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Project Summary
Microstructural barriers to supercurrent occur on many length scales in all high
temperature superconductors. Eliminating microstructural barriers is key to making these
potentially valuable materials more favorable for commercial applications. In silver-sheathed
Bi2Sr2CaCu2Ox (Bi-2212) tapes and multifilaments, the principal barriers on the scale of 10100’s of microns are bubbling, porosity, second phase particles, and poorly aligned grains. In the
early part of this thesis work, trapped gases inside the silver sheath that caused bubbling were
identified. Two of the processing means that have been proposed for reduction of bubbling and
porosity and enhancement of grain alignment in Bi-2212 were investigated. Overpressure
processing was shown to stop the bubbling of the silver sheath and decrease porosity in the Bi2212 core. The preanneal and intermediate rolling (PAIR) process developed by researchers at
the Japanese National Research Institute for Metals was found to reduce the size and volume
fraction of porosity and second phase particles in the superconducting core. Also, PAIR
optimized grain alignment at the superconductor/silver interface. These two improvements in
microstructure resulted in increased critical current density (Jc) of Bi-2212 tapes and
multifilaments.
In state-of-the-art YBa2Cu3Ox (YBCO) coated conductors, supercurrent barriers on the
0.1-100µm scale are grain boundaries. This thesis work clarifies the role of grain boundaries in
the nickel substrate of RABiTS (Rolling Assisted Biaxially Textured Substrate) coated
conductors. The combined techniques of plan-view SEM imaging, focused ion beam cutting,
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magneto-optical imaging, and grain orientation mapping were used to determine barriers to
supercurrent.
Experiments showed enhanced magnetic flux penetration, and hence reduced Jc, in the
YBCO above nearly all nickel grain boundaries that have misorientation angles (θ) greater than
4º, independent of the rotation axis, in samples from the Air Force Research Laboratory.
Similarly, reduced Jc was found in the YBCO above most nickel grain boundaries with θ>5° in
state-of-the-art samples from Oak Ridge National Laboratory. θ > 4−5º grain boundaries in the
substrate were not randomly distributed, but rather clustered. The detrimental effect of clustering
is best illustrated using grain boundary maps instead of the hitherto more commonly published
percolation maps. Monochromatic percolation maps imply that there is a fully connected current
path through the YBCO microstructure that is within the chosen tolerance angle criterion of the
map. However, it is the grain boundary map that displays the constrictions of the current path.
Therefore, grain boundary maps are better tools for illustrating supercurrent barriers than
percolation maps.
Grain boundary maps and grain orientation maps were used to investigate how the texture
of the substrate was transferred to the buffer layers and to the superconductor. Most grain
boundaries in the nickel were replicated in the buffer and superconductor layers with the same
misorientation angle. Approximately 9% of the grain boundaries in the buffer layer had lower
misorientation angles (1.9°±0.9°) compared to the underlying nickel grain boundaries, while 8%
of YSZ boundaries had higher misorientation angles (1.6°±0.8°) than the underlying nickel
boundaries. This variation in misorientation angle from substrate to buffer may be due to mosaic
spread in the buffer layer. Anisotropic growth and/or surface energy minimization may be
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responsible for the improvement in c-axis alignment in the YBCO compared to the buffer layer.
However, the YBCO mosaic spread did not eliminate high angle grain boundaries, since >5°
boundaries were still seen in YBCO grain boundary maps.
The results of this study on microstructural current barriers show that Jc improvements in
RABiTS-type coated conductors require the reduction of θ> 4-5° boundaries in the nickel
substrate.
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1. Introduction to Current Barriers in High Temperature
Superconductors
1-1. Motivation
Almost

fifteen

years

ago,

the

breakthrough

discovery

of

high-temperature

superconductors [1] promised to make superconducting technology widespread. These copper
oxide ceramic materials, such as YBa2Cu3O (YBCO) with a transition temperature at
approximately 90K [2], only have to be cooled with liquid nitrogen to become superconducting.
Therefore, high temperature superconductors would be more economical and more easily
engineered into systems than low-temperature superconductors such as Nb3Sn and NbTi. Over
the past decade, expectations have remained high regarding the potential uses of high
temperature superconductors for electric power generation and distribution devices such as wire,
cables, motors, generators, transformers, and fault current limiters [3]. One project currently
underway is replacing copper cables with high temperature superconducting wire in a utility
power grid in downtown Detroit [3]. However, to achieve commercially viable conductors for
broader-based applications, it is necessary to increase the supercurrent-carrying capability of the
superconductor, which has proven to be difficult.
Current barriers in high temperature superconductors are microstructural in character and
occur on many different length scales: nanometer-sized disruptions at grain boundaries, micronsized second phase particles and voids, and millimeter-sized cracks. The diagram in Figure 1-1
lists these microstructural defects and the range of length scales on which they arise. The defects
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that control critical current density (Jc) in Bi2Sr2CaCu2 (Bi-2212) superconductors on the micron
and millimeter scale include bubbling of the silver sheath, porosity, second phase particles, and
grain alignment. In the recently developed YBCO coated conductors, grain boundaries on the
scale of hundreds of nanometers to tens of microns are the primary obstacles to current flow in
the superconducting layer.
nm

µm

pinning

microcracks, porosity

grain boundaries

second phase particles

mm
cracks, bubbling, sausaging

m

km

industrial defects

Figure 1-1. Diagram showing defects in high temperature superconductors on different length scales.

The general problem to be addressed in this thesis is current-limiting defects in two types
of high temperature superconductors: polycrystalline oxide powder-in-tube Bi-2212 tapes and
YBCO coated conductors. The next section begins by comparing and contrasting the
electromagnetic properties, microstructural properties, and manufacturability of Bi-2212 and
YBCO. Subsequent sections will describe processing and current barriers in each material.

1-2. Comparison of YBCO and Bi-2212
YBCO grown epitaxially on single crystalline substrates has Jc = 2-4x106A/cm2 (0T,
77K) and strong flux pinning properties that make this material a candidate for high current and
high field applications at 77K. Figure 1-2 shows that compared to BSCCO compounds, YBCO
has a much larger irreversibility field (B*) – the maximum magnetic field for loss-free current
[4]. However, a major factor limiting Jc in YBCO is weak electromagnetic coupling across grain
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boundaries [5-13]. YBCO bicrystal studies have investigated the dependence of the grain
boundary Jc on the grain boundary misorientation [14-19]. Figure 1-3 shows that the ratio of
grain boundary Jc to grain Jc decreases with increasing misorientation angle. In this figure,
Heinig et. al. [17, 19] showed for [001] tilt grain boundaries with misorientation angles >7º, the
Jc across a boundary can be reduced to a very small fraction of the Jc in the grain interior. This
weak link behavior makes it necessary for long lengths of YBCO to contain few, if any, high
angle grain boundaries in order to optimize Jc for commercial applications. The needed degree of
texture in the superconductor has only recently been achieved in short lengths of the coated
conductor.

Figure 1-2. Comparison of irreversibility fields for different high temperature superconductors. The solid
lines are from samples with optimum pinning. From [4].
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Figure 1-3: Graph showing the ratio of grain boundary Jc to grain Jc (Jb/Jc) as a function of
misorientation angle (θ). The YBCO was grown on [001] tilt SrTiO3 bicrystals via EBE (electron beam
evaporation) or PLD (pulsed laser deposition). There is a sharp drop in grain boundary Jc above 7°.
From [19].

The main advantage of BSCCO materials is that the superconductor can be aligned
mechanically in bulk scale processing. Reasonably high Jc values (104A/cm2) have been obtained
in long lengths of commercially produced polycrystalline wires. Thermomechanical processing
of Bi-2212, including wire drawing, tape rolling, and furnace heat treatment, leads to a
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crystallographically textured grain structure. However, the superconducting properties of Bi2212 at 77K are not as favorable as YBCO; the strongly two-dimensional nature of the electronic
structure in Bi-2212 leads to poor flux pinning in the grains until the temperature is reduced
below 30K. Thus, Bi-2212 is a viable alternative to low temperature superconductors in high
magnetic field applications such as an insert magnet in magnetic resonance imaging (MRI)
devices [20], but its potential applications at and near 77K are few.
Disadvantages of both superconductors are that they are brittle ceramics and susceptible
to fracturing under small applied stresses. Bi-2212 is therefore encased in a silver sheath and
YBCO is grown on buffer layers on nickel tape to give flexibility and strength to the conductor
form.
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1-3. Bi-2212 Superconductors
Processing
This section will describe the methods used to process, on a laboratory scale, Bi-2212
tapes (monocore and multifilamentary). Bi-2212 tapes are fabricated using the oxide powder-intube (OPIT) process schematically shown in Figure 1-4. Precursor powders of Bi2O3, SrCO3,
CaCO3, and CuO are prereacted to form Bi-2212 powder that is packed into a silver tube. The
tube is sealed and drawn through successively smaller diameter dies to form a thin wire. The
wire is then rolled into a green tape, which for these experiments was approximately 150 µm
thick and 3 mm wide. Wire can also be bundled together and put into another silver sheath, then
drawn and rolled, to form multifilamentary conductors. Figure 1-5 shows typical transverse
cross-sections illustrating the geometry of Bi-2212 tape and multifilaments. In these experiments
the number of filaments and size of the multifilamentary tape was varied.
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B

A
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D

Figure 1-4. Schematic drawing of the OPIT process for producing Bi-2212 tape. The powder is packed
into a silver tube (A), drawn into wire (B;C), and rolled into tape (D). From [3].

(a)

(b)

Figure 1-5. Light micrographs of (a) Bi-2212 tape and (b) Bi-2212 multifilamentary tape after meltprocessing. The black material is Bi-2212 encased in a silver sheath. Length marker represents 200 µm.
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Figure 1-6. Schematic drawing of the heat treatment of Bi-2212 tapes and multifilaments.
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The green tape is heat treated (Figure 1-6) in a furnace in order to fully melt the precursor
powder and regrow the superconducting grains by solidification. Among the high temperature
superconductors, this heat treatment, called melt processing, is unique to Bi-2212 material.
Another commercially available high temperature superconductor, Bi2Sr2Ca2Cu3Ox (Bi-2223), is
also produced by an OPIT process but it is not melt-processed. Adjustment of the various heat
treatment parameters (time, temperatures, oxygen partial pressure (pO2)) is necessary for
optimization of the volume fraction and crystallographic alignment of the superconducting
grains. The growth of significant volume fractions of second phase particles during melt
processing has remained a significant problem in Bi-2212 processing.
There are many issues that remain to be solved for scaling up these laboratory-scale
processing methods to the industrial scale. For Bi-2212, scale-up issues include the difficulty of
obtaining a uniform hot zone in large furnaces necessary for long lengths of conductor and
isolated bubbling in kilometer lengths of tape. Also, laboratory heat treatments are conducted in
low thermal mass furnaces that are capable of “fast” cooling (700°C/hr), which is not possible
with furnaces with large thermal masses.

Current barriers
The defects believed to be primary barriers to current flow in silver-sheathed Bi-2212
polycrystalline tapes and multifilaments occur on the mm scale (macroscale) and the µm scale
(microscale). On the macroscale, bubbling of the silver sheath [21-23] occurs when gases (water
and CO2) cause the sheath to distend and huge pores to form in the superconducting core.
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Bubbling causes Jc to fall to nearly zero in the bubbled area. On the microscale, only about 10%
of the superconductor volume carries current. The other 90% contains small pores, second phase
particles, and misaligned grains, as shown in Figure 1-7 and Figure 1-8, which disrupt the
current. These defects arise during the heat treatment of the superconducting tapes. The most
productive (best for Jc) heat treatment requires melting and resolidification of 2212 powders that
are encased in silver. Upon melting, O2 evolution can cause porosity. After the Bi-2212 powder
inside the silver sheath melts at 870°C, second phase particles nucleate and grow. This growth
disturbs the formation, growth, and alignment of the superconducting grains [24]. Research on
improving the heat treatment of state-of-the-art Bi-2212 tapes focuses on eliminating defects
such as pores as well as reducing the number and size of second phase particles.

Ag-sheath

Bi-2212
core

10 µm
Figure 1-7. Scanning electron microscope (SEM) image of a longitudinal cross-section of Bi-2212 tape.
The light gray matrix is Bi-2212. The dark gray and white particles are second phase particles that are not
superconducting.
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Bi-2212

Sr14(Ca,Cu)24Ox

1 µm

Ag

Figure 1-8. SEM image of a longitudinal cross-section of Bi-2212 tape showing grain misalignment in the
region of a non-superconducting second phase particle of Sr14(Ca,Cu)24Ox.

1-4. YBCO Coated Conductors
YBCO films with the highest Jc are grown on single crystal substrates. Since it is
impractical to make long lengths of single crystal oxide substrates, alternate substrates that are
inexpensive, easily manufactured, strong and flexible are needed. The two principle methods of
producing high Jc YBCO films on well-textured substrates are Rolling Assisted Bi-axially
Textured Substrates (RABiTS) and Ion-Beam Assisted Deposition (IBAD). A third, although
less-widely used technique, is the Inclined Substrate Deposition (ISD) method. The difference
between these three methods is where the texture is introduced. RABiTS use a substrate with
strong biaxial texture produced by rolling and recrystallization. IBAD and ISD produce a
textured buffer layer on a non-textured substrate.
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A comparison of the general architecture of RABiTS and IBAD coated conductors is
shown in Figure 1-9. In both methods, a thin metal tape (nickel or an alloy) is used as the initial
substrate. YBCO cannot be grown epitaxially on the nickel because the nickel oxidizes to NiO in
the <111> orientation. Therefore, suitable oxide buffer layers are used. A common buffer layer
sequence on rolled and recrystallized Ni is CeO2/YSZ/CeO2. The first thin epitaxial layer of
CeO2 protects the metal substrate from oxidizing; it is thin to prevent cracking in the CeO2. The
next epitaxial layer of YSZ serves as a barrier for nickel diffusion from the substrate to the
superconductor. YSZ is a favorable substrate due to its low cost, mechanical strength, chemical
stability, and resistance to nickel diffusion. However, it has poor lattice match with YBCO. The
result of poor lattice mismatch is that two YBCO orientations arise in epitaxial films:
[100]YBCO/[100]YSZ and [100]YBCO/[110]YSZ. There may also be an interfacial reaction

Figure 1-9. Comparison of Comparison of RABiTS and IBAD substrate architecture for YBCO
coated conductors. From [4].
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between the YSZ and the YBCO to form BaZrO3. Growing a thin CeO2 layer between the YSZ
and YBCO prevents BaZrO3 from forming and leads to just one epitaxial orientation [4]. The
final epitaxial layer of CeO2 has a good lattice match and is chemically compatible with the
YBCO layer.
The coated conductor technologies offer promising methods of producing long lengths of
YBCO with a highly textured microstructure. In the RABiTS-type coated conductors, the texture
produced in the rolled and recrystallized substrate should be transferred to the YBCO, reducing
the density of high angle grain boundaries in the superconductor. However, many Jc
enhancement issues still remain in coated conductor technology. In this work, we will focus on a
crucial current-limiting factor in RABiTS-type coated conductors: the influence of the nickel
texture and grain boundary network on the YBCO microstructure and properties. In addition,
there are many issues that remain to be solved for scaling up these processing methods to the
industrial scale. For YBCO coated conductors with sputtered buffer or superconducting layers,
problems include the difficulties associated with vacuum processes such as incorporating feedthrough mechanisms necessary for long lengths of conductor, reproducibility of deposition
conditions, contamination, and inhomogenity of sputter-deposited materials. Finally, it is
difficult to produce uniform texture in long lengths of rolled and recrystallized metal substrates.

