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GROWTH OF HIGH T SUPERCONDUCTING FIBERS USING
A MINIATURIZED LASER-HEATED FLOAT ZONE PROCESS

I. INTRODUCTION

This program (initially planned for three years) has been devoted to
establishing the viability of the laser-heated pedestal growth (LHPG) method
for the preparation of wire of the high T¢ superconductor BigSraCaCu20g,
This material not only exhibits a high superconducting transition temperature
and high critical current densities, but also has better thermodynamic
properties (low volatility in particular) than other high Tc superconducting
materials. In particular this material has become one of the most attractive
materials for superconducting wire applications.

This program had as its main goals 1) finding the most appropriate
starting compositions capable of producing long lengths of wire with uniform
structure and composition, high superconducting transition temperatures, and
critical current densities, 2) maximizing the growth velocity to enhance the
economic viability of the growth method and 3) determining the maximum
length of fiber which can be produced. To address these issues, we have made
1) an in-depth study of the thermodynamic and kinetic factors which affect
growth rates and the properties of the fibers produced, 2) designed and started
construction of an advanced fiber growth system which will permit better
control of system parameters, and 3) developed of techniques to enhance fiber
throughput via increased growth velocity. Most of this program was
suscessfully completed by the end of the initial three year period.

At the conclusion of the third year (December 16, 1991) we found it
necessary to request a six month no-cost extension (to June 14, 1992) due to
delays in obtaining the COg laser necessary for our advanced fiber growth
system. The sealed waveguide, grating stabilized CO9 laser ordered from
Laser Photonics Inc, in Florida did not meet specifications and so after a 19
month time period we initiated a search for another laser. This delayed the
completion of the growth system and the final crystal growth experiments.

During this reporting period we finally located a new company promising
a laser with even better specifications, but they could not deliver before the
original no-cost extension expired, and so on May 18, 1992 we requested and
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were granted another six month no-cost extension (to December 31, 1992) to
permit the completion of this project.

Results during the period January 15, 1989 to December 31, 1991 are
summarized in Progress Reports CMR 89-3 dated April 1989, CMR 90-8 dated
November 1990, and CMR 91-1 dated December 1991

II. PROGRESS TO DATE

This report covers the fourth year of this program. Most of the
materials research work had been completed during the previous three year
period. During this last 12 month period, as covered in this fourth year report,
the emphasis has been on 1) finishing up some of the phase studies on the Bi-
Sr-Ca-Cu-O system, 2) obtaining the appropriate laser for the new advanced
fiber growth system, and 3) completing construction of the growth system.

A. PHASE RELATIONS AND KINETICS IN THE
Bi203-Sr0-Ca0-CuO SYSTEM

The critical importance of starting material quality in the high T,
superconductors was made amply clear during the early phases of this
program. Multi-phase source rods containing unreacted grains of a size
comparable to the source rod diameter will lead to significant changes in melt
and fiber composition during growth, and to growth instabilities. To facilitate
our knowledge of the LHPG solidification behavior of a complicated
incongruently melting material such as the BSCCO superconductor, we
studied the kinetic and thermodynamic effects present during LHPG fiber
growth in a simplier model system. The Ca0-Al203 system was chosen for
this purpose. This work was completed last year (see CMR 91- 1) and the
comparative BSCCO phase studies were completed this year

Wavelength dispersive spectroscopic (WDS) analysis, using a JEOL 733
Scanning Electron Microscope, was used to evaluate both the phase content
and the compositional profiles in the 2212 crystalline material, quenched
melts, source rods. The chemical compositions of various 10 micron diameter
regions were obtained using electrons accelerated with 15 kV. Standardization
was performed using, wollastonite (CaSiO3), metallic bismuth and copper, and
strontium titanate (SrTiOg3) standards. Consecutive measurements were
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reproducible to approximately 2 atomic % of the total content of each element
(for example, a bismuth stoichiometry of 2.00 would be reproducible to
approximately +0.04). The data obtained from the Ca0-Al203 solidification
study was in good agreement with the established CaO-AlpO3 phase diagrams
and crystallization theory. This study also clearly showed that useful phase
equilibrium information on incongruently melting materials can be extracted
from these miniaturized float-zone growth experiments and could be
appropriately used to determine the relevant features fo the phase relations in
the BSCCO system.

The relationship between crystal and melt composition during the float-
zone growth of BigSrgCaCug0sg+q was studied by comparison with the Ca
aluminate results discussed in the previous year's progress report. We began
by making a study and summary of the limited phase equilibrium information
available in the literature. It covered the 2212 solid solubility ranges, as
determined by Ono, [1] Golden et al., [2] and Hong et al., [3] as well as the
limited erystal and melt composition data which may be determined from other
crystal growth studies. The variation in segregation coefficient of the various
components in the superconductor with crystal composition was evaluated.

