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Abstract

Properties of ceramic superconductors depend strongly on the
temperature, heating rate, pressure, and atmosphere used during
synthesis and fabrication. We have developed a process for synthesizing
orthorhombic YBayCuz0O, (123) superconducting powders by calcining
the precursor powders under reduced total oxygen pressure. The
resultant 123 powders are mixed with organics, and wires and coils are
fabricated by extrusion. The wires and coils are fired at a reduced total
pressure in flowing Oz to reduce the concentrations of CO5, CO, and

H,O and thus prevent decomposition of the 123. Transport critical



current density of the superconductor decreases drastically with
increasing concentrations of CO5 in the gas mixture. Transmission
electron microscopy of materials sintered in Oy atmospheres containing
various levels of CO3 clearly shows the extent of grain boundary

degradation.

Introduction

High-temperature ceramnic superconductors are normally prepared
via solid-state reaction from a mixture of precursors such as oxides,
carbonates, and/or nitrates. The mixed precursors are calcined at 900-
950°C for 50-100 h with intermittent grindings [1]. It is known that
atmospheric contaminants such as CO9 and HyO can strongly affect the
transition temperature, critical current density, and width of
superconducting transition of YBagCuzOx (123) superconductors [2-7].
Jahan et al. [8] indicated the formation of insulating phases when 123
reacts with water vapor, and several other researchers [1,5,6,8,9] have
reported on the reaction of 123 with CO,. During calcination of the
precursor, simultaneous decomposition of BaCOg3 and reaction among
the three constituent oxides form the desired superconducting phase.
The COg released by decomposition of BaCOg3 reacts with 123 and forms
BaCOg, Y203, CuO, and Y2Cu20s, depending on temperature [9]. The
presence of these nonsuperconducting phases, especially at grain
boundaries, lowers critical current density [11]. In addition, the
conventional process is very time-consuming and results in coarse
particles. We have developed a synthesis route to obtain essentially
phase-pure orthorhombic 123 powders at 800°C in flowing O2 at

reduced pressure [12].



For many practical applications of high-T¢ superconductors, it will
be neccssary to make long, continuous lengths of superconductor in a
variety of shapes. Such lengths may possibly be fabricated by room-
temperature plastic extrusion or fiber spinning [13-16], a powder-in-
tube technique [17-20], or high-temperature extrusion process [21,22].
Since each method involves directional processing, development of
favorable grain alignment is possible. The relationship of grain
alignment to transport critical current density in high-T¢ materials has
been reviewed by Kroeger [23]. Plastic extrusion, in which the
superconductor is mixed with organics and forced through a die under
high pressure to form long lengths of wires and coils, leads to the
evolution of relatively large amounts of COg, CO, and HyO during the
removal of organic processing aids. It is therefore important to know
the extent to which 123 decomposes in the presence of CO2 and HaO
and whether such decomposition can be prevented by careful control of

the furnace atmosphere.

In this paper, we describe a low pressure route to synthesize
phase-pure 123. We also report on the degradation of properties
(critical temperature, or T, and critical current density, or J¢) of 123
superconductors sintered in O, atmospheres containing CO,. The
microstructures and compositions of the samples were investigated by
transmission electron microscopy (TEM) and analytical electron
microscopy (AEM). The relationships between the properties and the
partial pressure of CO, are discussed in terms of the microstructural
changes. In addition, we demonstrate that the sintering of 123 coils at

reduced total pressure prevents its decomposition.
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Experimental methods

Required amounts of Y203, BaCOgz, and CuO were wet-milled for
about 15 h in methanol. The resultant slurry was pan-dried in air,
ground in an agate mortar, and heated at a rate of =20°C/h in the
temperature range of 700-800°C in flowing O2 at a pressure of 2 mm Hg
and held for 4 h at 800°C. During cooling, the vacuum was discontinued
and ambient-pressure Og was passed. A 3-h hold at 450°C was
incorporated into the cooling schedule to promote oxygenation of the
resulting powder. A Fourier transform infrared (FTIR) spectrometer
was used to monitor CO9 evolution during calcination. Heating and O»
flow rates were adjusted to maintain various levels of COg during
calcination. The calcined powders were characterized by thermal

analyses and X-ray diffraction.

