 50 vol% 
BPSCCO/PP 0-3 composites after exposure to water/humidity and 
thermal cycling. 
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compared to YBCO. As stated earlier, 63% dense bulk BPSCCO samples have a 

lower drop in repulsive force than 63% or 74% bulk YBCO samples. 
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VI. DISCUSSION 

Processing 

Ceramic superconductor/polymer composites can be processed by several 

methods into three different composite structures, 3-3, 0-3, and 2-3 composites, based 

on the phase connectivity in the composites. The YBCO/PMMA 3-3 composites offer 

no processing advantage since a bulk YBCO sample must be manufactured first; 

however, these composites have improved mechanical performance and therefore can 

be more easily machined into complex shapes. In order to improve mechanical 

performance and machinability of bulk YBCO by polymer infiltration, the bulk YBCO 

must have open porosity which can be filled with a monomer, such as methyl 

methacrylate, which can be subsequently polymerized. Unfortunately, the open 

porosity lowers the critical current density and diamagnetic strength of the sample. In 

addition, the open porosity provides access to atmospheric components such as carbon 

dioxide and water which cause degradation; however, polymer infiltration improves 

the environmental resistance so that the drop in repulsive force after the composite is 

exposed to water, humidity, or thermal cycling is equivalent to the drop for a 90% 

dense YBCO sample and much lower than the drop for a 74% dense YBCO sample. 

One of the primary driving forces for studying superconductor/polymer 0-3 

composites is the improvement in processability. Other motivations are improved 

mechanical performance, machinability, and environmental resistance. Previous 

researchers processed superconductor/polymer 0-3 composites which have 

demonstrated the Meissner effect; however, this study demonstrates that not all 

superconductor/polymer 0-3 composites have improved mechanical performance, 

machinability, and environmental resistance over bulk YBCO, as expected. Ifa 

superconductor/polymer 0-3 composite is processed well, as determined by open 

porosity, surface appearance, and modulus, then it has improved mechanical 

performance, machinability, and good environmental resistance, compared to bulk 

YBCO. In this study, all of the superconductor/polymer 0-3 composites with 50 

volume percent YBCO processed into well consolidated composite structures and 
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demonstrated good mechanical performance, machinability, and environmental 

resistance. Composites with higher volume fractions of ceramic are desired for good 

electrical and magnetic performance; however, the only composite in which more than 

60 volume percent YBCO could be incorporated is a PMMA matrix composite. The 

70 and 80 vol% YBCO/PMMaA 0-3 composites do demonstrate higher diamagnetic 

strengths than the composites with 40 to 60 volume percent ceramic, but they are not 

well consolidated, and as a result, have poor mechanical integrity and environmental 

resistance. Good environmental resistance can be achieved by encapsulating the 

sample with a polymer; however, the polymer coating provides no improvement in 

machinability or mechanical properties. 

All of the 50 vol% YBCO/polymer 0-3 composites have the same repulsive 

force, but the PE matrix composites have the overall best properties. They have the 

best environmental resistance, great mechanical performance, and excellent machined 

surfaces. The only disadvantage is the agglomeration of the waste material onto the 

cutting blade during machining. Cooling the blade and sample with a very cold fluid, 

that evaporates quickly at room temperature and atmospheric pressure, will lower the 

sample temperature closer to its glass transition and alleviate agglomeration of waste 

material. For composites with equivalent volume fractions of ceramic, the 

YBCO/polymer 0-3 composites have a higher repulsive force than the 

BPSCCO/polymer 0-3 composites. There is no difference in mechanical performance 

or machinability between the two types of composites, and only a very slight 

improvement in environmental resistance for BPSCCO/PP 0-3 composites after 

cycling. Thus, the YBCO/polymer 0-3 composites are superior to the 

BPSCCO/polymer 0-3 composites based on the differences in diamagnetic strength. 

YBCO/polymer 2-3 composites are manufactured to take advantage of the 

formability of polymer matrix composites while changing the connectivity of the 

superconducting phase to improve the electrical/magnetic properties of the composite. 

The primary disadvantage of this composite structure is cracking caused by the 

difference in the coefficients of thermal expansion between the two phases and the 

resulting stress due to the adhesion between the two phases. A silicone matrix, which 

has a low modulus and poor adhesion to the ceramic phase, develops very little stress 

in a YBCO/silicone 2-3 composite when it is placed in liquid nitrogen so cracking does 
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not occur. The volume fraction of each phase in these composites is not controlled; 

therefore, mechanical performance and machinability results are not reported. The 

composites do have mechanical integrity during handling and cycling in liquid 

nitrogen, and they withstood the water and humidity exposures without degradation. 

