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ABSTRACT

Investigation of YBa2Cu307_x/Ag composites with 25, 50, 
and 75 weight percent silver mechanically mixed with YBCO 
was conducted to examine the effects of silver additions on 
the superconducting and microstructure behavior of these 
composite systems. A brief solderability study was 
performed with the unpolished and polished surfaces of the 
composites. Finally, layered structures composed of the 
investigated composites were formed, fired, and examined for 
their resulting microstructrures. Sintering of the 
composites took place at 900°C at 14 hours in flowing 
oxygen, and annealing of the samples was done at 400°C for 
10 hours in flowing oxygen.

Additions of silver up to 25 weight percent were found 
not to affect the superconducting properties of the 
composite. Superconductor behavior was observed for silver 
additions up to 50 weight percent, but not with the 75 
weight percent silver composition. As the amount of silver 
in the composite increased, the bulk resistance of the 
system decreased. X-ray diffraction showed a decrease in 
the YBCO c-axis parameter with increasing silver content.

An intimate mixture of 3-5 pun diameter silver particles
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and 3-8 fim diameter YBCO particles sintered together well. 
Silver was found to act as a sink for reducing porosity in 
the YBCO material as the amount of silver increased in the 
composite. As the amount of silver increased in the 
composite, the more continuous the silver network became.
At 75 weight percent silver, the YBCO particles became 
isolated, and surrounded by a continuous silver network.

The multi-layered structure sintered together well. A 
continuous interface was observed from one composite layer 
to another. The YBCO grain sizes were observed to remain 
constant throughout the multi-layered structure.

Solderability studies were conducted on the unpolished 
and polished surfaces of the composites using three types of 
solder; indium, 60/40 Pb/Sn, and 62/36/2 Sn/Pb/Ag. No 
wetting was observed for the unpolished surfaces, or the 
polished surfaces using indium solder. Partial wetting was 
observed for the polished composites surfaces when using 
Pb/Sn and Sn/Pb/Ag solders. Nearly full wetting conditions 
were observed for the 75 weight percent silver composite 
when using Sn/Pb/Ag solder.
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Chapter 1 
INTRODUCTION

Since the discovery of oxide superconductors by Bednorz 
and Muller, the materials research and development community 
has been plunged head long into perfecting these 
superconducting materials. Scientists are striving to 
understand the physical laws pertaining to these 
superconductors, while engineers are attempting to figure 
creative ways to utilize these materials for new 
technologies.

A high temperature oxide superconductor system often 
studied by scientist and engineer is the Y-Ba-Cu-0 system. 
The YBa2Cu307 x (YBCO) compound has an orthorombic 
superconducting structure and exhibits type II 
superconducting behavior at 92 degrees kelvin. Researchers 
have extensively examined both the mechanical and the 
electrical properties of the YBCO compound. Investigators 
have been examining the effects of metallic additions to the 
Y-Ba-Cu-0 system, in attempts to further enhance these 
properties. The following is a general review of what 
investigators have observed by adding varying amounts of 
metal (most notably silver) to the Y-Ba-Cu-0 system.

Some of the earliest investigators (Tomy et a l ., 1987)
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reported on the effect of silver ion substitution for the 
copper atoms in the Y-Ba-Cu-0 system. The investigators 
reported observing a partial replacement of Ag for Cu in the 
superconducting orthorhombic structure. The oxide powders 
studied were prepared by mixing the appropriate amounts of 
Y203, BaC03, CuO, and AgO, thoroughly heating the powders, 
with intermediate grindings. The amount of silver was 
varied from 0 weight percent, to about 10 weight percent in 
the material. The researchers reported a decrease of the 
transition temperature (Tc), as the amount of silver 
increased. In addition, these investigators examined the 
magnetic susceptibility versus temperature with increasing 
silver, and observed an increase of the susceptibility with 
increasing silver content. This increase in normal state 
susceptibility was attributed to the increased substitution 
of silver for copper. One main point to stress was that the 
authors created a compound of a nearly single phase due to 
incorporating AgO into the raw material processing of the 
YBCO compound.

In contrast, another study (Singh, Shi, and Capone,
1988) incorporated the Ag metal into the Y-Ba-Cu-0 system as 
a separate phase, forming a metal-ceramic composite 
material. The investigators first prepared the YBa2Cu307 
compound from standard starting materials of Y203, BaC03, and
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CuO. After mixing, calcining, and grinding, the researchers 
added 13 volume percent (vol.%) of 5 f i m  Ag powder
(approximately 20 wt%) to the 5 t̂m YBCO powder. The mixture
was thoroughly combined using a wet mix technique of
vibratory milling in isopropyl alcohol, then slip casted at
varying thicknesses (0.4 - 7 mm) onto glass plates. After 
drying in air, small rectangular pieces were placed on 
silver substrates, to form a composite tape, and sintered in 
an oxygen atmosphere at 930-960°C. The investigators 
reported excellent bonding of the 123-Ag to the silver 
substraits. Microscopy revealed close to fully dense 
composite material. Resistivity measurements indicated no 
change in Tc with the addition of 13 volume percent silver 
to the YBCO system. The resistivity, at 300 K, of the 
composite material dropped from 500 jxfl-cm to 75 f i Q - c m with 
the addition of silver. Once the composite material was 
sintered to the silver substrate, the resistivity dropped to 
0.5 /JiQ-cm.

Singh et a l . believed the addition of silver to the 
YBCO system resulted in the formation of a conducting path 
in parallel with the 123 material, thus shunting the current 
flow away from the base YBCO material. By this mechanism 
they account for the lower electrical resistivity of the 
composite material system. The sintered silver
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substrate/composite material was shown to have excellent 
mechanical flexibility. The total percent elongation of the 
material was 18%, in comparison to standard YBCO values at 
0.1 - 0.2 percent. The investigators did do some 
preliminary microstructure examination through scanning 
electron microscopy, and noted an even distribution of 
silver within the 123 matrix.

The contact resistance of the YBCO material was 
examined (Yokoyama et a l ., 1988), with the addition of 0 to 
40 weight percent silver. The silver addition was done by 
mixing AgO powder to YBCO powder. Both materials had a 
particle size of less than 10 /xm, were mechanically mixed, 
and pelletized. The pressed samples were sintered at 940- 
980°C in an oxygen atmosphere. X-ray diffraction of the 
powders indicated no AgO powder was present in the sintered 
material. Additionally, the diffraction analysis revealed 
that the surface of the pellet was aligned along the c-axis.

One sample discussed by the researchers contained 7 
weight percent Ag, and was sintered at 960°C for four hours 
in oxygen. the Tc value was reported at 93 K (onset), with 
final zero resistance temperature of 88 K. The temperature 
dependency of resistivity for the bulk specimens did not 
change with the addition of 7 weight percent silver. The 
authors however did not report the Tc findings for samples
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beyond the 7 weight percent range. Other electrical 
properties were affected by the addition of silver to the 
YBCO material.

Sample contact resistance was shown to decrease from 18 
m Q  at 0 weight percent Ag, to 0.125 mfl at 20 weight percent 
silver. The effects of annealing the samples after 
sintering produced contact resistances two orders of 
magnitude lower than the unannealed samples. Critical 
current (J ) measurements indicated an increase in J from' c ' c

49.5 A/cm2 at 0 weight percent Ag, to 135.0 A/cm2 at 20 
weight percent silver. From data produced by Yokoyama et 
al., a maximum critical current is reached when the sample 
contains approximately 33 weight percent silver.

Up to this point, investigators had only reported on 
silver additions on the order of several weight percent, but 
then researchers (Yoshitoke, Moriya, Tokunaga, 1988) 
examined the effect of extremely small (5xl0~5 weight 
percent) additions to the Y-Ba-Cu-0 system. These 
investigators prepared their material similar to Tomy et 
a l . , but used Ag20 instead of AgO. All pressed pellets were 
sintered at 927°C for 10 hours and furnace cooled. X-ray 
analysis of the samples indicated the superconducting 
orthorhombic YBCO lattice parameters changed from slightly 
less than normal values, with the addition of small amounts
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of silver into the lattice. The oxygen concentration was 
found to be at its maximum when 5xl0"5 weight percent Ag was 
in the YBCO system. As a result, the highest reported Tc 
value was reported at this silver content. The onset of Tc 
was reported at 9 8 K, with the zero resistance point reached 
at 90 K. These authors did not investigate the mechanical 
properties change, or the microstructure with the addition 
of small amounts of silver of the lattice. Also, whether 
the silver was substituting for the silver or the barium was 
never addressed.

Addition of silver, aluminum, and copper to the Y-Ba- 
Cu-0 system to form various metal-ceramic composites was 
examined (Prasad et al., 1988) to determine the effects of 
various metal additions to the YBCO material. The matrix 
material was prepared from Y203, BaC03, and CuO powders.
Once the YBCO material was achieved, the investigators mixed 
a given metal powder with the YBCO powder. The amount of 
metal mixed with the YBCO varied from 0 - 5 0  volume percent. 
These mixtures were sintered in a flowing oxygen atmosphere 
at 850°C for a few hours. The investigators only reported 
their findings for the silver metal mixtures in detail, 
while briefly noting that the addition of Al and Cu tended 
to oxidize and degrade the YBCO properties. With silver 
however, no such degradation was observed.
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After sintering the YBCO-Ag mixtures, it was noted that 
the silver did not react with the YBCO. The investigators 
showed data from the 40 weight percent Ag-60 weight percent 
YBCO sample. Measurements of Tc were near that of the pure 
YBCO material, but the room temperature resistivity was 
reduced from 470 f i t l - c m  at 0 weight percent, to 14 yu,£!-cm at 
40 weight percent silver. Additions up to 50 weight percent 
were reported not to largely effect the T , yet no data is 
shown comparing the various composites' Tc's versus 
composition.

One encouraging result reported, indicated that the 
deformation of the composite material drastically increased 
with the addition of silver. Samples containing 30 and 40 
weight percent Ag could undergo deformations of 35 and 55 %, 
respectively. Samples were rolled, and the 50 weight 
percent Ag bearing samples were elongated to four times 
their original length. Brief SEM studies of the rolled and 
original samples of 50 weight percent Ag showed a uniform 
distribution of silver within the matrix material.
Curiously enough, at 50 weight percent, the matrix material 
is considered to be the silver particles. The investigators 
did not extensively compare the microstructures of the 
various weight percent composite materials, nor report 
information surrounding the metal additions of copper and
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aluminum.
Several alternative methods were explored (Jin et al., 

1989) for forming low resistivity contacts to bulk contacts 
via silver implants into the bulk Y-Ba-Cu-0 samples. The 
standard components of YBCO, Y203, BaC03, and CuO, were 
reacted to form a 5 /-tm superconducting powder. The first 
contact method involved embedding silver wires into the YBCO 
pellet, and sintering the pellet around these wires. 
Excellent contact resistivities were reported for this 
method. The investigators did not report on the 
microstructure, specifically, the YBCO - Ag interface.

A patterned silver clad configuration was investigated 
by filling a silver tube with YBCO, and wire drawing the 
configuration. The drawn wire was flattened into 0.5 mm 
thick ribbons. The silver sheath was selectively etched in 
nitric acid at 60 °C for 10-30 seconds, to expose the 
superconductor. Excellent contact resistivities on the 
order of 10“10 &-cm2 were reported for this configuration.
In addition, the thin silver wall was believed to minimize 
the difficulty of oxygen diffusing into the YBCO material. 
The wall was also believed to reduce microcracking due to 
large differences in thermal expansion coefficients 
(1 Ixl0'6/°C for YBCO, and 20xl0"6/°C for silver).

The final method investigated by Jin et a l . involved
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mechanically mixing 25 weight percent Ag powder with 75 
weight percent YBCO powder. The silver particle size was
1.3 ^m, while the YBCO particle size remained at 5 ^m in 
diameter. After pressing the mixture into pellets, 
sintering was done at 920°C for 16 hours in oxygen. Another 
batch of pellets was sintered at 1030°C for 16 hours in 
oxygen. The sintering temperature of 1030°C resulted in 
partially melting the composite, because the silver melting 
point is at 963°C. The investigators briefly examined the 
microstructure of the partially melted superconductor, and 
found the Ag particles to be from 10-100 p m  in size. 
Additionally, large (0.5-3.0 mm) beads of silver were found 
to form on the pellet's surface. The YBCO itself was 
reported to have partially melted at 1030°C. The beads of 
silver were used to form excellent electrical contacts, with 
resistivities around 2X10"11 ft-cm2. The pellets sintered at 
920°C were found not to have melted, and the silver remained 
finely distributed throughout the microstructure. Contact 
resistance was reported at 3xl0~7 fl-cm2 for the 920°C 
samples.