16

1-5. Overview of Thesis Work
Chapter 1 introduced the “barriers to current” problem in the two high-temperature
superconducting materials studied – Bi-2212 tapes and RABiTS-type YBCO coated conductors.
Chapter 2 describes and discusses results published in four papers [25-28] on Bi-2212 tapes and
multifilaments: the cause of bubbling and how microstructure and Jc are affected by overpressure
processing and the PAIR (Pre-Anneal, Intermediate Rolling) process. The experimental
techniques used to investigate the structure-property relationship between supercurrent barriers
in RABiTS-type YBCO coated conductors will then be described in Chapter 3. These techniques
include magneto-optical (MO) imaging to identify barriers, focused ion beam cutting to
determine the origin of barriers seen in MO images, and backscattered electron Kikuchi pattern
(BEKP) analysis in the scanning electron microscope to determine how crystallographic texture
is affected at these barriers. Chapter 4 summarizes results [29, 30] on YBCO coated conductors
and discusses how BEKP can be used to illustrate current paths in coated conductors as well as
determine a “threshold angle” in the nickel substrate and the texture transfer from substrate to
superconducting layer.
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2. BSCCO Studies
Eliminating current barriers caused by microstructural defects is important in the
commercialization of Bi2Sr2CaCu2Ox (Bi-2212) tapes and multifilaments. These macroscale
defects include bubbling of the silver sheath, porosity, second phase particle content, and
superconductor grain misalignment. Trapped gases including water and CO2 caused bubbling of
the silver sheath. A preannealing process at high temperature reduced the amount of water and
CO2 trapped inside. However, it was not possible to remove all gases that caused bubbling, so
overpressure processing was developed to counteract the effects of the residual gases that caused
porosity and poor superconductor grain alignment within the monocore and multifilamentary
tapes. The effects of another process, Pre-Anneal and Intermediate Rolling (PAIR) developed by
researchers in Japan, was also investigated. With optimized parameters, the PAIR process
reduced porosity and improved Bi-2212 grain alignment in monocore tapes.
This chapter is a compilation and discussion of results from four published papers [1-4]
on Bi-2212 tapes and multifilaments: the cause of bubbling and how microstructure and Jc were
affected by overpressure processing and the PAIR process.
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2-1. Overpressure Processing of Ag-sheathed Bi-2212 Monocore
Tapes

Introduction
A critical problem for melt-processed silver-sheathed Bi-2212 tapes is gas release during
heat treatment. When meter-long lengths of Bi-2212 tapes are processed in pure oxygen at 1
atmosphere (atm) pressure, the silver sheath may bubble [5]. The tape bubbles because the gas
pressure inside the tape is greater than the silver sheath yield strength and the external gas
pressure. To partially prevent bubbling, the tapes could be processed in lower oxygen partial
pressure (pO2), as researchers have seen that processing Bi-2212 tapes in air does not lead to
bubbling [5]. However, researchers [6,7] have found that processing in 100% oxygen
(pO2=1atm) results in a more homogeneous microstructure and higher Jc than processing in air
(pO2=0.21atm). With changing pO2, the non-superconducting second phase particle content also
changes [8]. In the pO2 range from 0.075 to 0.30 atm, small Sr14(Ca,Cu)24Ox particles are
present, while very large Sr1(Ca,Cu)1Oy particles form in the pO2 range from 0.40 to 1 atm.
These large Sr1(Ca,Cu)1Oy second phase particles can span the superconductor core, resulting in
lower Jc. Therefore, processing in 100% O2 is preferable to processing in air, if bubbling of the
silver sheath can be eliminated.
One approach to eliminating bubbling was developed by researchers at Hitachi who used
a “gas pressure melting” method with total pressure (Ptotal) greater than 1 atm during processing
of Bi-2212 wires [9]. They found that increasing Ptotal resulted in a more homogeneous
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distribution of small voids in the superconductor, rather than the large bubbles, which in turn
increased Jc.
We developed a similar approach called “overpressure processing” – the application of
inert gas pressure above the equilibrated pO2. In these overpressure experiments, a mixture of O2
and Ar was used. Since O2 diffuses rapidly through the silver sheath, the pO2 inside and outside
the tape quickly equilibrates (the pO2 was fixed at 1atm in order to optimize the second phase
particle content). In contrast, Ar does not diffuse through the silver; thus, Ar supplies an external
pressure that was greater than the gas pressure inside the tape.
The effect of overpressure processing on bubbling, critical current density (Jc), and
microstructure was investigated and compared to conventionally processed tapes with different
starting carbon content.

Experimental Procedures
The Bi-2212 tapes with powder composition Bi:Sr:Ca:Cu = 2.1:2:1:1.95 were made using
the oxide powder in tube (OPIT) process described in section 1-3-1 and had a final thickness of
140µm. To ascertain the role of carbon in bubble formation, two tapes with different carbon
content were made. The initial carbon content of the powder was 710 ppmwt (parts per million
by weight) as measured by high-temperature combustion infrared detection at Anderson
Laboratories. To lower the carbon content to 220 ppmwt, the powder was heated to 700°C in
partial vacuum with flowing O2 for 24 hours. The powder was made into monocore tape using
the OPIT process. Coils were made by sealing the ends of 30 cm of monocore tape and winding
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the tape around a 3.2 cm diameter MgO-coated Inconel mandrel. The two coils with 710 ppmwt
and 220 ppmwt carbon were heated at 5°C/min to 900°C in pure O2 with Ptotal = 1atm, held at
900°C for 15 minutes, and then furnace cooled. This process was repeated for Ptotal = 2 atm, 4.6
atm, 6 atm, 8 atm, and 9 atm to see what effect Ptotal had on bubbling in low and high carbon
content tapes. For Ptotal > 1atm, an O2/Ar gas mixture was used to maintain a fixed pO2 = 1atm.
The gas pressure was established in the furnace before heating and was maintained with the
pressurized flowing gas mixture until cooling to room temperature. The design of our
overpressure furnace is unique, in that the gas mixture with fixed pO2 is flowed through the
furnace at constant Ptotal throughout the heat treatment.
For the electromagnetic and microstructural characterization of fully processed tapes,
short lengths (4-8 cm) of tape with sealed ends were melt processed in the overpressure furnace
using the heat treatment depicted in Figure 2-1.
The cooling rate of 120°C/hr during the last step of the heat treatment was the fastest
cooling rate possible with the overpressure furnace. In order to see what effect a faster cooling
rate had on Jc, one set of samples was processed at Ptotal = pO2 = 1atm using the same heat
treatment as in Figure 2-1, except for the final cooling rate. Instead, a different furnace capable
of cooling much more quickly (700°C/hr) was used.
The transport critical current was measured with multiple voltage taps over 3 cm sections
using the standard four point probe technique at 0T, 4.2K, with a 1µV/cm criterion.
Backscattered electron imaging was done on the JEOL JEM6100 scanning electron microscope
(SEM), and energy dispersive x-ray spectroscopy (EDS) was used for phase identification.
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Temperature
895°C
835°C

840°C

0.5 hr
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300°C/hr

TOTAL
PRESSURE

Ptotal = 1atm
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O2

OXYGEN
PARTIAL
PRESSURE

60°C/hr

10°C/hr

800°C

120°C/hr

Ptotal = 1 atm - 8.4 atm

Ar + O2

pO2 = 1 atm

Ar

pO2 = 0 atm

time
Figure 2-1. Heat treatment for Bi-2212 tapes processed in the overpressure furnace. The final cooling
rate of 120°C/hr is the fastest rate possible with this furnace.

Results and Discussion
A. Effect of overpressure on bubbling
To illustrate the effect of carbon content and Ptotal on bubble formation in Bi-2212 coils,
the length and thickness of individual bubbles that formed at a lower pressure (Ptotal = 2 atm, pO2
= 1atm) and a higher pressure (Ptotal = 8 atm, pO2 = 1atm) were measured. Figure 2-2 shows that
with increasing Ptotal, the calculated volume and number of bubbles decreased for both high and

25

Individual Bubble Volume (mm3 )
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220 ppmwt C
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Figure 2-2. Histogram showing volume and number of bubbles for Ptotal=2atm and Ptotal=8atm,
pO2=1atm for Bi-2212 tapes with different carbon content.

low carbon content tapes. Also, at both 2 atm and 8 atm, the high carbon content tape had more
bubbles than the low carbon content tape. This result, that higher carbon content tape bubbled
more, was not surprising as previous work implicated CO2 as the bubble forming gas [10].
The percentage of the tape length that bubbled was plotted as a function of Ptotal in Figure
2-3. In pure oxygen where Ptotal = pO2 = 1atm, the entire coil bubbled. Even 1 atm of
overpressure (Ptotal=2atm) significantly reduced bubbling. The percentage of tape length that
bubbled continued to slowly decrease as the overpressure increased. The Ptotal needed to
eliminate bubbling increased with increasing carbon content. Ptotal = 8atm and Ptotal = 9atm
eliminated bubbling in the lower and higher carbon content tapes respectively.
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Figure 2-3. Graph of percentage of bubbled tape length vs. total pressure with pO2=1atm for tapes with
different carbon content.

Applying a large enough overpressure while heating to the melting temperature stopped
bubbling of the silver sheath even in high carbon content tapes. However, the trapped gas can
still cause problems. The consequences of having gas still trapped inside the core were seen
during a follow-up experiment conducted at Hitachi Ltd. on high carbon content tape that had
overpressure applied during the entire heat treatment. One meter of tape with 500 ppmwt carbon
was wrapped into a 3.2 cm diameter coil and processed in the Hitachi overpressure system with
the following heat treatment at Ptotal = 6atm and pO2 = 1atm: anneal at 740°C for 16 hours, heat to
890°C at 5°C/min, hold at 890°C for 30 minutes, cool at 10°C/hr to 840°C, hold at 840°C for 24
hours, and furnace cool to room temperature. The silver sheath did not bubble; however, Jc was
low. The microstructure of this tape showed large voids in the core. Therefore, even when the
outside of the silver sheath does not bubble, large voids can be present inside the core of high
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carbon content tape. These voids degrade the electromagnetic properties of the superconductor.
As a result, in later experiments low carbon content tape (<200ppmwt) was used in conjunction
with overpressure processing in order to eliminate bubbling and increase Jc.
B. Effect of overpressure on Jc
Figure 2-4 shows that increasing Ptotal from 1atm to 8.1atm with pO2 = 1atm results in the
substantial increase in Jc for the fully processed, slow-cooled (120°C/hr) tapes. Also, there was
less scatter in the Jc values at 8.1atm than at 1atm. The overpressure compressed the core during
processing to encourage Bi-2212 grain alignment, reduce porosity, and thus improve the Jc of the
superconductor. If this is indeed the case, overpressure-processed tapes should carry more
current than conventionally processed tapes.
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The data in Figure 2-4 also shows that the cooling rate has a significant effect on Jc; the
tapes that were cooled quickly (700°C/hr) had substantially higher Jc than the slow-cooled
(120°C/hr) samples. However, fast cooling was not feasible for coils with a large thermal mass.
Modifications in the cooling process need to be developed that allow slow cooling while
retaining high Jc of overpressure-processed Bi-2212 tapes.
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Figure 2-4. Jc vs. total pressure with fixed pO2=1atm. The fast (700°C/hr) and slow (120°C/hr) cooling
rates refer to the last step in the heat treatment shown in Figure 2-1.
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14:24 AEC

2:4 CF
50 µm
Figure 2-5. Backscattered electron image of overpressure-processed tape with furnace cooling
=120°C/hr, Ptotal=8.1 atm, pO2=1atm. The non-superconducting phase particles include 14:24 AEC and
2:4 CF.

C. Effect of overpressure on microstructure
Figure 2-5 shows a representative backscattered electron image of a sample processed in
the overpressure furnace with Ptotal = 8.1atm, pO2 = 1atm, and furnace cooling = 120°C/hr. The
microstructure contained the expected phase assemblage for processing in pO2 = 1atm. The
majority of the core consisted of Bi-2212 grains that appear gray in Figure 2-5. Also present
were small grains of (Sr,Ca)14Cu24Ox (14:24 AEC (alkaline earth cuprate)) particles that appear
black in Figure 2-5 as well as some small grains of Bi2(Sr,Ca)4Ox (2:4 CF (Cu free)) particles
that appear bright white in Figure 2-5. The thin, long, white grains of Bi2Sr2CuOx (Bi-2201)
visible in Figures 2-5 and 2-6 were from the liquid that transformed to Bi-2201 on cooling from
840°C to room temperature and possibly from Bi-2212 that decomposed during cooling. The
same phase assemblage was seen in tapes processed at Ptotal = pO2 = 1atm and furnace cooling =
120°C/hr, but there was a large amount of Bi-2201 in this tape (Figure 2-6). The SEM pictures in

30

Bi-2201

14:24 AEC

50 µm
Figure 2-6. Backscattered electron image of overpressure-processed tape with furnace cooling
=120°C/hr, Ptotal=1 atm, pO2=1atm. The non-superconducting phase particles include 14:24 AEC and
Bi-2201.

Figures 2-5 and 2-6 show that overpressure processing did not affect the type of nonsuperconducting second phase particles present in the core of Bi-2212 tapes.