Resistance versus Temperature 

Only the superconductor/polymer composites in which the ceramic phase was 

sintered together demonstrate a drop in dc resistance to zero. These results are 

consistent with the majority of the results reported in the literature. There are several 

proposed explanations for the absence of zero resistivity in superconductor/polymer 0- 

3 composites. One reason is that the ceramic particles are not contacting each other or 

have insulating layers (i.e. polymer) between them. The following three examples 

demonstrate that this explanation is not satisfactory. First, Sarkar and McNAIford 

have made YBCO powder compactions, without any polymer, that showed 

semiconducting behavior down to 4.2K.13,17 The ceramic particles in these 

compactions were touching, with no polymer interference. Other researchers have 

also verified particle connectivity in superconductor/polymer 0-3 composites by 

electron microscopy and have not measured zero resistivity.27,29 In addition, Fuierer 

made YBCOfsilicone 0-3 composites and characterized them by room temperature dc 

resistance. A percolation curve was generated with a drop in resistivity at ~ 40 volume 

percent ceramic, which is evidence of particle connectivity. Yet, YBCO/silicone 0-3 

composites with more than 40 volume percent ceramic did not demonstrate zero 

resistivity when cooled to 4.2K.29 In each of these examples, ceramic particle 

connectivity existed; therefore, there must be another explanation for the lack of a 

transition to zero dc resistance in these superconductor/polymer 0-3 composites. 

Although particles are touching in superconductor/polymer 0-3 composites, 

there is evidence that the particles are not electrically coupling with each other. In ac 

susceptibility results, a sintered bulk YBCO sample had a large loss component below 

the critical temperature, but a 60 vol% YBCO/PVC 0-3 composite and a YBCO/ 

tetrahydrolfurfuralmethacrylate/oligourethane methacryalate copolymer 0-3 composite 

had negligible changes in loss component below the critical temperature, which is 

believed to reflect the lack of intergranular coupling.17,27 Another theory to explain 

the lack of zero dc resistance is the existence of an insulating or semiconducting 
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surface layer on the particles caused by reaction at the particles’ surface, which could 

explain the particle connectivity yet absence of coupling between particles. 

McNAlford used room temperature resistivities of these composites to demonstrate that 

an insulating or semiconducting layer did exist on the YBCO particles in his 

composites.!7 The room temperature conductivity of these composites was ~ 1/Ohm- 

cm or approximately three orders of magnitude lower than the room temperature 

conductivity of sintered YBCO, 1000 - 2000/Ohm-cm. The conductivity was higher 

than that of the polymer matrix, which is evidence of YBCO particle connectivity, but 

it was much lower than the conductivity would be if the ceramic particles were 100% 

of the pure orthorhombic YBCO phase. This is evidence that a semiconducting layer, 

other than the superconducting orthorhombic phase, formed on the YBCO particles. 

The normal surface layer is the most probable explanation for the absence of zero 

resistivity, despite particle connectivity, in superconductor/polymer 0-3 composites. 

This will inhibit interparticle coupling which limits the critical current density and 

effects the electrical performance. 

Exceeding the critical current density at point contacts is another proposed 

explanation for the lack of zero resistance.17 McNAlford made a composite with 

YBCO particles dispersed in a tetrahydrolfurfuralmethacrylate/oligourethane 

methacryalate copolymer which had zero resistivity at 26K. To test his hypothesis that 

the lack of zero resistance in most superconductor/polymer 0-3 composites resulted 

from the current exceeding the critical current density at point contacts, he measured 

the resistance of this composite with a lower sensing current, and there was no 

difference in the resistance as a function of temperature curve. If the critical current 

density were the limiting factor, the resistance versus temperature curve would have 

shifted with a change in the sensing current. 

There are two researchers that have, as discussed in the literature review, made 

superconductor/polymer 0-3 composites which demonstrated zero resistivity at 15K 

and 26K; however, these results were not reproducible within the same study. One 

composite was BPSCCO/PE, and the second was YBCO ina 

tetrahydrolfurfuralmethacrylate/oligourethane methacryalate copolymer matrix.13,17 

If an insulating or semiconducting layer formed on the superconductor particles and 

inhibits coupling, then this composite would not have demonstrated zero resistivity at 
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any temperature. The resistance of a 92 vol% BPSCCO/PE 0-3 composite initially 

increased on lowering the temperature; then, it leveled off at LOOK and began to drop 

at 80K, finally reaching zero resistivity at 15K.13 The BPSCCO powder has a higher 

environmental resistance than YBCO and was annealed just prior to polymer 

formation; therefore, reaction between the BPSCCO and atmospheric components may 

have been relatively slow so that a thick insulating or semiconducting layer did not 

form. This is supported by the other results reported by Sarkar. For example, 95 

vol% BPSCCO/PE 0-3 composite made after the BPSCCO powder was ground and 

seived did not demonstrate zero resistivity. In fact, the zero resistivity was difficult to 

reproduce in BPSCCO/PE samples. Two other BPSCCO/PE 0-3 composites, made 

with freshly annealed ceramic powder, showed semiconducting behavior down to 

20K, with no drop in resistivity at the transition temperatures, 110K and 65K, of the 

two superconducting phases in the BPSCCO powder. 13 

In order to achieve high critical current densities in YBCO or BPSCCO, special 

processing techniques are required to align the grains and/or pin the flux. In the 

BPSCCO/PE 0-3 composites, the grains were not aligned and the superconducting 

phase had weak links at every particle surface; therefore, a low critical current density 

was expected. In fact, the critical current density of the superconducting BPSCCO/PE 

0-3 composite sample was 17 A/cm2 at 4.2K with 1 microamp current, much lower 

than the minimum critical current density, 105 A/em2, required for practical 

applications.!3 It should be noted that this sample was just two grams; therefore, only 

a few particles would be needed to have electrical connection, especially considering 

that these particles are oblong. The zero resistance could have resulted from 

connectivity of a few particles across the surface and not a bulk property. Even 

though only a few connected particles may have been needed for zero resistance, the 

current must be carried between particles. This could be accomplished by the 

Josephson effect, tunnelling of electrons across a thin insulating surface. 

