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Abstract

Growth kinetics and microstructural development of single crystal YBa2Cu3O7−x (Y123) superconductors, prepared by a melt texturing
method under isothermal undercooling conditions, were investigated. At small undercooling,�T= 6 K, the initial growth of Y123 crystal was
terminated at a size of∼8 mm× 8 mm in the semisolid phase before the entire sample was fully solidified through the peritectic reaction. With
incremental increase of�T, the growth of the crystal continued so that the whole sample (22 mm diameter and 8 mm thickness) solidified as a
single crystal. Termination of the crystal growth at a given undercooling temperature was attributed to the coarsening process of Y211 particles
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n the melt associated with their surface energy contributions. Isothermal growth of large size Y123 single crystal requires a continu
f Y solute to the solidification interface which can be achieved by continuing dissolution of coarsening Y211 particles throug
ndercooling of the melt.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Melt textured YBa2Cu3O7−x (Y123) single crystals are
tilized to achieve high critical current densities,Jc, for prac-

ical engineering applications of high temperature supercon-
uctors; such as superconducting bearings, flywheel systems

or energy storage and fault current limiters.1–3 Strong mag-
etic flux pinning capacity and high levitation forces are
chieved by increasing theJc and the loop size of the cir-
ulating current in Y123 single crystals. Hence, introducing
f effective flux pinning sites for the enhancement ofJc, par-

icularly in high magnetic fields, as well as enlargement of the
rystal size are necessary for more demanding applications
f high critical temperature,Tc, superconductors.

Several studies have been conducted to explain mecha-
isms and kinetic limitations for the growth of melt textured
123 crystals from a semisolid melt consisting of Y211 solid
hase dispersed in a liquid phase with a composition close to

E-mail address:doganf@umr.edu.

3BaCuO2 and 2CuO.4–7It is widely accepted that the perite
tic reaction of 123 formation occurs by dissolution of Y2
particles in the melt, which, in turn, increases the Y-so
concentration in the liquid. The rate-limiting factor for
growth rate of Y123 is taken as the dissolution rate of Y
phase which is controlled by the undercooling tempera
and the size of Y211 inclusions. Melt textured Y123 sin
crystals were grown by continual cooling as well as cons
undercooling methods to investigate the relationship betw
undercooling and growth rate.4,8The size and microstructur
development of the crystals are controlled by the proces
rameters such as composition, temperature gradient, u
cooling temperature, time, concentration of additives su
excess 211, Pt, etc. The size and concentration of the
particles in the Y123 play an important role in enhancin
mechanical properties and flux pinning capacity of the c
tals along with other imperfections such as twin bounda
defects and nonsuperconducting inclusions.9

The engulfment and/or pushing of Y211 particles
the Y123-melt interface during the solidification proces
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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explained qualitatively by the conventional particle push-
ing/trapping theory which was developed originally for the
systems consisting of a melt composition with nonreactive
particles in the liquid. Y211 particles in the liquid undergo
a continuous change of the particle size through coarsening
and dissolution processes which can significantly influence
the growth rate, microstructural development and size of bulk
crystals.10–13 It is known that larger undercooling tempera-
tures give rise to faster growth rates, which, in turn, leads to
relatively larger crystal sizes, but may also result in polycrys-
talline samples due to increasing possibility of heterogeneous
Y123 nucleation within the melt.

This study addresses solidification of Y123 crystals by
seeded melt texturing method to understand the termina-
tion of crystal growth under isothermal undercooling con-
ditions. Experimental parameters during solidification pro-
cess, such as undercooling temperature and holding time,
are discussed in the context of surface energy contributions
of Y211 particles and continual growth of larger size single
crystals.

2. Experimental procedure

Y123 powder containing 10 mol% excess Y211 phase and
0.2 wt.% Pt (Praxair Specialty Ceramics, Woodinville, WA)
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Fig. 1. Temperature and time profile during solidification process of Y123.

with electron dispersive spectrometer (EDS) for composi-
tional analysis. The liquid loss was determined by the weight
difference of the sample before and after the solidification
process.

3. Results and discussion

The top view of a melt textured Y123 single crystal
(22 mm diameter, 8 mm thickness) with a Sm123 seed in the
center is depicted inFig. 2. Solidification of the sample was
initiated at the seed crystal epitaxially without any multiple
nucleation problems. Two distinct square facets on the sur-
face indicate the locations of the solid–melt interface at which
the crystal growth was terminated after prolonged holding
times at undercooling temperatures�T1 and�T2. The entire
sample solidified as a single crystal at�T3 and after hold-
ing time t3. Growth sector boundaries along thea–b plane
(1 0 0) are noticeable inside the first square as diagonal lines
starting at the seed.Fig. 3shows a schematic diagram of the
sample and the locations, from which the SEM images were
taken.

