Semisolid solidification of high temperature superconducting oxides

Michael J. Cima, Merton C. Flemings, Anacleto M. Figueredo, Masahiko Nakade,®

Hideo Ishii,” Harold D. Brody,® and John S. Haggerty
Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge,

Massachusetts 02139
(Received 10 December 1991; accepted for publication 25 March 1992)

Experiments are reported on two techniques for melt-texture processing Ba,YCu;O45 by
directional solidification from a semisolid melt containing particles of BaY,CuOs and a
copper-rich liquid. One of these employs an electric resistance furnace with ambient or oxygen
enriched atmosphere; the other is a laser-heated furnace operating at 1.3 atm oxygen.
Solidification interface morphologies and other structural features were examined in quenched
specimens. Depending on growth rate and temperature gradient, three different types of growth
morphologies of the growing 123 phase were observed: “faceted plane front,” “cellular
dendritic” or “equiaxed blocky.” The interface temperature decreased markedly with increasing
growth rate for the faceted plane front specimens. In the remaining specimens, solidification
took place over a range of temperatures. The temperature of the “root” of the solidification front
dropped, but temperature of the solidification front “tip” did not. A solidification model is
developed and employed to interpret experimental observations. The model assumes limited
diffusion of solute in the liquid during the growth of the superconducting phase. The model
shows, in agreement with experiment, that growth rate of the low temperature solid phase has
a strong effect on ability to obtain the desirable faceted plane front, and that thermal gradient
has only a small effect. Interparticle spaclng of the high temperature phase, BaY,CuOs, is also

“predicted to have a strong effect.

INTRODUCTION

Solidification processing of high temperature supercon-
ductors (HTSC) has been the subject of many recent stud-
ies. Directional solidification produces HTSC materials
with microstructures containing large grains with a pre-
ferred orientation.'™ Weak-link electrical behavior is asso-
ciated primarily with high-angle grain boundaries which
greatly reduce the critical current density of bulk HTSC
materials. Thus, single crystal microstructures or micro-
structures with oriented and continuous grains are desir-
able for applications requiring large amounts of current.
Little is known, however, about the kinetic limitations for
growth of HTSC materials from melts or semisolid mix-
tures.

Solidification processing of HTSC materials is compli-
cated by the tendency of ceramic materials to facet during
solidification and by incongruent melting of the supercon-
ducting compounds. The peritectic reaction which occurs
at the Ba,YCu;04 5 (BYCO) solidification interface can be
described approximately by the following reaction:

BaY,CuOs(s) +[3BaCuO,+2CuO] (/)
= 2Ba2YCu3O6.5 (S) . ' ( 1 )

Thus, solidification of BYCO occurs by reaction of a
liquid (that is rich in copper) with the solid compound,
BaY,CuOs. Plane front solidification of BYCO must occur
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under conditions where the liquid composition at the grow-
ing BYCO interface is greatly different from the solidified
crystal. In addition, a change in copper oxidation state
occurs on sohdlﬁcatlon The solidification interface must,
therefore, be supplied with sufficient oxygen to maintain
thermodynamic stability of the phase. The nature of ter-
nary equilibria in the Ba-Y-Cu-O freezing range is not
completely known but is the topic of several recent studies,
as will be discussed below.

The solidification of binary alloys having a peritectic
reaction has been discussed by many authors. No studies
report the implications of peritectic solidification theory on
BYCO crystal growth. Figure 1 is a schematic pseudo-
binary diagram of the type that is often used to describe
phase equilibria for the B-Y-Cu-O system in the melting
range. The peritectic reaction considered is that at approx-
imately 1283 K

a+L=y,

where approximate compositions of the three terms in Eq.
(1) are given by «, Crp and y. In dendritic solidification,
peritectic reactions such as this usually proceed by the ¥
phase “surrounding” the primary « phase. Subsequent re-
action can then only occur by diffusion through the solid.
As a result, the reaction rarely goes to completion.>® An
exception is the iron carbon system where the high diffu-
sivity of carbon in the solid results in complete transfor-
mation during (or after) solidification. Dendritic solidifi-
cation of ternary alloys involving a peritectic system has
also been studied, for example in the Fe-C-X system where
one element (carbon) diffuses rapidly and the other
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FIG. 1. A binary phase diagram containing a peritectic reaction L+a—y
used in the peritectic solidification model.