The results of this study are compared with the literature results and
with those of Lombardo's recent bulk crystallization study. [4] The trends
found did not generally depend on the experimental method employed, thus all
available data was considered.




1. Phase equilibria
(a.) Solid solubility and solid/solid equilibria

Big(Sr,Ca)3Cu208+q (2212) is one of three distinct
superconducting phases in the BigO3-Sr0-CaO-CuO (BSCCO) system. [5-7]
This phase is much easier to crystallize from the melt than the higher-T¢
(~1100 K) 2223 superconductor, which exists in equilibrium with its melt only
over a very narrow temperature range. The solubility range of the 2212 phase,
has been explored in many studies, among them references. [1-3,8,9] There
are some significant discrepancies in the interpretation of their x-ray
diffraction results, for example, differences in the identities of the crystal
structures of some of the solid phases formed. This is not surprising since
many of the BSCCO phases have complex x-ray patterns with strong
similarities and exist over unexplored composition regions. In part, these
differences may be explained by the type of experimental techniques used. In
the current studies, the only concern was the composition of minority-phase
inclusions and not their crystal structures.

The complex quaternary BSCCO system contains a number of phase
fields which contain the 2212 compound. Schweizer et al., [8] for instance,
reported equilibrium between the 2212 phase and three other solid phases in
four different phase fields. This is illustrated in Figure 1, which summarizes
the results of Schweizer et al. as they apply to 2212 phase stability. Their
detailed results, unfortunately, do not include the melt-solid phase equilibria
regions of most relevance to crystal growth processors. On the other hand, the
solid-state reaction techniques used were useful in identifying regions of the
phase fields which were either partially or completely molten at a particular
temperature. However, the segregation of various components during
solidification make this data unreliable for identifying specific "melt-solid"
relationships.

The solid-state reaction experiments performed by Ono [1] produced the
most detailed description of the 2212 solid solubility range available in the
early stages of our study. In Ono's study single-phase, polycrystalline samples
of a variety of compositions were made. The compositions which produced
single phase (within the limits of his analytical techniques) samples were of the
form: Bigo(Bi,Sr,Ca)sCu2084+4, which implied that to stabilize the 2212
structure, excess Bi is required on the Sr and Ca sites.
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Ono's samples were prepared by reacting CuO, BigOg, SrCOg, and
CaCOg powders at elevated temperatures. The final reaction steps occurred in
air at temperatures between 865 and 885°C. This is quite close to the
temperatures at which the various 2212 compositions are known to melt.
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Figure 2 illustrates 2212 solid solubility ranges reported by Ono, [1] and
others. Note that the compositions are all significantly BigOg-rich compared
to the stoichiometric "2212" composition. Using a standard normalization (the
sum of the metal ion coefficients equals 7.0), the total bismuth content of Ono's
single-phase samples varied from 2.05 to 2.20. In addition, the calcium-to-
strontium ratio in these same samples varied between 0.3 and 1.2.

Figure (2) shows a planar cut though the Bi2gO3-Sr0-Ca0O-CuO
compositional tetrahedron. The relative orientation of this plane within the
tetrahedron is shown, along with that of the plane examined by Schweizer et al.
[81in Figure 3(a).

The Ono solid solubility range is also shown in the pseudo-ternary
representation of Bix(Sr,Ca)yCuzOp in Figure 4. This figure reduces the
BSCCO compositional tetrahedron to a ternary representation by viewing the
alkaline earth oxides (SrO and CaO) as indistinguishable. This is often a useful
representation because these oxides are chemically similar and the compounds
in the BSCCO system often display extensive (Sr,Ca)O intersolubility.

In Figure 4, the Ono solubility range is confined to the Cu=2 line. This
was a result of Ono's experimental design. He presumed that compositions of
the form Big(Bi,Sr,Ca)3CugOg would completely describe the solubility range of
the 2212 solid. His experiments were thus not designed to test the copper oxide
solubility.

Lee et al. [9] used x-ray diffraction to examine samples which had been
first equilibrated at 850 and 900°C, then quenched in liquid nitrogen. They only
considered samples with a Sr:Ca ratio of 2:1. At 850°C they found that the
2212 phase can be in equilibrium with a variety of other compounds.