Two samples of YBCO in tetrahydrolfurfuralmethacrylate/oligourethane 

methacryalate copolymer showed a drop in resistance at 90K with zero resistance 

below 26K.17 The resistance measurements for these YBCO/polymer matrix 

composites were done with a four point measurement with alternating current; 

however, high temperature superconductors never reach zero resistance under 
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alternating current. Although McNAlford reports zero resistivity for two composites 

under ac current below 26K, he provides no details on the measurement or explanation 

for zero resistivity; therefore, the results can not be accepted as accurate. 

In summary, YBCO/polymer 3-3 composites do have zero resistance, but they 

have a lower critical current density than 90% bulk YBCO samples. YBCO/polymer 

0-3 composites do not have a transition to zero resistance at the critical temperature. 

This is due to the lack of electrical coupling between particles which is partially due to 

an insulating or semiconducting layer formed on the surface from reaction with 

atmospheric components. The two examples of transitions to zero resistance are at 

temperatures well below the temperature of liquid nitrogen, which suspends the 

primary advantage of high temperature superconductors. The zero resistivity in these 

small composite samples may result from a Josephson effect across the insulating 

barriers, and it would be difficult to reproduce this effect in large samples, especially 

considering that it is not reproducible in small samples, even within the same study. If 

zero resistance is achieved at very low temperatures, the critical current density is still 

too low to be practical since weak links are at every particle contact. In conclusion, 

YBCO/polymer 0-3 composites are not suitable for current carrying applications. 

Diamagnetic Strength 

The diamagnetic strength of each sample is quantified by measuring its 

repulsive force. This measurement technique is dependent on the distance between the 

sample and magnet as well as the strength and orientation of the magnet; therefore, the 

repulsive force is not an inherent material property and can only be used as a 

comparison tool for samples in this study. 

The repulsive force results from supercurrents, flowing within the penetration 

depth, that create a magnetic field which exactly cancels the external field. If the 

thickness of the superconductor is less than the penetration depth, typically hundreds 

of Angstroms in high temperature superconductors, complete expulsion of magnetic 

field will not occur. The magnetic field which is expelled from a superconductor is 

dependent on many factors, including the strength of the applied magnetic field, the 

critical current density and critical magnetic field, and the size of the superconductor 

sample. Since the critical current density is proportional to the physical density of a 
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sample, a 90% dense YBCO disk has a greater repulsive force than a 63% or 74% 

dense YBCO disk, and a greater repulsive force than a 63% or 74% dense YBCO disk 

infiltrated with PMMA. The YBCO disks also have a higher diamagnetic strength than 

the BPSCCO disks due to the difference in their critical current densities at 77K. The 

size of the superconductor sample also affects diamagnetic strength: a 7 mm thick 

90% bulk YBCO sample has a higher repulsive force than a 4 mm thick 90% bulk 

YBCO sample, and a large YBCO particle will have a larger repulsive force than a 

small YBCO particle, which is important for YBCO/polymer 0-3 composites. 

In superconductor/polymer 0-3 composites, the magnetic field is expelled from 

each particle, except for a thin surface layer, called the penetration depth. For 

equivalent volumes of large and small YBCO particles, the small YBCO particles, 

which have a greater surface area, will have a larger volumetric portion with normal 

resistance. In other words, more volume will have supercurrents circulating within it. 

For example, one 35 micron diameter spherical YBCO particle occupies 22,450 m3. 

Three hundred forty-two spherical particles with a diameter of 5 microns are needed to 

have an equivalent volume of ceramic. If the penetration depth of the high temperature 

superconductors is 250 Angstroms around the entire spherical particle, then the 

nonnormal volume (i.e. the total volume of the particles minus that volume in which 

the supercurrents flow) of a 35 micron diameter particle is 22,350 um3. The 

nonnormal volume of the three hundred forty-two 5 micron particles is 21,720 um3, 

or less than that in one 35 micron YBCO particle. Because there is more nonnormal 

volume in the composites with large particles, the YBCO/PMMA 0-3 composites with 

large YBCO particles have a greater repulsive force than the composites with small 

YBCO particles. In one 3.3 cm square 50 vol% YBCO/PMMaA 0-3 composite, the 

volume of YBCO particles is 2.73 cm3. The superconducting portion of that volume 

for 35 micron YBCO particles is 2.72 cm3 and for 5 micron YBCO particles is 2.64 

cm3 (if the penetration depth is 250 Angstroms, a very conservative estimation). 

There is probably a much greater surface layer that is normal in each YBCO particle 

due to environmental degradation. As previously discussed, the YBCO degrades in 

the atmosphere, so the outermost surface layer is typically insulating or 

semiconducting. As the normal surface layer increases in thickness, the difference in 

superconducting volume for large and small particles is even greater; so, the 

composites will have significant differences in repulsive forces. The difference in 
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diamagnetic strength between the two composites is also related to the critical current 

density. Because each large YBCO particle has a larger nonnormal volume, more 

current can flow within it, leading to a higher critical current density. Because 

individual ceramic particles are not electrically coupled, they are working individually; 

therefore, regardless of the formation of a normal surface layer, the composites with 

large ceramic particles will have a greater repulsive force than composites with small 

ceramic particles. A sintered ceramic disk has an even higher repulsive force because 

there is a greater amount of superconducting material working together to produce a 

higher critical current density, and the insulating or semiconducting surface layer is 

insignificant in bulk samples. 

