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Abstract Three compositions in the system of YO, ;-BaO-CuO were grown using a cold crucible
(skull) melting technique with a 50 kW R. F. induction generator operating at 4 MHz as the power
source. The starting materials were prepared by conventional ceramic powder processing methods,
loaded into the skull, and melted at about 1200°C. For this study, compositions near the YBa;Cu,Ox
region were selected. The growth rates used ranged from 4 em/hr to 0.25 ecm/hr. The relation be-
tween the microstructure and the starting composition of each ingot was determined using
metallograph, X-ray diffraction, and energy dispersive X-ray analysis. Both YBa,CuOx and Y,
BaCuO; needle-shaped crystals, aligned with the growth direction, were formed in the CuO-BaCu0,
eutectic matrix of the YBa,Cuw,Ox and YBa:;Cu;,Ox ingot.
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1. Introduction

Since the discovery of a superconducting
phase with a critical temperature (T¢) higher
than 30 K in the La-Ba-Cu-O system by
Bednorz and Muller [1], many scientists have
investigated ceramic superconductors with sim-
ilar compositions. In 1987, a superconducting
phase having a T¢ above 90 K, YBa,CusOx
(hereafter referred to as YBCO), was reported
by Wu et al. [2].

In order to utilize the YBCO phase, this ma-
terial must be able to carry large currents at
temperatures above 77 K (under high magnet-
ic fields). Bulk YBCO superconductors, howev-
er, have displayed critical current density (J¢)
values of 100 ~ 1000 A /cm’, whereas J¢ values
of the Nb-Ti, NbsSn and single-crystal YBCO
superconductors are above 10° A/cm® Accord-
ing to Ekin [3], this phenomenon is due to the
weak links between high-J¢ grains;two possi-
ble causes of weak links have been suggested.
The first possibility is the presence of non- high
-T¢ phases or impurities localized in the grain
boundary regions [4]. In bulk materials, the
relative density is usually 70 % and the grain
to grain connection is relatively poor. The sec-
ond possibility is two dimensional anisotropy of
the YBCO superconducting phase [5,6 . When
the grains are aligned with the high-J; axes(a-
b plane) in the direction of current, the critical
currentt 1s often higher than that of bulk sin-
tered sample, in which orientation of the crys-
tal axes tends to be random.

Many scientists are trying to improve the

properties of YBCO thin films using several dif-

ferent methods, including a melt growth tech-
nique. The main purpose of the melt growth
method is to achieve the aligned microstructure
of superconducting phases for increasing the
critical current density [7, 8]. Generally the di-
rectional solidification is better way than any
other methods to control the microstructures of
the bulk materials. For example, S. Jin et al
[8] made the well-oriented YBCO specimen
which was consisted of the long, plate-shape
grains without pores. The value of J: at zero-
field was improved to 10* A/cm® They con-
cluded that improvement of J¢ value was due
to (i) the preferred orientation of the supercon-
ducting phase, (1) the reduction of porosity
with the enhanced connectivity, and (i) the
cleaner and fewer grain boundaries. Therefore
1t 1s important to know second phases which
can be precipitated between the YBCO phase
in the specimen produced by the melt growth
technique,

The one of problems in the directional
growth technique 1s coming from the reaction
of the molten YBCO material with the crucible
during the long hours of operations, because
the YBCO materials are very reactive with
almost of the refractory or substrate materials
near 900°C, where it is frequently processed [9
-13]. The reaction or interdiffusion between
the substrate and the superconducting material
leads to the formation of undesirable second
phases and degrades the superconductivity,
usually resulting in a broadening of the super-
conducting transition. To eliminate the reaction
with crucible, it is desirable to use a cold cruci-
ble (skull) melting technique. The skull melting

method, using direct dissipation of electrical en-
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ergy to heat materials, has several benefits
with respect to conventional ceramic process-
ing methods. The first is the elimination of the
reaction with the crucible because no contact is
required between the heat source and the mate-
rials. Second, heating can be restricted to a lo-
calized area. Third, high temperatures can be
obtained rapidly.