slowly,”!® and in the Ti-Al-B system where little solid dif-
fusion oceurs.©

In recent years, a number of studies have been con-
ducted on directional solidification of peritectic alloys with
controlled temperature gradient, G, and growth rate, RU
Microstructures obtained at high G/R are of particular
interest in alloys that would be two phase, a7, at equi-

librium. Several investigators have proposed that at suffi-

ciently high G/R and absence of convection, it should be
possible to solidify a hypoperitectic alloy with a plane front
directly from a liquid of the same composition. The solid
forming would consist of a composite of a{y with the
amount of the high temperature solid phase, a, becoming
vanishingly small as initial composition, approaches the
peritectic composition.”'*!> The two phases would form
directly from the liquid at approximately the peritectic
temperature. Recently, Boettinger'! adapted the Jackson—
Hunt analysis™ of eutectic growth to peritectics and con-
cluded that “coupled growth” of the a and y phases is
inherently unstable. Boettinger ef al. and Oliver and Ka-
mad'® have found banded microstructures in directionally
solidified Ti-Al alloys. Their results apparently support
Boettinger’s conclusion.

Incongruently melting phases (such as y in Fig. 1) can
be grown directly from melts which are very different from
the composition of ¥ in the presence of convection. Thus,
for example, ¥ of composition approximately ¢, can be
grown from liquid of composition ¢z, This is a simple
binary representation of the “flux growth” mechanism suc-
cessfully used to grow crystals of BYCO.!®

In the absence of convection it is found that BYCO (y
of Fig. 1) can be grown from a semisolid two phase mate-
rial consisting of & [BaY,CuOs(s)] and liquid.! It will be
shown herein that the mechanism for accomplishing this is
quite different from the “surrounding” and solid diffusion
mechanism that is commonly observed in metals.
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FIG. 2. Sketch of the EHFZ furnace.

In this study, BYCO crystals are grown from a semi-
solid melt using two methods: electrically heated zone and
laser-heated solidification. The inteiface temperature and
morphology are reported as a function of process variables.
It will be shown that the solidification mechanism is quite
different from the surrounding and solid diffusion mecha-
nism commonly observed in solidification of peritectic al-
loys.

EXPERIMENT

Figure 2 is a schematic diagram of the electrically
heated resistance furnace used to prepare samples by the
electrically heated floating zone method (EHFZ). Details
can be found elsewhere.!” Briefly, two conventional elec-
trical heating elements with length 0.051 m and diameter
0.019 m were arranged end-to-end and insulated. Located
between the upper and lower heating elements were two
smalier devices used to control the shape of the tempera-
ture profile. The upper device consisted of a coiled filament
wire loop. The lower device consisted of .a copper tubing
loop which carried a constant flow of water. Inside this
tubing loop and separated from the copper with insulation
was another filament wire loop. The adjustable current
through this filament wire permitted control of the cooling
effect of the water flow. Furnace temperature and temper-
ature profile was measured as described below by combi-
nation of thermocouple and optical pyrometry. The maxi-
mum temperature was controlled to be in the range 1315 to
1386 K and the thermal gradient in the freezing range was
between 2.5 10° K/m and 1.1x 10* K/m.

Presintered rods of BYCO were prepared from BaCO;,
Y,0;, and CuO by repeated calcination at 1223 K followed
by isopressing in a rubber tube and sintering at 1258 K.
The final diameter of the rods was 0.002 m, and they were
nominally 0.07 m long. In making a run, one of the rods
was suspended in the furnace using platinum wire and rap-
idly lowered into the hot furnace until the top of the rod
was approximately 0.025 m below the top of the furnace. It
was then pulled up through the furnace at a rate from 0.08
to 3.6 um/s and quenched in oil after solidifying typically
0.015 m of material. A total of 51 runs were made; these
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TABLE 1. Temperature gradient, interface type, and interface témpera-
ture for samples grown in the EHFZ furnace.