Conclusions
Overpressure processing, defined as the application of inert gas pressure in addition to the
equilibrated pO2, was developed to counteract bubbling of the silver sheath while processing
meter-long lengths of Bi-2212 tape. Regardless of the initial carbon content of the Bi-2212
powder (220 or 710 ppmwt), overpressure processing was successful in eliminating the bubbling
of the silver sheath at total pressures of 8-9atm and fixed pO2=1atm. The types of second phase
particles in the overpressure-processed tapes were unchanged compared to conventionally
processed tapes. Also, Jc increased with increasing Ptotal. The results suggest that overpressure
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processing may decrease porosity in the core and encourage grain alignment resulting in higher
Jc. However, one drawback to overpressure processing was the slow final cooling rate due to the
large thermal mass of the overpressure furnace. The slow final cooling rate may cause the Bi2212 to decompose, thus degrading the current paths and decreasing the Jc. Either incorporating
fast cooling or otherwise modifying the slow cooling process may result in even higher Jc of
overpressure-processed Bi-2212 tapes.
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2-2.

Overpressure

Processing

of

Ag-Sheathed

Bi-2212

Multifilamentary Tapes

Introduction
The next overpressure experiments were conducted on multifilamentary tapes. While
short lengths (centimeters) had maximum Jc >105A/cm2, this value was difficult to achieve in
long lengths (meters) due to bubbling and porosity arising from gases formed in the initial stages
of the heat treatment and the initial packing density of the Bi-2212 powder in the silver tube.
As was the case with monocore tapes, one source of porosity in multifilamentary tapes
was gases that evolve during heating to cause bubbling of the silver sheath and porosity in the
core. Fourier Transform Infrared (FTIR) spectroscopy was used to measure the absorption of
infrared radiation by the gases that evolved during heating the tapes from room temperature to
900°C, which was the temperature range where bubbling of the silver sheath occurred.
Molecules in the evolved gases selectively absorb radiation at frequencies that match the
characteristic vibrations of their individual chemical bonds. Thus, unique “molecular
fingerprints” were present in FTIR spectra that can be used to determine what gases evolved
upon heating.
Another source of porosity was the low initial packing density. Studies done on the
powder density during the OPIT process showed that core density reached a maximum of 75% of
the theoretical density and leveled off with increasing deformation [11]. That leaves 25%
porosity in the green (unprocessed) wire or tape that can contain trapped gases. During heat
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treatment, the silver can creep [12], which allows the silver sheath to collapse if it is thin enough.
Applying an overpressure during processing may help the silver sheath collapse and densify the
core. In one experiment the total pressure was varied from 1 atm to 5 atm to see how
multifilamentary and monocore samples with different geometries (round wires and rectangular
tapes) were affected. In a second experiment, a tape-thickness dependence of the critical current
density was found for multifilaments that were overpressure processed at 5 atm total pressure.
Comparison of Jc results with microstructural observations in a SEM offer insight into the origin
of the dependence of Jc on sample thickness.

Experimental Procedures
Multifilamentary Bi-2212 tape from Cryoelectra GmbH was prepared using the OPIT
process. The 15-filament tapes were cold rolled from an initial thickness of 1420 µm to a final
thickness of 160, 260, 330 and 760 µm. Also included in the study were 165 µm thick monocore
tape and multifilamentary wire from IGC (810 µm in diameter, 290 filaments).
Short samples were pre-annealed at 700°C for 24 hrs in vacuum and then at 835°C in 1
atm O2 for 48 hours as shown in Figure 2-7a. This pre-processing step will be referred to as
“VA+835.” Some samples were incompletely melt-processed as shown in Figure 2-7b after
VA+835 in order to study how conductor geometry, total pressure, and preannealing affected
porosity. The thickness or diameter of the green and VA+835 tapes and wires was measured
before and after this heat-treatment. The change in thickness or diameter was an indirect measure
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(a)

835°C
48 hrs

(b)

895°C
60°C/hr

30 min

700°C
24 hrs
120°C/hr
300°C/hr
vacuum

100 % O2

Time
Figure 2-7. Vacuum anneal and anneal at 835°C (a) and heat treatment of samples in overpressure
furnace (b).

of the porosity in the superconductor – becoming thinner corresponds to becoming denser and
less porous.
Other samples were completely melt processed (see Figure 2-1) in air in the overpressure
furnace with Ptotal=5 atm, pO2 = 1 atm. The transport Jc of the fully processed samples was
measured at 4.2K in self-field using the 1 µV/cm criterion. Longitudinal cross-sections were
mounted in epoxy and polished for imaging. The LEO 982 scanning electron microscope and a
light microscope were used to investigate sausaging, porosity, and second-phase particle content
in overpressure-processed multifilamentary tape of different thickness.

Results and Discussion
Fourier Transform Infrared (FTIR) spectroscopy was used to determine what gases
evolved during heating and were responsible for bubbling and porosity. FTIR was also used to
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determine if the VA+835 pre-annealing steps reduced the amount of porosity-causing gases. One
meter of green Bi-2212 tape was cut into small (1-2 cm) long pieces and placed in the FTIR
crucible. The samples were heated in air at 5°C/min from room temperature to 900°C. FTIR
spectra were collected at regular time intervals (3-4 per minute) during heating. Figure 2-8
includes plots showing the amount of water and CO2, which was proportional to the absorbance
plotted on the y-axis, that evolved upon heating green tape. FTIR showed water evolution from
room temperature to 500°C and CO2 evolution beginning at about 250°C.
Another meter of Bi-2212 tape was processed using the VA+835 heat treatment. FTIR
spectra were again collected upon heating from room temperature to 900°C in air. Figure 2-8
shows the amount of water and CO2 that evolved after the tapes were subjected to VA+835.
Almost no water was detected, within the FTIR detection limits of 0.1-1 wt%. VA+835 greatly
reduced the amount of CO2 over most of the temperature range. FTIR showed a smaller amount

H 2 O Ev o lu tio n

CO 2 Ev o lu tio n

0 .0 0 6
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0.07
0.06
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Figure 2-8. Fourier Transform Infrared spectroscopy results showing the amount of water (left) and
CO2 (right) evolving from either green (unprocessed) samples or samples pre-annealed with the
VA+835 step.
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of CO2 evolving above 750°C. Therefore, FTIR showed that the VA+835 pre-annealing process
eliminated H2O and reduced CO2 that evolved during heating.
Thickness or diameter was measured on samples before and after all stages of the heat
treatment shown in Figure 2-7b. The percent change in thickness was calculated by subtracting
the initial thickness from the final thickness and dividing by the initial thickness. Table I lists the
percent change in thickness for samples of different geometry incompletely melt processed at
either 1 atm or 5 atm total pressure. One half of the samples were not subjected to a VA+835
preprocessing step. Of these, both the monocore tape and the thin multifilament tape bubbled
when processed at 1 atm, while the thick tape and round wire did not bubble. Even without
VA+835, applying an overpressure stopped the Ag-sheath from bubbling and reduced the
thickness of the monocore tape and thin multifilament tape. Although overpressure did not
collapse the thick multifilament or the round wire, the swelling was comparable in the thick
multifilament at Ptotal =1 or 5 atm, and the swelling was reduced in the round wire for Ptotal = 5
atm compared to Ptotal = 1atm.

TABLE I
Effect of increasing pressure on thickness of samples with different geometries with and without VA+835 and
pO2=1atm. Positive numbers mean the tape thickness or wire diameter increased after processing; negative numbers
mean the thickness/diameter decreased after processing.

Sample
Monocore tape
Thin multifilamentary tape
Thick multifilamentary tape
Round multifilamentary wire

t0 (µ m)
165
160
760
810

Without VA+835
Ptotal

With VA+835
Ptotal

1 atm
109%
281%
0.4%
2.4%

1 atm
-3.0%
-4.2%
0%
0.2%

5 atm
-3.0%
-3.6%
0.9%
0.9%

5 atm
-4.8%
0.3%
-0.8%
-0.4%
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Table I also shows the effect of increasing pressure on thickness when the samples were
subjected to a VA+835 preprocessing step before the heat treatment shown in Figure 2-7b. With
VA+835, none of the samples bubbled when processed at 1 atm. The decrease in thickness of the
monocore tape, thick multifilament tapes, and round multifilament wires was larger at 5 atm than
at 1 atm. This trend was also expected for the thin multifilament tape, so the 5 atm data point
seems suspect.
Light microscope images of transverse cross-sections of samples after heat treatment
(Figure 2-7b) at 1 atm both with and without a VA+835 step are shown in Figure 2-9. The severe
deformation in the monocore and thin multifilament tapes was a result of gas evolution during

(a)

(c)

(e)

(b)

(d)

(f)

200 µm
Figure 2-9. Light micrographs of transverse cross-sections of monocore tape (a, b), thin multifilament
(c, d), and thick multifilament (e, f) showing bubbling and porosity. The top row (a, c, e) shows
samples that were not pretreated with the VA+835 step before processing at 1 atm. The samples in the
bottom row (b, d, f) were preannealed with the VA+ 835 step before processing at 1 atm. Some pores
are indicated with arrows.
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heating. Figure 2-9e, f also shows a large amount of porosity in the core of the thick
multifilament tape due to either the initial packing porosity or gas evolution. Samples with thin
silver walls (Figure 2-9a, c) that were not preprocessed with the VA+835 step could not
withstand the pressure due to evolving gases. Removing water and CO2 during the VA+835 step
prevented the Ag-sheath from bubbling (Figure 2-9b, d) when processed at 1atm. The thick
multifilamentary tape (Figure 2-9e) had thick enough silver to withstand the evolving gas
pressure. However, even though water and CO2 were removed by VA+835, porosity remained in
the core of the thick multifilament (Figure 2-9f) because the silver walls could not collapse under
the external pressure of only 1 atm.
Figure 2-10 shows the engineering critical current (je) as a function of tape thickness of
fully processed (Figure 2-1) multifilaments with Ptotal = 5atm and pO2 = 1atm. The different data
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Figure 2-10. Engineering critical current density (je) of overpressure-processed Bi-2212
multifilamentary tapes as a function of tape thickness for various preanneal times at 835°C. Ptotal=5atm,
pO2=1atm.
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Figure 2-11. Secondary electron images of portions of the 160 mm thick sample (left) and the 760 mm
thick sample (right). The magnifications were selected to show multiple filaments in each sample.

points at each thickness value represent samples with different preannealing times at 835°C – 48,
96, or 114 hours. For all of the pre-annealing treatments, je varied strongly with thickness, having
a maximum at 330µm.
Longitudinal cross-sections were examined in the SEM. The secondary electron
micrographs of the thinnest (160 µm) and thickest samples (760 µm) are shown in Figure 2-11.
Differences in sausaging, porosity, and second-phase content were evident. The thinnest sample
had severe sausaging. In contrast, the thickest sample had smooth, uniform interfaces between
the silver and superconductor. The amount of porosity was also different in these two tapes.
Overpressure processing was successful in reducing porosity in the thinnest samples; very few,
and relatively small, uniform pores were seen. However, substantial porosity remained in the
thickest sample; large pores often spanned the entire filament thickness. Finally, the largest
second-phase particles in all samples were (Sr,Ca)14Cu24Ox (14:24 AEC). In the thinnest tape, the
second-phase particles were round and 5-10 µm in size. The 14:24 AEC particles in the thickest
tape were more rectangular, with the dimensions ≈10-20 µm long and less than 5 µm in
thickness. While the absolute size of the second-phase particles in the samples was comparable,
the area of the filament being blocked by second-phase particles was quite different. In numerous
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places in the thinnest tape, the entire filament was blocked by 14:24 AEC. Therefore, the
intermediate thickness samples probably had higher critical current because the trade-off
between sausaging, porosity, and second-phase content was optimized.
The reduction of the critical current density with increasing thickness for the thicker tapes
can be understood in terms of incomplete texturing and enhanced porosity due to the thickness of
the superconducting core. Better texturing close to the Ag/BSCCO interface is a well-known
phenomenon in both Bi-2223 [13] and Bi-2212 tapes [14]. Thus, the reduced relative
contribution from Bi-2212 regions close to Ag/Bi-2212 interface might contribute to decreasing
je with increasing tape thickness. Another reason for smaller je in thicker tapes was large pore
size, possibly due to enhanced mechanical stability of the thicker Ag sheath, so that the
overpressure used might be not high enough to cause the Ag sheath to collapse.
In contrast, the je reduction in the thinnest tapes may be due to the size of the second
phase particles. The large 14:24 AEC particles can significantly reduce the cross-section for
current flow through the thinnest filaments.

Conclusions
The percent change in sample thickness, an indirect measurement of the change in
porosity, was measured for a number of variables: with and without the VA+835 pre-processing
step; Ptotal = 1 or 5 atm; and sample geometry such as round wires and rectangular
multifilamentary tapes with different thickness (160-760 µm). Light micrographs show that
overpressure processing was effective at eliminating bubbling and reducing porosity in
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monocore and thin multifilamentary tapes. In addition, using a combination of vacuum annealing
at 700°C and holding for two days at 835°C in 100% O2 was effective in reducing the amount of
water and CO2 in the core, which FTIR spectroscopy showed was responsible for bubbling of the
silver sheath.
In overpressure-processed multifilamentary tapes, a thickness dependence of Jc was
found. The maximum Jc was measured in 330 µm thick tapes; thinner and thicker tapes had
reduced Jc. Compared to the optimum sample thickness of 330 µm, SEM images showed that the
thicker tapes were more porous, whereas thinner tapes contained a greater amount of second
phases. In these non-optimized cases, the current path can be blocked by either large pores or
large non-superconducting particles of Sr14(Ca,Cu)24Ox. Thus, the observed thickness
dependence of Jc was interpreted as the result of competition between porosity that can decrease
Jc in the thickest samples and second phase particles that can decrease Jc in the thinnest samples.
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2-3. PAIR Processing of Ag-sheathed Bi-2212 Monocore Tapes

Introduction
Several microstructural defects can reduce Jc in Bi-2212 tapes. As discussed earlier,
porosity from low packing density and gas evolution during heat treatment can disturb the
alignment of superconducting grains in the core. The presence of non-superconducting second
phase particles reduces the cross-section available for supercurrent flow as well as disturbing the
superconductor grain alignment (see Figure 2-12). As described in earlier sections, common
second phase particles in Bi-2212 tapes were (Sr,Ca)14Cu24Ox (14:24 AEC) and Bi2Sr2CuOx (Bi2201). The grain alignment near the superconductor-silver sheath interface is especially critical,
as studies have shown that the majority of supercurrent flow is near the interface [15].
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Bi-2212

Sr14(Ca,Cu)24Ox

1 µm

Ag

Figure 2-12. SEM image of a longitudinal cross-section of Bi-2212 tape showing grain misalignment in
the vicinity of a non-superconducting second phase particle of Sr14(Ca,Cu)24Ox.