In summary, we have shown that in addition to critical current density, the size 

of a sample affects the Meissner effect. The YBCO/polymer 3-3 composites have 

lower repulsive forces than 90% dense disks because they have lower critical current 

densities. They also have ~6% lower repulsive force than the same YBCO samples 

prior to infiltration; however, this is attributed to the increase in thickness of the 

sample. Figure 5.19b shows the percent change in repulsive force for infiltrated 

YBCO disks as a function of coating thickness. If the 6% drop for very thin coatings 

were a result of a change in YBCO stoichiometry, the percent change would not 

depend linearly on coating thickness. This is verified by coating two YBCO samples, 

without infiltration, and the percent changes in repulsive force as a function of coating 

thickness fall along the linear curve shown in Figure 5.19b. The 

superconductor/polymer 0-3 composites have a lower diamagnetic strength than bulk 

superconductors or superconductor/polymer 3-3 composites because the amount of 

material working together electrically is smaller. Although the change is not as drastic, 

the YBCO/polymer 0-3 composites with small YBCO particles have a lower repulsive 

force than the composites with large YBCO particles due to the difference in size and 

normal surface layer on the particles. The particles are not coupled electrically: they 

are working individually. 

It is important to realize that magnetic field is completely expelled from each 

particle, except for a thin surface layer called the penetration depth, but the magnetic 

field is not necessarily excluded from the entire sample, especially with 
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superconductor/polymer 0-3 composites. This is important for shielding capability of 

superconductors. 

Shielding Effectiveness 

Shielding is a different phenomenon than the Meissner effect. For complete 

electromagnetic shielding, no electromagnetic waves can penetrate through the 

superconductor. Weak links, such as cracks or grain boundaries, allow 

electromagnetic waves to penetrate and can destroy the shielding capability of the 

sample; whereas, the weak links may lower, but not destroy, the Meissner effect. 

Thus, demonstration of the Meissner effect is not a guarantee of complete shielding. 

As discussed previously, the magnetic field is expelled from the superconducting 

particle, except for the penetration depth. In that penetration depth, the electromagnetic 

waves pass through the particle. If the superconductor sample is smaller than the 

electromagnetic field detector, the electromagnetic waves will circumvent the sample 

without any reduction in signal power. Although no waves pass through the center of 

the sample, they are simply diverted around the sample and detected on the opposite 

side. Likewise, if small superconducting particles are packed together, the 

electromagnetic waves will circumvent the particles, as shown in Figure 6.1. A 

superconducting powder compaction, which has the maximum volume fraction of 

ceramic particles possible in a sample, demonstrates the Meissner effect; yet, it does 

not provide any shielding, which is evidence that superconductor/polymer 0-3 

composites will not provide shielding. The superconductor/polymer 0-3 composites 

have ceramic particles in a polymer matrix, and the electromagnetic waves will be 

expelled from the center of the ceramic particle, but will just go around the particle and 

through the sample. In order for a material to prohibit penetration of electromagnetic 

waves, the sample must not have weak links through which the electromagnetic waves 

can penetrate. Weak links are cracks, voids, and grain boundaries, and eliminating all 

these, even in a >90% dense YBCO sample, is impossible; yet, YBCO still provides 

shielding. 

YBCO provides shielding because it does not rely simply on reflection of 

electromagnetic waves. The electromagnetic waves are absorbed and reflected by the 

superconducting phase. The reflection is due to the Meissner effect, but the 

absorption, which is a requirement for complete shielding, is a result of the high 
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Eiectromagnetic Waves 
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Figure 6.1. Electromagnetic waves penetrating superconducting particles. 
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conductivity and is dependent on critical current density. Conductivity is not 

manifested in a sample until a field is applied, and the conductivity produced in 

superconductors is proportional to frequency. At very low frequencies, very little 

current is produced, and even a 90% dense YBCO sample provides little shielding at 

cryogenic temperatures. The current is also proportional to critical current density; so, 

if a sample has a higher critical current density, it will begin to shield at a lower 

frequency, called the critical frequency. For this reason, the bulk YBCO samples with 

lower diamagnetic strengths have a higher critical frequency and the shielding 

effectiveness versus frequency curves of these samples are shifted to the right 

compared to the curve for the bulk YBCO sample with the highest diamagnetic 

strength, as shown in Figure 5.24. At microwave frequencies, bulk YBCO, 

regardless of density, is an excellent shield. It blocks more than 99.99999% of the 

radiated power. 

In superconductor/polymer 0-3 composites, each superconductor particle 

repels electromagnetic waves from its nonnormal volume, but because its critical 

current density is so small, the electromagnetic waves are not absorbed and just pass 

through the weak links. Thus, regardless of ceramic loading, superconductor/polymer 

0-3 composites will not shield. 