Interface temperature
Growth Temperature

rate gradient Interface Tip Root
Sample (um/s) (10* K/m) type °C) (°C)
iR 0.08 1 a3
2R 0.14 1.08 al 1010 1006
3R 0.22 0.98 a3 1001 1000
4R 0.28 0.27 EX]
5R 0.28 0.52 a3
6R 0.28 0.6 a3
7R 0.29 0.86 a3
8R 0.31 0.58 a3
9R 0.31 0.91 a3
10R 0.31 1 a3
11R 0.31 1.22 a3 992 986
12R 0.33 0.31 a3
13R 0.39 0.84 " a3
14R 0.42 0.9 © a3
15R 0.46 0.98 a3 976 967
16R 0.48 0.44 a3
17R 0.55 0.31 a3
18R 0.56 0.92 a3
19R 0.56 1 a3
20R 0.61 0.9 a3
21R 0.72 0.31 a3
22R 0.75 1.02 b2 972 972
23R 0.76 0.78 a3
24R 0.78 1 a3
25R 0.83 1.14 al
26R 0.91 0.25 a3
27R 1.1 091 b2
28R 1.11 1 b2 971 967
29R 1.28 1 b2
30R 1.57 0.58 b2
31R 1.58 0.9 b2
32R 1.61 1 b2
33R 1.77 0.58 b2
34R 1.82 0.9 b2
35R 1.86 0.58 ' b3
36R 1.86 0.78 b2
37R 1.86 0.9 b2
38R 2.03 0.78 b2
39R 2.08 1 b3
40R 2.17 0.75 T b3
41R 2.22 0.31 “e
42R 2.23 1 b3. 977 947
43R 2.42 0.78 b2
44R 2.63 0.26 c
45R 2.78 0.68 - b2
46R 2.83 0.92 b3
47R 2.95 1 b3
48R 3.03 0.75 b3
49R 3.22 0.78 b2
50R 3.28 0.9 b2
51R 3.61 1 b3

runs are reported in Table I, along with growth rates (sam-
ple pull rates) and the measured temperature gradient.

The laser-heated floating zone technique (LHFZ) used
in this study is shown in Fig. 3 and described elsewhere.'®
It consists of a 100-W CO, laser, two-beam heating optics,
and a controlled atmosphere crystal grower with a cold
wall chamber, operated at pressures ranging from vacuum
to 1.3 atm.
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FIG. 3. Sketch of laser heated float zone (LHFZ) furnace.

Commercial 300 um diameter sintered fibers (CPS Su-
perconductor Co., Milford, MA)) were used as feed mate-
rials for the LHFZ process. The fibers were composed of
BYCO plus 22.8 wt. % BaY,CuOs and their fabrication is
described by the manufacturer.!® As-received fibers were
cut into pieces several centimeters long and gripped by
chucks with two axes of rotation and two axes of triangu-
lation to allow -precise vertical alignment. Two opposing
beams were focused onto the fiber to produce a spot size of
900 or 1500 um. Typical molten zone lengths of 1 or 2 fiber
diameters were established in this way. The fibers were
pulled through the hot zone using three different methods.
In method 1, the fiber was gripped only from above and
passed through the hot zone in a downward direction by a
motor drive attached to the chuck. In method 2, the fiber
was gripped from above and below, Two fiber segments
were moved in opposite directions towards the hot spot
where they were fused. The lower chuck was immediately
reversed and the connected segments were then moved in a
downward direction. This method had the advantage that
the fiber diameter could be controlled by varying the rela-
tive translational velocity of the upper and lower chucks.
Method 3 is similar to method 2 except that the pulling
direction was upwards. Fibers were grown at nominal rates
from 1 to 7 um/s. After the desired length was obtained,
the growth was interrupted by closing the beam shutter.
This essentially quenched the partially molten zone for
subsequent metallographic observation.

The maximum temperature in the zone was above the
peritectic temperature but low enough that the zone con-
tained substantial amounts of solid BaY,CuQs. The maxi-
mum temperature of the zone in the LHFZ apparatus was
measured during growth by optical pyrometry. Measure-
ments were uncorrected for emissivity. The maximum tem-
perature was set in the range 1370 to 1433 K by adjust-
ments of the laser power. Estimates of the temperature
gradient were made by measuring the zone length in met-
allographic sections of quenched fibers. The gradient in the
liquid was taken to be the temperature difference between
the maximum measured temperature and the peritectic
temperature (1273 K) divided by half the zone length.
These calculations typically gave gradients that were of the
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"TABLE II. Types of interface and number of grains observed on longitudinal sections of LHFZ samples.