In another report, researchers (Singh et a l ., 1989) 
discussed their findings on the mechanical and 
superconducting properties with additions of Ag and AgO.
The YBCO powder was prepared through the solid state
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reaction of its standard constituents, Y203, BaC03, and CuO.
A 5 /xm superconducting powder was achieved. The YBCO powder 
was mixed with either Ag or AgO, both with a particle size 
range of 2-3.5 /u-m. The composite mixtures ranged from 10-30 
vol.%, and were pressed into rectangular bars or thin tapes 
(0.04-0.07 îm thick). The formed samples were sintered at 
920-960°C in flowing oxygen, and then annealed in oxygen.

When examining the rectangular bars, which were 
sintered at 930°C for 4 hours, then annealed for eight hours 
from 385-435°C, the bar densities increased with increasing 
Ag content. This increase was attributed to silver acting 
as a sintering aid. The Ag phase was seen to be randomly 
distributed throughout the YBCO material. Fracture surfaces 
of a 20 volume percent silver bar revealed the YBCO grain 
sizes to be twice as large compared to a non silver bearing 
sample. Increased grain size was an indication of a liquid 
phase present during the sintering process.

The mechanical properties of flexural strength, elastic 
modulus, and hardness of the composite material were 
examined as functions of increasing silver content. As the 
amount of silver and AgO increased, all of the above 
mentioned mechanical properties increased. At 30 volume 
percent silver, the flexural strength increased 120 pet. 
over the pure YBCO strength. Additionally, the elastic
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modulus increased 61 pet., and the hardness increased 7 0 
percent. The investigators speculated that second phase Ag 
and AgO inclusions may relax residual stresses resulting 
from the expansion anisotropy of grain. This would provide 
an increased resistance to crack propagation and an increase 
in strength.

Electrical properties of these composite mixtures were 
also examined as a function of increasing silver content.
The transition temperature was not effected, but the 
critical current density, Jc, measured in a magnetic field, 
was reported to increase two fold with Ag content up to 20 
volume percent. Above 20 vol.%, Jc values decreased, and at 
30 vol.%, values of Jc were below that of the pure YBCO 
material. This decrease was believed to result from the 
formation of a continuous Ag phase, and the non 
superconducting tetragonal YBCO phase. Micrographs shown 
indicated a continuous silver phase, and x-ray diffraction 
confirmed the presence of the tetragonal YBCO phase. 
Increased densification by the Ag additions was believed to 
slow down the oxygen penetration into the YBCO structure, 
thus resulting in an oxygen deficient 123 phase. A study of 
oxygen content versus surface depth indicated that the AgO 
composites contained more oxygen than the plain Ag 
composites. Analysis of the 30 vol.% Ag/YBCO composite
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indicated sufficient oxygen depletion at 30 mil below the 
surface as to induce the non superconducting phase.

The researchers briefly mentioned that their findings 
on the composite tape were similar to those with the 
rectangular bars. It was disappointing that more 
microstructure analysis was not done. These investigators 
indicated the possible presence of a melt phase in the 
material, but no data was presented to validate their 
hypothesis. In a very similar investigation, researchers 
(Nishio et al., 1989) also examined the superconducting and 
mechanical properties of YBCO-Ag, YBCO-Ni, and YBCO-Cu 
composite superconductors.

Additional investigators (Nishio et a l ., 1989) examined 
electrical and mechanical properties of metal- 
superconducting composites, yet their primary focus was on 
those samples which contained silver. These investigators 
purchased 150 f i m  diameter YBCO powder from High Purity 
Chemicals, Japan. The pure YBCO powder was mixed with 100 
/m diameter particles of silver. In separate tests, pure 
YBCO was mixed with silver powder of only a few microns in 
diameter (the authors did not mention the particle sizes 
used for the Ni and Cu metals). All pellets were pressed at 
either 0.4 or 1 GPa, resulting in 20 mm diameter by 1 mm 
thick pellets. The resulting pellets were sintered at 890°C
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for 12 hours in an oxygen environment.
The researchers studied the temperature dependence of 

50 volume percent metal-YBCO, where the metal was copper, 
nickel, or silver. Temperature versus resistivity studies 
showed YBCO-Ni and YBCO-Cu to have resistivities an order of 
magnitude higher at 300 K than those for the pure YBCO 
material. Resistivity measurements on the YBCO-Ag composite 
were reported to be 3 orders of magnitude lower than those 
for the pure YBCO material.

In Tc measurements, semiconducting behavior (increasing 
resistance of the material, with a decrease in temperature) 
was observed for both the YBCO-Ni and YBCO-Cu composites.
The YBCO-Cu composite showed no signs of undergoing a 
superconducting transition down to 77 K. The YBCO-Ag 
material became superconducting at 90 K, while the YBCO-Ni 
material's resistivity began to decrease around 90 K, yet 
never completely vanished.

X-ray analysis of the various composites indicated that 
NiO and CuO were present within the YBCO-Ni and YBCO-Cu 
sintered materials, respectively. Only a small amount of 
the original metal remained unoxidized within the 
composites. The formation of these oxides would easily 
account for the semiconducting behavior of the sintered 
YBCO-Ni and YBCO-Cu materials. Analysis of the YBCO-Ag
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composite showed only pure silver and orthorhombic YBCO. At 
this point, the investigators examined the YBCO-Ag system in 
more depth.

Nishio et a l . examined the YBCO-Ag composite in detail, 
with the additions of silver ranging from 0-92 volume 
percent (0-95 weight percent) in the composite material. 
Superconductivity was observed in all samples of 90 volume 
percent or less. The zero resistance point was reported to 
have sharply decreased for Ag content above 6 0 volume 
percent. A brief investigation into the critical current 
density versus silver content concluded that the Jc 
initially increases, then decreases after 35 volume percent 
silver is reached. The increased pressing pressure raised 
the critical current limits almost 3 fold. This increase 
was attributed to a denser superconducting network.

These results were independent of pressing pressure. A 
microstructural analysis with an SEM indicated a bimodal 
particle size distribution of YBCO, with 20-30 f x m  particles 
and others less than 5 fxm. The silver particle size 
remained constant at 100 ^m, which was its starting size. 
Particles of YBCO were observed to be distributed over the 
larger silver particles. The YBCO particles are thought to 
form a continuous three dimensional network over the silver 
particles. This occurrence will account for the
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superconducting behavior as the silver content increases.
The silver particles are also thought to form their own 
three dimensional continuous network, as observed with the 
decrease of resistivity at 300 K with decreasing silver 
content.

As mentioned earlier, these investigators prepared 
several samples, in which the silver particle size was less 
than a few microns in diameter. The only sample reported 
on, prepared with this fine powder, was for a silver content 
of 68 volume percent. The small silver particles were 
distributed over the larger YBCO particles, and thus 
disrupting the continuous superconducting network. No other 
data was reported for silver bearing samples prepared with 
this fine silver powder.

Mechanical properties of the YBCO-Ag composite were 
studied as a function of increasing silver content.
Flexural stress studies indicated an introduction of a 
plastic region in the sample failure mode, with the 
introduction of silver into the YBCO matrix. The flexural 
strength, and sample displacement due to flexural stress, 
were shown to increase with increasing additions of silver 
to the YBCO material.

The final study reported by Nishio et a l . dealt with 
the soldering of copper wire leads to the YBCO-Ag material.
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The authors indicated that a solder joint could be perfectly 
made with the YBCO-Ag composites whose silver content 
exceeded 50 volume percent. The authors did not indicate 
what type and composition of solder was used, as well as the 
surface preparation (if any) method to the YBCO-Ag 
composite.

Additional investigators (Ganapathi, Kumar, and 
Narayan, 1989) studied the superconducting properties and 
microstructures of YBa2Cu307 composites ranging from 0-50 
weight percent silver. The composite material was formed by 
mixing and heating the appropriate amount of Y203, BaC03, and 
CuO, and Ag20. The resulting material was pelletized , 
sintered at 920°C for 24 hours, and then annealed in oxygen 
at 400°C for 10 hours. X-ray, SEM, and TEM analysis, as 
well as pre and post annealing resistivities were conducted 
on the composite materials.

X-ray analysis did not show a significant change in the 
c-lattice parameters. Additionally, no impurity phases were 
detected in the composite. Scanning electron microscopy 
analysis showed a broad grain size distribution between 5 
and 50 microns. Grains of the 50 weight percent silver 
material were rounded, so as to indicate a molten state was 
present during sintering. The investigators proposed a 
solid solution alloy of silver and copper would form for
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composites with silver content exceeding 33 weight percent, 
and at the sintering temperature of 920°C. Additionally, 
the authors mentioned that their composites, with large 
concentrations, partially melted and stuck to the sintering 
crucible. It should be noted that both silver and YBCO have 
melting points above 920°C, but a Ag-Cu alloy could have a 
melting point around this temperature with only 5 weight 
percent silver and 95 weight percent copper.

Any heating of the composite material above the melting 
point of silver, 963°C, resulted in the formation of the 211 
(green) YBCO phase, which is not superconducting. 
Investigators believed that a copper poor matrix would 
result in the formation of the green phase. Transmission 
electron micrographs of the composite samples showed that Ag 
remains a separate phase at lower silver concentrations.
The decomposition of Ag20 into silver and oxygen is believed 
to help to stabilize the stoichiometry of the YBCO material.

Resistivity data were shown to decrease with increasing 
silver content. Measurements conducted on the 50 weight 
percent samples did not show an onset of superconductivity 
to temperatures as low as 77 K. As with all the previous 
investigators, the resistivity at 300 K was shown to 
decrease with the increase of silver content. The presence 
of silver in the superconductor composite is believed to
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enhance the incorporation of oxygen into the YBCO matrix.
The diffusivity of oxygen in silver was reported to be 
1.67xl0'6cm2/s at 500°C, compared to 5xl0'9cm2/s at 500°C for 
the 123 oxide. Overall, Ganaphti et a l . have done an 
excellent job in reporting their results. Yet still, these 
investigators did not report (or indicate they did) TEM 
studies on the melted grain interfaces to determine if a Ag- 
Cu alloy was formed.

In a separate study, the silver doping effects on Y-Ba- 
Cu-0 system were investigated (Matsumoto, Hombo, and 
Yamaguchi, 1989). These researchers examined the 
structural, morphological, and superconducting properties, 
with the addition of small amounts of silver into the 123 
structure. Up to this time, silver had only been 
investigated as a dopant in the substitution for barium. 
Doped and substituted oxides, YBa2 xAgxCu3Oy, YBa2Cu3 xAgxOy, 
and YBa2Cu3Oy-Agx were prepared by using Y203, BaC03, CuO, and 
AgO powders. X-ray diffraction patterns indicated a 
presence of silver in the material, therefore indicating 
that silver never completely substituted for either barium 
or copper. Further analysis indicated that Ag was 
preferentially substituted for copper sites over barium 
sites. In SEM analysis, the grain size was seen to increase 
with the amount of silver dopant. Resistivity measurements
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were in accordance to previous authors' works.
As can be seen, the last four years have produced much 

investigation of the YBCO-Ag composite system. This 
research has been aimed at improving the superconducting and 
mechanical properties of the 123 base superconductor 
material. The purpose of this paper is to report the 
findings of a series of investigations on the sintered 
mechanical mixture of silver and YBa2Cu307x powders. The 
goal of this research was to achieve a better understanding 
of the YBCO-Ag composite microstructure and superconducting 
properties in order to design a new "phase transition" bulk 
superconductor material.
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Chapter 2 
EXPERIMENTAL APPROACH

The strategy behind this investigation was to first 
examine composite YBCO/Silver materials sintered under 
similar conditions, but with varying amounts of silver in 
the composite. Superconducting and microstructure 
properties were examined as a function of increasing silver 
mixed with the YBCO powder. The superconducting properties 
were examined in a four stage process. Initially, Meissner 
observations were performed as a quick method of examining 
the sample for superconducting behavior. The sample was 
then investigated with a resistivity probe for its 
superconducting transition temperature (Tc), and bulk 
resistance as a function of temperature. Thermoelectric 
power measurements were then conducted on the sample to 
further examine and verify the sample T . Finally, the 
magnetic susceptibility of the sample was examined to 
determine the magnetic penetration depth of the 
superconducting sample. A decrease in the penetration depth 
with increasing silver content would indicate that diffusion 
of the silver into the YBCO material has occurred (Bono, 
1989) .

After examining the various materials for their
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electrical and superconducting behavior, the samples were 
examined with three techniques for microstructural changes 
as a function of increasing silver content. Powder x-ray 
diffraction was conducted on samples to determine if the 
material remained phase pure, and to check for lattice 
parameter changes. Optical microscopy was performed to 
examine any grain size change of the YBCO. Finally, SEM 
analysis was performed on the sample to determine fine scale 
microstructure, compositional analysis, and in some cases, 
powder particle sizing.

After initial examinations, those suitable composite 
materials were sintered with pure YBCO powder, and other 
similar and suitable composite powders. These combinations 
were used to form a layered composite material suitable to 
function as a bulk electrical contact. The microstructure 
of these various layered materials were examined to 
determine the feasibility of constructing a bulk phase 
transition electrical contact.