We have made a discontinuous ceramic/polymer matrix composite, a 

YBCO/silicone 2-3 composite, that provides shielding at low frequencies and 

microwave frequencies. In the superconductor/polymer 0-3 composites, the particles 

do not have sufficient critical current density to absorb the electromagnetic waves; so, 

the waves are reflected from the centers of each particle and pass through the volume 

between the particles, including the normal volume of the particles. In 

superconductor/polymer 2-3 composites, the ceramic platelets have sufficient size and 

critical current density to absorb some electromagnetic waves. The schematic in 

Figure 6.2 shows how a polymer matrix composite is capable of providing shielding. 

The signal is applied and partially absorbed by a tape in the top layer of the composite. 

Part of the signal, reduced in power, passes around the tape and is absorbed by the 

second layer of tapes. Still, part of the power may get to the third layer of tapes where 

is will be absorbed, and so on. For a composite to provide shielding, it must have 

sufficient layers to absorb the waves that pass through weak links in the top layers. 
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Increasing the number of weak links, in other words, decreasing the platelet size, will 

lower the shielding effectiveness of the sample. This is verified by the YBCO/silicone 

2-3 composites. 

The YBCO/silicone 2-3 composites have shielding effectiveness curves with 

large shifts to the right compared to bulk YBCO samples. The shielding effectiveness 

versus frequency up to 40,000 kHz for the YBCO/silicone composites have the same 

general trend. This shape is described by the following equation: 

S.E. = Cy * (frequency/C2)C3 * (1 + C4*exp(-C2/frequency)) [7] 

The Cj constant describes the shielding effectiveness at frequencies approaching zero. 

Since shielding currents are not produced to any significance at very low frequencies 

in any sample, all samples will have essentially the same shielding effectiveness, ~ 

1dB, at frequencies approaching zero. The C3 constant describes the shape of the 

curve, and it has the same value, -0.06, for all YBCO/silicone samples, as determined 

by curve fitting. The only two factors in this equation which change for each of the 

three YBCO/silicone composites are C2 and C4. The C2 constant is the critical 

frequency, the frequency at which significant shielding begins. For YBCO 

tapes/silicone, the critical frequency is 1115 kHz. The YBCO/silicone composite 

sample with large tape pieces, ~ 10 mm in size, have a lower critical current density; 

thus, it begins shielding at higher frequencies and has a higher critical frequency than 

the YBCO tapes/silicone sample. The critical frequency for large YBCO tape pieces in 

silicone is 2213 kHz, and that for small YBCO tape pieces, ~ 5 mm, in silicone is 

7542 kHz. Ata given frequency, a sample with more weak links will have a lower 

shielding effectiveness, and this is manifested in the C4 constant, which describes the 

high frequency plateau of the curve. The samples with more weak links will have a 

lower shielding effectiveness at the same frequency than samples with fewer weak 

links, and the C4 constant describes this difference. The YBCO tapes/silicone 

composite levels off at 32 dB, and its C4 constant is 66. The large YBCO 

tapes/silicone composite levels off at 26 dB, and its C4 constant is 54. The 

YBCO/silicone composite with small YBCO tape pieces levels off at a lower shielding 

effectiveness, 13 dB, and its C4 constant is 27. The curves predicted by the above 

equation with these constants are shown in Figure 6.3, along with the experimental 
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Figure 6.3. | Experimental and model fit of shielding effectiveness versus frequency 

for YBCO/Silicone 2-3 Composites: (a) Tapes/Silicone, (b) Large 
Tape Pieces/Silicone, and (c) Small Tape Pieces/Silicone. 
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shielding effectiveness values, and the constants for each composite are given in Table 

6.1. The two constants that change, C2 and C4, depend primarily on the ceramic 

platelet size; however, indirect effects may also result from volume fraction of YBCO 

and thickness of the YBCO phase in the YBCO/silicone 2-3 composite. In addition, if 

anew composite were made with 5 mm YBCO tapes with different thicknesses or 

different critical current densities than the thickness and critical current density of the 

tapes used in this study, then the shielding effectiveness would also be different. 

Because YBCO/silicone 2-3 composites have more weak links, present at every 

platelet edge, they shield less than bulk YBCO samples. 

In summary, YBCO is a good candidate for shielding at low frequencies, 

where the thickness of high permeability materials is prohibitive to provide shielding in 

many applications. At microwave frequencies, it is more advantageous to use a 

conductive metal, such as copper, than superconductors to provide shielding. We 

have demonstrated that YBCO/polymer 3-3 composites can provide electromagnetic 

shielding. The composite shielding effectiveness is equivalent to the shielding 

effectiveness of the YBCO prior to infiltration. For the first time, we have also 

demonstrated that a discontinuous ceramic/polymer matrix composite can provide 

electromagnetic shielding. The primary composite material requirement is that the 

superconductor phase is of sufficient size and critical current density to carry current 

and absorb some electromagnetic waves. In addition, the nonnormal volumes of the 

ceramic phase must overlap. The shielding effectiveness of the YBCO/silicone 2-3 

composites were modeled. Two of the four constants in the model equation changed 

between composite samples. These two factors give the critical frequency, the 

frequency at which significant shielding occurs, and the maximum shielding 

effectiveness and depend primarily on the ceramic platelet size. Decreasing the platelet 

size, i.e. increasing the number of weak links in the composite sample, lowers the 

maximum shielding effectiveness. Decreasing the platelet size also increases the 

critical frequency due to the decrease in critical current density in each platelet. In 

addition, the superconducting shielding phenomena is more clearly understood. 