To examine the reaction between 123 and COy in detail,
pellets were pressed from the calcined powder and sintered in the
temperature range of 900-1000°C for about 5 h in flowing
(=1 atm) O5/CO, gas mixtures. CO, concentration in the mixtures
ranged from =0 to 5%. The samples were cooled slowly to room
temperature, with a 12-h hold at 450°C to allow for reoxygenation.
Jc was measured by a standard four-probe resistivity in liquid
nitrogen. A criterion of 1 pV/cm was used for measurement of J. .
T, values were obtained by resistivity and magnetization techniques.
A low-field RF SQUID magnetometer was used for the
magnetization measurements. Both TEM and AEM analyses were
performed, with a Philips 420 Transmission analytical electron

microscope operated at voltage of 120 kV. Thermogravimetric



analyses (TGA) were done on powders heated to =1000°C int CO5/0O9
gas mixtures.

Coils were fabricated from the calcined powder by plastic
extrusion. In this technique, the ceramic powder was mixed with
organic binder, solvent, dispersant, and plasticizer to form a
homogenized plastic mass. This plastic mass was forced through a
steel die having a narrow opening. The exiting wire from the die
opening was wound over a mandrel to produce coils. Details of wire

and coil fabrication have been given previously [24].

Results and discussion

TGA showed [Fig. 1, curve b] that during heating of the precursor
powders at the ambient pressure of one atmosphere, the weight loss
attributable to COg evolution begins at about 750°C; however, at 2 mm
Hg, it begins at about 620°C. Under reduced total pressure,
decomposition is essentially complete at =800°C, whereas under
ambient pressure, decomposition is not complete even at =1000°C.
Heating of powders at =20°C/h in the range of 700-800°C maintained
COg levels -- as measured by FTIR -- 7t less than 2% of the oxygen level.
At 900°C under ambient pressure, the calculated thermodynamic
equilibrium partial pressuie of COg at which 123 becomes unstable is
=2% in the oxygen atmosphere [9]. Faster heating rates resulted in
higher CO2 concentrations and yielded powders containing YoBaCuOs
and other impurity phases. Endothermic or exothermic reactions or
melting events associated with impurity phases were identified by
differential thermal analysis (DTA) [1]. As shown in Fig. 2, for the
powder calcined once at 800°C in low pressure, fhe only observed event

was a change in slope caused by conversion of the powder from



orthorhombic to tetragonal upon heating (curve a). Conventionally
processed powder (calcined three times at 900°C under ambient
pressure) exhibited an endetherm at =940°C caused by melting of a
Cu0-BaCuOg3 eutectic (curve b). These traces were obtained in flowing

oxygen at ambient pressure.

The 123 powder processed at low pressure was also shown to be
phase-pure by X-ray diffraction. Analysis of the orthorhombic-peak split
and comparison against published data [25] revealed no tetragonal phase
in the powder. The particle size resulting from the low-pressure
synthesis was 1 to 4 pm. This relatively small particle size is due to the
low processing temperature. Calcination could be carried out at 800°C,
rather than 900°C or higher, because cation diffusional kinetics in 123
are faster under reduced Oy pressures [26]. Use of low oxygen partial
pressure increases the concentration of oxygen vacancies in 123
[25,27,28]. A partial vacuum was used ihstead of a mixture of Oy and a .

noble gas because CO2 was removed with increased efficiency.

The resultant 123 powder was cold-pressed into pellets that were
capable of levitating magnets. These pellets were then sintered in 1%
O2 (balance N3) atmosphere at =900°C to make dense superconductors.
Sintered pellet densities ranged from 88 to 94% of the theoretical
value. Critical current densities, measured in zero applied magnetic
field at 77 K were about 800 A/cm?2. The sintering temperature is
lowered to =900°C compared to =950°C or higher because of the use of
low partial pressure of Oz (1% O3). Low sintering temperature
minimizes exaggerated grain growth and results in samples with small

and uniform grain size.
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In order to study the effect of COg on the properties of 123,
powder samples were heated on a TGA balance to =1000°C in 1%
CO2/99% O3 gas mixture. The measured TGA data are shown in Fig. 3.
There is an onset of weight gain at about 700°C, reaching a peak (=4%)
at =880°C, and a decline in weight at temperatures above =900°C. The
onset temperature in TGA decreased with an increase in the fraction of
CO, in the gas mixture. The increase in weight is due to formation of
BaCOj3 (as a result of incorporation of COs) and other reaction products.
At higher temperatures, BaCO3 decomposes and accounts for the

observed weight loss in Fig. 3.

