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ABSTRACT

Superconducting YBaQCU306+x was found to be very sensitive to the atmosphere
during thermal treatment. During annealing in air at temperatures above 450°C,
localized melting occurred, and second phases near the grain boundaries were observed
using optical hot-stage microscopy. Quantitative chemical analysis using wavelength
dispersive spectroscopy (WDS) indicated that the second phase was composed of a
barilum oxycarbonate. The source of carbon in the second phase was identified to be
COy from the atmosphere. The formation of the second-phase during COg-annealing
was not reversible by re-annealing in pure oxygen.

A texture study, using a melt-processing technique, was carried out with the aim of
improving critical current density. The microstructure and properties of the samples
were found to be very sensitive to the heat treatment. Variables such as sintering
temperature, holding time and cooling rate were studied. A series of heat treatment
experiments was performed in order to study grain alignment. Quenching tests with
temperatures ranging from 950°C to 1050°C indicated that the volume fraction of
second phases increased as the quenching temperature was increased. The second phases
strongly reacted with the aqueous medium during polishing, and they were unstable at
room temperature.

Aligned microstructures were obtained by heating Y'BaQ'CUBOG-}-x above the
peritectic temperature (szlOOQOC)f,. followed by slow cooling. This process yielded
aligned regions of approximately 200 microns in size. The degree of alignment was
enhanced by seeding, where inclusions of aligned grains were added to the starting
powders. For these samples aligned regions were obtained greater than 1 mm in size.
Another method found to increase the degree of alignment was that of dual stage heat
treatments; in this case aligned regions 2 mm were obtained. The critical current density
of the aligned samples increased by one order of magnitude compared with the normal

sintered samples.




(s

1 INTRODUCTION AND BACKGROUND

The recently developed ceramic superconductors lose their electrical resistance at the
high transition temperature [1], and could lead to incredible savings in energy.
Commercial applications of superconductors include energy storage, magnetic levitation,
electric power generators, and electric power transmission systems. For instance, they
could be used to produce small but more powerful computers. Intense magnetic fields
can be generated by the superconductors leading to the development of a superfast,
magnetically levitated train. Superconducting power lines transmit electricity without
loss of power and the electric energy can be stored indefinitely as a circulating current

In 1986, a new unusual class of ceramic compounds of high Tc superconductors was
discovered [3]. These new ceramic materials required cooling only to 90K to become
superconductors [1]. The transition temperature is greatly increased over conventional
superconductors , and inexpensive liquid nitrogen can be used as a coolant ( 77K ),
which could bring superconductivity into practical applications.

One of the high Tc superconducting compounds is 'YBaQCug_OG_*_X, and an extensive
amount of research has been done on this material. There are, however, many
processing-related problems associated with it. For instance, it i1s difficult to obtain
sintered densities above 95% theoretical density. Also the critical current density (Jc) of
the bulk polycrystalline samples is much lower than that for the single crystal samples (
about four orders of magnitude ) which impedes its use in practical applications. Likely
causes of a grain-boundary barrier to current flow include microcracking, due to thermal

or transformation stresses, segregation of impurities to grain boundaries, and the
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presence of a non-superconducting layer or phase at grain boundaries, which may be
amorphous and different in composition from the bulk. In addition, for bulk samples, a
high-misorientation angle grain boundary restricts the transport of current across the
grain boundary [4]. Bulk samples of sintered YBaQCu306+X are not stable for long
periods of time in air, and they strongly react with water to form other phases, which
destroy the superconducting properties [5]. Superconducting YBaQCu306+xis very
sensitive to the sintering temperature, cooling rate [6], sintering atmosphere and
annealing temperature [7]. Carbon contamination is another problem, which is largely an
environmental artifact. It is relatively easy to detect carbon segregation at grain
boundaries by Auger microscopy [8]. However, studies have shown that grain-oriented
bulk samples have great potential for enhancing J. [9-11]. Obviously there is a need for
investigation of these areas. This thesis explores several areas of the microstructure
development of YB&QCUBOG—{—x’ with emphasis on the effect of processing variables on
the formation of non-superconducting second phases and development of grain

alignment.

1.1 Overview

Superconductivity is a phenomenon in which the electrical resistivity drops to ‘‘zero”
suddenly at the transition temperature,T.. Since Dutch physicist Heike Kamerlingh
Onnes discovered superconductivity in mercury in 1911, the discovery of new materials
has been responsible for T rising at a steady value of about 4 degrees Kelvin per decade

[1]. A superconducting material is perfectly diamagnetic and therefore expels magnetic
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flux. In order to remain superconducting, superconductors must be kept at a condition
where the surface current density is below the critical current density (J¢) and the total
magnetic field strength is lower than the critical field (H¢).