Golden et al. [2] also examined the solubility range of 2212, but by an
unusual technique. Rather than producing samples by the solid-state reaction
of powders, they formed superconducting thin films of various compositions on
MgO substrates. This was accomplished by melting organic precursors. The
coated substrates were then subjected to extended heat-treatment at sub-
solidus temperatures. Figures 2 and 4 illustrate the compositional range of the
single-phase thin films produced by this technique. This range of compositions
is treated here as their "solid solubility" range, and they are noticeably more
BigO3-rich and SrO-poor than the other solubility regions discussed.




The data given by Schweizer et al. [8] on the compositional ranges for
the 2201 and 2212 superconductors (Figure 1) was obtained at a temperature
of 830°C. This study provided limited data on the compositional range of the
melt in this isothermal section.

Most recently, Hong et al. [3] identified three phases present at 860°C
along the binary joins between 2212 and the other compounds that they
believed were present in the BSCCO system at elevated temperatures. They
identified the limits of the 2212 solid solubility range by measuring the
compositions of the Bia(Sr,Ca)3Cu208+4 grains in their multi-phase samples.
This solid solubility range is shown in Figures 2 and 4.
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Figure 2: Ternary representation of compositions BixSryCazCu208+4.
This shows the solid solubility ranges determined by Ono [1] and
Golden et al.[2] and Hong et al. [3]
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Figure 3
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The technique Hong et al. [3] used in their study provided accurate
information on only a few key data points, but these points were carefully
chosen. Unfortunately, they did not include information on the solid (2212)-
melt equilibria. As one can observe from Figure 1, the data of Schweizer et al.
shows that the applicable melt compositions do not lie along the binary joins
investigated in Hong et al.'s study . Consequently, they missed a large portion
of the CaO-rich 2212 phase found by Ono.

(b.) Melt/solid equilibria

Many studies have been concerned with the growth of 2212
crystals from oxide melts, [10-12,6,7,9,13-16] including several [11,12,15-17]
which employed the float-zone technique. Their results confirmed the existence
of a "2212 + liquid" phase field. The resulting melt and crystal compositions
reported in these studies are summarized in Table 1. The compositions listed
in parentheses have been normalized to Bi+Sr+Ca+Cu=7.0. Typically,
crystals of the nominal composition Big 1Sr1 9Caj ¢Cug0y can be grown in the
850 to 890°C temperature range. The melt compositions reported were BigO3-
rich and SrO-poor when compared with the crystal compositions growing from
them.

Table 1: Melt and Crystal Composition Data from Literature

Reference.  Crystal Composition __ Melt Composition Crystalljzation Temperature =~
(2] 2.10: 1.94: 0.88: 2.07
(6] ~2.0:15:1.5:2.0 885°C
119] 2.2:1.81.0:2.0
22:2.1:07:2.0
23:1.2:05: 2.0
191 22:1.8:1.0:2.0 24:15:1.0: 1.8

(2.5: 1.55: 1.05: 1.9)

{13] 2,11:2.11: 0.89: 2.00
(2.05: 2.05: 0.86: 1.94)

[14] 2.18: 1.87:0.99: 1.97 2.6:19:1.02.6
(2.25: 1.65: 0.85: 2.25)

112) 2.5:20:1.0: 2.2 2.80: 1.61: 0.91: 1.68 850°C (in 1 atm O3)
(2.3: 1.8: 0.9: 2.0)
[16] 2.13:1.95:0.75: 2.0
(2.18: 2.00: 1.01: 2.05)
2.1:19:09:2.0 2.2:1.6:0.85: 1.8
(2.13: 1.93: 1.02: 2.03) (2.4: 1.75: 0.92: 1.95)
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Golden et al. [2] provided additional information on the "2212 + liquid"
phase field. They determined the melting temperatures of their thin films by
optical and differential thermal analysis. Their compositions and the
associated melting temperatures are listed in Table 2. The melting
temperatures in this study were significantly lower than those reported in
other studies and were consistent with their unusually BigO3 and CuO-rich

crystal compositions.