Diameter
Growth Temperature Beam Zone Number
Growth rate gradient Interface diam. length Feed Fiber of
Sample method?® (pms) (10° K/m) type® (um) {(pm) {um) (m) grains
iL 1 1.4 0.90 " a3 900 330 300 325 2
2L 1 1.4 1.10 a3 900 210 300 ~300 3t05
3L 1 1.4 1.30 a3 900 210 300 300 3to5
4L 1 1.7 2.30 a3 900 120 300 290 2
5L 1 2.2 1.00 a2 900 310 300 290 1
6L 2 2.2 2.30 al 900 120 300 290 1
7L 2 2.8 0.50 al 1500 410 250 200 1
8L 1 2.8 0.60 a3 1500 550 250 220 > 10°
9L 2 2.8 0.60 a3 1500 550 250 220 10°
10L 1 2.8 0.80 a3 900 350 300 240 6°
11L 1 2.8 1.30 a2 900 220 300 280 1
12L 2 2.8 1.30 a2 900 220 300 260 1
13L 2 2.8 1.90 a2 900 160 300 - 280 1
14L 3 3.3 1.90 a3 900 160 300 230 8¢
15L 1 3.3 0.90 a3 900 350 300 300 polycrystalline
16L 3 33 1.40 bl 900 210 250 180 polycrystalline
17L 2 4.2 ©0.60 bl 1500 550 250 220 polycrystalline
18L 1 42 1.10 . . bl 900 260 300 300 polycrystalline
19L 1 42 1.10 bl 900 270 300 280 polycrystalline
20L 3 5 1.20 bl 900 250 300 225 polycrystalline
21L 3 5.6 090 bl 900 330 300 225 polycrystalline
2L 1 5.6 1.00 - bl " 900 290 300 300 polycrystalline
23L 3 6.9 1.00 : bl - 900 300 300 230 polycrystalline

2Growth method: See text for explanation.
®See Fig. 5 for explanation.
°Non-steady state (short fiber).

order ‘of 10° K/m. A total of 23 runs was successfully
carried out by laser growth; these runs are summarized in
Table II. The atmospheres used in the two processes were
slightly different; the LHFZ experiments were performed
under oxygen (1.27 atm) while the EHFZ experimental
atmosphere consisted of either ambient conditions or flow-
ing oxygen. ' :

GENERAL OBSERVATIONS OF QUENCHED
INTERFACES

Figure 4 summarizes the interface morphologies ob-
served in all EHFZ and LHFZ samples. Three different
growth regimes are revealed when the interface morphol-
ogies are plotted on a graph of temperature gradient, G,
versus growth rate, R. The three types of interfaces are
termed, “faceted/plane front,” ‘“cellular/dendritic,” and
“equiaxed blocky.”!® Note that the temperature gradient
axis spans two orders of magnitude while the growth rate
has a linear axis. A one hundred-fold increase in temper-
ature gradient, from 10* K/m to 10° K/m, increases the
critical growth rate for large faceted crystals by only a
factor of two.

The three.terms describing interface morphology are
explained by the schematic illustration of the BYCO inter-
face in the quenched specimens shown in Fig. 5. Note there
are several different types of structures grouped in the first
and second categories; these are termed al, a2, a3, and bl,
b2, b3, respectively, and these designations correspond to
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the experiment observations reported in Tables I and II.
Polished sections of representative quenched interfaces are
shown in Figs. 6 and 7 for the EHFZ and LHFZ, respec-
tively. Figure 6 illustrates structures a3, b2, b3, and c.
Figure 7 illustrates four types of structures; al, a2, a3, and
bl.

TEMPERATURE GRADIENT,G(K/m)

GROWTH RATE,R(pm/s)

FIG. 4. Effects of temperature gradient and growth rate on the morphol-
ogy of the solidification interface.
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FIG. 5. Sketches of interface morphology.

RESISTANCE FURNACE GROWN SAMPLES

Examination of the directionally solidified material
grown in the resistance furnace, using electron microscopy
and optical microscopy indicates it is multiphase and con-
sists of a matrix of BYCO with BaY,CuOs inclusions that
are approximately 5 to 15 um in diameter. The identifica-
tion of phases was made by energy dispersive x-ray analy-
sis. These microstructural features are commonly found in
BYCO samples prepared by solidification processing.?*
The multiphase nature of solidified stoichiometric samples
is the result of incomplete peritectic reaction, which en-
traps grains of the high temperature phase, BaY,CuOs,
within the BYCO grains. :

The solidification interface changes from highly fac-
eted, to a cellular/dendritic or equiaxed microstructure
with increasing growth rate. Samples prepared with rela-
tively low temperature gradients of approximately 3 x 10°
K/m and growth rates greater than 1 ym/s show an equi-
axed blocky microstructure. Large faceted grains of BYCO
are observed growing within the partially molten zone. Re-
gions that are rich in barium and copper are found in the
solidified material and are apparently formed from residual
melt. These regions are rather large but relatively infre-
quent in samples produced at growth rates less than 1
pm/s.