In 1986, a breakthrough occurred when Bednorz and Muller discovered a new class
of ceramic compounds containing Ba-La-Cu-O that showed superconductivity at
35K [12]. This T is much higher than the conventional superconductors. Other
researchers subsequently found other high T superconducting systems, such as Y-Ba-
Cu-O (T¢:90K) [13], Bi-Ca-Sr-Cu-O (T(:85K-110K) [14], and TI-Ca-Ba-Cu-O
(T¢:100K-125K) [15] systems. Because of the higher T values for these systems, liquid
nitrogen (boiling temperature 77K) can be used to keep the materials in the
superconducting state, rather than expensive liquid helium. Consequently, these

materials have potential for practical applications.
1.2 Y-Ba-Cu-0O System

Most of  the research on ceramic superconductors has been
done on the Y-Ba-Cu-O system (including this thesis), and so the discussion will be

limited to this compound.

1.2.1. Phase Transformation and Superconducting

Phase Microstructure

The superconducting phase of YBa}(il\B()ﬁ_l_xhas an orthorhombic crystal structure
with ordered oxygen vacancies. Its structure is oxygen deficient relative to the ideal

perovskite structure [16,17]. The unit cell is such that b is slightly larger than a. The
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oxygen atoms are ordered in the basal plane (Cu-O plane ) of the structure, as shown in
Figure 1. The lattice parameters are a=3.82A, b=3.88A, c=3.68A.

On cooling from the sintering temperature, the structure undergoes a phase
transformation within the range 0 < x < 1 from tetragonal to orthorhombic, which is
dependent on oxygen partial pressure and temperature [18-24]. The tetragonal phase is
non-superconducting with disordered oxygen vacancies. At the sintering temperature,
usually above 900°C, the tetragonal structure dominates. To obtain the
superconducting orthorhombic structure, oxygen annealing in which oxygen re-enters the
YBa2Cu306+x structure 1s necessary. Oxygen annealing is usually carried out in a pure
oxygen atmosphere at a temperature range of 400°C to 600°C [25-27]. The required
oxidation time depends on the specimen size and density. Usually, above 20 hours is
required because oxygen diffusion is slow. As the tetragonal-orthorhombic phase
transformation proceeds, a volume change takes place in the unit cell due to the oxygen
ordering along the b axis [28]. There is a twin structure in Y'BaQCHB.OG—Fx’ which has
been associated with the switching of Cu-O and Cu-V (vacancy) chains across the twin
boundary [29-31]. When the oxygens order in the basal copper plane, elongation of the b
axis and contraction of the a axis occur. A shear stress is created when the a-b plane
changes from a square to a rectangle. To accommodate the volume stress, the lattice
structure must deform plastically so that the energy of the system is lowered. As a
result of the transformation, twins are formed [32]. At the twin boundary, the oxygen
and oxygen vacancies redistribute to minimize the free energy in the orthorhombic
phase. The tetragonal-orthorhombic phase transformation in YBa2cu306+x, 1S an
oxygen diffusion controlled isothermal shear transformation [33-34]. A shear
transformation usually forms shear bands, which are located at the grain boundaries in

YBa2cu306+x' and cause highly stressed regions. The stressed regions are sensitive to
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an enternally applied magnetic field because of their low T and H o (critical magnetic
field) values and thus are responsible for weak links [35]. At the twin boundaries the cell
edge with the enhanced oxygen content switches from one cell edge to the other,

effectively rotating the unit cell through almost 90°. The two orientations share a

common (110) plane in the twin boundary [36].




i 7= Vacancy
L O = Oxygen
e = Copper
a23.884 A

Ab=3.822 A

Fig. 1 The orthorhombic crystal structure of the yttrium barium cuprate.




1.2.2 Bulk  Samples

The  transport critical  current density  (J¢) in YBaQCu3O6+x
polycrystalline samples 1s very low, with val{ues on the order of
10-100 A/ch at 77K in zero magnetic field [37], while most commercial applications

require J. to be greater than 105A/cm2.

However, single crystals of YBaQCu306+x
have been shown to exhibit a transport J. in excess of 105/\/cm2 at 77K [38]. This
disparity is attributed to the presence of randomly-oriented grain boundaries, second
phases, pores and microcracks in bulk polycrystalline samples.