Recently a new Bi-2212 conductor fabrication method, called the Pre-Anneal and
Intermediate Rolling (PAIR) process, has been introduced that may increase superconductor
grain alignment while reducing porosity and non-superconducting second phase particle content.
With this fabrication method, record-setting critical current densities >500,000 A/cm2 (4.2K,
10T) have been produced in Ag-wrapped, dip-coated, multilayer Bi-2212 conductors [16-19].
In the PAIR process, the first step was pre-annealing. It consisted of heating the green
(unprocessed) Bi-2212 tapes in a furnace at a temperature below the melting point of Bi-2212
(T<880°C) but high enough for water and CO2 to evolve (T>800°C). The pre-annealing time
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must also be long enough for the evolved gases to diffuse through the silver sheath. Powder
sintering and densification can occur during pre-annealing. For dip-coated tapes, the organic
binder was also burned out during pre-annealing, leaving many large pores in the Bi-2212 layer.
After pre-annealing, the next step in the PAIR process was intermediate rolling at room
temperature. The amount of cold rolling was measured by the percentage reduction in thickness
of the Bi-2212 tape and was varied from 0-35% in the initial PAIR experiments on dip-coated
Bi-2212 tape [17]. While a small percent reduction may be beneficial, larger percent reductions
may cause sausaging – undulation of the interface between the superconductor and silver.
In this study, the PAIR process was applied to monocore Bi-2212 tapes before standard
heat treatments to study the effect of pre-anneal time, pre-anneal temperature, and percent rolling
reduction on superconductor grain alignment, porosity, and second phase particle content.

Experimental Procedures
This experiment utilized six sets (Table II) of monocore silver-sheathed Bi-2212
monocore tapes with composition 2.29:2:1:2.016. Each of the four samples within a given set
had the same pre-anneal time and pre-anneal temperature but different rolling reductions.
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TABLE II
Experimental variables of PAIR processed tapes.

Pre-Anneal Temperature

Pre-Anneal Time

% Intermediate Rolling

835°C

6 hours

0, 10, 19, 35

835°C

24 hours

0,14, 17, 28

835°C

48 hours

0, 8, 23, 31

850°C

6 hours

0, 9, 20, 30

850°C

24 hours

0, 12, 17, 27

850°C

48 hours

0, 13, 17, 30

The Bi-2212 tapes underwent a two-step pre-anneal. The samples were layered in a
ceramic crucible with calcium zirconium powder to prevent the samples from bonding to each
other during preannealing. As shown in Figure 2-13, the first pre-anneal was in vacuum at 700°C
for 24 hours followed by a second pre-anneal at elevated temperature (835°C or 850°C) for
varying lengths of time (6-48 hours). As discussed in section 3-2, during the first pre-anneal step,
water was removed from the core; during the second step, carbon dioxide was removed.
Intermediate rolling of samples with 150 µm initial thickness resulted in percent
reductions of approximately 0%, 10%, 20% and 30%. Due to mechanical fluctuations during
rolling, there were 1-5% variations in percent reductions. The actual percent reduction for each
set of pre-anneal temperatures and times are shown in Table II.
After pre-annealing and intermediate rolling, the samples were melt-processed. The ends
of the tape were mechanically sealed by wrapping with silver foil and then crimping in order to
prevent leakage during heat treatment. As shown in Figure 2-14, the samples were meltprocessed as follows: heat to 835°C, hold for 1 hour, heat to 895°C, hold for 30 minutes, cool to
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1.5 hrs
700°C
24 hrs
3 hrs

variable
time and temperature
(see Table III)
vacuum

100% O2

Time
Figure 2-13. Preannealing times and temperatures for PAIR samples.

895°C
835°C

840°C

0.5 hr

48 hr

1 hr

300°C/hr

60°C/hr

10°C/hr

700°C/hr

100% O2
Time
Figure 2-14. Melt processing of PAIR samples.

840°C at 10°C/hr, hold for 48 hours, and cool rapidly to room temperature at 700°C/hr. All melt
processing was done in 100% O2 in order to optimize the second phase particle content.
After the samples were melt-processed, longitudinal and transverse cross-sections of each
sample were mounted and polished for microstructural analysis in the SEM. The change in
second phase content, porosity, and grain alignment of PAIR processed tapes were studied using
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SEM, EDS, and x-ray diffraction. Adobe Photoshop image processing software was used to
calculate the area fraction of second phase particles and porosity from at least five representative
cross-sectional images of each sample.

Results and Discussion
Second phase particle content and distribution as a function of percent reduction was first
investigated. The samples that were rolled to nominally 20–30% reduction contained fewer
second phase particles than the samples with 0–10% reductions. As shown in Figure 2-15, the
0% and 10% samples contained more 14:24 AEC particles than the 20% and 30% samples. In
addition, the 20% and 30% samples had more Bi-2201 phase dispersed throughout than the 0%

(a)

(c)

Ag

Ag
Ag
(b)

Ag

(d)
Ag

Ag
Figure 2-15. SEM micrographs of PAIR processed samples with different percent reductions: (a)
through (d) are 0, 10, 20, 30% reduction, respectively. The black phase is 14:24AEC, the bright white
phase is Cu-free, and the light gray phase is Bi-2201. The length marker is 20µm.
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and 10% samples. This is significant because Bi-2201 is superconducting at low temperatures,
whereas the 14:24 AEC phase is not. The Bi-2201 phase was also generally long and thin,
whereas the 14:24 AEC particles were large, blocky grains 10-20 µm in size. The SEM images
suggest that the narrow Bi-2201 phase did not disturb grain alignment as much as the blocky
14:24 AEC particles. The different pre-anneal times and temperature did not appear to affect the
phase assemblage of these samples in any significant way.
Porosity in the fully processed tapes was also examined. It did not appear that there was a
direct correlation between porosity and either percent reduction or pre-anneal temperature.
However, one may form an indirect correlation between porosity and percent reduction. 14:24
AEC particles tend to grow around pores formed early in the melt processing. Since the amount
of 14:24 AEC decreased when a higher percent reduction was used, porosity may also decrease
with increasing percent reduction.
The x-ray diffraction results (Figure 2-16) showed that texture decreased in the tapes with
increasing percent reduction beyond 15-20%. SEM images showed severe sausaging at the
maximum percent reduction. The lowest FWHM (full width, half maximum) value of
approximately 7° was at a rolling reduction of 10-15%.
All of the results suggest a trade-off between optimizing the second phase particle
distribution and grain alignment near the superconductor/silver interface. Since sausaging
disrupted grain alignment along the interface, rolling to more than 20% reduction should be
avoided. However, a more favorable phase assemblage appeared at 20% and 30% reductions,
and there may be less porosity in these samples. Thus, the optimal reduction for maximum Jc
likely falls in the 15%-25% rolling reduction range.
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Conclusions
The effects of the PAIR process, consisting of pre-annealing steps followed by cold
rolling, were investigated in Bi-2212 tapes. Cross-sectional SEM images showed that increasing
the percent rolling reduction decreased the area fraction of 14:24AEC and Cu-free nonsuperconducting particles while increasing the area fraction of the Bi-2201 phase. However,
grain alignment was adversely affected by sausaging in tapes with the highest percent reduction.
X-ray diffraction results confirmed the worsening texture above 20% rolling reduction. The
PAIR process may have increased Jc by optimizing grain alignment at the superconductor/Ag
interface and reducing the occurrence of porosity and second phases.
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2-4. Summary
Microstructural defects in melt-processed Bi-2212 tapes and multifilaments included
bubbling, porosity, and second phase particles. Overpressure processing, defined as the
application of inert gas pressure in addition to the equilibrated pO2, was developed to eliminate
bubbling of the silver sheath while processing meter-long lengths of Bi-2212 tape. In
overpressure-processed monocore tapes, Jc increased with increasing total pressure.
In overpressure-processed multifilamentary tapes, a thickness dependence of Jc was
found. Compared to the optimum sample thickness of 300 µm, SEM images showed that the
thicker multifilamentary tapes were more porous, whereas thinner multifilamentary tapes
contained a greater amount of second phases. In these non-optimized cases, the current path can
be blocked by either large pores or non-superconducting particles of Sr14(Ca,Cu)24Ox. Thus, the
observed thickness dependence of Jc was interpreted as the result of competition between
porosity and second phase particles.
With optimized parameters, the PAIR process reduced porosity and improved Bi-2212
grain alignment in monocore tapes. Cross-sectional SEM images showed that increasing the
percent rolling reduction above 20% decreased the area fraction of non-superconducting
particles. However, X-ray diffraction showed worsening texture above 20% rolling reduction.
The PAIR results suggested that optimizing Jc involves a trade-off between minimizing the
second phase particle content and maximizing the grain alignment near the superconductor/silver
interface.
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3. YBCO Analysis Techniques
This section describes the three main experimental techniques that were used to
characterize the YBCO coated conductors: Backscattered Electron Kikuchi Pattern (BEKP)
analysis of local grain orientation and calculation of grain boundary misorientation, Magnetooptical (MO) imaging to locate barriers to current flow, and Focused Ion Beam (FIB) cutting.

3-1. Backscattered Electron Kikuchi Pattern Analysis to Determine
Crystal Orientation
BEKP is an electron diffraction technique that can be implemented in an SEM to obtain
electron diffraction patterns from the near surface region of bulk samples. BEKP analysis
provides a point-by-point measure of crystallographic orientation. In a typical experiment, SEM
images reveal the sample’s microstructure — grain size, morphology and spatial distribution.
BEKP analysis measures the local orientation of the microstructural features of interest. BEKP
provides complementary information to x-ray diffraction, which measures texture on a more
global scale without any positional information. BEKP can map grain orientations and calculate
misorientations on the sub-micron to millimeter scale. A disadvantage of BEKP is that the depth
resolution is only on the order of 10-50 nm, which means that this technique is very sensitive to
surface damage. It also becomes difficult to obtain BEKP patterns from rough surfaces because
the sample surface normal is tilted at approximately 70° with respect to the electron beam.
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Surface roughness is usually not a problem with polished metal samples; however, as-grown
superconducting films can be very rough and therefore difficult to obtain high quality Kikuchi
patterns from.
The next paragraphs describe the basics of Kikuchi pattern formation and how local grain
orientation is measured [1-10], followed by a discussion of how BEKP was used in this work.
Kikuchi patterns have traditionally been used to measure the misorientation between
nanosized grains in transmission electron microscopy (TEM). In 1973, researchers [4] showed
how backscattered electrons could theoretically produce Kikuchi patterns in the SEM.
Advantages of Kikuchi pattern analysis in the SEM instead of the TEM include easier sample
preparation and the ability to investigate grain orientations and misorientations on the micron to
millimeter length scale. Eleven years later, other researchers [3] detected these backscattered
electron Kikuchi patterns using a video camera inside an SEM and were also the first to use a
computer to index the Kikuchi patterns. Although an experienced operator could index
approximately 120 Kikuchi patterns in an hour, thousands of patterns need to be collected and
analyzed to determine the orientation of micron-sized grains. BEKP analysis in the SEM utilizes
a computer to control both the SEM stage and the camera so that Kikuchi patterns could be
quickly collected and rapidly indexed (1800 patterns in an hour). The advances in hardware and
software in the past decade have increased the speed with which the technique can be
implemented and thus have led to its popularization. The following paragraphs describe how
diffracted electrons produce Kikuchi patterns in the SEM and how Kikuchi patterns are analyzed.
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Figure 3-1. Production of BEKPs in an SEM. From [11,12].

Kikuchi patterns are formed from Bragg diffraction of monochromatic, incoherent
radiation. Consider a focused 20 keV electron beam in an SEM. All the accelerated electrons
have approximately the same energy, and therefore the same λ, so the electron beam is
monochromatic. Also, an electron’s path can be described by the wavevector k, where the
direction of k represents the direction of the electron’s path. Electrons in a focused beam have a
wide distribution of k, so the electron beam is incoherent. Therefore, the electron beam in an
SEM is both monochromatic and incoherent.
When a focused beam of energetic (20keV) electrons impinges upon the sample surface,
backscattered electrons are Bragg diffracted as shown in Figure 3-1 to form Kikuchi patterns.
For a range of ks, the diffracted paths of the backscattered electrons lie on the surfaces of cones.
For one incident k, one diffracted beam is produced. A phosphor screen is placed near the
sample to detect the backscattered electrons that form the Kikuchi pattern. A Kikuchi line is seen
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where a cone of diffracted electrons intersects the flat screen. The line’s position and intensity
will depend on which crystallographic planes are oriented in a favorable diffracting condition.
The pair of Kikuchi lines makes up a Kikuchi band; a collection of Kikuchi bands makes up a
Kikuchi pattern. Each band in the Kikuchi pattern represents a specific set of diffracting planes
in the volume of the sample excited by the incident electron beam. The band’s position on the
screen depends on the crystallographic orientation of the diffracting planes, while the band’s
width is a function of the lattice plane spacing (band width = 2θB). The band median corresponds
to the trace of the diffracting lattice planes. The intersection of Kikuchi bands is a pole. From the
distances and angles between the poles in the Kikuchi pattern, the poles are identified and
indexed. The orientation of the crystal with respect to the sample coordinate system is
determined from the spatial distribution of poles. To illustrate how lattice orientation can be
determined from the information contained in a Kikuchi pattern, Figures 3-2a and b are two
Kikuchi patterns from different grains in a metal substrate sample. The arrangement of Kikuchi
bands into the star-shaped feature indicates a pole, in this case of <110> type. The Kikuchi bands
in the pattern are indexed (Figure 3-2c, d) and the orientation corresponding to the arrangement
of Kikuchi bands is calculated. The change in position of the pole indicates a change in grain
orientation between the two points where Kikuchi patterns in Figure 3-2 were acquired.
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(a)

(c)

(b)

(d)

Figure 3-2. (a, b) Typical Kikuchi patterns and (c,d) indexing of Kikuchi bands from a
polished metal substrate sample.

57

(b)

(a)

(c)

Figure 3-3. (a, b) Kikuchi patterns taken on each side of a 24° [001] YBCO grain boundary. (c)
Kikuchi pattern taken at the grain boundary to illustrate the 24° rotation.