The J,, values measured at 77 K in samples sintered in different
CO,/04 gas mixtures at various temperatures are given in Table 1. As
the COy partial pressure in the sintering atmosphere increased, J. of
sintered pellets decreased and finally became zero. Resistivity
measurements showed that the materials with J. = O were
semiconducting. Magnetization measurements indicated that, even in
the case of semiconducting samples, the major portion of the sample
was still superconducting, and that the onset temperature of
superconductivity was still =90 K. This can be seen in Fig. 4, where
resistivity and magnetization data are given for two samples sintered at
940°C: one sample is a superconductor processed in 100% O, and the
other is a semiconductor processed in 0.5% CO5/05. The observed
behavior could be explained if the superconducting current
encountered a strong blockage in the semiconducting sample.

A possible cause of the blockage could be a thin layer of non-
superconducting secondary phases at grain boundaries, formed by the
reaction of 123 with CO, in the gas mixtures during sintering. Because

the grain interiors are not degraded, a sharp change in magnetization is



seen at =90 K in the samples that showed semiconducting behavior in

the resistivity measurements (Fig. 4).

These arguments are supported by TEM observations [6,7], which
show the presencé of secondary phases at some grain boundaries. An
example of one such grain boundary is shown in Fig. 5 for the sample
sintered at 970°C in 0.5% CO5/04 gas mixture. X-ray energy-dispersive
spectroscopy (XEDS) shows that the grain-boundary material consists of
BaCuO, and Y2Cug0s. The width of this grain-boundary material is much
greater than the coherence length in 123, thus it can completely
obstruct‘ the superconducting current and cause a reduction in overall
critical current density. However, this type of grain boundary accounts
for only about 10% of the observed grain boundaries; the majority
appear quite sharp with no obvious evidence of a second phase. Because
of the multitude of possible percolation paths, the value of J, would not
become zero if only 10% of the grain boundaries were coated with a
second phase. For the superconducting current to be completely
blocked, as in the case of the semicenducting samples, a majority of the
grain boundaries must be nonsuperconducting. High-resolition
electron microscopy (HREM) images of the grain boundaries suggested
that, in fact, the majority of grain boundaries probably are |

nonsuperconducting.

Careful study of the HREM images showed that the structure near
the sharp grain boundaries is not orthorhombic but some other phase,
possibly tetragonal 123. Figure 6 shows a HREM image in which lattice
fringes of (001) planes are clearly observed in one grain. Through
careful measurement of the interplanar spacing, it wés found that the

spacing is about 1.19 nm in the regions near grain boundaries, whereas



the spacing is approximately 1.17 nm in the regions far from the grain
boundaries. Neutron diffraction data [29 ] show that tetragonal 123 has
c = 1.19 nm. Another indication of tetragonal material is the
termination of twinning near the grain boundaries, which can be taken
as the demarcation line between orthorhombic and tetragonal

structures because the tetragonal structure has no twins.

A possible explanation for the phase transformation from
orthorhombic to tetragonal is the incorporation of carbon into the
lattice due to the presence of CO, in the sintering atmosphere [6,7].
Segregation of carbon at grain boundaries or in regions near grain |
boundaries has been confirmed in a previous study [6] using secondary
ion mass spectroscopy (SIMS). Carbon can diffuse into the lattice and
expel oxygen from the orthorhombic structure, thus forming a
nonsuperconducting tetragonal structure that can block the
superconducting current. We observed that in most cases, such
tetragonal regions near grain boundaries vary in size ‘from a few
nanometers to several tens of nanometers. Therefore, they are very

difficult to detect and are not readily identifiable in most boundaries.

In view of this, the effect of residual carbon on the processing and
properties of extruded coils must be considered. In the green state,
superconducting coils contain =10 wt.% organics that must be
completely removed without damaging the superconductor. Incomplete
removal of the organics can cause decomposition of the superconductor
or leave carbon-rich material at the grain boundaries, either of which
will degrade superconducting properties. Organics can be easily
removed by thermal decomposition in the temperature range of 240-

350°C, but if the decomposition proceeds too rapidly, the coils can bloat



severely and in some cases even explode. Also, decomposition of
organics produces significant concentrations of HoO and COz2, which, as
we have seen, can react with 123; therefore, the rate of organic removal

must be carefully controlled.