Numerous investigations have implicated grain boundaries as the cause of the low
critical current densities in bulk samples [39,40]. There are non-superconducting second
phases present at many of the grain boundaries. These regions could be semiconducting
or insulating layers. The presence of these second phases causes the grain boundaries to
act as superconducting-normal-superconducting junctions. Even for normally ‘“clean”
grain boundaries, the low J. in bulk materials may be the result of inefficient transport
between randomly oriented neighboring grains (crystal orientation change) due to
intrinsic anisotropic conduction [42]. Another possibility for low J. is the occurrence of
microcracking due to thermal expansion anisotropy along the a-axis and c-axis [41].
Microcracks can often be observed along grain boundaries which are parallel to the basal
plane. When the sample is cooled down from the sintering temperature, the dimensional
change normal to the basal plane (along c-axis) is much larger than the change parallel
to the basal plane; As a result, microcracking may occur.

In bulk materials, other problems result from the reaction of YBaQCu-3__O6+X, with the
environment. The degradation of YB'a_QCu306+X superconducting oxide ceramics can be

related to environmental effects, e.g. corrosion by water, or to aging effects due to long-
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term electrical loads or thermal cycling. In a study by Fitch et al. [43], the bulk density
of corroded bars decreased with increasing corrosion time. The superconducting phase
is deteriorated when exposed to humid ambient for long periods of time [44-46]. Second
phases are formed similar to those formed from thermal treatment in air [47].

There are several possibilities for optimizing the transport J. in bulk polycrystalline
samples. These include the following general methods: orient the grains, minimize the
number of grain boundaries, increase the area for current transfer across the grain
boundaries in the direction of current flow, and reduce impurities and/or non-high-T

phases between grains.

1.2.3  Introducing Texture to Improve J.

The YBaQCHBOG-}-x superconductor has a strongly anisotropic conductivity [42].
Structural analysis has shown that there are one-dimensional Cu-O chains as well as
two-dimensional Cu-O planes in the YB&QC-UBOG-—}—,X structure. Both one-dimensional
and two-dimensional features may be making contributions to the high-transition-
temperature superconductivity [48]. Since the conductivity is anisotropic, it is thought
that aligning the grain boundaries should allow the current to flow along an
unobstructed path.

There are several different ways of introducing a pronounced texture in the bulk
polycrystalline YBaQCu3O6+X superconci"l;\ctor. For instance, sinter-forging was used to
achieve crystallographic orientation in YB&2Cu306+x’ and the c-axis tended to be
aligned parallel to the applied stress direction [49]; magnetic field alignment utilizes the

anisotropic magnetic susceptibility [50], and deformation texture uses the anisotropic

fracture behavior [51]. Substrate-induced texture has been performed, using epitaxial
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growth of the superconductor on a suitable substrate material [52]. Melt-texturing [53]
involves melting of the YBaQCUBOG_l_x into a complete or partial liquid state and then
directionally regrowing the superconducting crystals in the presence of a temperature

gradient. And other researchers [54,55] obtained an aligned microstructure, involving no

temperature gradient.

The crystallographic alignment eliminates the anisotropy-originated weak connection at
high-angle grain boundaries [4]. Also microcrack formation near the grain boundaries,
arising from severe thermal contraction anisotropy and the tetragonal-orthorhombic
transformation, 1s minimized. The continuously growing crystal fronts of the
superconducting  phase during directional  growth are likely to push away
impurities ( including carbonacious compounds ) to the side or front of the crystal,
thus making them non- or less- interfering in supercurrent flow. Critical-current and
lower-critical field measurements show that the YB&QCHBOG—}—X superconductor 1s
strongly anisotropic with the good conducting directions being along the Cu-O planes.
Substantial increases in critical current density can be obtained by the production of
highly textured microstructures in which the ¢ axes of the grains are nearly parallel.

A high degree of grain alignment can increase the area for current transfer across the
grain boundaries in the direction of current flow, if impurities between grains are
reduced. Dimos et. al. [4] found that the critical current across a grain boundary
decreased as the misorhientati()n angle between the grains increased. For small
misorientation angles, the ratio of the grain-boundary critical current density to the bulk
critical current density was roughly proportional to the inverse of the misorientation -
angle. For large angles, this ratio saturated to a value of about 1/50. Many researchers
have stated that grain alignment in 123 can dramatically improve J. [55]. For instance,

Jin [53] and his co-workers observed J. values of 17000-A/crr12 in 123 specimens which
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contained highly aligned grains, fabricated by a melt texturing technique.

2 EXPERIMENTAL PROCEDURE

2.1 Preparation of Powder and Bulk Samples

YB&QCHBOﬁ—f—x superconducting powder was prepared using the conventional mixed
oxide route. Dry Y‘ZOB’ BaCOB, and CuO powders corresponding to a stoichiometric
Y:Ba:Cu ratio of 1:2:3 were mixed by ball-milling for 12 hours in ethyl alcohol using
zirconia grinding media. After drying, the mixture was calcined at 850°C in air over a
period of 12 hours. After regrinding, a second calcination of the powders was carried out
at 880°C in air for 12 hours. During this stage the powders became completely black in
color, characteristic of the superconducting phase. X-ray diffraction results showed that
the powder was single phase YBaQ_C.u306+X. The recalcined powders were used to
prepare pellets for sintering. Schematic details of this procedure are described in Fig.2.