2.1 Materials Selection
Yttrium barium cuprate and silver powders were obtained 

from outside sources in order to fabricate the YBCO/Ag 
composite material. The YBCO powder was purchased from SSC, 
Inc., and was listed at 99.5% chemically pure, with a
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density of 6.5 gm/cc, a surface area of 2.5 m2/gm, and a 
mean particle diameter size between 3-8 fxm. The silver 
powder was purchased from Aldrich Chemicals, was reported at 
99.9% chemically pure, and 5-8 / x m  in particle diameter.
Aside from relatively high purity, these two powders were 
selected for their particle range compatibility, 3-8 fxm 
range.

Upon obtaining these materials, powder x-ray 
diffraction and SEM were conducted in order to verify phase 
purity, and particle size, see figures 2.1-2.4. X-ray 
analysis indicated both materials to be nearly 100% phase 
pure. SEM analysis confirmed that the mean particle sizes 
of the powders were between 3-8 f x m . Once this was 
accomplished, it was time to determine the composition range 
of the various composite powders.

2.2 Selection of Composite Compositions
Based upon previous investigations, three compositions 

were chosen for the composite materials to be investigated. 
The three selected compositions were YBCO-25 weight percent 
Ag, YBCO-50 weight percent Ag, and YBCO-75 weight percent 
Ag. Pure YBCO material was used throughout the 
investigations as a reference material. The pure silver 
powder was also used in x-ray analysis, and magnetic
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Figure 2.3, SEM photograph of 
manufacturer's YBCO powder.

Figure 2.4, SEM photograph of 
manufacturer's silver powder.
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susceptibility studies as a reference. Once the various 
composite compositions were determined, the powders were 
mixed.

2.3 Powder Mixing
Powders were weighed in appropriate amounts to achieve 

the desired composite compositions. Enough powder was mixed 
to prepare 8-10 1.5 gram samples, per batch. The weighed 
powders were placed into a plastic centrifuge tube, which 
was then placed into a larger plastic bottle. The procedure 
was reproduced until all three compositions had been placed 
into separate centrifuge tubes, and those placed into a 
larger plastic bottle. All three tubes were put into the 
same bottle, which in turn was set onto a roller mill, and 
set to roll for eight hours. In general, the powders were 
well mixed, yet a few agglomerates of silver powder were 
always present from this dry mixing technique.

2.4 Pellet Formation
After mixing the powders, pellets were pressed. The 

mixed powders were pelletized using a 10 mm ID hardened tool 
steel die and plunger, along with a Carver hydraulic press. 
Approximately 1.5 grams of powder was used per pellet. The 
pressing force was at 4000 lbs. for the initial
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investigation, and then reduced to 3000 lbs. for the 
pressing of the layered pellets.

Construction of the layered samples was done by 
weighing 1.0 gram of the layer powder, then placing this 
powder into the die. Once in the die, the powder was 
roughly leveled out by tapping the exterior die edges. The 
powder for the next layer was then weighed, and placed into 
the die on top of the leveled out layer. Again, the 
exterior sides of the die were tapped to level out the new 
layer of powder. This procedure was repeated until all the 
layers were inside the die. Once there, the pellets were 
pressed, and ready for sintering. All pellets held together 
without the aid of binder, and pressed without delaminating 
the surface of the pellet.

2.5 Sintering and Annealing
All thermal processing of samples took place in a 

Programmable Fisher Scientific Isotemp Furnace™, model 495A. 
After pelletization, the samples were sintered at 900°C for 
14 hours in flowing oxygen, then annealed at 400°C for 10 
hours in flowing oxygen, see Table 2.1. Both the sintering 
and annealing process took place during the same thermal 
cycle of the furnace. Oxygen flow rate into the furnace was 
between 0.75-1.25 standard cubic feet per hour (SCFH). If
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Table 2.1, Sample Sintering Time and Temperatures.

Sintering Time Sintering Temperature
YBCO-lOO/Ag-O 14 hrs. 900°C
YBCO-75/Ag-25 14 hrs. 900°C
YBCO-50/Ag-50 14 hrs. 900°C
YBCO-25/Ag-75 14 hrs. 9 00°C
YBCO-25/Ag-75 14 hrs. 94 0°C
YBCO-lOO/Ag-O
YBCO-75/Ag-25

14 hrs. 900°C

YBCO-100/Ag-0 
YBCO-50/Ag-50

14 hrs. 900°C

YBCO-75/Ag-25 
YBCO-50/Ag-50

14 hrs. 900°C

YBCO-100/Ag-0 
YBCO-75/Ag-25 
YBCO-50/Ag-50

14 hrs. 900°C

YBCO-75/Ag-25
YBCO-50/Ag-50

14 hrs. 940°C
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the oxygen flow rate was greater than 1.5 SCFH, then the 
pellets would form a green powder (believed to be the 211 
green phase of YBCO) along the edges and surface of the 
pellets.

The pressed samples were placed in alumina boats, which 
were then placed into the Isotemp furnace. After sintering 
and annealing the samples, the boats were examined, and a 
grayish discolorization was located on the alumina surface. 
This area of discolorization corresponded to where the 
silver bearing samples were in contact with the alumina 
material. Furthermore, as the silver content increased in 
the pellets, the amount of discolorization also increased. 
This grayish discolorization was believed to be silver, or a 
silver compound leaching from the sample into the alumina 
boat. Samples containing 50 weight percent and 75 weight 
percent silver were loosely adhered to the alumina boat's 
surface. Gentle prying with tweezers dislodged the samples 
every time.

Additional samples were sintered at 940°C for 14 hours, 
then annealed at 400°C for 10 hours. Both sintering and 
annealing took place in an oxygen environment described 
previously. At 940°C, the sintered samples showed 
noticeable melting at the contact interface with the alumina 
boats. As the weight percent of silver increased, the
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amount of solidified melt also increased. Samples prepared 
at 940°C were firmly adhered to the alumina surface, and 
could not be easily pried free with the use of tweezers.

2.6 Electrical Characterization
The electrical characterization took place in four 

steps. First the sintered pellets were casually inspected 
for an observable Meissner effect. Then the pellets were 
examined for their resistivity as a function of decreasing 
temperature. Additionally, the pellets were tested for 
their thermoelectric power behavior as a function of 
increasing temperature. Finally, the sintered, and 
unsintered materials were examined for their magnetic 
susceptibility as their temperature decreased.

2.6.1 Meissner Effect
After sintering and annealing, the samples were 

examined visually for a Meissner effect. The pellets were 
placed into a styrofoam dish filled with liquid nitrogen. 
After the pellets were cooled, a small 0.19 gram magnet was 
also cooled, then placed on top of the sample's surface.
The magnet's resting position was visually observed as to 
whether it floated or not. All observations were to then be 
compared relative to each other. No exact measurement of
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the Meissner effect was taken.

2.6.2 AC Resistivity
Bulk sample resistance was determined using the 

standard four probe contact method. In this method, four 
contacts are used, two for voltage, and two for current.
The arrangement is shown in figure 2.5, and is used to 
eliminate any potential contact-resistance effects when 
measuring the bulk resistance of the sample. The external 
leads are used to pass a current through the sample, while 
the internal leads measure the potential difference between 
their contact points. Because the user controls what 
current is passed through the sample, and the data 
acquisition system measures the voltage between the 
contacts, the bulk resistance can be easily determined.
Prior to attaching the contact leads, the sample's surface 
needed to be prepared.

Before connecting the sample to the resistivity 
apparatus, the surface of the pellet was abraded with 400 
grit silicon carbide paper. This was done to remove any 
surface irregularities, and smooth out the pellet's surface 
for wire contacts. An end from each of four 0.08 mm 
diameter copper wires was adhered to the cleaned pellet 
surface with fast drying silver micropaint. After the paint
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Figure 2.5, Standard four probe contact configuration 
used in resistivity measurements.
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dried, the sample was mounted onto the resistivity probe 
with double sided sticky tape. The other ends of the four 
copper wires were then soldered to their appropriate 
terminal leads used in a four contact probe. After testing 
for contact continuity, the resistivity probe was placed 
into its vacuum system, and attached to the data acquisition 
system.

Because of the water sensitivity of the YBCO material, 
the sample chamber was placed under vacuum. A mechanical 
pump was used to place the sample under a 1 0 3 torr 
environment. Surrounding the sample chamber was a dewar, 
which was filled with LN2 in order to cool the sample. The 
dewar was left at atmospheric pressure. As the sample 
cooled, data acquisition began.

Data acquisition was done by using a Keithley 575™ 
measurement system to sample incoming data for an IBM XT.
An EG&G Lock-In Amplifier was used to stabilize, and amplify 
incoming voltage signals. This lock-in amplifier had a 1 f i V  

lower limit and a 1 nV sensitivity. An HP 241A frequency 
oscillator was used as the AC current source to the sample.
A data acquisition program run from the IBM XT collected 
temperature and voltage information, as the sample was 
cooled. The investigator had to input the sample current, 
which was obtained by dividing the RMS voltage from the
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function generator by the sample's resistance. The sample's 
resistance was measured with a Simpson Ohm Meter immediately 
after cleaning the pellets surface, and prior to mounting 
the probe contacts.

Data was sampled at a user specified temperature 
interval, which was 1 K in these studies. Acquired cooling 
data ranged from 300 K to 78 K. After the bulk resistance 
of the sample was determined, the sample chamber was allowed 
to warm up as the LN2 evaporated from the surrounding dewar. 
Once the sample was removed from the resistivity measurement 
apparatus, thermoelectric power measurements were conducted 
on the pellet.

2.6.3 Thermoelectric Power
Thermoelectric power results from non-equilibrium 

thermodynamics arising from a temperature gradient across a 
material. The gradient generates an electrical potential 
difference across this material. Zero current flow is 
assumed. The temperature induced potential difference is 
known as the Seebeck effect, and can be expressed as 
follows:

e  = s v r  ( i )
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where S is the Seebeck coefficient, and E is the generated 
electric field due to VT, the temperature gradient.

The surface of the sample was prepared identically to 
the method described in section 2.6.2. After surface 
preparation, the sample was mounted onto two copper blocks 
spaced apart by 3 mm. The pellet was adhered to the copper 
by quick drying silver paint, and then clapped down to 
provide additional contact to the blocks. Each copper block 
contained a constantan-chromel thermocouple, and one block 
also held a resistive heater. After the paint dried, the 
mounted sample was placed into a vacuum chamber, which was 
surrounded by a dewar. Liquid nitrogen was used to reduce 
the sample temperature to 77 K, so heating data could be 
acquired.

Once the sample was at 77 K, a current source was used 
to resistively heat one end of the sample. As the overall 
sample temperature rose, data was acquired in 1 K intervals. 
The temperature difference was maintained between 4-6 K, and 
the thermopower was calculated using in house software.
Data was acquired with a Keithley 195 DMM and a Keithley 702 
scanner connected to an Apple lie. The recorded temperature 
was the average of the two thermocouples. Due to instrument 
limitation, the thermopower measurements were not very 
reliable, as will be discussed in chapter 3.
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2,6.4 Magnetic Susceptibility
Next, magnetic susceptibility measurements were 

conducted on both the sintered, and unsintered composite 
powders. An in house magnetic susceptometer was used to 
examine the superconducting behavior of the composite 
materials. The apparatus essentially employed an LC 
oscillator circuit, in which the composite material was 
placed into the inductor coils as a core material (Bono, 
1989). The magnetic susceptibility is related to the 
inductance of the circuit by the following relationship:

L  = L 0 (1+ X a ) (2)

where x is the magnetic susceptibility of the core material 
in the inductor, and a is a geometrical term involving the 
coils volume fraction occupied by the magnetically active 
sample. A general relationship between the oscillator 
frequency, and the inductance is:

f  =  7 =  (3)2 n/LC

For superconducting materials, %  is assumed to equal -1. 
Therefore equation (2) becomes:
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L  = L 0 { 1 - a ) (4)

So, as the composite material becomes superconducting, 
the inductance decreases, and the response frequency output 
of the circuit will increase. Bono attributes the change in 
the circuits inductance to changes in a, and hence the 
magnetic penetration depth X within the sample. Development 
of the relationship between a, ana X was discussed by Bono, 
and both factors are related as follows:

r is the average radius of the grains, n is the number of 
grains per unit area, Ag is the area of the sample, A is 
the cross sectional area of the coil, A(0) is the 
penetration depth at T = 0 K, and z is the Gorter-Casimir 
phenomenological value. Equation (5) can be represented in 
the linear form:

a  =  ( - 2 n r n A s X  (0) / A t o t ) z  + n r 2 n A s / A t o t (5)

a = - a z  + b (6)

and if the slope is divided by the intercept,
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—  = 2 X (0 ) (7 )
b  i

A relationship between a and the measured frequency may 
be sought by incorporating equation (2) into (3):

2 7 1 / L ^ y i  +  OC X

f  = (9)
>/i +

If ax is assumed to be small, the denominator can be 
expanded to,

f  = f„(l - (1 0)2 ax

leading to the approximation:

-2 ( f  -  f  )
f — (H)
o

where f is the oscillator frequency if there were no 
magnetic effects. Values for f can be obtained by
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performing linear regression on frequency versus temperature 
data above T , extrapolating below the transition 
temperature, and thereby obtaining an equation for fo as a 
function of temperature in the range of interest.