Table 2: Experimental Compositions and Melting Temperatures

Crystal Composition Melting Temperature
2.10:1.71: 0.85:2  (2.21:1.80: 0.89: 2.10) 835°C
2.16:1.53:095:2  (2.28:1.61: 1.00: 2.1 830
2.38:1.57:092:2  {2.43:1.66:0.97: 2.11} 830
2.05:1.45:0.96:2  (2.36:1.52:1.01: 2.10) 835 _
2.38:1.33:0.94: 2 (2.51:1.40: 1.00: 2.11) 810
2.35:1.40: 0.96:2  (2.45:1.46: 1.04: 2.09) 810
2.45:1.38:094: 2 (2.53:1.43: 0.97: 2.07) 800
2.20:1.92: 0.66:2  (2.27:1.96: 0.68: 2.06) 840
2.19:1.68:0.67:2  {2.34:1.80:0.72: 2.1 840
2.18:1.89:0.73:2  (2.24:1.95:0.75: 2.06) 845
2.10:1.81: 0.83: 2 (2.18:1.87: 0.86: 2.08) 845
2.24:1.32:1.12:2  (2.35:1.38:1.17: 2.10) 820
2.34:1.15:1.20: 2 (2.45:1.20: 1.26: 2.09) 785

As yet, no one has found a unique composition which is congruently-
melting. It is more difficult to prepare large high quality crystals of
incongruently-melting compounds due to segregation phenomena at the growth
interface. To avoid this problem, they must be crystallized from melt
compositions which differ from the solidifying solid and, therefore, at relatively
slow growth rates. By examining the segregation coefficients for each of the
major components in these 2212 float-zone growth studies, compositions were
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found which crystallize with minimum segregation. These results are
discussed in later sections.

2. Crystallization Studies
(a.) Mass transport in BSCCO melts
Figure 5 shows a schematic drawing for the float-zone
growth of an incongruently-melting solid, along with the temperature (Figure
5(a)) and compositional (Figure 5(b)) profiles which would result. The degree of
solute buildup and depletion at the solid/liquid interfaces depend on growth rate.

The compositional variations within the boundary layer can be
determined by the relative rates of reaction at the interfaces and solute
transport across the molten zone. Unless the growth rate is infinitely slow, one
would not expect the complete elimination of compositional variation. Any
molten zone from which crystallization is occurring at a finite rate thus
contains nonsymmetric compositional profiles which drive any diffusive
transport which occurs in the melt.

Figures 6 (a-c) show SEM micrographs of the cross sections of three
2212 samples quenched during the stable growth period. Each sample exhibits
a different type of structure and phase content: (a) contains the higher
temperature (HT) phase, (b) is a single-phase sample and (c) contains the
lower temperature (LT) phase.

The major goal of this study was to produce inclusion-free 2212 crystals,
i.e. the case shown in Figure 6(b). The sample shown in Figure 6(a) contains
not only 2212 grains (grey) but also dark refractory oxide inclusions which had
a low BigOj3 content. Figure 6(c) also contains BigOg3-rich fine-grained
inclusions running parallel to the growth direction. In all cases, however, the
solid formed from a BigO3z-rich molten zone.

Since BigOg acts as a flux for many refractory oxides, [18] it was not
surprising to find the BigOg3 acting as a solvent during the growth of 2212
crystals. It was also consistent with the results of prior 2212 crystallization
studies which are listed in Table 1. It was also not surprising to see the
formation of Sr-Ca-Cu oxides, as these are much higher melting temperature
phases.

It can be seen from Figures 6 (a) and (c) and Figure 7 that a mushy
(melt+solid) zone exists at the melting interfaces. The appearance of these
zones showed that a solute-depleted regions existed in the melt at these
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interface regardless of whether multiphase or single phase source rods were

used.
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the melt and solids near the molten zone. These are shown
along the growth direction, which has been rotated 90° from its

experimental orientation.

15




Figure 6: Composite electron micrographs of quenched sample cross-
sections (diameters ~ 600 mm) grown with feedstock
compositions (a) W, (b) Y, and (¢) V.
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Figure 7: Internal cross section of quenched Big(Sr,Ca)3Cug0g+q growth
front. This sample was crystallized from a single-phase source
rod of composition Y and is approximately 500 mm diameter.

(b.) Influence of starting material composition

An important goal of this study was to determine a
suitable starting material composition to use for the growth of long 2212 single
crystals. This was accomplished using 850 mm diameter multiphase source
rods prepared as described in a previous section.

17




Table 3 gives the different starting material compositions investigated
in this study and the resulting microstructures produced after steady-state
growth had been achieved. These compositions are plotted along with the
Ono's [1] solubility data in Figure 8.

Table 3: Effects of Starting Material Composition

Starting Material

Composttion (Bi: Sr: Ca: Cu)

Comments

Y
P

YA

»

< =" X =

2.10:
2.20:

1.80:
1.50:
1.60:
1.60:

1.10:
1.30:
1.30:
1.35:

0.75

0.70

1.05:
1.00:
1.00:

1.40:

1.00:

1.10:

2.00
200

Best composition for stable, single phase growth.
Produced stable, singie phase (SP) growth.
Produced stable, SP growth.

Produced stable, SP growth.