Three compositions for the directional
growth were chosen near the composition of
the YBCO phase in order to study the change
of the liquid composition and the phases precipi-
tated during the non-equilibrium solidification
in the Y-Ba-Cu-0O system : i) YBCO composi-
tion, 1) CuO rich composition and i) BaO-CuO
rich composition, compared with the YBCO

composition.

2. Experimental procedure

Yttrium oxide (99.99 % purity) was used as
a yttrium source, while barium carbonate and
cupric oxide powders (reagent grade) were
used as sources of barium and copper,
respectively. The starting powders were ball-
milled in a high density polyethylene jar for

Table 1

three hours, using distilled water as a milling
medium. After ball milling, the powder was
dried, ground, and then screened through a U.
S. standard No. 20 sieve to calcine the powder.
The dried powder was loaded loosely in an
alumina sagger and calcined in air, holding for
12 hours at Ty and for 3 hours at 400°C dur-
ing the cooling (Table 1). The calcined powder
was ground and screened In the same manner
as the dried powder.

The R. F. generator (50 kW) used for skull
melting was operated at 4 MHz. The skull was
made of copper for high thermal conductivity
and was 5 ¢cm in diameter. The outer copper
tubes that comprised the skull were 9 mm in di-
ameter and 30.3 cm long, the inner tube was 6
mm in diameter and 28 c¢cm long. A two-turn
water-cooled working coil was used in all the
experiments. The growth rate was determined
by lowering the skull through the coupling
zone.

The calcined powders were loaded on the
skull as shown in Fig. 1. The powder in the bot-
tom area of the skull was compacted by a wi-
brator to better seal the spaces between the
copper tubes and contain the melt; in order to
avoid the reduction of the oxide powder, the

Experimental conditions of the directional growth by the skull melting

Composition Compositon Calcine temperature Growth rate
name (m/0) (Toaw C) (cm/hr)
YBa,Cu;Ox 17Y'+33B*+-50C° 850 2.0
YBa,CusOx 10Y +20B+70C 890 4.0
YBa:Cu,;,0x 6Y +30B+64C 850 0.25

'Y =5Y50;, ‘B = BaCO,, *C = CuO
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Fig. 1. Powder loading geometry for the skull

melting.

copper wire ring (3.17 g ), instead of graphite
disc, was placed on the top of the compacted
powder as a starter. The powder in the upper
section was filled loosely, without any vibration
or compaction, leaving a hole in the center to
release gas pressure as the powder melted.
Two stainless steel heat shields were used to
protect the rubber seal. A quartz tube, three
inches in diameter, was placed just outside the
skull to maintain the oxygen over - pressure at-
mosphere.

After the initial powder charge had melted
at about 1200°C, the calcined powder was
added to the skull continuously in small a-
mounts. When the total amount of powder con-

sumed reached about 2 kg, powder addition

was halted and the rubber stopper was inserted
in the quartz tube. The temperature of the melt
was kept below 1000°C approximately. Oxygen
gas flowed over the melt at a rate of 400 cc/
min and the skull was lowered through the coil
at a fixed rate. Micro-optical pyrometer was
used to measure the temperature of the melt
inside the skull during solidifications. The other
processing parameters are summarized with
the compositions in Table 1; the locations of
the starting composition are shown on the
phase diagram (Fig. 2)[14].

The ingots produced were about 10 cm long.
The top half was cut into transverse sections
and longitudinal sections. For metallographic
analysis, each section was mounted and pol-
1shed using 1 and 3 #m alumina powder. Kero-
sene was used as a grinding and polishing me-
dium, with acetone serving to clean the sam-
ples. Sometimes it was necessary to anneal the
sectioned samples in an oxygen atmosphere be-

cause of incomplete oxidation during the
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Fig. 2. Phase diagram indicating the starting
composition for the skull melting; (a) YBa;Cus
Oy, (b) YBa,Cu:Ox and (¢) YBasCu, Oy, from
Aselage [14]). (The double arrows depict a

peritectic reaction.)
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sohdification due to low oxygen diffusion rate
into the melt. The annealing temperature was
dependent on the sample composition. The sam-
ples were heated at a rate of 560°C /hour, held
for 12 hours, and cooled at the furnace cooling
rate. The annealed samples were mounted and
ground in the same manner as the unannealed
samples.