When superconducting coils are sintered at a reduced total
pressure in flowing Og2, the COg and H20 are removed as they are
produced, thereby minimizing their concentrations in the atmosphere
surrounding the coils and preventing}decomposition‘ of 123. But when
coils are sintered at ambient pressure Og, the harmful gaseous products
accumulate and lead to the decomposition of 123. To demonstrate this,
mixtures made from 123 powder and the same organics used in
extrusion were heated in flowing oxygen at either ambient or reduced
pressure (=2 mm Hg). Two different powders were used: powder
produced by solid-state reaction at reduced pressure and powder
produced by a liquid-mix technique. Samples were taken from the
mixtures at 240, 300, and 350°C, and their X-ray patterns were
obta‘ned. Figures 7 and 8 are schematic illustrations of the major peaks
in these pattems. Figure 7 shows that, when the 123/organic mixtures
were heated at ambient pressure, both samples of 123 decomposed (the
liguid-mix powdzr at 240°C and the solid-state powder at 300°C).
Figure 8 shows, however, tha.t gross decomposition of 123 did not occur
when the mixtures were heated at reduced total pressure, even though
the relative intensities of peaks varied as a result of changing oxygen

content.

Shown in Table 2 are the sintering conditions and properties of five
coils made by extrusion and heated at reduced total pressure in flowing

Oo. During binder removal, these coils are heated at a rate of =5°C/h in



the temperature range 150-400°C. Figure 9 shows the photograph of a
five layer, seventy five turn, 123 coil coated with YoBaCuOs (211, so-
called "g‘reen phase") insulator. This coil was heated in flowing Og at a
total pi’essure of 10 mm Hg. Although the critical current densities are
well below those necessary for many large-scale applications, it should
be noted that the length of continuous superconductor in these coils
ranges up to =12 m. Moreover, the measurements were made in
magnetic fields of up to 73 G, and fringing effects at the coil ends
‘probably increase the field on the end turns even further. Considering
that just a few years ago it was not possible to obtain such performance
consistently on even short lengths of superconductor in zero field,
~these results represent significant improvement in bulk superconductor
fabrication. Although large differences in size and geometry make it
difficult to compare the J. results of pellets and coils, a comparison of
Jo in Tables 1 and 2 suggests that CO, evolved during removal of
organics from the coils had minimal impact on superconducting
properties when sintering was at reduced total pressure. Keeping in
mind that the J, of bulk materials drops dramatically with magnetic'
field and that the coils were measured in fields up to at least 73 G, we
suggest that the coil results agree most closely with the results for
pellets sintered in 100% Oa. This indicates further that large
multilayer superconducting coils can be successfully fabricated by
sintering at reduced total pressure, and that these coils have

superconducting properties that are representative of bulk materials.



Conclusions

Solid-state reaction remains the simplest technique for
synthesizing 123 superconductors. Use of BaCOg, which is not
hygroscopic, obviates the need for processing in carefully controlled
humidity. A single calcination at 800°C for 4 h in reduced total oxygen
pressure gives essentially phase-pure, orthorhombi> 123 powders. The
- reaction temperature is about 100-150°C lower than that used in
arabient-pressure calcination, and the lower temperature results in
finer particles. 120 reacts strongly with CO5 at high temperatures,
leaving superconducting grain interiors encased in nonsuperconducting
grain boundary phases. These secondary phases obutruct
superconducting currents and cause a decrease in Jc. Carbon becomes
segregated at the grain boundaries and causes the material near the
grain boundaries to transform from the orthorhombic phase to the
nonsuperconducting tetragonal phase. In the sintering of large
multilayer coils, CO2 concentration can be minimized and 123
decomposition can be avoided by heating at reduced total pressure. As a
result, superconducting coils can be fabricated that produce magnetic

fields up to 73 G with an air core and 330 G with an iron core.
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Table Captions

Table 1. Relative densities and transport J¢ (77 K) for samples

sintered over a range of temperatures in various CO2/02 mixtures.

Table 2. Sintering conditions and properties of superconducting

coils.

Figure Captions

rigure 1. Change in mass observed by thermogravimetric analysis
during heating of 123 precursor powders: {a) 2 mm Hg pressure;

(b) ambient pressure.

Figure 2. Differential thern:al analysis traces of 123 powder (a)

calcined at 2 mm Hg pressure and (b) at ambient pressure.

Figure 3. Thermogravimetric trace of 123 heated to =1000°C in
1% CO9/99% O, gas mixture,

Figare 4. Resistivity versus temperature (a), and magnetization
versus temperature (b) for two samples fired at 940°C (Sample 1

was fired in 100% O2; Sample 2 was fired in 0.5% CO35/02).

Figure 5. TEM micrograph of grain boundary (GB) in 123 sample
sintered at 970°C in 0.5% CO4,/04 atmosphere. Thick s cond-
phase layer is identified as BaCuO, .