Above the transition temperature, a %  should be near 
zero, and sharply deviate at the transition temperature.
The exact Tc can then be determined by taking the average of 
the first two points of data, where < x % starts to increase. 
The z parameter can be determined below the Tc range by:

Again, linear regression may be performed on the a %  vs. 
z curve below T , in order to find the values of a and b inC '

equation (6 ). Now that a and b have been determined, k ( 0 )  

may be calculated by only knowing the average particle size 
of the tested material, which is determined with SEM 
analysis.

Magnetic susceptibility measurements were performed on 
both sintered and unsintered powders. The sintered powders 
were prepared by crushing a portion of the sintered single 
layer pellet in mortar and pestle. The powder was then 
placed into a teflon sample holder, which was then attached
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to the magnetic susceptometer. The sample chamber was 
placed under a vacuum, submersed in a dewar, and cooled with 
liquid nitrogen. Data acquisition was done by using an HP 
61013A Digital Multimeter, and an HP Vectra computer. 
Acquisition software was produced in house, and allowed for 
data to be acquired while the sample was cooling or heating.

2.7 Microstructure Characterization
After electrical investigations into the composite 

materials, microstructural investigation was performed in 
three areas. Powdered samples were examined with x-ray 
analysis, and then the sintered pellets were investigated 
with SEM, and optical microscopy. X-ray analysis was 
conducted on both sintered and unsintered composites, as 
well as the pure starting materials.

2.7.1 X-rav Analysis
Powder XRD was conducted on the samples in order to 

check for phase purity. Analysis was done with a Rigaku XRD 
unit, in conjunction with an IBM PS 2. The powdered samples 
were mounted on glass slides, to form a thin layer of 
powder. X-rays were generated from a Cu-Ka source with the 
filament at 45 kV, and 60 mA. A 2 6 / 6  scan mode was used,
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with the scan speed of 0.05° per second, and a scan range 
from 15°-75°.

X-ray analysis was conducted on unsintered silver 
powder, YBCO powder, and the three composite mixture 
powders. After the samples were sintered and electrically 
examined, sections of each pellet were crushed in mortar 
with pestle. As a side note, as the content of silver 
increased in each sample, it became increasingly more 
difficult to fully crush the pellet into fine powder. In 
fact, XRD of the 75 weight percent Ag composite was done 
with some particles much larger than those of the lesser 
weight percent powders. After XRD, the remains of the 
pellets were prepared for microscopy.

2.7.2 Sample Preparation for Microscopy
Before optical and electron microscopy could begin, the 

samples needed to be cross sectioned, mounted in a bakelite, 
and then polished. Initial investigation of the single 
layered materials (YBCO, YBCO-25 weight percent Ag, YBCO-50 
weight percent Ag, and YBCO-75 weight percent Ag) was done 
without cross sectioning these pellets, by only examining 
their polished surfaces. Investigation of the multi-layered 
pellets, and the samples strongly adhered to their sintering 
substrate required the pellets be cross sectioned. A Mark V
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cutting saw with a diamond blade was used at a slow cutting 
speed to section the pellets. Kerosene was used as a 
cutting fluid during the cross sectioning. In several 
cases, samples sheared along the layer boundary during the 
cross sectioning. This occurred when the layer's 
composition differed by 50 weight percent in silver, or 
more, from its neighbor.

The samples were mounted in bakelite with a Leco PR-30 
mounting press. After mounting, they were polished in three 
stages. First, 320 grit SiC paper was used to remove the 
outer layers of the material. Then 400 grit paper was used 
to further smooth out the rough surface. In both of these 
steps, ethanol was used as a lubricating fluid. After 
initial grinding, the samples were polished.

A solution of 1.0 /m A1203 powder and ethanol was used 
to polish the samples prior to microscopic examination. 
Uniform pressure was applied to the samples, on a cloth 
covered polishing wheel, which rotated at medium speed, 
while applying generous amounts of polishing fluid. Each 
sample took between 4-8 minutes to polish. Once each sample 
was mounted and polished, it was examined optically.

2.7.3 Optical Microscopy
After polishing, each sample was visually inspected
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with a Leco (AusJena) Neophot 21. Examinations took place 
at lOOx, 250x, and 400x magnifications. The single layered 
material was examined for silver distribution, porosity, and 
YBCO grain formation. Layered materials were examined for 
continuity along the sintered interfaces, silver 
distribution, and YBCO grain sizes of the sintered 
materials. A polarizing filter was used to exploit the 
orthorhombic nature of the YBCO material. All photographs 
were taken on Polaroid type 55 film. After visual 
inspection, the samples were examined with the scanning 
electron microscope.

2.7.4 Electron Microscopy
A JEOL JXA-840 scanning electron microscope was used to 

examine the composite materials, and their starting 
materials. The electron probe current used was between 1 - 
3x10 10 amperes, while the probe accelerating voltage was 
held constant at 15 kV. All photographs were taken on 
Polaroid type 55 film. Four areas of interest were 
investigated with the SEM.

Powder particle sizing was done on the starting 
material to confirm the descriptions from the manufactures, 
and sizing was done on the ground sintered samples for the 
magnetic susceptibility tests. The fracture surface of a
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single layer composite material was also examined for 
silver/YBCO particle distribution. Additionally, the 
polished surfaces of the single and multiple layered 
composites were investigated for phase distribution by 
secondary electron imaging (SEI) and back scattered electron 
imaging (BEI). Finally, energy dispersive spectra (EDS) 
were taken of selected polished surface areas, to check 
composition. In all cases, the samples were carbon coated 
prior to SEM examination.

The EDS analysis was conducted on selected areas, in 
order to roughly determine their composition. Due to the 
semiquantitative nature of EDS, all determined compositions 
were approximate. Tracor Norton SQ (semi-quantitative) 
software was used to analyze the collected x-rays from the 
EDS probe area. The software utilized Y-La, Ba-La, Cu-Ka, 
and Ag-La reference spectra when calculating the atomic 
percent of the various elements sampled in the analyzed 
area. The margin of error in sampling was about ± 1 
percent. Due to the interaction volume of the electron 
probe, only semi-quantitative estimates could be conducted 
on the areas of interest. Therefore, the collected data 
showed only strong trends in material behavior.
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2.8 Additional Investigations
During the course of these investigations, the 

soldering characteristics of the various sintered composite 
materials were examined. In a very brief, qualitative 
study, the polished and unpolished pellet surfaces were 
exposed to molten solder of various compositions. The 
solders used were 60/40 PbSn, Indium, and 62/36/2 SnPbAg. 
Visual observation of wetting and inspection of adherence 
were used as preliminary criteria to determine the 
solderability of the various surfaces to the various solder 
types.

2.9 Experimental Summary
Table 2.2 summarizes the investigations performed on 

the unsintered materials. All of these investigations were 
done with powder samples. Investigations conducted on the 
single layer sintered materials are summarized in Table 2.3. 
All investigations performed on the sintered multi-layer 
materials are summarized in Table 2.4. The letter 
designation A, B, C, and D refer to layers with the weight 
percent compositions of YBCO(100)/Ag(0), YBCO(75)/Ag(25), 
YBCO(50)/Ag(50), and YBCO(75)/Ag(25) respectively.

Sample A/Ag(100) refers to a pure YBCO layer sintered 
together with a pure silver layer. Column entry D-Melt
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Table 2.2, Investigations Performed on Un-Sintered Samples.

YBCO-100 
Ag-0

YBCO-75 
Ag-25

YBCO-50 
Ag-50

YBCO-25
Ag-75

YBCO-O
Ag-100

Meissner
Bulk

Resistance
Thermopower
Magnetic 
Suscep.

X X X X

XRD X X X

Optical
Microscopy

SEM X X

Solder

Table 2.3, Investigations Performed on Sintered Single Laver 
Samples.

YBCO-100 
Ag-0

YBCO-75
Ag-25

YBCO-50 
Ag-50

YBCO-25
Ag-75

YBCO-O
Ag-100

Meissner X X X X

Bulk
Resistance

X X X

Thermopower X X X X

Magnetic 
Suscep.

X X X X

XRD X X X X

Optical
Microscopy

X X X X

SEM X X X X

Solder X X X X X
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Table 2.4, Investigations Performed on Sintered Multi-Layer 
Samples.

A/B A/C B/C A/B/C A/Ag B/C-
Melt

D-Melt

Meissner X X X X X X X

Bulk
Resistance
Thermopower
Magnetic 
Suscep.

XRD
Optical

Microscopy
X X X X X X X

SEM X X X X X X X

Solder
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refers to a D layer material, which partially melted at 
940°C during sintering, and adhered to the alumina plate on 
which the pellet was being sintered at the time. While not 
a multi-layer material, this sample was grouped in Table 2.4 
due to its multi-layer appearance.
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Chapter 3 
RESULTS and DISCUSSION

Investigation took place in two phases. First, the 
single layered material composites were examined for their 
electrical and superconducting properties. It was generally 
assumed by this author that the multi-layered materials' 
electrical and superconducting properties would not differ 
drastically from their individual layer constituents.
During this phase of the investigation, microstructure 
properties of the single layer materials were also examined 
briefly, however the second phase of this investigation was 
focused on the microstructure and sinterability of the 
layered pellets.

The second phase of this research dealt with formation 
of the sintered multi-layered materials, and examining the 
microstructure of these sintered multi-layered materials. 
Formation and sintering of the layered materials were 
examined so as to determine how to achieve a uniform pellet, 
with a changing composition. The goal was to determine an 
adequate method of sample preparation and firing to produce 
a whole pellet consisting of two or three layers. Once this 
was achieved, the sintered microstructure of the pellet was 
examined for microstructure compatibility.
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The results of these investigations shall be presented 
in two major sections, which correspond to the two phases of 
the research. First, the results from the electrical and 
superconducting investigations of the single layer materials 
will be presented. Along with these reports, the results of 
the x-ray diffraction analysis shall be presented. Second, 
the microstructural analysis of both the single and multi
layered pellets will be given. Finally, the sintering and 
solderability observations will be reported. Along with 
each presentation, the results of the investigation shall be 
discussed.

3.1 Phase I: Electrical, Superconducting and XRD Results
These results shall be presented in the order they were 

done. Meissner observations are qualitative, while 
resistance, thermoelectric power, magnetic susceptibility 
and powder x-ray diffraction are quantitative. The 
qualitative investigations have appendices associated with 
them containing the collected data, and should be consulted 
for further information. Every investigation yielded either 
excellent or adequate results.

3.1.1 Meissner Observation
After sintering, each sample was tested for the
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presence of the Meissner effect. This test was used as an 
initial indicator as to whether or not the sample was 
superconducting. Samples which contained less than 50 
weight percent silver always showed a Meissner effect.
Those samples containing 50 and 75 weight percent silver did 
not show a Meissner effect, even after additional annealing 
at 400°C for 20 hours in flowing oxygen. As the amount of 
silver increased in the sample, the relative Meissner effect 
appeared to decrease. That is to say, the magnetic field 
excluded from the bulk sample decreased, because the magnet 
floated closer to the sample's surface as the silver content 
increased.

For multi-layered materials, samples containing a layer 
with a silver composition of 50 weight percent showed a 
Meissner effect. This was due to the adhered layers of 
superconducting material, which contained less than 50 
weight percent silver. The melted layer of YBCO/Ag 25/75 
weight percent mentioned in section 2.9 did not show a 
Meissner effect.

Results from the observations of the single layer 
material did not exclude the possibility that the material 
was superconducting. It was possible that the magnet used 
in the observation was too heavy for the excluded magnetic 
field to repulse. Instead, all samples were examined with
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the resistivity probe to look for a superconducting 
transition temperature.