The microstructures of the sectioned samples
were examined using a metallographic micro-
scope and an SEM, with an EDX for chemical
analysis. Phase analysis was accomplished by
X- ray diffractometer (XRD).

3. Results and discussion

3.1. YBa,Cu;Ox composition

The microstructure of the annealed sample is
shown in Fig. 3. As i1s evident in the micro-
graphs, there were no pores nor needle-shaped
crystals, as were observed in other samples.
The dark and light grey areas corresponded to
the Y,BaCuOs; (211) and YBCO phases,
respectively. The dark grey phase (211) was
usually surrounded by the envelope of the light
grey phase (YBCO), showing the typical mi-
crostructure formed by the peritectic transfor-
mation [15]. According to the morphology of
the YBCO grains in this specimen (Fig. 3 (b)),
the peritectic reaction was occurred by the sol-
ute diffusion through the solid[16]. The white
phase was determined to be copper oxide by
EDX analysis. The black areas in the matrix
appear to be bartum cuprate, not pores. The

phases which were confirmed by XRID, were

YBCO, BaCuO, (011), 211, copper oxide, and
yttrium oxide.

Under the equilibrium state during the
sohdification, the Y,O; (100) primary phase
would precipitate in the liquid. When the liquid
composition reached the boundary of the 211
and 100 phase, the 211 phase would begin to
crystallize and the 100 phase would disappear
by the peritetic reaction with the hqud. The
211 primary phase would be formed in the lig-

(b)

Fig. 3. Microstructures of the annealed YBa,

CuOx ingot; (a) longitudinal section (50X%)
and (b) transverse section (500X). (71 :

growth direction).
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uid when the composition of the liquid was be-
tween those of the YBCO and m1 (see Fig. 2).
The 211 primary phase would precipitate until
the hquid composition reached the boundary of
the 211 and YBCO phases, and then all the 211
phase would be transformed to YBCO by the
peritectic reaction. The crystallization path
would stop at point m1. However, as shown in
the Fig. 3, the solidified ingot did not reach this
equihbrium state. The 100 and 211 phases were
not transformed completely, and the liquid com-
position changed, moving toward the CuO and
BaO-rich region. Therefore the microstructure
included both CuO and BaCuO,-CuQ eutectic
phases between the YBCO grains.

3.2. YBa:Cu 0y composttion

The typical microstructures of the longitudi-
nal and transverse sections of the ingot are
shown 1n Fig. 4. As shown in the Fig. 4 (a), the
needle-shaped grains crystallized with a good
ahgnment along the growth direction. In the
unannealed samples it was difficult to see the
microstructure clearly (due to hydration) ex-
cept for the needle-shaped phase. When an
nealed at 695°C, a very fine eutectic structure
could be seen (Fig. 5). This eutectic structure
was proved to be CuO-BaCuQ, The white
neeled-shaped grains (W) were CuO and the
grey needle-shaped grains (G) were da
termined to be 211 and YBCO. Micrographs of
the YBCO phase and the eutectic structure in
the unannealed YBa ,Cu;Ox sample were taken
using SEM (Fig. 6). The discontinuous phase
and the matrix in Fig. 6 (b) were CuO and
BaCuO,, respectively. CuQ appeared as a

major phase with 011, 211, YBCO and un-
known phases in the X-ray diffraction pattern.
According to the phase diagram, the 211 pri-
mary phase will begin to form in the hquid and
the YBCO phase will precipitate along the
boundary curve between the YBCO and the
211, as the 211 phase 1s expended. At point p1,
all the 211 phase will disappear and the CuQ
(001) phase will crystallize. The crystallization
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Fig. 4. Microstructures of the unannealed YBa;
Cu;0x ingot at low magnification (50 % ) ; (a)
longitudinal section (T : growth direction)

and (b) transverse section.
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Fig. 5. Microstructure of the annealed YBa,Cu,
Oy sample (200x); (G) YBaCuOx and Y.
BaCuOs, (W) CuO.