Produced stable, SP growth.

Produced stable, SP growth.

P'roduced substanual lengths of SP growth.

Produced substantial lengths of SP growth.

Nominal composition. Produced some SP growth.

Variant of nominal composition. Did not produce

SP growth.
Produced short lengths of SP growth.

Produced SP growth from the initial melt, but
did not support extended, SP growth.

Stable, single phase 2212 material was successfully produced using the
starting compositions designated Y, Z, E, P, A, and B. Of these, composition Y

was identified as particularly dependable.

It allowed a relatively easy

transition from the early, multi-phase growth stage to steady-state growth
with relatively little component segregation. Samples grown with this starting

material composition also had relatively high Tis.
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On the other hand, it was found that compositions E and P exhibited a
more complex transient behavior before single-phase growth could be achieved
and the samples grown from starting material Z had lower T¢s. Compositions
A and B were not extensively studied. They did, however, produce stable,
single-phase material, which was SrO- and CuO-rich. These compositions
exhibited relatively low BigO3 segregation and are, therefore, promising
candidates for future work.

When starting materials of compositions U or R were used, multi-phase
growth persisted for 2-3 hours before single-phase growth was observed.
Attempts to grow more than 3-5 mm single-phase material were, however, not
successful due to a periodic disruption of the growth process leading to the
incorporation of refractory oxide inclusions. Thus, while several millimeter
lengths of single-phase sample were often generated using U or R composition
starting material, their growth was prone to catastrophic breakdown. Note
that compositions R and U both contain insufficient BigOg to lie within the Ono
solubility region in Figure 8.

Composition V is also BigOg-poor compared to the compositions in the
Ono solubility region. Single-phase growth was never achieved with starting
material of composition V. Instead, samples were consistently multiphase.
The refractory oxide inclusions do not have a high electrical conductivity and
can form insulating barriers between the 2212 grains. These samples did not
conduct well along their lengths, unless the electrical contacts were connected
to a single 2212 grain.

Starting materials of compositions X, W, and Q produced single phase
growth very soon after the growth process began, but this was followed by
multiphase growth with LT inclusions. Typically, these inclusions were first
observed as trapped melt at the 2212 grain boundaries. In later stages, they
were also observed to form within the 2212 grains. Thus, at the lower growth
temperatures, it appears that constitutional supercooling is still a problem
even for growth at 4.8 mm/hr in a steep (~1000°cm) temperature gradient.

The duration of the single-phase steady-state growth regime varied for
compositions X, W, and Q. Inclusions were not apparent in samples produced
using X until after 5-8 mm of single-phase material had been grown. This
composition was initially thought to be suitable for stable, single-phase growth,
but the growth of long samples, however, showed that it was not.
Compositions W and Q, on the other hand, provided more extreme examples of
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transient, single-phase growth. These compositions produced <2.5 mm of
single phase material.

Figure 8: Ternary representation of starting material compositions
BixSryCazCug0g+q (where X+Y+Z=5.0) and their position
relative to Ono's Big(Sr,Ca)3Cug0s.+4 solid solubility [10] region.

(c.) Crystal/melt equilibria at the growth front

The compositions of a variety of crystals grown in this
study are listed in Table 4. They are accompanied by 1) the letter designating
of the starting material composition, 2) the composition of the molten zone, 3)
their growth temperatures, and 4) the solid phases found at the growth
interface.

Many of these samples were quenched during an early stages of growth
and, therefore, the composition of the growing crystal differed from that of the
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starting material because the melt composition had not yet reached its steady-
state value. For this reason, growth was terminated only after the molten
zone geometry and surface appearance remained unchanged for at least 15
minutes. Using this procedure assured that the phases present in the
quenched molten zones were representative of true steady-state equilibrium.
The composition values given in Table 4, therefore, give a good picture of the
("2212" + melt) phase field.

3. Characterization

(a.) Solid solubility ranges

The compositional data given in Table 4 are plotted in Figures 9
and 10, alongside the Ono [1], Golden et al.[2] and Hong et al.[3] solubility data.
In Figure 9, the crystal compositions is represented as triangles and the melt
compositions as circles. DBoth sets of symbols are projected on the
BixSryCazCug0g+4 plane. Figure 10 shows the same information, but using
the form Bix(Sr,Ca)yCuzOp. The gray-level in these symbols indicates the
type of solid phases present at the growth interface. Single-phase regions are
indicated by the white symbols. HT and LT phases are represented by black
and gray symbols, respectively. Related compositions at each interface are
connected by tie-lines in Figures 9 and 10. These are represented by a solid line
when an approximately planar growth interface was observed, otherwise they
are represented as a dashed line.