To illustrate how Kikuchi patterns change across a grain boundary, Figure 3-3a, b shows
representative Kikuchi patterns from the YBCO surface on each side of a 24º [001] grain
boundary. The Kikuchi pattern acquired at the grain boundary (Figure 3-3c) shows two
overlapping patterns that are rotated approximately 24º with respect to one another.
With an SEM, the beam can be rastered across the sample. Computer-automated
acquisition of Kikuchi patterns obtains crystallographic data on a point-by-point basis over a

58
selected area of the sample. Due to the accuracy of the Kikuchi band detection algorithm, grain
orientations can be determined at each point with an accuracy of 0.1 - 0.5°. The practical spatial
resolution of this technique ranges from 0.1 - 0.5 µm, depending on the values of several
experimental parameters such as SEM voltage, aperture size, working distance, sample
composition, and beam current. For example, with typical BEKP conditions using the LEO 1530
SEM (20 kV, 120 µm aperture, 14 mm working distance), the spatial resolution is determined by
the probe diameter of 200 nm [13]. Decreasing the voltage would improve the spatial resolution
by decreasing the probe diameter; however the Kikuchi pattern quality declines with decreasing
voltage. Therefore, optimization of pattern quality and spatial resolution is an issue.
A BEKP scan is a collection of Kikuchi patterns obtained on a point-by-point basis from
large areas, typically a few hundred microns in length and width on the sample. In this work,
BEKP data were acquired using different systems: OIMTM (Orientation Imaging Microscopy) by
TexSem Laboratories, ORKID (ORientation from KIkuchi Diffraction) and COM (Crystal
Orientation Mapping) by Noran Instruments, and OPALTM by Oxford Instruments. Each BEKP
manufacturer has its own software that takes the data collected in a BEKP scan and produces
BEKP maps to show grain orientation and misorientation. While each map is usually given a
different name by the different software programs, the maps fall into 4 categories – percolation
maps, grain orientation maps, grain boundary maps, and pole figures.
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In a percolation map, a BEKP “grain” is defined by an algorithm that groups connected
and similarly oriented points into a grain and then assigns that grain a color. For each point in the
BEKP scan, the neighboring points are checked to see if they are within a certain tolerance angle
determined by the user. If the second neighboring point is found to be within the tolerance angle
of the first point, then the neighbors of the second point are checked to see if they too comply
with the tolerance angle. The procedure is repeated until the set of connected and similarly
oriented points are surrounded by points that exceed the tolerance angle. Figure 3-4 shows
examples of percolation maps with different tolerance angles. With increasing tolerance angle,
the “grain” size becomes larger while the number of “grains” becomes smaller. At some
tolerance angle the percolation map can become monochromatic, indicating that the region is
composed of one “grain” in which all the points have a nearest neighbor within the tolerance

(b)

(a)

(c)

100 µm
Figure 3-4. Percolation map examples for tolerance angles of (a) 1° (b) 2° and (c) 3°.
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Normal Direction [001]

Rolling Direction [100]

Figure 3-5. Schematic showing the BEKP frame of reference with respect to the sample geometry.

angle. In this case, the point-to-point misorientation will be quite small, but the spread of
orientations can be relatively large. In effect, the algorithm used to make percolation maps is the
least restrictive definition of connectivity. In the literature, monochromatic percolation maps
have been made on high temperature superconductors to show the percolatively connected region
for supercurrent flow [14]. A common interpretation of the monochromatic percolation maps
shown in the literature is that the superconductor is single-crystalline below the tolerance angle
of the percolation map. However, it is possible for a percolation map to be monochromatic, but
still contain grain boundaries with larger misorientation angles than the tolerance angle of the
percolation map. This will be discussed further in Chapter 4-2.
Unlike percolation maps, neighboring points in grain orientation maps are not
compared to each other in order to be grouped into grains. Instead, grain orientation maps show
color-coded grains based on how the crystallographic orientation of the points within a grain
relate to the sample reference frame. For these maps, care must be taken to properly align the
sample in the SEM since the orientation of each point is compared to the frame of reference
illustrated in Figure 3-5. For rolled and recrystallized metal substrates, the optimum texture
produced is “cube-on-cube” which means that the c-axis (a3 in a cubic structure or the [001]
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direction) of each grain should be parallel to the normal direction in the sample reference frame.
Similarly, the a-axis (or [100] direction) of the grains should be parallel to the rolling direction.
For epitaxially grown buffer and superconducting layers, this texture should be copied from the
substrate. Figure 3-6 shows a sequence of grain orientation maps that illustrate how well the caxes of grains are aligned with respect to the sample normal direction. The c-axis alignment is
also referred to as “out-of-plane” alignment. In each figure, the darkest red color corresponds to
the “best” c-axis alignment while the white color corresponds to the “worst” c-axis alignment.
“Best” and “worst” alignment is relative, based on the angle criterion of grain orientation map.
For example, Figure 3-6a is a grain orientation map with an angle criterion of 5°. White areas in
Figure 3-6a correspond to grains that have their c-axis misaligned by more than the angle
criterion, in this case 5º, with respect to the sample normal direction (the [001] direction in
Figure 3-5). The other areas in Figure 3-6 are shaded according to the alignment of their c-axes
with the sample normal direction where the closer the alignment, the more intense the color.
Figure 3-6c is an example of a grain orientation map with an angle criterion of 15º. In this map,
white areas have c-axis alignment greater than 15º from the sample normal direction. These
white areas correspond to contamination on the sample surface. Again, the remaining areas are
shaded such that the closer the c-axis is aligned to the sample normal direction, the darker the red
color will be. From the change in shading in BEKP grain orientation maps, one can calculate the
fraction of grain area that is aligned to within specific angle criteria in order to quantify the
texture in the sample.
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(b)

(a)

(c)

100 µm
Figure 3-6. Grain orientation maps showing the alignment of the c-axis to within (a) 5°, (b) 10°,
and (c) 15° of the normal direction. The darkest red color corresponds to the most well-aligned
grains.

Grain boundary maps illustrate the misorientation between grains. There are many
ways to describe the misorientation between two grains, but in this work the grain boundary
misorientation will be described in terms of the angle/axis pair: the common axis shared by the
two grains and the angle of rotation about that common axis that will bring them into
coincidence. In highly symmetric crystal structures, there are many possible axis/angle pairs that
can describe the same misorientation between two grains. For cubic symmetry, as an example,
there are 24 crystallographically equivalent angle/axis pairs for a given orientation. The rotation
angle shown in a grain boundary map is the minimum rotation angle among all possible
angle/axis pairs. Examples of grain boundary maps are shown in Figure 3-7. A line segment
separating two points in the BEKP scan is drawn and labeled with the calculated misorientation
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between the two points. For example, blue line segments in Figure 3-7a are drawn if the point-to-

(b)

(a)

(c)

100 µm
Figure 3-7. Grain boundary maps with misorientation angles greater than (a) 3º, (b) 4º, and (c) 5º.

point misorientation is greater than 3º. Most of the colored line segments in Figure 3-7 appear to
delineate grain boundaries; however, some of the randomly dispersed line segments may be due
to noise in the BEKP scan and not associated with actual grain boundaries in the microstructure.
Some BEKP software programs allow grain boundary maps to be combined with other
kinds of maps. For example, Figure 3-8 shows grain boundaries on grain orientation maps. Like
Figure 3-6, Figure 3-8a shows the alignment of the grains’ c-axes with respect to the normal
direction in the sample reference frame. The red shading illustrates the “out-of-plane” (c-axis)
alignment. In a similar fashion, Figure 3-8b shows the “in-plane” (a-axis) alignment. The darkest
green color corresponds to the a-axis being parallel to the rolling direction in the sample
reference frame. The grain boundaries are colored according to the range of misorientations:

64
blue lines represent grain boundaries with 1-5° misorientation whereas black boundaries have 515° misorientation. Examining the grain orientation shading on either side of grain boundaries
can yield insight into the grain boundary axis of rotation. For example, consider the circled grain
boundary in Figure 3-8. The grain shading on either side of the boundary is different in the red
map but the same in the green map. This indicates that the common axis of rotation for this
boundary is [100]. The grain boundary marked by the square is just the opposite – same shading
in the red map and different shading in the green map. This grain boundary has a different axis of
rotation, namely [001].
Pole figures and inverse pole figures show the global texture of the area studied (but the
spatial information is lost) and can be compared directly to x-ray diffraction pole figures. A pole
figure is a stereographic projection showing the orientation of a pole (a normal to a lattice plane)
relative to the sample reference frame (where RD and TD indicate the “rolling” and “transverse”
directions in the plane of the sample). Examples of (001) and (111) pole figures are shown in
Figure 3-9a. The interpretation of the (001) pole figure is that each grain is oriented with its
(001) planes nearly parallel to the surface and the [001] direction in these planes nearly parallel
to the sample surface normal direction. This (001) pole figure indicates a specific kind of texture,
namely the cube texture that is common in rolled and recrystallized FCC metals.
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(b)

(a)

45 µm

normal direction
(c-axis)
rolling direction
(a-axis)

Figure 3-8. Grain boundaries overlaid on grain orientation maps where (a) is c-axis alignment and (b) is a-axis
alignment with respect to the sample reference frame shown schematically below the maps. Grain boundary
misorientations: 1-5° are blue and 5-15° are black.
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An inverse pole figure is a stereographic projection showing the orientation of a sample
direction relative to the crystal reference frame. The reference axes on the three corners of the
inverse pole figure are the crystal directions [001], [101], and [111]. Thus, an [001] inverse pole
figure (as shown in Figure 3-9b) shows that the [001] sample direction (or surface normal) is
aligned with the [001] or c-axis. The degree of alignment is described by the scale to the right of
the inverse pole figure in Figure 3-9b. The larger number represents a higher density of points
within the colored contour in the inverse pole figure.
In this project, BEKP maps were produced on the superconductor, buffer layers, and
nickel substrate to determine the local grain orientation and misorientation corresponding to
regions of reduced Jc evident in MO images of magnetic flux penetration. The relative merits of
the different kinds of BEKP maps, specifically the interpretation of percolation and grain
boundary maps, will be further discussed in section 4-2.

(a)

(b)

001

111

Figure 3-9. Examples of (a) pole figures and (b) inverse pole figures.
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3-2. Magneto-Optical Imaging to Identify Current Blocking Defects
Magneto-Optical (MO) imaging exploits the Faraday effect [15] to image the magnetic
flux distribution above a sample. A layer of magneto-optically sensitive material is placed on top
of the sample. Magneto-optically active materials have the valuable property that they rotate the
polarization vector of incident light an amount that is proportional to the applied magnetic field.
The local variations in the magnetic field “applied” to the indictor film by the sample below it
correspond to changes in polarization, or color, in the image when viewed with polarized light
[16]. MO images have a spatial resolution on the order of 5 µm, depending on the domain
structure and thickness of the indicator film as well as the distance between the film and the
sample surface [17]. A Bi-doped iron garnet (Y3Fe5O12) film with in-plane polarization domains
that are sensitive only to the z-component of the local magnetic field above the sample was used.
In this work, the polarizers are rotated such that black corresponds to regions where no magnetic
field is penetrating the superconductor, and bright areas correspond to regions of locally reduced
Jc where magnetic flux has penetrated the sample.
Figure 3-10 shows bright features, indicating locally reduced Jc, that are characteristic of
the MO images of all RABiTS-type coated conductors. A typical MO image with YBCO grown
by the BaF2 method is shown in Figure 3-10a. Regardless of YBCO deposition method (Figure
3-10b, c), MO images of RABiTS-type coated conductors show a network of bright features that
are typically 50-100 µm in diameter. This network morphology is unique to RABiTS coated
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(a)

(b)

(c)

(d)

Figure 3-10. Zero-field-cooled MO images at 77K of RABiTS coated conductors with different YBCO
deposition methods using (a) coevaporation of Y, BaF2 , and Cu precursors (BaF2 method); (b) Pulsed Laser
Deposition (PLD method); and (c) Trifluoroacetate precursors (TFA method). For comparison, (d) is a MO
image of IBAD coated conductor showing different magnetic flux penetration patterns. In all images, bright
regions show areas of magnetic flux penetration. The sample width is 3 mm. Courtesy of Matt Feldmann.

conductors; as shown in Figure 3-10d, MO images of IBAD coated conductors have a much
smaller scale flux penetration network.
In this study, MO images will be combined with microstructural and orientational
imaging methods to show where and why flux is penetrating the coated conductor samples.
Earlier studies of flux penetration in YBCO bicrystals [18, 19] have shown that grain boundaries
become visible in MO images when the grain boundary (intergrain) Jc is smaller than the grain
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3°

7°

10°

Figure 3-11. MO images of YBCO bicrystals with increasing grain boundary misorientation. At low
angles, the flux is shielded from most of the grain boundary region, while flux totally penetrates the
higher angle boundaries. Grain boundaries are marked with arrows. From [28].

interior (intragrain) Jc. The general conclusion from previous bicrystal experiments (Figure 3-11)
is that the larger the misorientation angle, the brighter the boundary is in the MO image.
Increasing brightness indicates that the grain boundary becomes a progressively weaker link with
increasing angle, a result that is consistent with transport measurements on bicrystals. Thus,
while it is difficult to exactly quantify the reduction of Jc in bright areas on coated conductors,
the relative brightness of the image is a qualitative measure of the strength of the barrier.