Figure 6. High resolution electron micrograph of a grain boundary
in a 123 sampie sintered at 970°C‘in 0.5% CO2/03 gas mixture.
The region near the grain boundary has a tetragonal structure while
the region away from the grain boundary has an orthorhombic
structure. Note that the twin structure is terminated at the

tetragonal region.

Figure 7. ‘Schematic X-ray patterns of fully oxygenated 123 powder
(as reference) and two other 123 powders heated to the indicated
temperature at ambient pressure in contact with the organics used
in extrusion of coils. The patterns show that both powders fired

with the organics decomposed during heating.

Figure 8. Schematic X-ray patterns of 123 powder as a function of
temperature. The powder was heated to the indicated temperature
at reduced total pressure in contact with the organics used in
extrusion of coils. The patterns reveal no indication of

decomposition.

Figure 9. Photograph of a five layer, seventy five turn 123 coil
coated with insulating 211 green phase. Total length of wire in this
coil is about 12 m and it has been sintered in flowing Og at a

pressure of 10 mm Hg.



Table 1. Relative densities and transport J¢ (77 K) for samples sintered

over a range of temperatures in various CO3/02 mixtures.

Sintering [COg (%) Density Jec (A/cm<)

Temp. (%)

1000 °C 0 93 320
0.005 92 157
0.05 92 106
0.5 92 34
5.0 93 0

970 °C 0 87 315
0.005 86 138
0.05 90 94
0.5 86 0
5.0 87 0

940 °C 0 67 128
0.005 67 21
0.05 68 0
0.5 66 0
5.0 - -

910 °C 0 63 60
0.005 62 0
0.05 63 0
0.5 62 o
5.0 - -




Table 2. Sintering conditions and properties of superconducting coils.

Colil Firing Je B B(Fe Core)
Description Conditions (A/cm?) {Gauss) aus
Coil #1 100% Oq 120 19 -——
Uncoated 910°C
25 Turns
Coil #2 100% O9 130 , 20 -—
211-Coated 910°C ‘
25 Turns
Coil #3 2 mm Hg 225 36 -
Uncoated 875°C
21 Turns
Coil #4 10 mm Hg 150 42 160@77K
211-Coated 875°C
2 Layers
42 Turns
Coil #5 10 mm Hg 150 73 330@77K
211-Coated 875°C 420@73K
5 Layers

75 Turns



% OF INITIAL WEIGHT

98.4 —

95.2 —

92.0 —

88.8 —

85.6 —

1

|

J0,0)

300 500
TEMPERATURE (°C)

700



AH (arb. units)

|

T T BT

100

300 500 700 900
TEMPERATURE (°C)



% OF INITIAL WEIGHT

104

102

100

o8

96

“ ‘

YBCO

_ 0\0 OON\ww o\o ON

_

| _

200

400 600
TEMPERATURE (°C)

800

1000

w.u._.Mckm. 3



Resistivity

Magnetization
(Arb. Units)

(Q.cm)

20

-
n

10

m

o .

oﬁ('slnvvvlvrutlttvu

[4,)

300

.

o

3]
1

(b)

Fﬁwe #*

100



il

il

g

o L

[T

el

" Jd”ﬁh 1]

al




wr




—
-

T T T T T

n 0.8 — YBCO POWDER

z FULLY

5 0.6 |— OXYGENATED | |

Wwo.4 i

=

502 - i

S I W W § N |

-1 T T T T T T

0.8 — LQUID-MIX __|

ﬁ T=240°C

Z 0.6 P —

Wo0.4 _

=

éo.z _ I_

1T T T T T T T

3 0.8 |- -
SOLID~STATE

E 0.6 — T=300°C ]

0.4 |

=

<02 |~ i ' I l.__

® g | il I L] |

20 25 30 35 40 45 50 55

26 (°)

Fv'jura '5

60

03873



—
.

T T T T T Ty
- L
%0.8 — T=240°C
g‘ 0-6 P -
Wo.4 | H
=
<0.2 — l H
=2 I IO O N N | O
1O T T T T T
50-8 — T=300°C T
Z 0.6 p— 11
W 0.4 |- -
e
GJJ 0.2 —
& N N
E: 1.0 T I T T R T |
D | T=350°C -
E% 0.8
Z 0.6 - .
Wo0.4 ||
=
<02 - : -
R B I N N E |

20 25 30 35 40 45 50 55 860

26 (°)
F"(Tuve g



e



Vi