Several observations can be made concerning the compositional data
plotted in Figure 9. First, the observed crystal compositions correspond closely
to those in the Ono solubility range. The melt compositions are all Bi-rich and
Sr-poor with respect to both the Ono solid solubility values. These can be
expressed by the segregation coefficients (k=Cg/C1,). The segregation
coefficient measured for BigO3 was <1.0 and >1.0 for SrO. The CaO
segregation coefficient varied about both sides of 1.0.

The melt compositions found in this study corresponded closely to the
Golden solubility values. The Golden solubility range thus corresponds more to
the liquidus, rather than the solidus values of the 2212 phase.
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TABLE 4: Data Obtained from Composite Samples

Trial  Source Crystal Comp (Bi: Sr: Ca: Cu) Melt Comp (Bi: Sr: Ca: Cu) Temp Inclusions

#1 (B) 216 205 077 202 240 181 068 2.11* - None
2 (Y) 216 177 110 197 244 147 109 200 >875°C None
3 (X) 223 176 106 195 236 158 102 204 890 None
4 (E) 217 161 120 201 240 140 122 198 890 None
5 (Z) 217 156 124 202 240 126 116 2.18* 880 None
6 (P) 217 156 127 201 235 121 120 2.25¢ 880 None
7 (A) 215 200 080 205 222 163 069 246° - None
8 tY) 222 177 099 202 239 152 102 206" >875 None
9 (E) 211 155 131 202 237 138 129 195+ >875 None
10 (Z) 219 159 123 197 252 1.28 119 202 875 None
11 (YY) 221 170 111 197 252 141 .10 197 870 None
12 (YY) 213 176 110 201 247 147 103 203 865 - None
13 (V) 217 160 120 203 249 118 125 208* >875 CaCuO3
14 (U) 217 192 089 201 254 173 090 1.83* 900 Cao
15 (R) 214 192 096 198 220 167 095 2.18* 890 Sra2Cu03?
16 (ZZ) 226 141 131 202 272 116 128 1.83¢ 865 Nonplanar
17 (QQQ) 221 159 120 201 276 126 106 1.93° 845 Nonplanar
18 {X) 219 177 104 200 263 145 104 1.88* 840 Bi2O3-rich
19 (W) 221 176 102 201 263 140 1.03  1.94% 840 BiyO3-rich
20 (QRQ) 228 158 118 196 291 109 124 1.76* <850 BiyO3-rich

22




Vi 1.5
N\ VAYAVAVAVAY
| AVAYAYAVAVAVAVAVAN
VAVIVAVATAV SYANVAVAVAVAVAN
X VAVAYANAVAYAN \NNAVAVAVAVAVAN
\/\/~\ s VA /,«\/\ ANV /’\/\/\/\\ /\/\

/ / / .,/
“30 2’5 3.0 35 N
Ca Bi

Figure 9: Ternary projection of crystal and melt compositions on the
BixSryCa;Cu20s8+4 planar section. Crystal compositions are
shown as triangles, while melt compositions are shown as
circles. Symbols which are white indicate ~planar, single-phase
crystallization fronts, while grey symbols represent cases of
non-planar solidification fronts. Lines connect the various
crystal compositions to their respective melt compositions.
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Figure 10: Ternary Bix(Sr,Ca)yCuzOn representation of crystal and melt
compositions. The various symbols have the same meaning as
in Figure 11.

This contradicts the conclusion of Golden et al., [2] but is not unreasonable
considering the nature of the experiments performed.

Golden et al.'s thin films were crystallized by first rapidly melting the
mixed components, then allowing them to crystallize. They were also
homogenized at elevated temperatures for extended (> 2 hours) times. The
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2212 thin films may thus have started as the first solid to crystallize from the
melt. They may then have been transformed to single phase films of the
original melt composition through later subsolidus annealing processes. The
results of our study and that of Golden et al. can thus be viewed as
complimentary.

Figure 10 allows one to consider the case of CuO segregation on a
ternary section by treating (Sr,Ca)O as a single component. Since SrO and
CaO have similar chemistry, this is the most valid technique for describing the
BSCCO system as pseudo-ternary. The CuO segregation coefficient is shown
to vary about unity in this figure. One may also observe that the CuO content
of the 2212 crystals deviates significantly from Ono's assumption that the
copper coefficient will always be exactly 2.0. [1]

Both figures show that the more careful composition measurements of
Hong et al.[3] resulted in the closest fit between their solubility range and the
compositions of inclusion-free 2212 crystals.