Rectangular bar-shaped samples with dimensions 25x6x5 mm were made by cold
unjaxial pressing of the recalcined powder at 26 kSl The specimens were sintered in a

box furnace at 930°C, for 20 hours in air. After furnace cooling down to 500°C, the

sintered specimens were annealed in flowing oxygen for 20 hours at this temperature.
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Dry Y203, BaCOs, and CuO powders

Mix 0.5Y203 : 2BaO : 3CuO (mol. ratio)
Attrition Milling, ZrO2 media, in alcohol for 12 hrs

Dry by stirring on hot-plate

Calcine at 850 °C for 12hrs in air

Grind using mortar and pestle

Recalcine at 880 °C for 12hrs in air

Superconducting YBa2CusOs.x powder

Fig. 2 Flow chart of powder preparation
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2.2 In-situ Annealing Studies

In-situ annealing studies were performed on polished specimens by means of optical
hot-stage microscopy. A series of samples was heated to temperatures ranging from
700°C to 950°C in air. The heating and cooling rates varied between 10°C/min to
50°C/min and were microprocessor-controlled. Microstructural changes were
continuously recorded using video.

Polished specimens were annealed in a box furnace at 800°C, using atmospheres of
flowing COQ, OQ and air. The purpose of these experiments was to assess the effect of ‘
various atmospheres on microstructure development. In order to analyze the formation
of any second phases, the polished specimen was indented and then soaked in alcohol,
which is a polishing lubricant. The specimen was then annealed for 2 hours at 800°C in

air.

2.3 Sintering and Melt Processing

2.3.1 Single-step Thermal Treatment

For the texture development study, the specimens were heated at temperature close
to the peritectic temperature (1002°C).
The following series of experiments was conducted in order to study the development
of texture:
1) Variation of sintering temperature: 950°C, 970°C, 990°C 1010°C, 1030°C, 1050°C,
1070°C, a-hd. 1100°C; heating rate of 8°C/min, cooling rate of 0.5°C/min and holding 2
13




hours were used for each sintering temperature.

2) Variation of sintering hold time: 0.5h, 2h, 4h, 6h, 8h, and 20h; with a heating rate
of 8°C/min, heating up to 1050°C, and then cooling with a rate of 0.5°C/min.
3) Variation of cooling rate: 0.1°C/min, 0.5°C/min, 1°C/min, 2°C/min, and 4°C/min,
with a heating rate of 8°C/min, heating up to 1050°C, holding a period of 0.5 hr.

All the above sintered samples were subsequently annealed in the oxygen atmosphere

at 500°C, with a hold for 20 hours.

2.3.2 Quench Experiments

In order to determine how the microstructure develops during the course of the heat
treatment, a series of quenching experiments was conducted, in which the heat-
treatment was interrupted (at different stages) by rapidly cooling the specimen to room
temperature. From the experiments described previously, a high degree of grain
alignment was obtained when the samples were sintered at 1050°C with a heating rate
of 8°C/min over a period of 0.5 hours, cooling at a rate of 0.5°C/min down to 800°C in
oxygen atmosphere. So, quenched samples were made every 20°C from 950°C to
1050°C. This is depicted schematically in Fig.3.

In the first stage, with a heating rate of 8°C/min, samples were heated in an oxygen
atmosphere to the quenching temperatures: 950°C, 970°C, 990°C, 1010°C, 1030°C, and
1O5OOC, and then pulled out of the furnace to room temperature.

In the cooling stage, samples were heated up to 1050°C, held for 0.5h in 02_, and then
cooled at a rate of 0.5°C/min to various quench temperatures: 1050°C, 1030°C,
1010°C, 990°C, 970°C, and 950°C.

All the samples were polished and observed using Scanning Electron Microscopy (SEM)
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and Energy-Dispersive X-Ray Spectroscopy (EDS).
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2.3.3 Two-step Thermal Treatment

A two step thermal treatment was designed in order to provide sufficient time for the
peritectic reaction to proceed to completion and form the 123 phase.
The thermal step treatment technique is shown in Fig.4. The sample was held first at a
temperature (Tl) which was slightly greater than the peritectic temperature. Following,
they were cooled to a second temperature slightly below the peritectic temperature (TQ).
It was used to produce an appreciable effective amount of liquid phase at Tl’ and
offered a longer time for the peritectic reaction at Ty. This should limit the number of
nuclei, as well as develop aligned grain growth. At first, samples were heated up to the
first sintering temperature (Tl) with a rate of 10°C/min, and held for 0.3h. Then they
were cooled to the second sintering temperature (TQ) at a rate of 10°C/min, and held
for several hours. Finally the samples were cooled down to 800°C at a rate of
0.5°C/min. The entire sintering procedure was carried out in an oxygen atmosphere.