Melt processing of Pt-doped Y123 samples results in the
formation of platelet-like Ba4CuPt2O9 particles which form
aggregates in the liquid phase through particle clustering. The
size of the clusters increases with time resulting in rougher

F ess)
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as used as starting material. A powder compact (∼30 mm
n diameter and∼10 mm thickness) was prepared by unia
ressing at a pressure of 200 MPa. A Sm123 single cry
btained by cleaving of a melt textured sample along thea–b
lane, was used as a seed and placed on the top cente
owder compact withc-axis perpendicular to the surface

he sample.
For the melt textured growth process of Y123 single c

al, the pressed pellet was set on a barium zirconate sett
laced in a cold furnace under ambient air atmosphere
ample was heated at a rate of 2◦C/min to 1050◦C above the
eritectic decomposition temperature of∼1010◦C and held

or 1 h. Following the cooling at a rate of 1◦C/min, solidifi-
ation of the sample took place by isothermal undercoo
ethod at constant temperatures between 1004 and 9◦C
ith �T1 = 6 K, �T2 = 12 K and�T3 = 20 K. The holding

imest1, t2 andt3, corresponding to each undercooling te
erature, were 7, 5 and 6 days, respectively (Fig. 1). During
rystal growth, the sample was visually monitored in the
ace so that the growth rate of the crystals could be adj
y decreasing the undercooling temperature incremen
t �T1, the growth of the crystal ceased after a holding t
f 4 days and no noticeable growth was observed at prolo
olding times up to 3 days. However, further decrease o
ndercooling temperature lead to continuation of the cr
rowth process until the sample became completely a s
rystal.

Distribution and size of Y211 particles as well as ot
urface futures on the crystal were observed by scanning
ron microscopy (SEM JOEL-T330A) techniques equip
ig. 2. Melt textured Y123 single crystal (22 mm diameter, 8 mm thickn
howing interfaces caused by termination/continuation of solidificati
ifferent undercooling temperatures.
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Fig. 3. Schematic diagram of the crystal indicating locations for microstruc-
tural characterization.

surface of the crystal after the initial growth process (Fig. 2).
The aggregation process indicates a poor wetting behavior of
Ba4CuPt2O9 platelets by the liquid phase as shown inFig. 4.

Fig. 5a reveals the microstructure of the sample at the
location “a” and the growth sector boundary (GSB) as a di-
agonal line. While the growth sector on the left side of the
GSB is free of Y211 particles, the sector on the right side of
the GSB reveals entrapped Y211 particles. The faceted in-
terface indicates termination of the crystal growth at under-
cooling temperature�T1. Solute composition measurements
of quenched samples, conducted by Hanjo et al., show that
there is a significant difference in the composition of the liq-
uid ahead of each growing face.14 The copper oxide content
in the liquid was found to be lower at the (0 0 1) interface
compared with (1 0 0) or (0 1 0) interfaces. It was suggested
that this difference in the solute composition acts as the driv-
ing force for Y211 particle segregation. This was explained
by the large diffusion length of solute and the low growth
rate may allow significant mass transport in the liquid lead-
ing to different concentration of Y211 particles along the axis
of Y123. Analogously, the differences in Y211 volume frac-
tions along thea- andb-axes inFig. 5a may be attributed
to the similar phenomena during the initial stage of crystal
growth at�T1. Furthermore, the particle pushing phenomena
appears also to contribute to the higher Y211 particle concen-

s.

Fig. 5. Microstructural development on the surface of the crystal showing
the interface and Y211 particles at different locations (a–i) as depicted in
Fig. 3. Size bar: 40�m.

tration at the interface along thea-axes (Fig. 5b) than that at
the interface along theb-axes (Fig. 5f). Coarsening of Y211
particles in the melt at the later stages of crystal growth (t2
andt3) results in slower dissolution of larger Y211 particles
so that the population density of Y211 remain similar along
both axis of the crystal.

Non-steady-state solidification of Y123 under isother-
mal undercooling conditions was also observed by Kam-
bara et al.15 A sudden decrease in crystal growth rate was
found for Y123 samples processed at different temperatures.
Termination of the crystal growth was explained by push-
ing/entrapping behavior of Y211 particles accumulating in
the liquid ahead of the growth interface. It was further con-
cluded that in the process of accumulation, the particles de-
crease the connectivity of the liquid and thereby inhibit the
liquid diffusion, which eventually causes the termination of
Fig. 4. Clustered of Ba4CuPt2O9 platelets forming large size aggregate
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solidification.15,16 However,Figs. 1 and 5b and f indicate
that termination of the crystal growth is not affected by the
population density of Y211 at the solidification front. Al-
though relatively low concentration of Y211 particles are
present at the interface “f” (Fig. 5f) in comparison to the
interface “b” (Fig. 5b), the size of the growing crystal in
both crystallographic directions remain the same. Similarly,
no particle accumulation is observed along the interfaces
“d” and “h” so that the termination of solidification cannot
be attributed to inhibition of the liquid diffusion by Y211
particles.

Particle size influences both the thermodynamics and ki-
netics of dissolution and precipitation reactions.17 These ef-
fects are due to the contribution of the surface energy to the
free energy of the solid phase. Owing to their large surface
to volume ratios, and hence their large surface (interfacial)
free energies, small particles (<1�m) are inherently less sta-
ble than large particles.4,9 Y211 particles with greater total
surface free energy coarsen with time by Ostwald ripening
mechanism according to the equation:

r3 − r3
0 = at

wherer0 < 0.05�m, a= 8.1× 10−21 m3/s, andt is time.4,14

This relationship indicates a rapid initial growth of particles
in the melt within a relatively short period of time (coars-
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by reinitiating the solidification process but with a relatively
slow rate controlled by slow dissolution rate of coarser Y211
particles.

4. Summary

The undercooling temperature and surface energy contri-
butions of Y211 particles in the melt play a key role inthe
isothermal solidification of Y123 single crystals by melt tex-
turing process. Termination of solidification occurs due to
coarsening of Y123 particles which limits the Y-solute sup-
ply into the liquid by dissolution process. Solidification of
Y123 crystal continues by lowering the undercooling tem-
perature (increasing�T) of the melt which, in turn, leads to
increased dissolution rate of coarse Y211 particles.
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