Superconducting shielding depends on the ability of the material to reflect and absorb 

electromagnetic waves. Reflection is a result of the Meissner effect, and absorption is 

a result of high conductivity, but it is not limited to samples with zero resistivity 

throughout the sample. 

148



Table 6.1. Constants in model fitting equation for low frequency shielding 
effectiveness of YBCO/silicone 2-3 composites. 

S.E. = C1 * (frequency/C2)*C3 * (1 + C4*exp(-C2/frequency)) 

  

YBCO Phase Cl C2 C3 C4 YBCO particle size 

Tapes 1 dB 1115kHz -0.06 66 20 mm* 

Large Tape Pieces 1dB 2213kHz -0.06 54 10mm 

Small Tape Pieces 1dB 7542 kHz -0.06 27 5mm 

  

* The approximate size of the detector coil. 
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Vil. CONCLUSIONS 

This dissertation is the first reported systematic investigation of the 

superconducting and nonsuperconducting properties of superconductor/polymer 

composites. High temperature superconductor/polymer composites were processed 

with three structures, 3-3, 0-3, and 2-3, based on their phase connectivity. These 

composites were then characterized by structure, resistance versus temperature, 

diamagnetic strength, low frequency and high frequency shielding effectiveness, 

processability, mechanical performance, machinability, and environmental resistance. 

This is the first time that these composites are compared on the basis of all these 

properties. The general conclusions from the characterization of these composites are 

described below. 

The superconducting properties, i.e. resistance versus temperature, 

diamagnetic strength, and shielding effectiveness, of YBCO/PMMA 3-3 composites 

are equivalent to bulk YBCO samples with the same density of ceramic, and the 

composites had improved mechanical performance, machinability, and environmental 

resistance. For the first time, experimental verification of the shielding capabilities of a 

superconductor/polymer 3-3 composite is provided. Some open porosity is required 

in the ceramic to allow polymer infiltration; therefore, dense bulk YBCO samples will 

have a higher critical current, thus, better superconducting properties than the 

composites. The YBCO/PMMA 3-3 composites are equivalent to 90% dense YBCO 

samples in environmental resistance, but the composites do have improved toughness 

and machinability. One of the motivations for making superconductor/polymer 

composites is to improve processability and formability. Unfortunately, a 

YBCO/PMMA 3-3 composite offers no processing advantage since a bulk YBCO 

sample must be manufactured first, but a composite does offer improved formability 

since it can be more easily machined into complex shapes. 

The superconductor/polymer 0-3 composites were proposed as a method to 

combat the processing and forming difficulties associated with bulk superconductors. 
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The YBCO/polymer and BPSCCO/polymer 0-3 composites were made by a 

compression molding technique, and they could be easily shaped by injection molding 

or extrusion. If the composites are well processed, as determined by a low open 

porosity, a shiny surface appearance, and a modulus between the moduli of the 

ceramic and polymer, then the composites have improved mechanical integrity, 

machinability, and environmental resistance compared to bulk superconductors and 

YBCO/PMMaA 3-3 composites. Unfortunately, the maximum ceramic loading that can 

be incorporated into a well processed polymer matrix composite is less than 60 volume 

percent, regardless of polymer matrix, PE, PP, PMMA, or PEEK. None of these 

composites have zero resistivity or provide shielding, but all the composites 

demonstrate the Meissner effect. Unfortunately, the diamagnetic strength of these 

composites is much lower than the bulk superconductors or superconductor/polymer 

3-3 composites with equivalent volume fractions of ceramic. These 

superconductor/polymer 0-3 composites are suitable for applications relying on the 

diamagnetism of superconductors and requiring a very low repulsive force. Until a 

high temperature superconductor is manufactured with a critical current much greater 

than that required in a given application, using a superconductor/polymer 0-3 

composite, which dilutes the critical current density of the sample and therefore 

diamagnetic strength, is not practical. 

Superconductor/polymer 2-3 composites were the third type of composite 

manufactured. These composites combine the processing and forming flexibility of 

the 0-3 composites with the shielding capability of 3-3 composites. This is the first 

time that a discontinuous ceramic/polymer matrix composite has been made which is 

reported to demonstrate any shielding capability, and it represents a significant 

contribution to current superconducting literature. These composites have mechanical 

integrity during handling and good environmental resistance. They would be difficult 

to machine, but they can easily be formed into complex shapes. 

In addition to fully characterizing both polymer matrix and ceramic matrix 

composites, this dissertation makes several significant contributions in the area of 

shielding effectiveness of high temperature superconductors. First, a new technique to 

measure microwave shielding effectiveness at cryogenic temperatures was developed. 

No technique capable of comparing shielding capabilities of different materials at 
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microwave frequencies and cryogenic temperatures was previously available. In 

addition to its obvious usefulness for characterizing superconductors in liquid 

nitrogen, it can also be used to characterize any material used in an electronic 

application at cryogenic temperatures or room temperature. Unfortunately, this 

technique, like all existing shielding effectiveness techniques, is sensitive to the details 

of the test procedure; therefore, only measurements from the same technique can be 

directly compared. 