3.1.2 Bulk Resistance Measurements
After examining the single layer pellets for the 

presence of a Meissner effect, the bulk resistance as a 
function of temperature was studied for each pellet. As 
with the Meissner observations, samples containing 50 or 
more weight percent silver did not show a superconducting 
transition temperature. From the collected data, samples 
containing 0 and 25 weight percent silver showed ohmic 
behavior as the temperature cooled down to 92 K, that is to 
say the sample's bulk resistance decreased as the 
temperature decreased. Conversely, the 50 and 75 weight 
percent samples showed an increase in bulk resistance as the 
temperature decreased. The onset of Tc for 0 and 25 weight 
percent silver samples were 93.32 K and 93.49 K 
respectively. Note that the addition of silver slightly 
increased the on set of Tc. Additionally, the room 
temperature resistance of the bulk samples decreased as the 
silver content increased. Table 3.1 is a summary of the 
resistance measurements made of the single layer materials, 
while Figure 3.1 is a typical plot of the bulk resistance as 
a function of temperature. For more data, see appendix A.
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Table 3.1, Summary Table of Resistance Measurements

YBCO-lOO
Ag-0

YBCO-75
Ag-25

YBCO-50
Ag-50

YBCO-25
Ag-75

T C 93.32 K 93.49 K None None

Resistance
Behavior

Type
Metallic Metallic Semi-

conductive
Semi-

conductive
Room

Temperature
Resistance

1.65 m£2 1.49 m£2 0.92 mfi < 0.89 m£2
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Figure 3.1 Resistance vs. Temperature curve for a single 
layer pure YBCO material.
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3.1.3 Thermoelectric Power Results
After the single layered pellets were examined for 

their resistance behavior, each was tested, except the 75 
weight percent silver pellet, for thermoelectric power. 
Additionally, a sintered pellet of pure silver was also 
examined to determine contribution from silver to the 
composite material's thermoelectric behavior. Figures 3.2 
and 3.3 are typical thermoelectric power data curves. The 
effects of silver became evident, as the thermo-power was 
seen to decrease dramatically with the addition of silver. 
Typical values of the thermoelectric power decreased with 
the increasing content of silver, within the accuracy of the 
data collection system (± 0.2/iV/ K) . As the amount of 
silver increased in the samples, the thermoelectric power 
values came more closely into line with those of the 
sintered silver pellet.

Data collected was seen to have negative values for 
thermoelectric power at lower temperatures. The data 
appears to cross over from negative to positive 
thermoelectric values, which classically indicates a change 
from n to p type charge carriers. However, this is not 
necessarily what is occurring with the tested samples. The 
negative thermoelectric power values are thought to be an 
experimental apparatus offset, and therefore not true
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Figure 3.2 Thermoelectric power of the single layer pure 
YBCO material.
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Thermopower vs. Tem perature 
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Figure 3.3 Thermoelectric power of single layer YBCO/Ag 
75/25 weight percent material.
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values. For pure YBCO, the thermoelectric power should be 
very close to zero in the superconducting state. Yet,
Figure 3.2 shows the thermoelectric power significantly 
below zero at low temperatures. Since the thermoelectric 
power rises to a significantly positive value when the 
material is above the superconducting state, then the 
negative thermoelectric power values must be an apparatus 
offset. This negative offset was seen for all the tested 
samples.

Onset of the transition temperature was noticed for the 
0, 25, and 50 weight percent silver samples at 94.48 K,
94.85 K, and 88.29 K respectively. The accuracy of these 
values could be as high as 3 K, due to the data acquisition 
method. At, or below 90 K, the data acquisition was set at 
intervals of 2 K, but above 90 K, the sampling interval is 
doubled to 4 K. The widths of transition for 0, 25 and 50 
weight percent samples were 8.11 K, 6.28 K, and 4.46 K 
respectively. These results are summarized in Table 3.2.

3.1.4 Magnetic Susceptibility Results
Magnetic susceptibility studies were performed on 

sintered and unsintered material in order to determine the 
transition temperature, and to check for silver diffusion 
into the YBCO material. Transition temperatures were
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Table 3.2, Summary Table of Thermoelectric Power 
Measurements.

YBCO-100 
Ag-0

YBCO-75 
Ag-25

YBCO-50
Ag-50

Onset TC 94.48 K 94.85 K 88.29 K

Transition
Range 8 . 11 K 6.28 K 4.46 K

Carrier
Type

p-type p-type p-type
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determined for all mixtures containing YBCO. For unsintered 
mixtures, Tc remained constant around 93 K, except for the 
unsintered YBCO/Ag 50/50 weight percent mixture. The lower 
T of 89.88 K was due to data collection error in thec

susceptibility apparatus. Transition temperature values 
were determined from a %  data derived from Equation 11. When 
the value deviated sharply from near zero, the first two 
temperature data values at this point were averaged to 
produce the transition temperature. Figure 3.4 shows a 
typical susceptibility curve, while Figure 3.5 is a typical 
a x  versus temperature curve. In the case of Figure 3.5, the 
T was determined to be 91.99 K.C

The penetration depths at 0 K, A(0) for various YBCO/Ag 
mixtures were examined for a change from the unsintered to 
sintered samples. From Equations 6 and 7, the penetration 
depth can be extracted by knowing the average powder 
particle size.

As described in Section 2.6.4, best fitting a line 
through ax v s . z data below Tc will give one an equation in 
the form of:

a x  = az - b  (13)

Bono used only z values below two, in order to avoid error
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Magnetic Susceptibility vs. Temperature 
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Figure 3.4 Magnetic susceptibility of the sintered single 
layer pure YBCO material.
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Alpha—Chi vs. Z 
Sintered Y B C 0(100 )/A g(0 )
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Figure 3.5 Alpha chi data extracted from magnetic 
susceptibility data of the single layer 
pure YBCO material.
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introduced by thermal instabilities. Figure 3.6 shows the 
ax v s . z curve for data originating from Figure 3.4. By 
plotting a best fit line through z values less than two, a 
and b can be determined, as shown in Figure 3.7.

Average powder particle size was determined from the 
SEM photo of a representative sampling of powder. The 
particles were checked for silver content during SEM 
analysis, and those containing only YBCO were used in 
determining the particle size. Each YBCO particle was 
measured in three directions, length, width, and diagonal. 
These three values were averaged to determine the estimated 
size of the particle. From the estimated sizes, the average 
particle size was determined. At least eight YBCO particles 
were used in the calculation for average powder particle 
size. The calculated average particle diameter size for the 
0, 25, and 50 weight percent powders were 8.0 f i m ,  8.85 /im 
and 2.85 /x,m respectively. The average powder diameter for 
the unsintered tests was assumed to remain constant at 5.5 
fj,m for the superconductor particles.

Table 3.3 summarizes the results of the magnetic 
susceptibility investigations. An increase in magnetic 
penetration depth can clearly be seen after the 0 and 25 
weight percent silver material is sintered. A decrease in 
penetration depth is observed for the 50 weight percent
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Alpha—Chi vs. Z 
Sintered Y B C 0(100 )/A g(0 )
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Table 3.3, Summary of Magnetic Susceptibility Results.

Material T r X ( 0 )

us YBCO-100 
Ag-0

93.11 K 2.25 f i m 0.305 f x m

us YBCO-75 
Ag-25

93.32 K 2.25 f x m 0.321 / x m

us YBCO-50 
Ag-50

89.88 K 2.25 f x m 0.338 ix m

us YBCO-25 
Ag-75

93.32 K 2.25 f x m 0.261 (x m

YBCO-100 
Ag-0

91.99 K 4.00 f x m 0.438 f x m

YBCO-75 
Ag-25

92.13 K 4.425 m 0.449 fx m

YBCO-50
Ag-50

91.99 K 1.425 f x m 0.258 f x m
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silver material after sintering. It is this decrease in 
penetration depth which indicates that possible diffusion of 
silver into the YBCO material is occurring.

3.1.5 X-rav Diffraction Results
Once the x-ray data were acquired, key peaks were 

checked against a standard orthorhombic YBCO powder index 
(Wong-Wu et a l ., 1987), and a silver powder index (Swanson, 
Tatge, 1953). The data were examined for phase purity, and 
lattice parameter changes in the YBCO material as a function 
of increasing silver content. Silver's lattice parameter 
was also examined in each composite composition. Table 3.4 
indicates the YBCO peaks used in calculating the lattice 
parameters. Table 3.5 indicates the major silver peaks 
referenced. The unsintered starting powders were examined 
and compared to the referenced indices. Both unsintered 
YBCO and silver powders matched the indices used fairly 
well, but all d-spacings were slightly smaller than the 
indexed values. For YBCO this difference calculated out to 
a 1.6 pet. difference in all three lattice parameters. 
Additionally, the peak intensities of the YBCO powder index 
were lower than the corresponding intensities of the 
unsintered YBCO powder used during this investigation.
Figure 3.8 shows a typical powder x-ray diffraction pattern,
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Table 3.4, Peaks Used in Calculating YBCO Lattice Parameters 
____________ (Wong-Wu et al., 1987).______________________________
Axis h k 1 d-spacing (A) Intensity (%) 2 0

c 0 2 0 5.836 4 14.91
c 0 3 0 3.891 10 22.44
c 0 5 0 2.336 13 37 .82
c 0 6 0 1.9461 22 45.78
b 2 0 0 1.9425 21 45.87
a 0 0 1 3.819 4 22.87
a 0 0 2 1.9096 12 46.71
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Table 3.5, Major Silver Peaks Referenced (Swanson, Tatge, 
____________1953) . . ________
h k 1 d-spacing (A) Intensity (%) 2 6

1 1 1 2.359 100 37.44
2 0 0 2.044 40 43.47
2 2 0 1.445 25 63. 19
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Powder X—ray Diffraction 
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Figure 3.8 Powder x-ray diffraction pattern for a sintered
single layer YBCO material.
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while Table 3.6 is a listing of the data extracted from this 
typical XRD pattern. In all cases the various sintered YBCO 
single layer material remained phase pure. After checking 
for phase purity, the YBCO and silver axis parameters were 
examined as a function of increasing silver content.

Figures 3.9-3.12 show the results of the axis parameter 
investigation. For YBCO, both the a and b axis remained 
unchanged, but the c axis value decreased with the 50 and 75 
weight percent sintered samples. An across the board 
decrease in lattice parameters was noticed in YBCO and 
silver for the 50 weight percent silver composition.
Because of this decrease, the lattice parameter data from 
the 50 weight percent silver sample are questionable as to 
their results. If the 50 weight percent data points are 
ignored, then the silver lattice parameter remained 
constant, as did the YBCO a and b lattice parameters. The 
decrease in the YBCO c-axis parameter seems to be more 
legitimate, because the 75 weight percent silver material 
also showed a decrease in this lattice parameter.

3.1.6 Phase I Results Summary
As the amount of silver increased in the YBCO/Ag 

mixtures, the bulk resistance of the composite material 
decreased. The superconducting properties are not affected
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Table 3.6, Peak Analysis of the Sintered Single Layer Pure 
YBCO material.

Axis h k 1 d-spacing (A) Intensity (%) 2 0

c 0 2 0 5.838 3.3 14.9
c 0 3 0 3.805 9.0 22.95
c 0 5 0 2.299 10.1 38.65
c 0 6 0 1.9099 26.3 46.7
b 2 0 0 1.9061 29.8 46.8
a 0 0 1 3.7567 6.2 23.25
a 0 0 2 1.872 18.4 47.7



T-3986 73

A—Axis Param eter vs. Composition of YBCO
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with up to 25 weight percent silver additions, but are 
adversely affected with 50 and 75 weight percent silver 
additions. Meissner observations, and resistance 
measurements did not indicate the presence of 
superconducting behavior in the 50 and 75 weight percent 
mixtures. Yet, thermoelectric power and magnetic 
susceptibility measurements did indicate superconducting 
behavior for the 50 weight percent material. The magnetic 
penetration depth for the 50 weight percent mixture was 
shown to decrease after sintering, while magnetic 
penetration depths of the 0 and 25 weight percent silver 
materials depths increased after sintering. The decrease in 
penetration depth indicates diffusion of silver into the 
YBCO material. In fact, x-ray diffraction of the sintered 
powders indicated a c-lattice parameter decrease with 50 and 
75 weight percent silver additions.

The actual reason for a decrease in the c-lattice 
parameter is not clearly understood. I do not believe that 
the silver ions are substituting for the copper ions in the 
YBCO on any significant level. The ionic radius of Ag+ is 
0.113 nm, and Cu2+ is 0.069 nm, so the c-lattice parameter 
should increase with significant silver-copper 
substitutions. The calculated c-lattice parameters 
indicated an oxygen content where x is almost 7 in YBa2Cu3Ox,
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and therefore the decrease in superconducting properties can 
not be attributed to oxygen loss (Cornejo, 1991). Clearly, 
further study needs to be done in this area of silver-copper 
diffusion for high content silver samples. Even though the 
superconducting properties of high content silver mixtures 
are degraded, the silver enhances the electrical properties, 
so the mixtures would be useful in constructing a phase 
transition region from the superconducting sample to an 
external electrical lead.

3.2 Phase II: Microstructure, Sinterability and
Solderability Results

The result from the microstructure investigations shall 
be presented first for the single layered materials, then 
for the multi-layered structures. Both optical microscopy 
(OM) and scanning electron microscopy (SEM) results will be 
discussed for each YBCO/Ag composition. As designated in 
Section 2.9, the layered structures will be referred to by 
letter designation corresponding to layer composition.
After the microstructure results are reported, the brief 
solderability study shall be presented.
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3.2.1 Sintered Single Lavers
The microstructures of the single layered materials 

were examined under SEM to determine silver distribution and 
chemical composition with the energy dispersive spectroscopy 
(EDS) capabilities of the SEM. Optical microscopy was 
performed on the single layered material, but the SEM 
results were identical, and more informative. Therefore, 
the SEM results will only be discussed for the single 
layered materials.