After sintering, all the samples were anne_aled at 500°C for 20 hours in an oxygen
atmosphere.

Table 1 summarizes the experiments which were conducted using this technique.
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A- Two step heat treatment.

B- Liquid phase sintering.

(One step)
T, S
~
T, \\\
Tz ~
~
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= Temp NS
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Fig.4 Schematic diagram of two kinds of thermal treatment.
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) mee) | ™M | o) (toT2) T2(°C) - | (to800°C)
TST-A 1050 0.3 10 10 950 5.0 0.5
TST-B 1050 0.3 10 10 970 5.0 0.5
TST-C 1050 0.3 10 10 1000 5.0 0.5
TST-D 1050 0.3 10 10 1010 5.0 0.5
TST-E 1010 0.3 10 10 980 5.0 0.5
TST-F 1010 0.3 10 10 970 5.0 05 |
TST-G 1000 0.3 10 10 970 5.0

AN

0.5 J

TABLE-1. Experimental Data of Thermal Step Treatments




2.4 Seeding-induced Aligned Microstructure

It should be feasible to increase the volume of individual aligned regions through
control of the number density of 123 nuclei. The approach for this technique was to use
the 200um domains of aligned grains obtained from earlier experiments as ‘“‘seeds” for
grain alignment throughout the sample. The seeds were obtained by crushing the
specimen with a mortar and pestle, and using selective sieving to extract particles with
sizes between 185-200 microns. It was hoped that by this method, the selected particles
would consist primarily of individual domains, the reasoning being that fracture would
occur preferentially at the domain boundaries. The seeds were added to the conventional
123 powder, such that the bulk samples contained seeds with weight fractions varying
from 20wt% to 1wt%. These samples were then sintered. The sintering temperature was
varied from 950°C to 1050°C with heating rate 8°C/min, with a hold for 0.5 hours in
O,. Then the samples were cooled down to 800°C at a rate of 0.5°C/min, followed by

et

furnace cooling down to room temperature. The samples were subsequently annealed for

20 hours at 500°C in flowing oxygen .
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3 RESULTS AND DISCUSSION

- 3.1 In-situ Annealing Studies

The in-situ annealing studies revealed that there was localized melting at the grain
boundaries, at temperatures >450°C. On cooling to room temperature, a discrete second
phase was observed at the grain boundaries, as shown in Fig.5. In addition, there also
appeared to be some surface reaction, the extent of which varied from grain to grain.
For different sintering temperatures, the results showed that the volume fraction of the
second phase increased as the maximum temperature increased. Energy-Dispersive X-ray
Spectroscopy (EDS) results showed that there was barium in the second phase, but no
yttrium or copper. With regard to the second phase composition, X-ray mapping in the
electron microprobe showed that it consisted only of the elements carbon, oxygen, and
barium, shown in Fig. 6.

Using Wavelength-Dispersive Spectroscopy (WDS), quantitative chemical analysis was
performed on both the matrix and the second phase. The results are summarized in
Table 2. The matrix analysis showed that the experimental results closely agreed with
those of the expected bulk composition (YBa2Cu3O6.5), thus increasing confidence in
the compositional data for the second phase. The second phase along the g-rziin-
boundaries was identified to be a barium oxycarbonate, with a nominal composition of

B-aCO4.8.
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Iig. 5 SEM photographs showing a grain-boundary sccond phase in a

\’L%a,.)C1.1.3OG+X sample heated to 700°C in the optical hot-stage.
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I'ig. 6 X-ray maps showing the relative variation in Carbon, Barium, Yttrium,
Copper, and oxygen contents between the matrix and the second phase. The ,.

conventional secondary electron image is shown in ( a ).
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Transport critical current measurements were performed at 77K at zero magnetic
field using a four-probe arrangement, using Gallium as current poles at the ends of the
bulk, Indium as electrodes at the middles of the bulk. Fig.7 shows the voltage versus
current density for an oxygen-annealed specimen and a specimen annealed for 2 hours at
800°C in air. Both samples were subsequently annealed for 20 hours in flowing oxygen
at 500°C. The critical current (Jc) for the air-annealed sample was approximately a
factor of 4 less than that of the unannealed sample.