Due to the sensitivity of the shielding effectiveness measurement techniques, 

the shielding effectiveness measured in different laboratories can not be directly 

compared. Thus, one very significant contribution of this dissertation is that it 

provides a direct comparison, with no need to account for variables in testing, between 

low frequency shielding effectiveness of copper, mumetal, bulk YBCO, YBCO thick 

tapes, bulk BPSCCO, and YBCO/polymer composites with 0-3, 2-3, and 3-3 

structures. 

The comparison of samples at low frequencies and the measurements at 

microwave frequencies are used to determine composite material requirements for 

effective shielding, meeting one of the primary goals of this work. Evidence is 

presented to demonstrate that superconductor/polymer 0-3 composites will not shield, 

which is contrary to many researchers’ beliefs but consistent with their experimental 

results. In addition, we are the first to report on a discontinuous 

superconductor/polymer matrix composite structure that does shield electromagnetic 

waves. This is an important contribution because the composite could be coated onto 

any shaped surface and will provide shielding for the object. 

Shielding effectiveness from bulk superconductors is dependent on critical 

current density, critical magnetic field, critical temperature, size, microcracks, density, 

applied field, and frequency. Assuming that these conditions are satisfied for the 

superconductor used in a superconductor/polymer composite, the composite material 

requirements for shielding are as follows: 

1) superconducting particle of sufficient size and critical current density to 

Carry current so it can absorb electromagnetic energy 

2) nonnormal volumes of superconducting particles must overlap 

152



These conditions can be satisfied with a superconductor/polymer 2-3 

composite, but not with a superconductor/polymer 0-3 composite. One of the most 

important variables in the 2-3 composites is the size of the ceramic platelets. As the 

ceramic platelet size decreases, the number of weak links, 1.e. the number of platelet 

contacts, in the composite increases so the shielding effectiveness decreases. The 

shielding effectiveness versus frequency, up to 40,000 kHz, of the YBCO/silicone 

composites were described by curve fitting. The only two factors changing among 

different composites are the critical frequency, the frequency at which significant 

shielding begins, and the maximum shielding effectiveness measurable with the low 

frequency measurement device. These two factors are dependent on the critical current 

density of the superconducting phase, which is lower for smaller YBCO platelets, and 

the number of weak links, which increases with decreasing ceramic platelet size. 

In addition to determining the composite material requirements for shielding, 

this dissertation improves the general understanding of the shielding phenomena, 

which is very important for developing these materials for commercial applications. 

Most researchers believed that shielding is a result of the Meissner effect, and other 

researchers contended that the zero resistivity of the sample is required for shielding; 

however, neither explanation is completely accurate. Shielding effectiveness is a result 

of both the diamagnetism and high conductivity of high temperature superconductors, 

but it is not dependent on zero resistivity across the entire sample. Due to the 

diamagnetism, the magnetic waves are expelled from the center of the superconductor, 

but the magnetic waves can still penetrate through the sample's weak links. Due to 

high conductivity of the superconducting phase, the electromagnetic waves are 

absorbed, which is very important for complete shielding. Since the particles in 

superconductor/polymer 0-3 composites are too small to have a conductivity sufficient 

to absorb electromagnetic waves, it is with confidence that we can say the 

superconductor/polymer 0-3 composites can not shield. 

For most applications, the critical current density or diamagnetic strength of 

these composites is too low to be practical. It is impossible to add a polymer to a 

superconductor, with a low critical current density, and make a composite with 

improved superconducting properties. Until the critical current density of the 
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superconducting phase is increased, these composites are impractical for commercial 

applications. However, work is ongoing to increase the critical current density of high 

temperature superconductors, for example, through melt texturing. When the critical 

current density is greater than that needed in practical applications, the results in this 

study demonstrate that a superconductor/polymer composite can be successfully 

manufactured with improved performance in terms of mechanical integrity and 

machinability. In this research, the superconductors did not have the highest possible 

critical current densities achievable; thus, they are only compared to bulk 

superconductors produced from the same batch of ceramic. If, for example, melt 

texturing were used to make thick ceramic tapes, the critical current density of the tapes 

would increase and the shielding effectiveness of a superconductor tape/polymer 2-3 

composite would be greater than reported here. 

When superconductors are developed with high critical current densities, the 

results of this dissertation can be used to make superconductor/polymer composites 

that could easily be introduced into the marketplace. Future work directly related to 

this dissertation includes developing an adhesive to bond the silicone to a substrate, yet 

not cause cracking in YBCO/silicone 2-3 composites. A second approach to solving 

the problem of a lack of adhesion between the composite and the substrate is to change 

the polymer matrix. A possible medium for the ceramic tapes in a 

superconductor/polymer 2-3 composite is a poly(vinyl chloride) plastisol. Another 

future work is to optimize platelet size in superconductor/polymer 2-3 composites in 

terms of shielding effectiveness and processability of these composites. 
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APPENDIX I: Verification of Microwave Shielding 

Effectiveness Measurement Device 

Several materials were measured to verify the validity of the waveguide 

measurement technique to compare microwave shielding effectiveness of materials.54 

Figure A1.1 compares four of these materials - copper, steel, carbon filled elastomer, 

and Teflon. The copper was cut from a commercially available copper sheet that was 

0.61 mm thick, and the steel was 0.3 mm thick shim stock from ARCO Corporation. 