The most prominent features in Fig. 6 are the highly
faceted interfaces between the solidified material and the
quenched zone for samples produced at low growth rates.
The facets are often oriented at approximately 45% with
respect to the rod axis. The exact facet orientation is, of
course, difficult to establish from a two-dimensional ran-
dom section like those shown in Fig. 6. A maximum
growth rate for highly faceted interfaces is observed to be
between 1.3 and 1.6 um/s. The material produced by
quenching the molten zone is hydrolytically unstable. We
commonly observe etching of the barium- and copper-rich
portions of these samples from ambient humidity. This re-
action is specific and can be used to etch away much of the
quenched zone. The resulting surface can be viewed by
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scanning electron microscopy, which shows that the facets
form ridges that are long in the direction perpendicular to
the short faces.

X-ray pole figure analysis of transverse cross sections
indicates preferential orientation of the crystals such that
the {103} plane is perpendicular to the growth direction.
The orientation, however, is often not perfect and infre-
quently deviates by as much as 25°. This observation con-
trasts with many reports that find preferred a-axis orienta-~
tion when BYCO is solidified in a temperature
gradient.>?*?! Several low index crystal planes are consis-
tent with the 45° orientation of the facets with respect to
the {103} plane: {001}, {100}, and {110}. Pole figure x-
ray analysis, however, shows that only the {001} and
{200} planes are 45° to the {103} and that the {110} re-
flection cannot be detected in the hemisphere formed from
transverse section. This suggests that the facets are formed
along the {001} and {100} planes. These planes are also
the most commonly observed facets for flux grown crys-
tals, indicating the {001} and {100} planes are slow
growth surfaces.

Temperature versus position in the furnace, as indi-
cated earlier, was known from thermocouple profiles of the
furnace prior to inserting the sample rod. These measure-
ments were confirmed for temperatures in the region of the
interface (1223-1323 K) by optical pyrometry which
agreed with the thermocouple profile within about 5 K.
Knowing the temperature distribution and specimen loca-
tion, it was then possible to determine temperature of the
growing BYCO interface after determining location of the
interface metallographically. Results of experiments on a
series of seven runs are plotted in Fig. 8. Note that inter-
face temperature drops rapidly from about 1283 to 1243 K
at low growth rates. At higher growth rates, solidification
takes place over a range of temperatures. Here, the tem-
perature of the “tip” of the solidification front is essentially
constant with increasing growth rate while the temperature
of the “root” of the solidification front drops.

I.LHFZ GROWN SAMPLES

The stability of the partially molten zone in LHFZ
growth was observed to depend on temperature, growth
rate, and growth method. Stable zones were formed when
the maximum zone temperature did not exceed 1423 K
and growth rates were above 1.4 um/s. Instability of the
zone at lower growth rates appeared to be associated with
migration of liquid from the zone toward the cooler region
of the sample.

Faceted solidification interfaces were also observed in
the LHFZ fibers at low growth rates, as shown in Fig. 7.
The microstructure again varies in a systematic. way with
growth rate with a gradual transition from faceted/planar
and faceted interfaces to cellular dendritic interfaces with
increasing growth rate. The dimensions of the facets are,
however, much smaller than those obtained in the resis-
tance furnace. Some of the fiber solidification interfaces
appeared flat with single crystal growth of BYCO occur-
ring in the solidified material. The BYCO grains occupy
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FIG. 6. Microstructures from samples grown in the EHFZ furnace. (a) Faceted plane front, type a3; (b) Cellular/dendritic, type b2; (c¢) Cellular/

dendritic, type b3; (d) Equiaxed blocky, type c.

much of the fiber cross sections for many of the samples as
determined by optical microscopy with polarizing filters.
These grains are continuous indicating that secondary nu-
cleation is relatively infrequent. Single crystal fibers were
produced at intermediate growth rates {Table II). A num-
ber of grains (three or four) were observed in fibers pre-
pared at the slower rates. This phenomenon is possibly
related to the difficulty in producing stable zones at low
growth rates, as described above.