70

3-3. Focused Ion Beam Technology to Investigate Grain Boundary
Microstructure
This section describes the basics of the Focused Ion Beam (FIB) technique as well as
how the FIB will be used to investigate current barriers in RABiTS-type YBCO coated
conductors.
FIB is similar to SEM: a beam of charged particles impinges upon a sample in a vacuum
chamber and the resulting interactions are analyzed using various detectors. Unlike an SEM, FIB
uses a liquid Ga source that is drawn up a tungsten needle. The tip of the needle is coated in Ga
and an extraction voltage is applied to ionize the Ga ions. The heavy ions are focused using
electrostatic lenses [20].
For FIB analysis, a sample is attached to a 12 mm diameter stub with Ag paint. The
sample is placed in a vacuum chamber where a beam of 25keV Ga ions is focused on the sample.
Figure 3-12 shows by-products of the interaction between the Ga ions and the sample, including
secondary particles (electrons, ions, and neutrals) and sputtered particles (neutrals, positive and
negative ions). By rastering the incident Ga ion beam over the sample surface, images can be
formed using the secondary electrons (as in an SEM) or secondary ions. A microchannel detector
can be used to detect both secondary electrons and ions depending on whether the detector is
biased positively or negatively. The images produced from detecting secondary electrons have
contrast based on topography or crystallography. The contrast in secondary ion images is usually
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Figure 3-12. Schematic diagram showing the interactions of the incident Ga ion beam with the sample
in a FIB. Courtesy of Bill Carmichael.

due to material contrast and is also more useful than secondary electron imaging when the
sample is insulating.
By rastering the incident beam in a small user-defined region, the Ga ions sputter
material off the sample, thereby “cutting” into the sample in a precisely controlled manner. This
is how the FIB equipment was primarily used in these experiments. From the plan-view, one can
identify a region of interest (in this case, a grain boundary groove that is visible in the YBCO
layer) and use the incident Ga ions to sputter material away – in effect cutting down to the nickel
substrate. An example of FIB-produced trenches (the rectangular features in the image outlined
in white) is shown in Figure 3-13.
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10µm
Figure 3-13. SEM image of a coated conductor surface with two FIB trenches (outlined in white) that
were cut down to the substrate.
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4. YBCO Studies
4-1. Origin of current barriers
Macroscale (1-100 µm) barriers to current in the YBCO layer of RABiTS-type coated
conductors were investigated on two different types of sample using a combination of analysis
techniques. The two sets of coated conductor samples had different methods of YBCO
deposition. One method was Pulsed Laser Deposition (PLD) where YBCO target material was
vaporized with a laser. In comparison, the BaF2 YBCO was grown using e-beam co-evaporation
of Y, BaF2, and Cu precursors followed by post-annealing to form YBCO. These two sets of
samples were investigated using a combination of scanning electron microscope (SEM) imaging,
magneto-optical (MO) imaging, Focused Ion Beam (FIB) cutting, and backscattered electron
Kikuchi pattern (BEKP) analysis. Grain boundaries in the nickel substrate were shown to
influence the microstructural connectivity of the YBCO grains and were shown to be the source
for low Jc regions that limited the overall Jc of the sample.

PLD YBCO coated conductors
Experiments to explore the cause of the spatial variations in Jc were conducted on
multiple RABiTS-type coated conductor samples supplied by Tim Peterson and co-workers at
AFRL. All buffer layers and the YBCO layer were deposited by PLD. 100nm of CeO2, 500nm of
YSZ, and 100nm of CeO2 were deposited on the nickel substrate. The difference between the
samples was the YBCO layer thickness, which varied from 300-1200nm. Jc measurements in
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self-field at 77K yielded a 1.2MA/cm2 value for the 600nm thick sample; Jc was not measured on
the other samples.
MO images obtained under standard imaging conditions [1, 2] were used to locate the
areas of reduced Jc in the YBCO layer. The MO image of a sample with 300nm thick PLD
YBCO is shown in Figure 4-1a; the polarizers were rotated such that higher Jc regions appear
dark. Bright areas indicate the locations of magnetic flux penetration that correspond to regions
of locally depressed Jc. The most striking features in the MO image in Figure 4-1a are
electromagnetically well-connected regions surrounded by bright lines that range in diameter
from 50-100 µm. Figure 4-1b shows the light microscopy image of the surface of the YBCO.
Figure 4-1c shows the overlay of the MO image and the light microscopy image. The overlay
suggests that many, but not all, of the boundaries visible in the light microscope image of the
YBCO correspond to bright lines, and thus regions of locally depressed Jc, in the MO image.
In addition, most of the low Jc regions in MO images are coincident with macroscale
grain boundary grooves in the YBCO. Arrows on the left in Figure 4-2 highlight the grain
boundary grooves visible in the representative plan-view SEM image of PLD YBCO. These
grooves have also been seen in the substrate, buffer layers and YBCO layers of coated conductor
samples grown by other groups using a wide variety of buffer and YBCO layer deposition
methods [3-8]. The other defects visible in Figure 4-2 are small patches where the YBCO has
“pulled off” during growth. These defects are also sometimes seen in the microstructure of PLD
YBCO grown on SrTiO3 bicrystals [9].
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To determine what was causing the macroscale boundaries in the YBCO, FIB was used
to cut trenches across boundaries that appeared in the YBCO layer. A thin layer (about 1 µm) of
Pt was deposited before cutting with the Ga ions in the FIB. Energy Dispersive spectroscopy
(EDS) was used to confirm that the FIB cut down to the nickel substrate (Figure 4-3). The small
Pt and Ga peaks in the EDS spectrum are from the FIB cutting process. The features in the
bottom of the FIB trenches line up with the boundaries seen in the YBCO layer that are
highlighted with arrows in Figure 4-4. BEKP analysis on the nickel at the bottom of the trenches
confirmed that the features were indeed nickel grain boundaries with varying misorientation
angles. Therefore, FIB trenches cut through all the buffer layers at the position of the grain
boundary grooves in the YBCO confirm that these boundaries appear directly over grain
boundaries in the nickel substrate to within the 1 micrometer resolution of the technique.

BaF2 YBCO coated conductors
Similar current barriers are observed in MO images of RABiTS-type coated conductors
from Feenstra and Goyal and coworkers at ORNL. The architecture of these samples was
YBCO/CeO2/YSZ/Y2O3/Ni. The YBCO was grown using the BaF2 method on top of RFmagnetron sputtered buffer layers CeO2 and YSZ. The Y2O3 seed layer was grown by reactive
evaporation from Y metal on top of rolled and recrystallized nickel. The bright features in the
MO image of BaF2 YBCO (Figure 4-5) are suggestive of the influence of the nickel substrate as
seen in the PLD YBCO samples. The long, straight bright lines in Figure 4-5 are where the laser
was used to cut a bridge for electrical characterization of the YBCO.
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A plan-view SEM image of the BaF2-deposited YBCO is shown in Figure 4-6. Unlike the
PLD YBCO samples, “pull-off” of the BaF2 YBCO was not a problem; rather Cu-rich particles
are common on the surface. In Figure 4-6 grain boundary grooves are highlighted with arrows.
The extent of grooving is much less in BaF2-grown YBCO compared to PLD YBCO in the
samples investigated. However, Figure 4-6 does show that grooving is present even in high Jc
(2.3 MA/cm2) BaF2 YBCO samples. As with the PLD YBCO samples, bright regions in MO
images are associated with grooving in the BaF2 YBCO. A general trend was seen when the
microstructure of YBCO was investigated using plan-view SEM over large areas (mms). In
general for both PLD and BaF2 YBCO, grooved regions are bright in MOI, but not all MOI
bright regions are grooved.
FIB trenches were cut through all buffer layers at the position of the grain boundary
grooves in the BaF2 YBCO (Figure 4-7). EDS again confirmed that the trenches were cut down
to the nickel substrate and BEKP confirmed that the boundary (marked with an arrow in Figure
4-7) at the bottom of the FIB trenches was a nickel grain boundary. An SEM image of the FIB
trenches confirm that boundaries in the YBCO appear directly over grain boundaries in the
nickel substrate to within the 1 micron resolution of the technique.

4-2 Distribution of nickel grain boundaries
The previous section showed that in both PLD and BaF2 YBCO coated conductors with
the RABiTS-type architecture, the boundaries visible in plan-view SEM images and the bright
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features in MO images were due to underlying nickel grain boundaries. BEKP was used to
investigate the character and distribution of the nickel grain boundaries in order to determine
which boundaries induce weak-link behavior in the YBCO.

PLD YBCO coated conductors
BEKP was used to determine the grain boundary distribution in a large region (hundreds
of square microns) of the nickel substrate after the 1.2 µm thick PLD YBCO and buffer layers
were removed by chemical etching. The superconductor was removed using a 1% mixture of
nitric acid in deionized water. The etchant for the buffer layers was a 2:3 mixture of NH4F (40%)
and HF (48%). EDS confirmed that the superconductor and the buffer layers were removed. The
BEKP data was collected under the usual SEM conditions: 70° sample tilt, 20kV accelerating
voltage, 120 µm aperture, and 15mm working distance. The beam was rastered over a roughly
500 µm wide region with 3 µm step size.
A series of BEKP percolation maps from the nickel substrate plotted with tolerance
angles from 1°-6° are shown in Figure 4-8. As described in Chapter 3, a grain in a percolation
map is defined as a set of points for which each point has at least one neighbor with the same
crystallographic orientation within the specified tolerance angle. Each grain is shaded a different
color in the percolation map. The 1° percolation map correlates well to the light microscope
image of the nickel substrate.
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Figure 4-8 shows that increasing the threshold angle of the BEKP percolation map
reduces the number of grains shown in the map, while the average grain size increases.
Percolation maps with varying tolerance angles (0.5°, 1°, 2°, 2.5°, 3°, and 5°) from the
literature [10] are shown in Figure 4-9 for comparison. With increasing tolerance angle, the
percolation maps again show a reduction in the number of grains and an increase in the average
grain size. At a certain point, the percolation map becomes almost monochromatic; all of the
points in the BEKP scan have neighbors that are within a certain tolerance angle of each other. In
Figure 4-9, the tolerance angle where the percolation map becomes almost entirely
monochromatic is 3°, while in Figure 4-8 the percolation map becomes monochromatic at 4°.
The slightly smaller tolerance angle in the literature may be related to the different texture of that
nickel substrate compared to the texture of the PLD YBCO substrate. Figure 4-10 shows pole
figures from the two samples. The BEKP data plotted in both pole figures shows the same cubeon-cube texture, but the colored regions in the literature pole figure are slightly smaller in
diameter than the colored regions in the PLD YBCO pole figure. The smaller diameter, colored
regions indicate a better texture in the nickel.
This single color in a percolation map represents a percolatively connected region.
According to interpretations in the literature [10, 11], the 4° percolation map in Figure 4-8 and
the 3° percolation map in Figure 4-9 suggest that the majority of the sample is single-crystal-like
with respect to current flow. However, this interpretation does not agree with the many bright
regions, indicative of locally reduced Jc, visible in the MO images of RABiTS-type coated
conductors. In fact, it is possible for a percolation map to be monochromatic with a low tolerance
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angle when the sample contains high angle grain boundaries. This will be discussed in more
detail later.
Figure 4-11 is a collection of grain boundary maps. Each map shows the location of all
grain boundaries for which the grain boundary misorientation angle, θ, is greater than the value
indicated on the image, in this case from 2º through 7º. The θ > 2° map shows the densest grain
boundary network, while the θ > 7° map in Figure 4-11 has the least dense grain boundary
network. Figure 4-12 is a histogram of the fraction of the total grain boundary length as a
function of grain boundary misorientation angle. For the 96 grain boundaries in this region of the
sample, the histogram shows that the almost half of the grain boundary line length is very low
angle – about 1-2°.
Figure 4-13 is a comparison of the θ > 4° grain boundary map, the 4° percolation map,
and the MO image. There is an almost one-to-one correlation between the location of nickel
grain boundaries with θ > 4° and the flux penetration network visible in the MO image. This
comparison indicates that the YBCO that grows above nickel grain boundaries with θ > 4° has
reduced Jc. It is important to note that several high angle grain boundaries that are visible in the
grain boundary map and MO images are not evident in the percolation map. This comparison
indicates that percolation maps do not show all barriers to current flow.
The difference between, and the importance of, percolation maps and grain boundary
maps is illustrated in Figures 4-14 and 4-15. Figure 4-14 is an example of how a 2° percolation
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map is made. Figure 4-14a shows a hexagonal array of points with given orientations. The
numbers in each hexagon represent the hypothetical misalignment of each point with respect to
the sample reference frame. Consider the points in the first row of the array (which are outlined
in bold for emphasis) in Figure 4-14b. To make a 2° percolation map, a neighboring point will be
shaded green if the neighboring point is within 2° of the point in the first row. For this example,
the assumption is that the misorientation between two points is given by subtracting the two
angles. In Figure 4-14b, X marks a point that is greater than 2 degrees from the first row
neighboring grain and thus not shaded green.
Now consider the outlined points in the second row of the array in Figure 4-14c. Again,
neighbors are shaded green if they are within the 2° criterion of the percolation map. Notice that
the point previously marked with an X in Figure 4-14b can now be shaded green in Figure 4-14c
because it is within 2 degrees of a second row point.
By repeating this procedure for all the rows (Figure 4-14d-f), the entire map is shaded
green. The interpretation of the map in Figure 4-14f is that the entire region is percolatively
connected within 2°. For superconductors, this interpretation in the literature implies that there is
a current path throughout the sample such that the current never has to cross a boundary with
misorientation angle greater than 2°.
However, the grain boundary map in Figure 4-15a shows that there are some grain
boundaries (highlighted in red) that have misorientation angles greater than 2°. These boundaries
can have a dramatic effect on current flow. In the most basic case, consider one-dimensional

93

94

95
current flow as depicted in Figure 4-15b. The solid black arrows show uninterrupted current flow
from bottom to top; the dashed black arrows depict current that is blocked by boundaries greater
than 2°. In this case, as well as in the case of current flow from left to right shown in Figure 415c, 50% of the cross-sectional area is blocked by 2° boundaries.
As this hypothetical example illustrates, monochromatic percolation maps imply that
there is a fully connected path through the microstructure that is within the chosen tolerance
angle criterion of the map. However, it is the grain boundary map that displays the constrictions
of the current path. The grain boundary map also correlates to the observed regions of reduced Jc
in the superconducting layer. Thus it is the grain boundary map and its correlation to the MO
image that confirms the role of the nickel grain boundaries in the constriction of the current flow
in the epitaxial YBCO layer. Grain boundary maps are an important tool, preferable to
percolation maps, for measuring the improvement of the coated conductor by identifying
remaining high angle grain boundaries that will restrict current flow.
The magnitude of flux penetration in the YBCO above more than 60 of the nickel grain
boundaries was estimated by measuring the MO image intensity, which is roughly proportional
to the penetrating magnetic field. The MO images used for this measurement were recorded
when the sample was in its critical state; in other words, further increasing the magnetic field did
not lead to any more grain boundaries becoming bright in the MO image. A plot of the MO
image intensity vs. nickel grain boundary misorientation angle in Figure 4-16 shows that there is
an abrupt change in MO intensity at 4º: magnetic flux does not preferentially penetrate grain
boundaries with θ<4º, while boundaries with θ>4º exhibit MO contrast. Above the 4º threshold
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angle, the magnitude of flux penetration varies considerably and not very systematically with θ.
Possible causes of this variation may include grain boundary contamination or grooving as well
as the unknown effect of the grain boundary plane or the mosaic spread in the YBCO layer. The
possible influence of mosaic spread, which is the local orientation variations from island to
island in the YBCO layer, will be discussed in section 4-3.
To summarize, the character and distribution of nickel grain boundaries was shown with
BEKP percolation and grain boundary maps. Percolation maps are useful in showing that there is
a percolatively connected region for current flow in coated conductors. However, caution must
be used in further interpretation of percolation maps, since this work has shown that it is possible
for a percolation map to be monochromatic with a low tolerance angle while still containing high
angle grain boundaries. The correlation between microstructure and electromagnetic properties
was best illustrated with the BEKP grain boundary, not percolation, maps and MO images.
BEKP grain boundary maps were used to define a threshold angle in the nickel substrate – the
grain boundary angle in the nickel above which the boundary in the YBCO appears bright,
indicating depressed Jc, in MO images. The presence of a sharp threshold angle at 4º suggests
that one way to improve Jc in coated conductors is to make nickel substrates where all of the
grain boundaries have θ < 4º.