®) C . ith bull callization dat

The solid and melt compositions measured in the present
study may be compared with the earlier crystal growth data listed in Table 1.
The present study has produced significantly more data than was previously
available. All studies were consistent in finding that 2212 crystals form from
melts which are BigOgz-rich and SrO-poor, at temperatures between 820 and
900°C.

Additional crystal growth data was also available from an as-yet
unpublished, flux flow study by Lombardo. [4] In this study, 2212 crystals
were quenched during growth from melts in MgO crucibles. Microprobe
measurements of the as-grown crystals and their melts were then made. This
data is compared, in Figures 11 and 12, with the crystal and melt compositions
in single-phase LHPG samples.

The BixSryCazCu20g8+d representation in Figure 11 shows that
Lombardo's crystal and melt compositions are fairly consistent with the float-
zone data. The crystals prepared in these experiments had compositions
corresponding closely to those of Hong et al. [3] Once again, these crystals
were observed to solidify from BigO3-rich and SrO-poor melts.

The Bix(Sr,Ca)yCuz08+4 representation in Figure 12 shows the close
agreement between the Hong solubility data and Lombardo's crystal
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compositions. This figure shows graphically that the copper content in the
latter's crystals was greater than that observed in this study. The melts were
also lower. Thus, it is possible that different experimental setups can affect
the copper oxide segregation coefficient.

\/ \/
2.0/ \/\/ \/\’\/\/\ AVAVAVAVAVAN
>/\/\/\/\/\/\/\/\’ \//\///V\//Y\[
“0" a5 T 30 35 N

Ca Bi

Figure 11 Ternary projection of crystal and melt compositions on the
BixSryCazCug20g8+d planar section, from LHPG and bulk
crystallization [4] studies. White symbols illustrate data from
the LHPG experiments, while grey symbols represent
compositions from the bulk crystallization study. Otherwise the
symbols have the same meaning as before.
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Figure 12: Ternary Bix(Sr,Ca)yCu,On representation of crystal and melt
compositions from LHPG and bulk crystallization [7] studies.
The symbols have the same meaning as in Figure 11.

(c.) Component Segregation
The segregation behavior of Bi, Ca, Sr and Cu during the

float-zone growth of 2212 is compared with that found for the flux growth
experiment of Lombardo. [4] Figures 13 through 18 plot the variations in
segregation coefficient for the various elements as a function of first, growth
temperature, then composition for both sets of experiments. The dark
symbols indicate the LHPG data, while open symbols represent the bulk
crystallizationdata.
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Figure 13 gives the variation of the bismuth and copper oxide
segregation coefficients with observed growth temperature. It shows that, as
growth temperature increased, the segregation coefficient of bismuth oxide
increased toward unity. The segregation coefficient of copper oxide, meanwhile,
decreased with increasing growth temperature. In this case, the segregation
coefficient passed through unity (indicating that there was no copper oxide
segregation) around 865° C; the middle of the temperature range explored.
Combined, these two results clearly show that congruent crystallization of
2212 is not likely in room air because the segregation of both bismuth and
copper cannot be simultaneously eliminated.

Similar plots show that the strontium oxide, calcium oxide and (Sr,Ca)O
component segregation coefficients did not vary monotonically with observed
growth temperature. They also did not vary monotonically with the copper or
bismuth oxide contents in the crystals or melts. There was, however, a strong
relationship between both the SrO:CaO ratio and the net SrO+CaO content in
the melt, and that in the corresponding crystals. This interdependence of the
SrO and CaO content is shown in Figures 14 and 15.

The behavior of the copper and bismuth oxide segregation coefficients
also showed a striking interdependence. These coefficients are plotted versus
bismuth and copper oxide melt composition in Figures 16 and 17. Once again,
the bismuth and copper oxide segregation coefficients do not simultaneously
approach 1.0 in these plots. It was also apparent that the influence of the
bismuth oxide content of the melt on copper oxide segregation differed between
the LHPG and flux growth studies. This was the only significant difference
observed.