path will stop at pl. If equlibrium is not a-
chieved, there would be excessive BaO and
CuO oxides in the liquid, due to the incomplete
reaction of the 211 phase. As a result, the end
point would shift toward el, producing the
BaCuQ; and CuQ eutectic structure observed

in the matrix, as shown in Fig. 6 (b).
3.3. YBa;sCu ;;0x composition

An ingot 4 ¢m in length was produced, and
was composed of two distinctive areas. In the
bottom area (two third of the total ingot
length), long and thin 211 crystals grew in the

matrix. The equiaxed 011 dendrites were

scattered in the matrix, in which the BaCuO,-
CuO eutectic structure was developed (see Fig.
7 (b)). According to EDX data from this area,
most of needle-shaped crystals were 211. How-
ever, the needle-shaped crystals of the YBCO

phase, without the 211 phase, were formed n

the top area of the ingot and matrix appeared
to be a single phase (011), without the CuO or
eutectic structure (bottom half of Fig. 7(a)).

(b)

Fig. 6. SEM images of the unannealed YBa,
Cu;0Ox sample ; (a) the needle-shaped YBa,Cu;

Oy grain and (b) CuO (discontinuous phase) -

BaCu0, eutectic structure.
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(b) *

Fig. 7. Microstructures of the unannealed lon-

gitudinal section of the YBasCu,Ox ingot
(50X) ; (a) the top area of the ingot and (b)
the bottom area of the ingot (T : growth di

rection).

The XRD data confirmed these EDX results.
The peak intensities of the YBCO and 011

phases increased in the top area, with no peak

of the 211 phase.

If the liquid is cooled under euqilibrium condi-
tions, the YBCO primary phase should form
without the 211 phase, and the 011 phase
should form with the YBCO phase on the
boundary curve. Then the 001 phase, with the
YBCO and 011 phase, will precipitate at el.
The resultant ingot, however, showed a quite
different microstructure. The unexpected 211
phase in the ingot indicates that either the pri-
mary phase region is incorrect or that liquid
temperature fluctuations caused the 211 phase
to precipitate. (The fine control of the tempera-
ture was very difficult in these experiments).
The precipitated YBCO phase may resolve to
the 211 phase when the liquid temperature in-
creases. The 211 phase precipitation would pro-
duce a BaO-CuO rich hqud. If the liquid tem-
perature decreased, the YBCO and 011 phases
would precipitate along the YBCO-011 phase
boundary as an eutectic-like structure (bottom
half of Fig. 7(a)) and consequently the CuQO-
BaCuO, eutectic structure would be formed
(at el) due to low growth rate, as shown in
top half area of Fig. 7 (a). This YBCO grain
was faceted and directly formed from the lig-
uid, not by the peritectic reaction. Therefore it
1s expected that the faceted YBCO grain in this
ingot was formed by the solute diffusion
through the liquid [15,16]. The band micro-
structure shown in Fig. 7 (a) might be caused
by a poor liquid temperature control or an un-

steady vertical movement mechanism.

4. Conclusions
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1. No faceted grains, which grew along the
solidification direction, including the YBCO
phase were observed for the YBa,Cu,Ox compo-
sition. Typical microstructures consisted of Y
BaCuOs grains in the envelopes of the YBCO
phase which was formed by the peritectic
transformation.

2. The directional alignment of the needle
phases was most prominent for the YBa CuOx
composition. The Y,BaCuO; and YBa.Cu;Ox
phases often grew as long, needle-shaped crys-
tals in the matrix of CuO-BaCuO, eutectic
structure.

3. Two distinctive areas formed in the YBas
Cu,;,Ox ingot. The bottom of this ingot con-
tained of needel-shaped Y.,BaCuOs grains and
BaCuO, dendrites. The top portion formed nee-
dle-shaped YBa,Cu,Ox grains in the matrix of
the BaCuO, single phase, with no Y.BaCuOs

grains observed.
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