In order to determine the origin of the carbon in the second phase, two likely
possibilities were identified: organic polishing cleaning media and atmospheric COQ. To
avold contact with water, the YBaQCu3O6+X samples were polished in kerosene, and
washed in ethanol. Therefore, carbon contamination of grain boundary regions possibly
occurred by seepage of the cleaning media along grain-boundary microcracks induced by
mechanical polishing. To test this hypothesis, it was necessary to introduce cracks in the
microstructure that were not associated with a grain boundary. This was achieved by
making a series of Vickers indentations on two identical polished samples. The
identation load was deliberately chosen to introduce significant radial cracking at the
corners of the indentations. One specimen was immersed in ethanol for 12 hours, and the
other was used as a control. Both samples were then annealed in air for 2 hours at
800°C. A Scanning Electron Microscope (SEM) photograph shows the region
surrounding an indentation for the ethanol immersed sample in Fig.8. There is no
preferential formation of the second phase at the radical crack sites. This result is
persuasive evidence that the formation of the carbon-contamination second phas‘é 1S
unrelated to contamination by the organic polishing cleaning media. Therefore, the

carbon in the second phase most likely comes from air.
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Fig. 7 Comparison of voltage versus current density curves for YBaQCu3OG+x
specimens: (1) air annealed for 2 hr at 800°C and (2) oxygen anncaled for 10 hr at
800°C. Both samples were subsequently annealed in flowing oxygen at 500°C for 20 hr

(77K, zero magnetic field).
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Fig. 8 SEM photograph showing an indentation site in a Y131-1..)(‘311.;()().+\, specimen

immersed 12 hr in ethanol and annealed 2 hr at 800°C in air.
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Since initial annealihg of the YBaQCu3O6\+X specimens was performed in air, a
possible source of the carbon was atmospheric carbon dioxide. To test the effect of
different annealing atmospheres, one polished specimen of YB‘aQCu306+X was annealed
in 99.9% pure oxygen for 2 hours at 800°C, and the other was given the same heat
treatment, but was annealed in pure COQ. SEM examination of surfaces showed that,
for the sample annealed in oxygen, no grain-boundary second phase was observed. For
the COQ-annealed sample, the entire specimen surface was covered with second phase, as
shown in Fig.9. Qualitative analysis showed that the second phase consisted of barium,
oxygen, and carbon only. To check the reversibility of the second-phase formation, the
COQ-annealed sample was reannealed in pure oxygen for 2 hours at 800°C. There was
no change in the volume fraction of the second phase. These results confirmed the

hypothesis that the second phase formed as a result of contamination from atmospheric

CO,.
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I'ig. 9 SIEM photograph showing a YBa,.—)C11306+Xsa.11‘11')10 surface covered with Ba-C-0O

sccond phase. Sample annecaled 2 hr at R00°C in CO,.




3.2 Influence of Thermal Processing on
Texture Formation

3.2.1 One-step Thermal Treatment

The microstructure, specifically the phases present, is very sensitive to small variations
in processing conditions. This sensitivity to small changes in temperature, hold time or
cooling rate, may dominate the properties of YBaQCu306+X.

1). Effect of Sintering Temperature

No significant grai_n alignment was obtained for sintering temperatures below 970°C or
above 1070°C. Note that in the above series of experiments, the cooling rate was kept
constant at O.5OC/min, and the hold time was 2 hours.

The optimum sintering temperature was found to be 1050°C, because the samples
sintered at this temperature showed a high degree of alignment, and relatively little
second phase. For this reason, subsequent experiments were performed using a sintering
temperature of 1050°C.

2). Effect of Sintering Hold Time

The sintering hold time ( Ty ) was varied from 0.5 hour to 20 hours at the sintering
temperature 1050°C, with a cooling rate of 0.5°C/min down to 800°C. The results
showed that for hold times longer than 8 hours, the degree of alignment was less. The
microstructures of the sintered samples showed that short sintering time results in less

second phase. The size of the aligned regions decreased as holding time was increased.
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3). Effect of Cooling Rate

A series of specimens was prepared in which the cooling rate was varied from
0.1°C/min to 4°C/min at the sintering temperature 1050°C, with a hold of 2 hours.
The results showed that for a cooliné rate of 4°C/min, less alignment was obtained. For
cooling rates of 0.1°C/min and 0.5°C/min, the same high degree of alignment was
obtained. Therefore, the cooling rate of 0.5°C/min was chosen for convenience.

From the results of the above experiments, the optimum (one-step) heat treatment in
terms of inducing grain alignment was found to be 0.5 hour at 1050°C at a cooling rate
of 0.5°C/min. The microstructure of a specimen subjected to such a heat treatment is
shown in Figure 10. The microstructure of the specimen consisted of aligned regions
( called domains ) approximately 200 microns in size. Within each individual domain,
the grains were highly elongated and showed very good alignment. The orientation
difference between adjoining domains was random. EDS results showed that there were
three kinds of second phase found in the samples. 1) Cu or CuO-rich, 2) Ba-rich second
phase, and 3) a Y-rich second phase ( YoBaCuOg ). Also there were some pores and
cracks between the aligned regions. The second phases which formed from decomposition
of YBaQ.Cu3OG+X at high temperature are unstable at room temperature. Further, they
have strong chemical activity with water which completely destroyed the electronic
properties and microstructure of the specimen. T-hey became green and brown in color
rather than black. The heating rate did not influence the texture.