BaF2 YBCO coated conductors
As previously described, the ORNL coated conductors studied were BaF2-grown YBCO
on RABiTS substrate for which the overall Jc was 2.3MA/cm2. The grain boundary distribution
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in ORNL substrates was determined using BEKP analysis on three regions of the nickel substrate
after the 0.3 µm thick YBCO and buffer layers were removed. As with the AFRL samples, the
superconductor was removed using a 1% mixture of nitric acid in deionized water. The buffer
layers were sputtered off instead of being chemically removed since NiO was sometimes
observed after chemical etching. EDS confirmed that the superconductor and the buffer layers
were completely removed.
A laser was used to cut three "bridges" of different lengths and widths in the sample to
limit the region current could flow through. Each of these bridges was MO imaged with the
YBCO layer intact. Plan-view secondary electron SEM images were taken of the surface before
and after removing the superconductor and buffer layers. BEKP grain boundary maps were
produced on the nickel substrate.
Figure 4-17 shows the results from bridge 1, which was the largest bridge that was cut.
Figure 4-17a is a plan-view SEM image of the nickel substrate after the superconductor and
buffer layers were removed. The horizontal lines near the top and bottom of the image are where
the laser was used to cut the bridge that was 1.5 mm long by 275 µm high. The contrast in the
SEM image is due to the differing orientations of the nickel grains. The average nickel grain size
was determined to be 60 µm by the linear intercept method, while the grains ranged in diameter
from 20-150µm.
Figure 4-17b is a BEKP grain boundary map with θ>1°. This map correlates well with
the location of the grain boundaries shown by the change in contrast in Figure 4-17a. Figure 417c is a MO image overlaid with the 5° grain boundary map (shown in red). Figure 4-17c shows
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a good correlation between boundaries that are bright in the MO image and boundaries that have
misorientations greater than 5°. Thus in these BaF2 YBCO samples, the threshold angle of the
nickel substrate was approximately 5°. In other words, the YBCO above nickel grain boundaries
with θ<5º could carry as much current as the bulk YBCO. This threshold angle is not very
different from the 4° threshold angle observed in the PLD YBCO coated conductor substrates.
Within the 0.5° precision of the BEKP technique, the threshold angle of the AFRL and ORNL
samples are almost the same.
While there are fewer grain boundaries present in the 5° map compared to the 2° map, the
5° grain boundaries still comprise a rather large fraction of the total number of grain boundaries.
Figure 4-18 is a histogram showing the grain boundary line length as a function of misorientation
angle. For the 250 grain boundaries in this region of the sample, this histogram shows that over
60% of the total grain boundary line length has misorientation angle greater than 5°, with almost
one quarter of the line length having misorientations greater than 9°. This is in contrast to the
nickel used for the PLD samples shown in Figure 4-12 where only 5% of the total grain
boundary length had θ>9°.
The high angle (θ>9°) nickel grain boundaries are not uniformly distributed throughout
the bridge. Figure 4-19 shows a clustering of these boundaries near the center of, and almost
completely spanning, the bridge. When the critical current of this bridge was measured, the Jc
was only 0.7MA/cm2, compared to the Jc =2.3MA/cm2 of the entire sample. The clustering of the

101

102

103
high angle grain boundaries near the center of the bridge was largely responsible for the
relatively low Jc of the bridge.

4-3. Influence of nickel grain boundaries
The previous section described the character and distribution of nickel grain boundaries
in the substrate of both PLD YBCO and BaF2 YBCO coated conductors. Despite having
different YBCO deposition methods, the samples from AFRL and ORNL had similar threshold
angles of 4-5° in BEKP grain boundary maps of the nickel substrate. This section describes first
how the underlying nickel grain boundaries influence the orientation and morphology of the PLD
YBCO layer at a small number of nickel grain boundaries. For a large number of nickel grain
boundaries, texture transfer was examined in the case of the BaF2 YBCO on RABiTS substrate
where it was possible to characterize large areas of the YBCO with BEKP.

PLD YBCO coated conductors
BEKP was used to investigate the difference in PLD YBCO grain orientation near one
grain boundary groove that appeared bright in a MO image and near 3 boundaries that did not
appear in the MO image. A BEKP map of the 300 nm thick PLD YBCO was very noisy due to
the surface roughness. Individual Kikuchi patterns were obtained from locally smooth regions on
the YBCO surface using a very low noise CCD camera with long acquisition times at Noran
Instruments’ facility. Figure 4-20 shows the Kikuchi patterns from adjacent grains. The same
Kikuchi pattern was formed from all four grains, but there was a difference in the positioning of
the Kikuchi pattern from one grain to another. To qualitatively illustrate the change in Kikuchi
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pattern positioning that represents the grain boundary misorientation in the YBCO layer, a
triangle formed by the intersection of bands in the Kikuchi pattern was traced on pattern D in
Figure 4-20. Comparing the rotation of the Kikuchi pattern in B relative to the fixed triangle
position in D shows that there was a small misorientation between grains B and D. In contrast,
the difference in Kikuchi pattern position in A and B indicates a larger misorientation. To
quantify the grain boundary misorientation in the YBCO, BEKP software was used to determine
the Euler angles that described the orientation of each grain; the misorientation between each
grain was manually calculated. A diagram of the four YBCO grain boundary grooves labeled
with the grain boundary misorientation angle and axis is shown in Figure 4-20. A comparison of
the MO image and the misorientation data shows that the bright boundary in the MO image,
indicative of locally depressed Jc, corresponds to a higher misorientation angle in the YBCO,
specifically 4.2°, between grains A and B.
To determine the nickel grain boundary misorientation in this same region, the YBCO
and buffer layers were chemically removed. Unfortunately, a thick layer of NiO formed after the
chemical etching. After polishing off the NiO, it was impossible to find the exact same region on
the nickel substrate. Experiments were done on different samples (discussed in a later section) to
determine how the nickel grain boundary misorientation angles are transferred to the buffer and
YBCO layers.
In addition to the YBCO grain orientation, the morphology of the YBCO grains was
influenced by nickel grain boundary angles greater than 4°. Figure 4-21 is a representative planview SEM image of PLD YBCO. The YBCO grain morphology in region B appears poorly
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connected and porous compared to region A. FIB cutting was used to remove the YBCO and
buffer layers. BEKP maps were made on the underlying nickel substrate. The average of ten
nickel grain boundary misorientation measurements is labeled near the YBCO grain boundary
grooves in Figure 4-21. The SEM image shows that the YBCO that grew above higher angle
nickel grain boundaries (4.4° and 5.6°) appears more porous than the YBCO that grew above a
smaller angle boundary (3.3°).
Combined BEKP analysis and SEM and MO imaging on PLD YBCO coated conductors
show that the grain boundary grooves between YBCO regions that are misoriented by more than
4º have locally reduced Jc and a less dense morphology. This was in good agreement with the 4°
threshold angle determined on the nickel substrate.

BaF2 YBCO coated conductors
To show how texture was transferred from substrate to buffer layers to superconductor,
BEKP scans needed to be taken over large areas on the YBCO and buffer layers and nickel
substrate. There were several difficulties that needed to be overcome in order to obtain BEKP
data on large areas of the superconductor. The nature of the coated conductor samples makes
data collection difficult for two main reasons: sub-micron YBCO island size and surface
inhomogeneity. The small island size of the YBCO (as illustrated in Figure 4-22a) makes it
necessary to use a very small step size in BEKP scans, and thus limits the size of the area that
can be examined in a reasonable time frame. Surface inhomogeneity due to the presence of
contaminants, second phase particles, pores, and the island-like structure of the YBCO itself
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produce a lot of noise in the scans because BEKP was very sensitive to surface roughness. Also,
the YBCO surface degrades over time with exposure to air, so “fresh” samples, where the YBCO
was grown and the samples mailed out the same day, were a necessity.
Smooth, fresh BaF2 YBCO coated conductors were obtained from Feenstra and
coworkers at ORNL for texture transfer studies. The architecture of these samples was
YBCO/CeO2/YSZ/Y2O3/Ni. These coated conductor samples, grown on commercial nickel
substrates, had a Jc of 0.58 MA/cm2. According to Feenstra, coated conductor samples grown on
commercial nickel to date have a maximum Jc of 1.1 MA/cm2. Two plan-view SEM images of
these samples are shown in Figure 4-22. The secondary electron image taken at 5kV in Figure 422a shows the YBCO island size on the order of 0.5 µm. Figure 4-22b is a SEM image taken at
20kV when the sample was tilted 70° for BEKP analysis and shows a network of grooves in the
YBCO that most likely delineate the underlying nickel grain boundaries. BEKP maps 300 µm
wide were made on the superconductor, YSZ buffer layer, and nickel substrate to investigate
texture transfer from the nickel to the BaF2 YBCO.
Figure 4-23 compares the grain boundary network in the nickel substrate and the YSZ
buffer layer. The grain boundary maps are shown in three sets; in Figure 4-23a for example, the
gray boundaries are 2-3°, the blue boundaries are 3-4°, the green boundaries are 4-5°, and the red
boundaries are >5°. At first inspection, the grain boundary network looks almost the same in the
substrate and in the buffer layer. However, there are some grain boundaries that change
misorientation from the nickel to the buffer layer. For example, the white solid arrows in Figure
4-23a show grain boundaries in the nickel that become lower misorientation angle in the buffer
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layer, while the white dashed arrows show nickel boundaries that become higher angle in the
YSZ. All six of the BEKP maps in Figure 4-23 were examined to find the 29 grain boundaries
that changed misorientation angle out of the approximately 170 total number of grain boundaries.
Table I shows the comparison of these grain boundaries misorientation angles in the nickel and
the YSZ. Often a grain boundary in the BEKP map was shaded with two colors; in this case the
average grain boundary misorientation angle is listed. In the table, ∆ represents the change in
misorientation angle from nickel to YSZ. A positive ∆ represents an improvement in texture; in
other words, the misorientation across the underlying nickel grain boundary was larger than that
of the YSZ grain boundary above it. A negative ∆ indicates that the misorientation angle was
smaller in the nickel than in the YSZ.
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Table I
Grain boundary misorientation angles (in degrees) for select boundaries in the nickel substrate and YSZ
later. ∆ represents the change in misorientation angle from substrate to buffer.

Nickel

YSZ

∆ (°)

Nickel

YSZ

∆ (°)

1.5

3

-1.5

6

7

-1

5.5

3.5

+2

11.5

13

-1.5

2

1

+1

13

11

+2

5.5

4.5

+1

10

8

+2

3.5

1.5

+2

12

11

+1

4

5

-1

11.5

13

-1.5

4

4.5

-0.5

11

9

+2

1.5

2.5

-1

11

13

-2

7.5

4.5

+3

11

9

+2

8.5

4.5

+4

10

12.5

-2.5

6

5

+1

9

8

+1

8

10

-2

8

8.5

-0.5

10

8

+2

11

8

+3

6

9

-3

9

8

+1

6

8.5

-2.5

According to Table I, about half (16 of 29) of the grain boundaries in the nickel became
lower angle when YSZ was epitaxially grown on it. The average texture improvement was
1.9°±0.9°, although three boundaries improved by 3-4°. The other thirteen grain boundaries in
the YSZ had higher misorientation angles than the original nickel boundary. The average texture
worsening for these specific boundaries was 1.6°±0.8°, with a range of 0.5-1.5°. Overall, there
appears to be no substantial improvement in grain boundary misorientation – for these 29
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boundaries that changed orientation from nickel to YSZ, about half of the boundaries improved
by ∼2° while the other half of the boundaries worsened by ∼1.5°. The change in misorientation
angles may be due to the mosaic spread in the buffer layer.
The previous analysis provides statistics of a small number of select grain boundaries. To
get a more global picture of texture transfer from substrate to buffer layer, BEKP grain
orientation maps were compared in Figure 4-24. The grain orientation was depicted according to
the legend in Figure 4-24 – gray represents a-axis misalignment by 0-5°, red represents a-axis
misalignment by 5-10°, and white represents a-axis misalignment by 10-15°. Black regions are
either noise (a BEKP pattern was not formed due to surface contamination) or a misalignment by
more than 15°. Similarly, 0-5°, 5-10°, and 10-15° c-axis misalignment is represented by blue,
green, and white respectively. On first inspection, Figure 4-24 qualitatively shows that the
texture in the substrate and the buffer layers is quite similar. In order to quantify a texture change
from nickel to YSZ, PhotoshopTM was used to measure the number of pixels of each color in the
grain orientation maps of Figure 4-24. Table II shows the calculated area fraction of each color
(representing a range of grain orientations) in each map.
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Table II
Area percentage of a-axis and c-axis alignment in grain orientation maps of Figure 4-24.