The 1.95 mm thick carbon filled composite was a DuPont Kalrez, a composite with 

11.9 vol% carbon black in perfluoroelastomer. The DuPont Teflon sample was a 0.5 

mm sheet. Copper is a very good conductor which is expected to shield very well in 

the microwave frequency range. It should perform as well as the calibration standard, 

aluminum. The conductivity of steel is lower than that of aluminum or copper; 

therefore, it is expected to shield less effectively than either aluminum or copper. The 

conductivity of the carbon filled elastomer is very low, but nonzero, (1.18 x 10-10 

(Ohm-cm) 1). therefore, it should attenuate the field only a small amount. And Teflon 

is a nonconductive polymer that should not shield at all. 

The expected results were obtained during room temperature measurements, as 

shown in Figure Al.1. Each data point represents an average of 32 measurements. 

The precision of the data is +/- 5 dB. The copper sheet has a shielding effectiveness 

between 80 and 90 dB which is the limit of the calibration. Copper stops more than 

99.999999% of the incident power and is an excellent shield at microwave 

frequencies. Steel shim stock has a shielding effectiveness of ~65 dB which is slightly 

lower than copper, as expected. The shielding effectiveness of the carbon filled 

elastomer was ~ 8 dB, while the nonconductor, Teflon, has a shielding effectiveness 

less than 1 dB. 

The shielding effectiveness of each sample was determined using both nylon 

and metal screws to hold the waveguide fixture together to determine if the type of 

screw connection affected the results. Figure A1.2 shows that the shielding 

effectiveness for the carbon filled elastomer is independent of the type of screw 

attachment. This is the most lossy material; therefore, if the type of screw, conducting 
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Figure Al.1. High frequency shielding effectiveness of (a) copper, (b) steel, (c) 
carbon filled elastomer, (d) Teflon at room temperature. 
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Figure Al.2. High frequency shielding effectiveness of carbon filled elastomer with 
(a) nylon and (b) metal screws at room temperature.



or insulating, had an effect, we would expect to see it with this material. However, as 

with all the materials, the shielding effectiveness was the same for both tests. 

After recalibrating the device in liquid nitrogen, these four samples were 

characterized at cryogenic temperatures. The results were the same, with the exception 

of those for the copper sample. As shown in Figure 5.28, copper shields more than 

99.99999% of the incident power (70-80 dB) in liquid nitrogen which was ~ 10 dB 

lower than the shielding effectiveness measured at room temperature. However, since 

copper is an excellent shield at both temperatures, measurements on copper at both 

temperatures are limited by the sensitivity of the device. The limit of the 

measurement device after calibration in liquid nitrogen is ~ 70-80 dB. 
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APPENDIX II: Environmental resistance of bulk supercondutors and 
superconductor/polymer composites. 
  
  

Percent Drop in Repulsive Force after: 
Sample Water/Humidity __-_Cycling Exposure 
Bulk Superconductors 

90% YBCO 1.41% 14.1% 
74% YBCO (broke) 32.5% 80.0% 
64% YBCO (broke) 48.9% 74.3% 
64% BPSCCO 23.8% 9.02% 
Coated 90% YBCO 14.0% 
Coated 74% YBCO (broke) 35.4% 70.1% 
Coated 64% BPSCCO 31.6% 6.31% 

3-3 YBCO/PMMA Composites 
Infiltrated 74% YBCO 4.2% 10.8% 
Infiltrated 64% YBCO 19.1% 27.7% 

YBCO/PMMA 0-3 Composites - Large YBCO and milled PMMA 
40 vol% YBCO 49.9% 
50 vol% YBCO 14.6% 2.62% 
60 vol% YBCO 64.3% 51.1% 
70 vol% YBCO 84.3% 76.0% 
Coated 40 vol% YBCO 23.6% 
Coated 50 vol% YBCO 13.9% 12.6% 
Coated 60 vol% YBCO 10.5% 
Coated 70 vol% YBCO 13.4% 

YBCO/PMMA 0-3 Composites - Small YBCO and milled PMMA 
50 vol% YBCO 18.2% 39.9% 
Coated 50 vol% YBCO 15.5% 

60 vol% YBCO/PMMA 0-3 Composites - Large YBCO particles 
No milling 51.0% 61.0% 
PMMA milled 2 hours 40.8% 51.1% 
PMMA & YBCO milled 2 hours 13.6% 35.7% 

YBCO/PE 0-3 Composites - Large YBCO particles 
40 vol% YBCO 3.66% 4.6% 
50 vol% YBCO 3.37% 3.3% 
60 vol% YBCO 44.4% 37.4% 
Coated 40 vol% YBCO 4.6% 
Coated 50 vol% YBCO 3.3% 
Coated 60 vol% YBCO 37.4% 

YBCO/PP 0-3 Composites - Small YBCO particles 
50 vol% YBCO 27.4% 53.1% 

BPSCCO/polymer 0-3 Composites - Large YBCO particles 
50 vol% PMMA 9.71% 2.62% 
50 vol% PP 20.6% 14.7% 
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