Figures 3.13-3.16 are typical SEM photographs of the 
pure sintered YBCO material, 25, 50, and 75 weight percent 
additions , respectively. The pure YBCO material had 
moderate porosity, and two separate phases were identified 
with the EDS probe. The light grey area was identified as 
the YBCO compound, i.e. EDS analysis showed Y-Ba-Cu to be in 
a 1:2:3 ratio. The dark grey regions were identified as 
high content copper areas. The high content copper areas 
had sporadic occurrences of barium and yttrium, and in 
varying percentages ranging from 0-3 atomic percent. The 
presence of yttrium and barium in the copper rich regions is 
believed to occur from neighboring YBCO grains interacting 
with the EDS probe. It is quite possible that these 
neighboring grains lie below the copper rich region, and are 
also sampled by the EDS probe.
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Figure 3.13 SEM photo of the sintered pure single layer
YBCO material.
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Figure 3.14 SEM photo of the sintered single layer
YBCO/Ag 75/25 weight percent material.
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Figure 3.15 SEM photo of the sintered single layer
YBCO/Ag 50/50 weight percent material.
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Figure 3.16 SEM photo of the sintered single layer
YBCO/Ag 25/75 weight percent material.
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The presence of copper rich areas was found in all 
examined samples. Upon closer examination of Figures 3.14- 
3.16, one will notice that these copper rich areas primarily 
occur along grain boundaries, and around pores in the YBCO 
material. Because the EDS can not detect elemental oxygen,
I was unable to confirm the presence of any copper oxides in 
the copper rich regions. Yet due to the oxidizing 
environment the samples were processed in, it is highly 
likely these copper rich areas are a copper oxide of some 
sort. Grains of YBCO neighboring the copper regions were 
examined with the EDS probe and showed stoichiometric 
amounts of yttrium, barium, and copper.

The silver grains were observed to be evenly 
distributed throughout the YBCO material. At 25 weight 
percent silver, the YBCO material was seen to be continuous, 
with silver particles dispersed throughout the YBCO matrix. 
When the silver content was 50 weight percent, the YBCO was 
still mostly continuous, but the silver particles were 
becoming connected together, thus appearing to partially 
isolate the YBCO material. At 75 weight percent silver, the 
silver is now continuous, with YBCO particles evenly 
dispersed throughout the silver matrix.

The porosity in the YBCO material appeared to be 
effected slightly by the addition of silver. As the amount
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of silver increased, the porosity in the YBCO material 
seemed to decrease. The porosity in the silver particles 
appeared to be constant from sample to sample.

Analysis of the silver particles with EDS indicated 
pure silver, with occasional trace (0.5-4 at.%) amounts of 
copper, and or barium. As previously described, these trace 
amounts were believed to be from neighboring grains 
interacting with the EDS probe. Using the EDS, neighboring 
grains of YBCO and copper rich areas were examined for the 
presence of silver. Grains containing YBCO were found to be 
stoichiometric in yttrium, barium, and copper, with no 
silver present. Examining the copper rich areas did not 
reveal the presence of silver.

In all single layers, the YBCO and silver sintered 
together very well. The silver/YBCO grain boundaries were 
continuous, and did not show any pull away voids. Examining 
the materials under polarized light showed the YBCO grain 
sizes and distribution to be constant from one material to 
another. Overall, an intimate mixture of YBCO and silver 
sintered together very well.

3.2.2 Sintered Multi-Layers
After cross sectioning and polishing the multi-layered 

samples, each was examined with the optical microscope, then
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the SEM. Optical Microscopy was done to examine particle 
distribution of both the YBCO and silver from layer to 
layer. Additionally, the sintered interface was examined 
for continuity and to check for noticeable changes in 
porosity from one layer to another.

Figure 3.17 is an optical micrograph of the A/B 
interface. A fairly even and uniform Ag particle 
distribution was found up to the interface. Small silver 
particles were found on the A side, away from the interface. 
This was a result of pellet preparation technique. Both 
layers sintered together very well, and the interface was 
continuous along the cross section. Porosity did not seem 
to change from one layer to another. Under polarized light, 
the YBCO grains were seen to be the same size and 
distribution across both layers.

Analysis of the A/B structure with the SEM confirmed 
all observations from optical microscopy. Additionally, the 
A and B layers had the same notable characteristics as the 
single layer materials. Nothing else of note was discovered 
using SEM analysis.

Sintered A/C structure showed a continuous and uniform 
interface, see Figure 3.18. Both OM and SEM revealed a 
significant decrease in porosity from the A to C layer. The 
addition of silver clearly decreased the porosity in the
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Figure 3.17 Optical micrograph at 250x of the A/B
interface.
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Figure 3.18 Optical micrograph at 250x of A/C
interface.
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YBCO material. Further analysis revealed nothing else of 
note.

Optical microscopy on the B/C structure showed the 
silver particles to be more evenly distributed on the B 
side, as seen in Figure 3.19. The silver particles on the C 
side formed a near continuous network. The interface was 
seen to be smooth and continuous from one layer to another. 
Grain sizes remained constant from one layer to another. 
Porosity was notably less on the C side material.

As with the A/B structure, SEM analysis confirmed all 
OM observations. The B and C materials exhibited all the 
characteristics found in the analysis of the single layer 
materials. Nothing else of note was discovered.

A typical optical micrograph of the A/B/C interfaces is 
shown in Figure 3.20. Across the A/B/C interfaces, porosity 
was seen to decrease going from 0 to 50 weight percent 
silver. The silver particles in B and C are about the same 
shapes and orientation, although silver channels were formed 
in the C material. Grain sizes of the YBCO remained about 
the same across all three layers. A closer examination of 
the A/Band B/C interfaces revealed no new information, other 
than these interfaces were nearly identical to those 
observed for the A/B and B/C structures, respectively. SEM 
analysis revealed no new information.
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Figure 3.19 Optical micrograph at 250x of B/C
interface.
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Figure 3.20 Optical micrograph at 250x of the A/B/C
interfaces.
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In sharp contrast to observed sintered layers, the Ag/A 
structure did not sinter well together. Upon removing the 
sample from the furnace, the silver and YBCO layers were 
pulled apart at their interface. Clearly these two layers 
did not sinter completely together, yet they were partially 
joined at the interface. Figure 3.21 is a typical optical 
micrograph of the Ag/A interface. Large pull away voids 
were dominate along the interface. Particles of YBCO were 
distributed evenly along the silver side of the interface, 
where the interface pulled apart. These grains are believed 
to have been trapped by the silver as the interface 
retreated.

From SEM analysis of areas where the YBCO and Ag layers 
sintered together, the interface was continuous and free of 
pores. Copper and barium were sporadically detected in the 
silver, near the interface. The sintered silver layer 
appeared to have little porosity away from the Ag/A 
interface.

The next sample examined was the D-melt material. 
Originally, a single layer 75 weight percent pellet was 
placed on an alumina sample holder. By accident, the sample 
was sintered at 940°C for 14 hours, in flowing oxygen.
After sintering, the sample was found to have melted at the 
D/Alumina contact interface. Three distinct regions were
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Figure 3.21 Optical micrograph at 250x of Ag/A
interface.
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revealed upon cross sectioning the sample, D, silver, and 
alumina. Figure 3.22 is an optical micrograph of the cross 
sectional area.

Across the D/Ag/Al203 interface, three distinct 
features were noted. Large porous regions formed at the 
D/Ag melt interface. Also, extremely large, near continuous 
voids formed along the Ag/Al203 interface. Finally, YBCO 
particles were observed to be scattered across the silver 
region, and most of these particles had the same 
orientation. The YBCO particles seem to have been pulled 
away (or along) with the melted silver.

At higher magnification (see Figure 3.23) of the D 
side, YBCO can be seen in small isolated pockets, surrounded 
by silver. Clearly the YBCO was not continuous. The large 
pores formed at the D/Ag interface were not continuous, 
while the silver was continuous across the interface. At 
the Ag/Alumina interface, very large continuous pull away 
pores were observed. Clearly these two layers were not well 
adhered, unlike the D/Ag layers.

The SEM analysis at the Ag/Alumina interface found 
copper rich particles gathered at the interface (see Figure 
3.24). From EDS analysis, three regions of material existed 
at this interface, high copper (98 atomic percent), high 
aluminum (99 atomic percent), and high silver (98 atomic
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Figure 3.22 Optical micrograph at lOOx of the D/Ag/Alumina
interfaces.
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Figure 3.23 Optical micrograph at 400x of D/Ag
interface.
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Figure 3.24 SEM photo of the Ag/Alumina
interface.
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percent). Particles 2, 4, and 6 are high in copper, 
particles 3 and 5 are high in Al, while particle 1 was high 
in silver. There was a distinct consistent lack of yttrium 
and barium in EDS probes of these three regions. The 
aluminum (assumed to be alumina) and copper (assumed to be a 
copper oxide) grains were sintered together, with no voids 
or pores at the grain boundaries.

Inspection of the silver melt region away from the 
boundaries found occasional trace amounts of copper, 
yttrium, and barium (all less than 4 atomic percent).
Regions rich in copper were found scattered throughout the 
silver melt region. These copper rich areas were identical 
in nature to those copper rich regions found near the 
Ag/alumina melt interface. Furthermore, no grains of YBCO 
were located in the silver melt region.

On the Ag/D side, YBCO particles were abundant with 
occasional copper rich particles. Copper rich regions found 
were similar in orientation and shape to those found in the 
silver melt region. The D layer was typical of the single 
layer 75 weight percent silver previously examined.

The final sample examined was a B/C structure purposely 
sintered at 940°C. Melting was observed at the C/Alumina 
contact interface, but when the sample was cross sectioned, 
the alumina substrate separated from the C melt material.
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The apparent silver melt region was smaller than the D-melt, 
and therefore was not found during microscopic 
investigation.

The interface of the structure was examined using OM 
and the interface was seen to be continuous. Under 
polarized light, two types of silver particles were 
distributed through both materials. Large typical 
particles, and very small pin points throughout the YBCO 
material. At similar magnification of the B/C interfaces of 
A/B/C structure, the small pin points were not significantly 
observed. A closer look at the B/C melt indicated the 
source of these pin points was silver at the pores in the 
YBCO material. Every pore showed a concentration of silver, 
suggesting that silver traveled along the pore channels 
during sintering.

3.2.3 Microstructure Results Summary
The microstructure investigation results can be 

summarized by looking at those materials sintered at 900°C, 
and at 940°C. For materials processed at 900°C, several 
features were revealed upon investigation. Both the YBCO 
and the silver sintered together well with an intimate 
mixture of both powders as separate phases. The 
distribution of silver remained constant from one sample to
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another. The YBCO grain size and distribution was 
unaffected by the silver additions. Multi-layered 
structures sintered together well, as long as connecting 
layers contained YBCO. The layer interface was continuous, 
and free of pull away voids or discontinuities.

As the amount of silver increased in the composite 
material, the porosity decreased in the YBCO material.
Silver acts as a sink for porosity during sintering. As the 
amount of silver increased, the silver network became more 
continuous. At 50 weight percent, the silver network was 
partially continuous, while at 75 weight percent, the silver 
network was fully continuous. The YBCO grains became fully 
isolated and non continuous at 75 weight percent additions 
of silver.

During the sintering process, the YBCO material formed 
a copper rich phase along the YBCO grain boundaries and 
around pores. All YBCO/Ag samples stained the alumina 
sintering platforms during sintering. The stained area 
increased with increasing amounts of silver in the sample.
In a separate study, a pure silver pellet was fired at 
900°C, and no interaction with the alumina substrate was 
observed.

For materials processed at 940°C, partial melting of 
all the silver bearing sample was observed at the sample-
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alumina substrate interface. In the examined sample, the 
silver melt was loosely adhered to the sintering platform, 
and firmly adhered to the YBCO/Ag 75/25 weight percent 
layer. Porosity in the silver material was less in the melt 
region, than in the YBCO/Ag region. Large pockets of 
porosity were found in the silver melt region, where the 
small pores collected during the melt process.

The cause for the sample melting is not fully 
understood. Compositional analysis with the SEM did not 
indicate a silver melt region containing copper, therefore a 
lower melting point due to a solid solution between Cu-Ag is 
unlikely. A chemical reaction at the YBCO/Ag-alumina 
interface is believed to cause the melting of the sample to 
occur. Little is known of this reaction, but the YBCO 
grains near the alumina-silver interface were copper rich, 
and entirely depleted of yttrium and barium. Grains 
stoichiometric with yttrium, copper, and barium were 
predominate in the YBCO/Ag material, even near the YBCO/Ag- 
silver melt interface. Few areas of copper rich material 
were detected in the YBCO/Ag material (no more than normal).