c-axis

a-axis
Nickel

YSZ

Nickel

YSZ

0-5°

38.1%

30.3%

0-5°

38.9%

33.9%

5-10°

46.7%

53.8%

5-10°

53.0%

55.5%

10-15°

15.2%

15.9%

10-15°

8.1%

10.6%

The a-axis alignment appears to remain about the same from nickel to YSZ in the high
angle (>10°) range. In the θ<10° range, the texture slightly worsens. In other words, the area
fraction of YSZ grains with a-axis and c-axis orientation of 0-5° with respect to the sample
reference frame decreased by 8% and 5% respectively compared to the nickel. This BEKP grain
orientation data confirms texture measurements by x-ray diffraction. X-ray experiments show
that the texture, as measured by the FWHM (full-width-half-maximum) of x-ray pole figures, is
approximately the same or slightly worse in the buffer layer compared to the nickel substrate of
RABiTS-type coated conductors. The FWHM of the [111] pole figure on the rolled and
recrystallized nickel substrate was 8-9°, while the FWHM of the buffer layer was 8-10°[12].
Next the texture of the superconductor was investigated. BEKP analysis of one YBCO
region is shown in Figure 4-25. Figure 4-25 shows three BEKP grain boundary maps (2°, 5°,
10°); grain orientation maps showing a-axis alignment (green shading) and c-axis alignment (red
shading); a light microscope image of the surface of the YBCO; and two inverse pole figures.
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Grain boundary maps on the BaF2-deposited YBCO (Figure 4-25 a-c) show that high
angle boundaries are not completely eliminated in the superconductor layer. Many of the visible
grain boundaries in the light microscope image (Figure 4-25f) correspond to grain boundaries
shown in the θ>5 and θ>10° BEKP grain boundary map. Previous experiments have shown that
YBCO grain boundary grooves that are visible in the SEM and light microscope correspond to
underlying nickel grain boundaries and often are visible as regions of flux penetration, and
reduced Jc, in MO images. Therefore, the remaining high angle grain boundaries shown in the
θ>10° grain boundary map may be responsible for the rather low Jc (0.58MA/cm2) of this
sample.
The grain orientation maps in Figure 4-25d-e are shaded such that the differences in
green and red show differences in a-axis and c-axis alignment respectively. Similarly, in Figure
4-25g-h, the BEKP data points in both pole figures tend to cluster quite closely to the <001> and
<011> showing the c-axis and a-axis alignment, respectively.
After analysis of the BaF2 YBCO layer, it was chemically removed with a 1% nitric acid
in water solution. EDS confirmed that the YSZ layer remained after chemical etching. Figure 426 is a comparison of the grain orientation maps from the same region on the YSZ buffer layer
and superconductor. In previous grain orientation maps, a-axis and c-axis alignment were shown
by shading of green and red respectively. To highlight differences in grain orientation, the color
shading was changed according to the legend in Figure 4-26 – gray represents a-axis
misalignment by 0-5° with respect to the RD reference direction ([110] or in-plane alignment)
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while red and white represent a-axis misalignment by 5-10° and 10-15° respectively. Similarly,
0-5°, 5-10°, 10-15° c-axis misalignment with respect to the sample normal direction ([001] or
out-of-plane alignment) is represented by blue, green, and white respectively. Black color in both
maps represents either noise or grain orientation >15º with respect to the directions in the sample
reference frame.
Qualitatively, Figure 4-26 shows that there is more red and less gray in the
superconductor map than in the buffer layer map; in other words, a-axis alignment worsens from
the YSZ to the YBCO layer. In comparison, the c-axis alignment improves (more blue and less
green) from the buffer to the superconductor. In both maps, there is a relatively small fraction of
grain area that is oriented 10-15º from the [110] or [001] directions in the sample reference
frame. In order to quantify this texture change from YSZ to YBCO, PhotoshopTM was used to
measure the number of pixels of each color in the grain orientation maps of Figure 4-26. The
results are shown in Table III.
Table III
Area percentage of a-axis and c-axis alignment in grain orientation maps of Figure 4-26.

c-axis

a-axis
YSZ

YBCO

YSZ

YBCO

0-5°

63.8%

44.4%

0-5°

24.6%

41.1%

5-10°

27.8%

35.5%

5-10°

62.2%

45.5%

10-15°

1.5%

4.0%

10-15°

5.9%

1.4%

black

6.9%

16.1%

black

7.3%

12.0%
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Table III shows a marked change in both in-plane and out-of-plane texture. The area
fraction of sample with a small (0-5°) c-axis misalignment with respect to the sample normal
direction increases by ~15% in the superconductor compared to the buffer layer. In addition, the
area fraction of sample with a larger (5-10º) c-axis alignment decreases by ~15%. This result,
that c-axis alignment improves in the superconductor, agrees with what other researchers have
seen in x-ray diffraction experiments. Figure 4-27 shows x-ray rocking curves from all layers of
a RABiTS-type coated conductor [13]. The out-of-plane alignment significantly improves from
buffer to YBCO layer, as shown by the FWHM decreasing from 5º in the YSZ to 1º in the
YBCO.
BEKP analysis on all layers of BaF2 YBCO coated conductor shows the texture transfer
from the substrate to buffer layer to the superconductor. Most grain boundaries in the nickel were
replicated in the YSZ with the same misorientation angle. Approximately 9% of the grain
boundaries in the buffer layer had lower misorientation angles (1.9°±0.9°) compared to the
underlying nickel grain boundaries, while 8% of YSZ boundaries had higher misorientation
angles (1.6°±0.8°) than the underlying nickel boundaries. This variation in misorientation angle
from substrate to buffer may be due to mosaic spread in the buffer layer. Mosaic spread in the
superconductor may be responsible for the improvement in c-axis alignment in the YBCO
compared to the buffer layer. However, the YBCO mosaic spread did not eliminate high angle
grain boundaries, since >5° boundaries were still too common in YBCO grain boundary maps.
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4.4. Summary
Current barriers in high temperature superconductors occur on many length scales.
Eliminating them is critical to making superconductors more viable for commercial applications.
In state-of-the-art RABiTS-type YBCO coated conductors, the most significant barriers limiting
current in short lengths of tapes are grain boundaries. On the scale of several tens of
micrometers, the role of grain boundaries in the nickel substrate was investigated using a
combination of plan-view SEM, BEKP analysis, MO imaging, and FIB cutting. The combined
techniques showed enhanced magnetic flux penetration, and hence reduced Jc, in the YBCO
above nickel grain boundaries that had θ>4-5º in PLD and BaF2-grown YBCO films. BEKP
percolation maps show that the YBCO layer is single-crystal-like below a percolation limit of a
few degrees. The BEKP grain boundary maps displays the constrictions of the current path on
the scale of 50-100 µm. BEKP grain orientation maps show improved c-axis texture in the
superconductor layer, while BEKP grain boundary maps show evidence of remaining high angle
(>5°) grain boundaries in the YBCO. The results of this study suggest that that the way to
improve the superconducting properties in the YBCO is to eliminate θ > 4° boundaries in the
nickel substrate in order to eliminate high angle boundaries in the superconductor.
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Figure 4-1. Images of YBCO coated conductor surface: (a) MO image; (b) light microscope image; (c)
overlay MO and light microscope images to show that many, but not all, boundaries that are visible in
the light microscope image are visible in the MO image. Courtesy of Matt Feldmann.

grain
boundary
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50 µm
Figure 4-2. Plan view SEM image of a coated conductor showing grain boundary grooves and porosity
in the PLD YBCO surface.

Figure 4-3. EDS spectrum showing bare nickel after chemical etching to remove YBCO and buffer
layers. The Ga and Pt peaks remain after the FIB cutting of the Pt-coated surface.

10 µm

10 µm

10 µm

Figure 4-4. FIB trenches (outlined in purple) cut down to the nickel substrate of PLD YBCO coated
conductor. The underlying nickel grain boundaries that correspond to YBCO boundaries (denoted with
black arrows) are visible at the bottom of the FIB trenches.

275 µm
Figure 4-5. Zero-field cooled MO image of BaF2 YBCO taken at an applied field of 400G at 77K.
Bright regions are where magnetic flux has penetrated the sample. The long bright lines are where the
laser was used to cut a bridge for electrical characterization of the YBCO. Courtesy of Matt Feldmann.
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Figure 4-6. Plan-view SEM images of BaF2-grown YBCO showing grooved boundaries on the surface
due to underlying nickel grain boundaries.

10 µm

Figure 4-7. FIB trench (outlined in purple) cut in BaF2 YBCO coated conductor. The underlying
nickel grain boundary (marked with the white arrow) is visible at the bottom of the FIB trenches.
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Figure 4-8. Percolation maps with varying tolerance angles of 1-6°. The colored speckles in the maps
are unfiltered noise in the BEKP data.

120 µm
Figure 4-9. Percolation maps on nickel substrates of coated conductors with varying tolerance angles
from [10].
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Figure 4-10. Pole figures for the BEKP data gathered from the region shown (a) in Figure 4-9 [10] and
(b) in Figure 4-8.

2°

3°

4°

5°

6°

7°

100 µm
Figure 4-11. Grain boundary maps. The boundary criteria is 2, 3, 4, 5, 6, 7° from left to right, with the
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Figure 4-12. Distribution of grain boundary misorientations in the nickel substrate of the PLD YBCO
sample from AFRL.
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Figure 4-13. Comparison of (a) BEKP θ>4° grain boundary map, (b) 4° percolation map, and (c) MO
image (c) that shows a good correlation between the grain boundary map and the MO image.
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Figure 4-14. Diagrams showing generation of a 2° percolation map. See text for discussion.
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Figure 4-15. Diagrams showing (a) generation of grain boundary maps and (b, c) effect on current flow.
In (a), red lines illustrate the position of grain boundaries greater than 2 ° based on the distribution of
grain orientations shown in Figure 4-13a. In (b,c), dashed arrows show one-dimensional current flow
that is blocked by grain boundaries greater than 2 °.
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Figure 4-16. Plot of MO image intensity, which is proportional to magnetic flux penetration at the grain
boundary, vs. grain boundary misorientation angle (θ).
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BEKP map of all nickel boundaries with θ≥1°
(c)

BEKP map of all boundaries with θ≥5° on MO image
Figure 4-17. Data on a bridge cut into a BaF2 YBCO sample from ORNL: (a) SEM image of nickel
grains after removing superconductor and buffer layers; (b) BEKP grain boundary map with θ>1°; (c)
BEKP grain boundary map with θ>5° overlaid on zero-field cooled MO image at 600G and 40K.
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Figure 4-18. Distribution of grain boundary misorientations in the nickel substrate of the BaF2 YBCO
sample from ORNL.
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Figure 4-19. (a) SEM image of the nickel substrate and (b) BEKP grain boundary map with θ>9° from
bridge 1.
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Figure 4-20. Representative Kikuchi patterns from three areas on the PLD YBCO surface. The amount
of misalignment is qualitatively shown by the change in position of the Kikuchi pattern. The
misorientation angle and axis are labeled in the schematic below the MO image.
.
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Figure 4-21. Morphology of PLD YBCO above nickel grain boundaries with labeled misorientations.
The YBCO looks less dense and less well connected in region B compared to region A.
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10 µm
Figure 4-22. Secondary electron images of the BaF2 YBCO surface taken at (a) 5kV with no tilt and (b)
20kV with 70° tilt.
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Figure 4-23a. BEKP grain boundary maps of the nickel and buffer layers of a BaF2 YBCO coated
conductor sample. Arrows highlight grain boundaries that change misorientation angle from substrate
to buffer layer.
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Figure 4-23b. BEKP grain boundary maps of the nickel and buffer layers of a BaF2 YBCO coated
conductor sample at more misorientation angle ranges.
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Figure 4-24. Comparison of BEKP grain orientation maps from the substrate and buffer layers.
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Figure 4-25. BEKP data from BaF2 YBCO: (a) 2° grain boundary map, (b) 5 grain boundary map, (c)
10 grain boundary map. The “X” and “*” mark the same point in all maps.
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Figure 4-25 (cont.). BEKP data from BaF2 YBCO: grain orientation maps showing (d) a-axis alignment
and (e) c-axis alignment, (f) light microscope image. The “X” and “*” mark the same point in all maps.
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Figure 4-25 (cont.). BEKP data from BaF2 YBCO: inverse pole figures showing (g) c-axis alignment
and (h) a-axis alignment with respect to the sample reference frame.
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Figure 4-26. Comparison of the grain orientation maps from the buffer and superconductor layers.

Figure 4-27. Comparison of the out-of-plane, or c-axis, texture in all layers of a RABiTS-type coated
conductor. From [13].
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5. Conclusions
BSCCO is the first generation high temperature superconductor wire to come to market.
Specifically, long (kilometer) lengths of silver-sheathed Bi-2223 wires, tapes and multifilaments
are commercially produced for electric power applications such as motors, generators,
transformers, and fault current limiters. Bi-2212 wire is currently being produced for high field
applications such as an insert magnet to increase the field strength of magnetic resonance
imaging (MRI) devices.
This thesis has described the microstructural improvements in Bi-2212 tapes and
multifilaments using overpressure processing, developed here at UW-Madison, and PAIR
processing, developed in Japan. Overpressure processing was shown to stop the bubbling of the
silver sheath and decrease porosity in the Bi-2212 core. PAIR was found to reduce porosity and
the volume fraction of second phase particles and optimize grain alignment at the
superconductor/silver interface. Applying pressure during or incorporating pre-annealing into the
heat treatment of industrially produced Bi-2212 conductors will improve the current-carrying
capability of the superconductor.
Bi-2212 materials are used for only a narrow range of applications at low temperatures
(~20K). Bi-2223 is more useful for weak field applications such as cables at higher temperatures
near 77K and at 25-30 K for field coils for transformers and for motors. However, there may be
limitations to the commercial viability of Ag-sheathed Bi-2223 and Bi-2212 conductors, as the
price of silver always has the potential to be a major raw material cost in the production of these
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BSCCO conductors. To get the cost per kiloamp-meter down, it is essential to raise the current
density. Understanding and engineering out barriers to current flow, as my thesis focus has
shown, is an important way to do this.
YBCO coated conductors are the second generation of high Tc superconductor wire. The
advantages of YBCO coated conductors compared to BSCCO materials are better performance
(higher Ic and higher Jc on the order of MA/cm2) in high external applied magnetic fields at 77K
and less expensive substrate materials (nickel is less expensive than silver). Currently, the coated
conductor technology is not as mature as the BSCCO technology. Companies and national labs
are still trying to make microstructurally and electromagnetically uniform coated conductors in
meter long lengths. YBCO coated conductors will not be able to compete with BSCCO until
kilometer lengths of YBCO can be produced and have uniform properties.
This thesis has shown that a major limitation in RABiTS-type coated conductors is the
imperfect texture of the metal substrate in which moderately high angle grain boundaries (θ>5º)
are retained in the microstructure. This work also showed that best way to illustrate current
barriers due to the non-optimized texture is with grain boundary and grain orientation maps
instead of BEKP percolation maps. BEKP grain boundary maps and MO images showed that the
θ > 4−5º grain boundaries in the nickel substrate correspond to regions of reduced Jc in the
superconductor. This work has also shown that most grain boundaries in the nickel, even high
angle boundaries, were replicated in the buffer layer. Also, the YBCO mosaic spread did not
eliminate high angle grain boundaries, since θ>5° boundaries were still seen in a series of YBCO
grain boundary maps that spanned approximately 1 mm2 of the sample surface. BEKP grain
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orientation maps showed improvement in the c-axis alignment of the YBCO grains compared to
the buffer layer, which is consistent with published x-ray diffraction studies.
Improving the texture of the RABiTS substrate by eliminating or reducing high angle
grain boundaries in the nickel will be a major improvement to YBCO coated conductors. In
short, this study has shown that better substrates will make better YBCO coated conductors.
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