The interrelationship between the Bi, (Sr,Ca), and Cu segregation
coefficients for both data sets are summarized in Figure 18. Despite a
significant spread in the data, it is still apparent that increased bismuth oxide
segregation was accompanied by a decrease in copper oxide segregation in both
studies. As before, the (Sr,Ca)O segregation coefficient appeared to be
independent of the other system variables.
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Figure 14: Variation in Ca:Sr ratio in crystal composition, as the Ca:Sr
ratio in the melt varies. Results shown for both LHPG and bulk
crystallization [4] data
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Figure 15: Variation in (Sr,Ca) segregation coefficients as the (Sr,Ca)
content of the melt varies. Results shown for both LHPG and
bulk crystallization [4] data.
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of the melt varies. Results shown for both LHPG and bulk
crystallization [4] data.
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Figure 17:

Cu and (Sr,Ca) Segregation Coefficients
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4. Conclusions

While the phase relations in the BSCCO system have been
studied by many groups, the temperatures and compositions of the 2212
liquidus and solidus surfaces have not been available. This data is of great
importance in designing controlled experiments for the reproducible melt
growth of high quality crystals of the 2212 superconductor. The present study
produced new data concerning these phase relations by analyzing the crystal
and melt compositions, and the growth temperature of miniaturized float-zone
samples. These samples were prepared from starting materials having a
number of possible 2212 phase compositions.

Comparison between our results and those of other studies shows that
our 2212 phase sample compositions formed a subset of the solid solubility
ranges reported by Ono [1] and Hong et al. [3] A moderate degree of agreement
was also found between our melt (liquidus) compositions and the "2212
solubility range" reported by Golden et al. [2] In addition, the crystal
composition, melt composition and crystallization temperature data gathered
in this study was observed to be typical of the data available from the flux
growth experiments.

As a result of these experiments, a successful technique for the growth
of long, single-phase 2212 samples was developed. These experiments showed
that such growth was more easily obtained for some starting material
compositions, while it was impossible for others. Composition Y
(Big.1Sr1.8Ca1,1Cug0y) was found to produce single-phase material most
easily of all the compositions studied.

The growth temperature, crystal composition, and melt composition
were identified for a number of single-phase 2212 growth interfaces. These
measurements were used to characterize the relevant 2212 crystal/melt
equilibrium conditions. It was found that 2212 crystals typically solidify from
BigOg-rich and SrO-poor melts.

The growth temperatures were found to increase with increasing melt
concentrations of bismuth and copper oxide. The combined bismuth and
copper oxide content of the crystals, however, was found to be relatively
invariant. It was thus concluded that component segregation of the bismuth
and copper oxide components during 2212 crystallization is interdependent.
The copper oxide segregation coefficient was observed to increase above 1.0 as
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the bismuth oxide coefficient increased toward 1.0 from below. Based on this
analysis, congruent 2212 solidification (in air) does not appear to be possible.

B. ADVANCED FIBER GROWTH STATION
1 History and Background

One of our program goals was to prepare long lengths (> 100 mm) of
small diameter (< 100 mm) superconducting fibers under very stable
(controlled) growth conditions. Our existing LHPG system was not ideally
suited for this application. This fiber growth equipment was originally
conceived as a versatile system for exploring a wide variety of materials
ranging from 20 um to 2 mm in diameter. Numerous minor modifications and
improvements to its optical and mechanical components were made in order to
meet the varying requirements of each individual material. However, because
this high T. superconducting materials program had very specialized
requirements, we thought it was important to build a entirely new, more
advanced system. One of the major objectives of this program became,
therefore, the design and construction of a dedicated fiber growth system
capable of routine preparation of 10-50 pm diameter fibers of uniform diameter
and in long lengths.

Improvements in laser stability and focusing optics, diameter control,
fiber and source rod mounting and guiding, mechanical stability, and the
incorporation of motor drive systems with greater precision were identified as
essential. Several different approaches were possible in each area, and the
design phase involved a thorough evaluation of each alternative to identify
those that best met the goals of the program. Since there were only a handful
of LHPG systems in the world at the time, and each built by a different group,
a proven design did not yet exist. Therefore, we were faced with prioritizing
system requirements; modifying existing components, or designing from
scratch when our specialized needs could not be met; and integrating the
individual components into a complete system.

During the first year of this program studies were undertaken to clarify
design concepts and draft a preliminary design. During the second and third
years a CO2 laser was ordered but due to numerous production problems, as
mentioned earlier, the initial order had to be cancelled and a new laser company
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identified. A laser with superior specifications had become available from
United Technologies Optical Systems (UTOS). This newer laser, a commercial
version of a military rf-excited single-mode, single-frequency power-stabilized
laser, offered twice the power output of the Laser Photonics unit. It was,
however, in a pre-production phase but an order was placed early in 1992.

2. Current Year Progress

During the current year the vendor of our new laser system had serious
problems with various laser components including the power supply and also
stability problems. In the end they were not able to deliver the system to us.
Nevertheless work progressed on installing and testing various other '
components in the LHPG growth station including the computerized fiber
translation drive system, the optical train etc. A further no-cost extension was
needed, requested and granted.
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