For the multi-layered pellet processed at 940°C, the 
silver appeared to collect at pores throughout the 
structure. The silver in the layers seemed unchanged. As 
the structures sintered, the silver probably moved along the
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grain boundaries, and collected at the pores. Similar 
studies of the D-melt structure did not reveal silver 
collecting at the pores, but the porosity in the D material 
was significantly less than the layered structure processed 
under similar conditions.

3.2.4 Solderabilitv Results
Each sintered single layer material was examined 

briefly for wettability to three common types of solder, 
indium, 60/40 Pb/Sn, and 62/36/2 Sn/Pb/Ag. Both unpolished 
and polished surfaces were visually observed for each solder 
type. The results of this study are summarized in Table 
3.7. For indium solder, no noticeable wetting occurred for 
the polished and unpolished 0, 25, 50 and 75 weight percent 
surfaces. The solder did slightly adhere to the silver 
bearing samples, but could easily be pried off with 
tweezers. As the amount of silver increased, the adherence 
became more noticeable.

Lead-tin 60/40 solder observations were similar to the 
indium for unpolished surfaces; for polished surfaces the 
solder did partially wet. A non wetting condition was 
observed for the pure YBCO polished surface, but as the 
silver content of the sample increased, the solder began to 
partially wet the polished surface. The Pb/Sn solder
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Table 3.7, Summary of Solderability Investigation.

Indium Pb/Sn
60/40

Sn/Pb/Ag
62/36/2

Unpolished 
YBCO-100 

Ag-0
no wetting no wetting no wetting

Polished 
YBCO-100 

Ag-0
no wetting no wetting no wetting

Unpolished 
YBCO-75 
Ag-25

no wetting no wetting no wetting

Polished 
YBCO-75 
Ag-25

no wetting partial
wetting

partial
wetting

Unpolished
YBCO-50
Ag-50

no wetting no wetting no wetting

Polished
YBCO-50
Ag-50

no wetting partial
wetting

partial
wetting

Unpolished 
YBCO-25 
Ag-75

no wetting no wetting no wetting

Polished
YBCO-25
Ag-75

no wetting partial
wetting

wetting
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partially adhered to the silver bearing samples and, as the 
amount of silver increased, so did the force required to pry 
the solder off with tweezers. In the case of the 75 weight 
percent silver sample, the solder was so well adhered as to 
pull up some of the YBCO/Ag surface when the solder was 
pried off.

Silver bearing solder did not wet to the unpolished 
surfaces, or the polished pure YBCO material. Slight 
partial wetting occurred in 25 and 50 weight percent silver 
samples. The solder partially adhered to the polished 
surfaces, but was easily dislodged with tweezers. In sharp 
contrast, the silver bearing solder nearly fully wetted the 
75 weight percent silver material. The solder could not be 
removed with tweezers without severely damaging the sample.

In summary, the polished surfaces were more likely to 
wet with any given solder. Polished silver bearing samples 
were better suited to wet with the tested solders, than the 
pure YBCO material. As the amount of silver increased, the 
more solder would adhere to a sample's surface. Best 
results occurred with the silver bearing solder Sn/Pb/Ag 
62/36/2 and the polished 75 weight percent silver sample.
In the case of the 75 weight percent silver sample, the 
silver bearing solder completely adhered to the sample's 
surface with excellent contact.
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Chapter 4 
CONCLUSION

The purpose of this investigation was to determine the 
feasibility of making a bulk phase transition electrical 
contact to YBa2Cu307 bulk material by constructing the 
electrical contact out of a series of YBCO/Ag layers. The 
layers will vary in composition from 0 to 75 weight percent 
silver, and are to form a compositional gradient from a bulk 
pure YBCO superconductor to an external electrical lead. 
Before such a contact was made, investigation into the 
individual composite layers was done so as to determine the 
effects of silver on the superconducting and microstructure 
characteristics of the YBCO material. Then, various layers 
of the mixed materials were sintered together, and their 
microstructures were examined for sinterabilty of the 
layers. From the results presented, several conclusions may 
be drawn from this investigation.

4.1 Conclusion Summary
1.) Silver additions up to 25 weight percent do not 

adversely affect the examined superconducting properties of 
the YBCO material. The Tc of the 50 weight percent material 
was seen to decrease with thermoelectric power, but remain
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unaffected with magnetic susceptibility measurements. The 
magnetic penetration depth of the sintered 0 and 25 weight 
percent silver material increased, but decreased for 50 
weight percent material.

2.) Electrical characteristics of the composites are 
enhanced by the addition of silver. As the amount of silver 
increased, the bulk resistance at room temperature of the 
composite decreased. The thermoelectric power of the 
composites was observed to decrease, and match that of 
silver's, as the amount of silver increased. The switch 
over from metallic to semiconductive behavior is in 
question, due to the extremely low bulk resistances of the 
50 and 75 weight percent silver materials, and the Tc probe 
limitations.

3.) Movement of material from the YBCO lattice is 
evident from a decrease in the c-axis parameter as the 
silver content increases. Diffusion of material is further 
indicated by a decrease in magnetic penetration depth with 
the 50 weight percent composite. This material is not going 
into the silver material, at least not at a level noticeable 
by the SEM EDS capabilities.

4.) Silver and YBCO sinter together well in an 
intimate mixture of similar size powders.

5.) Silver acts as a sink for porosity in the YBCO



T-3986 107

material. As the amount of silver increased, the noticeable 
porosity decreased in the YBCO.

6.) When the phase pure, orthorhombic YBCO powder 
supplied by SSC inc. is sintered, copper rich areas form 
along grain boundaries, and around pores. This cause is not 
readily apparent, yet perhaps the ternary phase diagram of 
the YBCO system could explain this behavior. If the YBCO is 
slightly rich in copper, then perhaps at 900° YBCO 
decomposes into YBCO and CuO.

7.) At 50 weight percent silver, the YBCO network 
becomes discontinuous, while the silver network is partially 
connected. Because the YBCO network is starting to become 
discontinuous, the ability of the YBCO to be a bulk 
superconductor is questionable.

8.) At 75 weight percent silver, the YBCO particles 
have become isolated in small regions by a continuous three 
dimensional silver network. This disrupted YBCO network 
will not be a significant contributor to any superconducting 
process.

9.) Multiple layers containing YBCO and silver can be 
sintered together into a uniform structure. Layer 
interfaces are continuous, as long as both layers contain 
YBCO material. Although studies were not done, it is 
believed that pure silver maybe sintered to high content
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silver composites without any problems.
10.) Silver increases the wettability of the composite 

material. As the amount of silver increased, the better the 
various tested solders adhered to the polished composite 
surface. Solders which contain silver are superior in 
wetting over those which do not contain silver.

11.) A probable chemical reaction is taking place 
between the composite and the alumina sintering platform.
At 940°, the silver bearing samples are partially melted at 
the contact interface between the sample and the substrate. 
The cause of this melting is not due to the formation of a 
solid solution between silver and another material, from EDS 
analysis. Also, copper rich region are forming in the 
silver melt. Yttrium and barium can not be detected in the 
silver melt by EDS on the SEM.

12.) A phase transition electrical contact can be 
constructed by varying the YBCO/Ag composition from pure 
YBCO, to high content silver. All layers will sinter 
together without discontinuities, or microstructure 
mismatching. As the content of silver increases in the YBCO 
material to the point of affecting the superconducting 
properties, the thinner the layer should be, so as to 
minimize the contact thickness. Finally, a pure silver 
layer can set down, so as to provide a superior contact
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surface for soldering.

4.2 Future Work
While the feasibility of a phase transition electrical 

contact to a bulk superconductor is established, several 
aspects of this investigation need further research to 
determine more specific results. Additional investigations 
need to be performed on the layered composite materials to 
establish a better understanding of the sintering process, 
and microstructure development.

1.) Porosity and density of the composites need to be 
examined with increasing silver content.

2.) The role of silver as a sintering aid, i. e. a
sink for porosity needs further investigation.

3.) Critical current limits across the layered 
interfaces need to be examined, so as to determine the upper 
limits of current allowable at the electrical contact.

4.) Mechanical properties of the adhered layers need 
to be examined.

5.) The role of material diffusion from the YBCO 
lattice needs to be established. Microstructure analysis
with a STEM will allow for a more detailed study of
diffusion in the YBCO/Ag system.

6.) The reaction at the contact interface of YBCO/Ag
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and alumina needs further study, so as to determine its true 
nature. Perhaps this partial melting could be induced to 
produce a uniform near pure silver contact surface.

7.) A thick film paste technique for preparing this 
type of contact is the next logical extension of the bulk 
investigation.
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Appendix A 
Bulk Resistance Data
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Table A.l, Summary Table of Resistance Measurements.

YBCO-100 
Ag-0

YBCO-75 
Ag-25

YBCO-50
Ag-50

YBCO-25
Ag-75

TC 93.32 K 93.49 K none none

Resistance
Behavior

Type
Metallic Metallic Semi-

Conductive
Semi-

Conductive
Room

Temperature
Resistance

1.65 mft 1.49 mft 0.92 mft < 0.89 mft
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Figure A.l Resistance vs. Temperature curve for a single
layer pure YBCO material.
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Figure A. 2 Resistance vs. Temperature curve for a single
layer sintered YBCO/Ag 75/25 w t .%
material.



T-3986 117

0.95 h

CO

O

'0.94 -

0.93 H

O 0.92
c
o
CO

0.91
CD

Resistance vs. Temperature 
5 0 /5 0  w t.*  YBCO/Ag

0.90 ~ ii i"» ii i i i | i ri i i i ii i | i i i i i i i i i | i tttt i i rr | i i i i i i m m
50 100 150 200 250 300

Temperature (K)

Figure A.3 Resistance vs. Temperature curve for a single
layer sintered YBCO/Ag 50/50 wt.%
material.
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Resistance vs. Temperature 
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Figure A.4 Resistance vs. Temperature curve for a single
layer sintered YBCO/Ag 25/75 wt.%
material.
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Combined Resistance vs. Temperature Comparison
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Figure A.5 Comparison of the various resistance vs.
temperature curves for the single layer
sintered YBCO/Ag materials.
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Appendix B 
Thermoelectric Power Data
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Thermopower vs. Temperature 
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Figure B.l Thermoelectric power vs. temperature curve for
a single layer pure YBCO material.
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Thermopower vs. Temperature 
Sintered YBCO (75)/Ag(25)
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Figure B.2 Thermoelectric power vs. temperature curve for
a sintered single layer YBCO/Ag 75/25
wt.% material.
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Thermopower vs. Temperature 
Sintered YBCO (50)/Ag(50)
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Figure B.3 Thermoelectric power vs. temperature curve for
a sintered single layer YBCO/Ag 50/50
wt.% material.



T-3986 124

Thermopower vs. Temperature 
Sintered YBC0(0)/Ag(1 00)
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Figure B.4 Thermoelectric power vs. temperature curve for
a sintered single layer pure Silver
material.
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Thermopower vs. Temperature
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Figure B.5 Comparison of the various thermoelectric power 
vs. temperature curves for single layer 
YBCO, YBCO/Ag, and Ag materials.



T-3986 126

Appendix C 
Magnetic Susceptibility Data
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Table C.l, Summary of Magnetic Susceptibility Results.

Material T r X ( 0 )

us YBCO-lOO 
Ag-0

93.11 K 2.25 / x m 0.305 / x m

us YBCO-75 
Ag-25

93.32 K 2.25 f x m 0.321 (x m

us YBCO-50 
Ag-50

89.88 K 2.25 f x m 0.338 f x m

us YBCO-25 
Ag-75

93.32 K 2.25 / x m 0.261 f x m

YBCO-lOO
Ag-0

91.99 K 4.00 / x m 0.438 /x m

YBCO-75
Ag-25

92.13 K 4.425 / x m 0.449 / x m

YBCO-50
Ag-50

91.99 K 1.425 fx m 0.258 fx m
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Magnetic Susceptibility vs. Temperature 
Un—Sintered Y B C 0(100 )/A g(0 )
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Figure C.l Frequency change as a function of temperature
for the unsintered single layer pure YBCO
material.
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Magnetic Susceptibility vs. Temperature 
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1100000n

1098000 -

N

X
1096000

oc<D
§-1094000 
a)
u_

1092000

1090000
70.0 90.0 110.0 130.0 150.0

Temperature (K)

Figure C.2 Frequency change as a function of temperature
for the unsintered single layer YBCO/Ag
75/25 wt.% material.
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Magnetic Susceptibility vs. Temperature 
Un—Sintered YBCO (50)/Ag(50)
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Figure C.3 Frequency change as a function of temperature
for the unsintered single layer YBCO/Ag
50/50 wt% material.
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Magnetic Susceptibility vs. Temperature 
Un—Sintered Y B C 0(25 )/A g (75 )
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Figure C.4 Frequency change as a function of temperature
for the unsintered single layer YBCO/Ag
25/75 wt.% material.
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Magnetic Susceptibility vs. Temperature 
Sintered Y B C 0(100 )/A g(0 )

1115000 q

1110000

n  1105000

1100000

cr
£ 1095000

1090000

1085000 i - r  
70.0 90.0 110.0

Temperature (K)
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Figure C.5 Frequency change as a function of temperature
for the sintered single layer pure YBCO
material.
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Magnetic Susceptibility vs. Temperature 
Sintered YBC 0(75)/Ag(25J
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Figure C.6 Frequency change as a function of temperature
for the sintered single layer YBCO/Ag
75/25 wt.% material.
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Magnetic Susceptibility vs. Temperature 
Sintered YBCO(50)/Ag(50J
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Figure C.7 Frequency change as a function of temperature
for the sintered single layer YBCO/Ag
50/50 wt% material.
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Magnetic Susceptibility vs. Temperature 
YBCO (100)/Ag(0)
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Figure C.8 Comparison of frequency changes as a function 
of temperature for the sintered and 
unsintered single layer pure YBCO 
material.
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Magnetic Susceptibility vs. Temperature 
Y B C 0(75 )/A g (25 )
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Figure C.9 Comparison of the frequency changes as a 
function of temperature for the sintered 
and unsintered single layer YBCO/Ag 75/25 
wt.% material.