For development of a textured microstructure, a sufficient amount of liquid phase is
necessary during sintering. YBaQCu3_OG 4x powder decomposes to 211 phase and liquid
phase above the peritectic temperature. An appropriate amount of liquid phase and a

certain 211 grain size affect the texture by %‘romoting highly anisotropic grain growth.

4)
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g, 10 SIEM  micrographs showing (A) conventional sintered \f[ﬁlz(glkg()ﬁ_kx
. . . O . : : 5 - ,
microstructure, sintered 20 hours at 9207°C; (B) aligned regions in \,lhlq(flL;()ﬁ_F‘
. O . - . . .
sample sintered 0.5 hours at 10507C, i O.,; second phases mdicated by arrows a: 211

phase, b: Cu-rich phase, and ¢: Ba-rich phase.
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3.2.2  Quench experiments

When YBaQCu3O6+X is heated up above the peritectic temperature (10020C) In an
oxygen atmosphere, it decomposes into YoBaCuOg (the “‘green” phase or “211”) and a

liquid phase [56, 57]. During cooling, the reverse reaction occurs at approximately

1002°C:
Y2BaCuO5 + Liquid phase ------> YBaQCu3OG_+X ---= (1)

For reference, the corresponding section of the BaO.YQOB.CuO phase diagram is shown
in Fig. 11 [58].

To determine the mechanism by which highly aligned structures develop in 123, a
series of specirriens was quenched at different temperatures during the heating and
cooling stage from 950°C to 1050°C. It was hoped that the results of these quenching
experiments would identify the point at which the texture begins to develop.

For specimens quenched during the heating stage, SEM observations showed that the
volume fraction of second phases increased as the quench temperature increased from
050°C to 1050°C. However, no evidence of grain alignment was observed (Fig 12). As
the quenching terﬁperature ( i.e. sintering temperature) was increased, the amount of

second phases of 211 and liquid were obviously increased as the reaction proceeded:
123 -----=-> 211 + liquid phase ----(2)

Unfortunately examination of the microstructure of the quenched specimens was made

=

difficult by the fact that they reacted severely with the polishing lubricants, such as
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water, kerosene and pure ethyl alcohol.

During the cooling stage, the volume fraction of the second phases decreased as the
quench temperature decreased from 1050°C to 1010°C. Again there was no alignment in
the specimens. However, aligned regions appeared in the specimens which were quenched
from below 1000°C dufing the cooling stage, see in Fig.13.

Quench tests revealed that the YBaQCUBOG—{-x decomposed irfto YoBaCuOg (2117)
and a liquid phase as the heating temperature increased above 1000°C. The cooling rate
was found to be important to the texture formation. It is postulated that the effect of
slow cooling is to minimize gradients in oxygen content, so that transformation strains
tend to develop uniformly throughout a grain. During slow cooling, the peritectic
reaction reversed occurred following the equation (1), forming the 123 phase, and
causing grain growth. Also, slow cooling allows sufficient time for oxygen diffusion.
Careful control of the processing can lead to the formation of optimized samples. For
improving the texture, the sintering temperatures, hold time, and the cooling rate, are
very critical parameters. The critical sintering temperature was around 1000°C, with an

optimal cooling rate below 1°C/min.
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I'ig. 12 SEM micrographs of samples quenched during heating stage. Quench
temperature A: 950°C, B: 970°C, C: 990°C, D: 1010°C, I: 1030°C,

I: 1050°C. Note absence of grain alignment.
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[Fig. 13 SEM micrograph of sample quenching from 9007 C during the cooling stage

second phases depicted by arrows a: 211 phase, b: CuO.




3.2.3 Two-Step Thermal Treatment

The results from the two-step thermal treatment experiments showed a dramatic
improvement in the degree of alignment over the samples heat-treated at a single
temperature. Of the heat-treatment sequences tried ( see Table 1 ), the optimum one
was found to be heating at temperature 1050°C (T¢) and holding 0.3 hours (which is
necessary to provide a sufficient amount of liquid phase), followed by cooling rapidly
(10°C/min) down to 970°C (TQ), and holding 5 hours. Finally, samples were slowly
cooled down to 800°C (0.5°C/min). This produced a domain size of 2mm, as seen in
Fig. 14. The samples consisted mostly of the YBaQCu3O6+X superconducting phase.
There were other phases located between domains, but the volume of the second phases
was greatly reduced compared to the other sintered samples ( TST-C,TST-D, see Table
1).