T-3986 137

Magnetic Susceptibility vs. Temperature 
YBCO (50)/Ag(50)
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Figure C.10 Comparison of the frequency change as a 
function of temperature for the sintered 
and unsintered single layer YBCO/Ag 50/50 
w t .% material.



T-3986 138

Magnetic Susceptibility vs. Temperature 
Un—Sintered YBCO/Ag Composites
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Figure C.ll Comparison of the frequency changes as a 
function of temperature for the various 
unsintered single layer YBCO/Ag 
materials.
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Magnetic Susceptibility vs. Temperature 
Sintered YBCO/Ag Composites
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Figure C.12 Comparison of the frequency change as a
function of temperature for the various
sintered single layer YBCO/Ag materials.
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Alpha—Chi vs. Z 
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Figure C.13 Best fit line for z values less than
two for the single layer unsintered pure
YBCO material.
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Alpha—Chi vs. Z 
Un—Sintered Y B C 0(75 )/A g (25 )
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Figure C.14 Best fit line for z values less than
two for the single layer unsintered
YBCO/Ag 75/25 wt.% material.
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Alpha—Chi vs. Z 
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Figure C.15 Best fit line for z values less than
two for the single layer unsintered
YBCO/Ag 50/50 wt.% material.
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Alpha—Chi vs. Z 
U n-S in te red  Y B C 0(25 )/A g (75)
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Figure C.16 Best fit line for z values less than
two for the single layer unsintered
YBCO/Ag 25/75 wt.% material.
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Alpha—Chi vs. Z 
Sintered Y B C 0(100 )/A g(0 )
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Figure C.17 Best fit line for z values less than
two for the single layer sintered pure
YBCO material.
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Alpha—Chi vs. Z 
Sintered Y B C 0(75 )/A g (25 )
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Figure C.18 Best fit line for z values less than
two for the single layer sintered YBCO/Ag
75/25 wt.% material.
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Alpha—Chi vs. Z 
Sintered YBCO (50)/Ag(50)
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Figure C.19 Best fit line for z values less than
two for the single layer sintered YBCO/Ag
50/50 w t .% material.
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Appendix D 
Powder X-Ray Diffraction Data
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Table D.l, Peaks Used in Calculating Lattice Parameters 
(Wong-Wu et. a l ., 1987).

Axis h k 1 d-spacing (A) Intensity (%) 26

c 0 2 0 5.836 4 14.91
c 0 3 0 3.891 10 22.44
c 0 5 0 2.336 13 37.82
c 0 6 0 1.9461 22 45.78
b 2 0 0 1.9425 21 45.87
a 0 0 1 3.819 4 22.87
a 0 0 2 1.9096 12 46.71
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Table D.2, Major Silver Peaks Referenced (Swanson, Tatge, 
1953) .

h k 1 d-spacing (A) Intensity (%) 2 6

1 1 1 2.359 100 37.44
2 0 0 2.044 40 43.47
2 2 0 1.445 25 63.19
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Table D.3, Peak Analysis of the Unsintered Single Layer Pure 
YBCO material.

Axis h k 1 d-spacing (A) Intensity (%) 26

c 0 2 0
c 0 3 0 3.830 12.4 22.8
c 0 5 0 2.299 17.4 38.45
c 0 6 0 1.916 24 .4 46.55
b 2 0 0 1.912 26.2 46.65
a 0 0 1
a 0 0 2 1.878 13.6 47.55
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Table D.4, Peak Analysis of the Unsintered Single Layer 
YBCO/Ag 75/25 w t .% material.

Axis h k 1 d-spacing (A) Intensity (%) 2 6

c 0 2 0
c 0 3 0 3.830 12.5 22.8
c 0 5 0 2.322 26.4 38.05
c 0 6 0 1.914 24.5 46.6
b 2 0 0 1.910 26.1 46.7
a 0 0 1 3.757 6.8 23.25
a 0 0 2 1.880 17.6 47.5
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Table D.5, Peak Analysis of the Sintered Single Layer Pure 
YBCO material.

Axis h k 1 d-spacing (A) Intensity (%) 2 6

c 0 2 0 5.838 3.3 14.9
c 0 3 0 3.805 9.0 22.95
c 0 5 0 2.299 10.1 38.65
c 0 6 0 1.9099 26.3 46.7
b 2 0 0 1.9061 29.8 46.8
a 0 0 1 3.7567 6.2 23.25
a 0 0 2 1.872 18.4 47.7
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Table D.6, Peak Analysis of the Sintered Single Layer 
YBCO/Ag 75/25 w t .% material.

Axis h k 1 d-spacing (A) Intensity (%) 2 6

c 0 2 0
c 0 3 0 3.830 9.7 22.80
c 0 5 0 2.319 15.5 38.10
c 0 6 0 1.914 29.0 46.60
b 2 0 0 1.910 26.6 46.70
a 0 0 1 3.767 6.7 23.20
a 0 0 2 1.880 18.5 47.50
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Table D.7, Peak Analysis of the Sintered Single Layer 
YBCO/Ag 50/50 wt.% material.

Axis h k 1 d-spacing (A) Intensity (%) 2 6

c 0 2 0
c 0 3 0 3.863 10.5 22.60
c 0 5 0
c 0 6 0 1.898 28.1 47.00
b 2 0 0 1.897 28.9 47.05
a 0 0 1
a 0 0 2 1.876 9.9 47.60
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Table D.8, Peak Analysis of the Sintered Single Layer 
YBCO/Ag 25/75 w t .% material.

Axis h k 1 d-spacing (A) Intensity (%) 20
c 0 2 0
c 0 3 0 3.789 6.0 23.05
c 0 5 0
c 0 6 0 1.900 10.3 46.95
b 2 0 0 1.898 9.25 47.00
a 0 0 1
a 0 0 2 1.882 5.8 47.45
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Figure D.l Powder x-ray diffraction pattern for unsintered
single layer of pure YBCO material.
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Figure D.2 Powder x-ray diffraction pattern for unsintered
Silver material.
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Figure D.3 Powder x-ray diffraction pattern for unsintered
single layer of YBCO/Ag 75/25 w t .%
material.
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Figure D.4 Powder x-ray diffraction pattern for sintered
single layer of pure YBCO material.
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Figure D.5 Powder x-ray diffraction pattern for sintered
single layer of YBCO/Ag 75/25 wt.%
material.
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Figure D.6 Powder x-ray diffraction pattern for sintered
single layer of YBCO/Ag 50/50 w t . %
material.
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material.
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Figure D.8 A-axis parameter change with increasing silver
content.
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Figure D.9 B-axis parameter change with increasing silver
content.
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Appendix E 
Optical Micrographs
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Figure E.l A/B optical micrograph at 250x of the A/B
interface. Black areas are pores, grey is
YBCO, and white are silver particles.
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Figure E.2 A/B polarized optical micrograph at 400x of the
A material. Black particles are pores,
all else is YBCO.
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Figure E.3 A/B polarized optical micrograph at 400x of the 
B material. White particles are silver, 
black particles are pores, all else is 
YBCO.
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Figure E .4 B/C optical micrograph at 250x of the B/C
interface. Black areas are pores, grey is
YBCO, and white are silver particles.
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Figure E.5 A/B/C optical micrograph at 250x of the A/B/C
interfaces. Black areas are pores, grey
is YBCO, and white are silver particles.
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Figure E.6 A/B/C polarized optical micrograph at 250x of
the A/B/C interfaces. Sparkly grey areas
are silver particles, all else is YBCO.
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Figure E.7 A/B/C optical micrograph at 250x of the A/B 
interface. Black areas are pores, grey is 
YBCO, light grey areas are copper rich, 
and white are silver particles.
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Figure E.8 A/B/C optical micrograph at 250x of the B/C 
interface. Black areas are pores, grey is 
YBCO, light grey areas are copper rich, 
and white are silver particles.
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Figure E.9 Ag/A optical micrograph at 250x of the Ag/A 
interface. Black areas are pores and 
voids, grey is YBCO, and white are silver 
particles.
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Figure E.10 D-melt optical micrograph at lOOx of the 
D/Ag/Alumina interfaces. Black areas are 
pores, grey is YBCO, light grey is copper 
rich, and white are silver particles.
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Figure E.ll D-melt optical micrograph at 400x of the D/Ag 
interface. Black areas are pores, grey 
is YBCO, light grey areas are copper 
rich, and white are silver particles.
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Figure E.12 D-melt optical micrograph at lOOOx of the Ag
region. Black areas are pores, grey
is YBCO, and white are silver particles.
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Figure E.13 D-melt optical micrograph at lOOOx of the D
material, away from the interface. Black 
areas are pores, grey is YBCO, light grey 
areas are copper rich, and white are 
silver particles.



T-3986 181

25 pm
i_______ i

Figure E.14 B/C-melt optical micrograph at 400x of the B 
material, away from the interface. Black 
areas are pores, white are silver 
particles, all else is YBCO.
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Figure E.15 B/C-melt optical micrograph at lOOOx of the B 
material, away from the interface. Black 
areas are pores, white are silver 
particles, all else is YBCO.
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Appendix F 
SEM Micrographs
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Figure F.l Sintered single layer YBCO/Ag 100/0 wt.% 
compositional BEI SEM photograph. Black 
areas are pores, dark grey areas are 
copper rich, grey is YBCO.
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Figure F.2 Sintered single layer YBCO/Ag 75/25 wt.% 
compositional BEI SEM photograph. Black 
areas are pores, dark grey areas are 
copper rich, grey is YBCO, and white areas 
are silver particles.



T-3986 186

Figure F.3 Sintered single layer YBCO/Ag 50/50 wt.% 
compositional BEI SEM photograph. Black 
areas are pores, dark grey areas are 
copper rich, grey is YBCO, and white areas 
are silver particles.
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Figure F.4 Sintered single layer YBCO/Ag 25/75 wt.% 
compositional BEI SEM photograph. Black 
areas are pores, dark grey areas are 
copper rich, grey is YBCO, and white areas 
are silver particles.
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Figure F.5 A/B compositional BEI SEM photograph of the A/B 
interface. Black areas are pores, dark 
grey areas are copper rich, grey is YBCO, 
and white areas are silver particles.
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Figure F.6 A/C compositional BEI SEM photograph of the 
A/C interface. Black areas are pores, 
dark grey areas are copper rich, grey is 
YBCO, and white areas are silver 
particles.
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Figure F.7 B/C compositional BEI SEM photograph of the
B/C interface. Black areas are pores, 
dark grey areas are copper rich, grey is 
YBCO, and white areas are silver 
particles.
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Figure F.8 A/B/C compositional BEI SEM photograph of the 
A/B interface. Black areas are pores, 
dark grey areas are copper rich, grey is 
YBCO, and white areas are silver 
particles.
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Figure F.9 A/B/C compositional BEI SEM photograph of the 
B/C interface. Black areas are pores, 
dark grey areas are copper rich, grey is 
YBCO, and white areas are silver 
particles.
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Figure F.10 Ag/A compositional BEI SEM photograph of the 
Ag/A interface. Black areas are pores, 
dark grey areas are copper rich, grey is 
YBCO, and white areas are silver 
particles.
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Figure F.11 D-melt SEX SEM photograph of the
Ag/Alumina interface. Sample was tilted 
to expose the interface region. Alumina 
is on the right, silver the left.
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Figure F.12 D-melt compositional BEI SEM photograph of the 
Ag/Alumina interface. Black areas are 
pores, grey areas are copper rich, dark 
grey is aluminum rich, and white is 
silver.
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Figure F.13 D-melt compositional BEI SEM photograph of the 
Ag/Alumina interface. Small grey areas 
are pores, grey areas are copper rich, 
dark grey is aluminum rich, and white is 
silver.
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Figure F.14 D-melt compositional BEI SEM photograph of the
D/Ag/ interface. Black areas are pores, 
dark grey areas are copper rich, grey is 
YBCO, and white is silver.