The reason for the improved alignment with the two-step heat treatment is believed
to be as follows. The first stage of the heat-treatment, annealing above the peritectic

temperature (Tp) allows partial transformation of the 123 according to the reaction
123------> 211 4 liquid phase.
The hold time determines the extent to which this reaction goes to completion. On

cooling below Tp, it is thought that the unreacted 123 act as heterogeneous nuclel for

the reverse reaction
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Fig. 14  Optical micrograph of 123 sample after thermal step treatment

(1050°C/970°C, second stage hold time IHo,=5 hrs, in O,). Domain

1Is > 2 mm 1n size.




e . . , - —_ )
Fig. 15 Optical micrograph of two-step heat treatment sample (10509°C/9707C,
lH,=5 hrs, in O,) by polaroid. Twinning within the grains is clearly evident. The second

phase particles are 211.




211 + liquid phase ------ > 123 (aligned)

It is thought that the grain alignment arises from a combination of growth rate
anisotropy and surface energy anisotropy [59]. During melt processing, the grain growth
anisotropy arises from the anisotropy in the mass transport rate between the a-b and c
planes. The a and b axes are rapid growth directions and form a diffuse interface. This
has been described by Hepp et al [59] who observed 123 platelets with stepped growth
ledges parallel to the c-axis.

Jin et al [39] predicted that grain growth during melt processing was likely to result in
impurities and second phases being ‘swept’ ahead of the growth front. The thermal step
treatment results supported this, where the second phases were pushed away to the side
between the aligned regions, as shown in Fig. 16. This effect may be beneficial, since the
segregated second phases are less likely to interfere with supercurrent flow within the

domailns.

.
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Iig. 16 Optical micrograph of \’l3a1,2C113()().+X sample after thermal step

treatment  ( 1050°C/970°C, H, =5 hrs, in O,) showing impurities between domains.




3.3  Texture by Seeding

Preliminary experiments showed that the optimum condition involved adding <
3wt% seeds ( 200 micron ), and then sintering at 1010°C. Using this method, the
domain size was larger than that obtained by one-step melt processing at 1050°C. The
domains in the seeded samples were about 1mm in size, as shown in Fig. 17. In a given
domain, the grain alignmgflt is very pronounced. The sample as a whole contains few
pores and has a higher density compared to the density of a conventional sintered
sample. Microcracks, due to thermal expansion anisotropy, occur along grain boundaries.
Most of the second phase particles within the domains are 211. Increasing the content
of seeds above 5wt % did not improve the size of the aligned regions.

Compared to conventionally processed 123 samples, the critical current density of the
seeded sample was increased by an order of magnitude ( Fig.18 ). This improvement is
believed due to the alignment and orientation of grains in the superconducting
YBaQCH3OG+Xv which help eliminate the weak link between grains at high angle grain

boundaries.
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Yig. 17 Optical micrograph of sceded 123 specimen showing a, regions (lmm) of

highly aligned grains, b, within aligned domain, seccond phase particles of 211
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4 SUMMARY AND CONCLUSIONS

1. A carbon-containing second phase BaCO4 ] 1s formed at grain boundaries during

heat treatment at temperatufés above 450°C in air. This results from a reaction

between YBaQCu3OG+X and ca,x>‘bon dioxide in the atmosphere, which appears to be

irreversible.

\\‘

2. 1). Melt processing (i.e. annealing at temperatures greater than\t{ie peritectic
temperature) produces regions of aligned grains of 200 microns in size. The optimum
heat treatment was found to be heating at 1050°C, holding 0.5 hours, and cooling at a
rate of 0.5 OC/m‘?in down to 800 °C in oxygen atmosphere. The cooling rate near the
peritectic temperature strongly affects the degree of texture. A slow cooling rate, such as
0.5 °C/min, favors a textured microstructure. The heating rate, however, did not
influence the texture. The enhanced alignment (relative to conventionally sintered
samples) is believed to be due to growth and surface energy anisotropy of
YB&QCUBOG—{—X in the presence of the liquid phase.

ii). A two-step heat treatment greatly improved the degree of texture, increasing
the domain size to 2mm. It is thought that the heat-treatment at the two annealing
temperatures '(‘one above Tp, and the other below Tp), correspond to nucleation and
growth of the aligned domains.

iii). Textured domains approximately 1mm in size were obtained by incorporating
3wt % ‘“seeds” into the powders. The aforementioned .‘‘seeds’’ consisted of individual
domains obtained by crushing and sieving melt-textured specimens obtained by
method i).
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