The effect of the peritectic reaction on BaY,CuOs par-
ticle size is shown in Fig. 9. The quenched interface of a
sample prepared by LHFZ has been sectioned and polished
so that the microstructure in both the solidified and par-
tially molten regions can be resolved. The volume fraction

184 J. Appl. Phys., Vol. 72, No. 1, 1 July 1992

and BaY,CuQOs particle size abruptly decreases upon being
engulfed in the growing BYCO crystal and remains con-
stant as a function of distance into the crystal. The solidi-
fied region contains a higher volume fraction of BaY,CuOjs
than do samples prepared in the electrically heated fur-
nace, because the fibers are initially rich in BaY,CuOs.
Residual liquid phase is difficult to find, presumably be-
cause of more complete reaction due to excess BaY,CuOs.
The figure clearly illustrates that the peritectic reaction
occurs largely or entirely in a volume very close to the
solidification interface.

The average BaY,CuQjs particle size in the zone and in
the solidified material varies with residence time in the
zone as shown in Fig. 10. The average particle sizes were
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FIG. 7. Microstructures grown in the laser heated float zone furnace. (a) Faceted/plane front, type al; (b) Faceted/plane front, type a2; (c)

Faceted/plane front, type a3; (d) Cellular/dendritic, type bl.

obtained by a line intercept method?? using a series of pho-
tomicrographs of the LHFZ samples. Increasing residence
time gives increasing BaY,CuOs particle size suggesting
that the particles coarsen when in contact with liquid. The
particle size in the solidified material does indeed follow a
1/3 power dependence with residence time. The average
particle size in the zone, however, has a 0.8 power depen-
dence. The BaY,CuOjs particles within the zone appear to

185 J. Appl. Phys., Vol. 72, No. 1, 1 July 1992

have a bimodal size distribution. This phenomenon is likely
the result of the excess BaY,CuOs which is added to the
feed material. The excess BaY,CuQOjs apparently has a par-
ticle size distribution which is distinct from that produced
from the melting of BYCO. Finer particles are apparently
produced at the melting interface. The fine particles are
preferentially consumed as is indicated by the increase in
average particle size upon solidification.
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FIG. 8. Undercooling at the solidification front.

PERITECTIC SOLIDIFICATION FROM A SEMI-SOLID
MELT

A simple model for peritectic solidification is described
in this section to aid in the interpretation of the experimen-
tal observations above. Only the general features of the
true Ba-Y-Cu-O phase diagram are known in the melting
range.23 Thus, for simplicity, we consider solidification
with peritectic reaction for the case of a binary system. We
refer to Fig. 1 in the following as if it were a true binary
diagram.

The main assumption of our model is that the peritec-
tic reaction takes place by diffusional transport through the
liquid. That is, the a phase particles dissolve in the liquid

[
10 um

R=2.8 pmy/s, G=0.6 x 106 K/m

FIG. 9. Microstructure of the region containing the solidification inter-
face of a LHFZ sample. (Top) liquid+-121; (bottom) 213+ 121.
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FIG. 10. Dependence of 121 particle size on the residence time in the
semisolid zone. The measurements were done close to the solidification
interface in the 121+ L and in the 2134121 regions.

in the region just ahead of the solidification interface. Sol-
ute then diffuses toward the interface where it is consumed
by growth of the crystal. This interpretation is based on
our microstructural observation of the solidification inter-
face, shown in Fig. 9.

Assume now that o particles are separated by a dis-
tance 2/ and the alloy is slightly hypoperitectic so some a
phase is retained in the final structure. The diffusion profile
in the growth direction (x) in front of the growing ¥ in-
terface varies with time and location y perpendicular to the
growth direction. Schematically, this profile is. shown in
Fig. 11(b), along the line 44’ of Fig. 11(a). In the follow-
ing, we will take this curve to represent the time average
solute profile in front of the growing interface. The curve is
drawn assuming diffusion to the interface over an average
distance /, with liquid compositions at x==0 and at x=/
determined as follows.

First, we assume that the « particles are in interfacial
equilibrium with their surrounding liquid and are large
enough that the effect of radius of curvature on melting
point is negligible. Of course, if the particles are sufficiently
small, this radius of curvature effect could be a significant,
even a major, driving force for the mass transport leading
to y solidification. Izumi et al. have considered the case in
detail where radius of curvature the a comprises the driv-
ing force for the peritectic reaction.?*

The interfaces are faceted in the actual case of solidi-
fication of BYCO and so not in equilibrium with the melt.
Indeed, this faceting may be essential to achieving the
plane front solidification observed in BYCO. Nonetheless,
we assume that the undercooling at the faceted interface is
small compared with the solutal undercoolings to be de-
scribed below, and assume the equilibrium partition ratio
applied also at the y interface.

Figure 12 is an expanded portion of the phase diagram
of Fig. 1, in the region of the peritectic. The dashed line is
the metastable extension of the « liquidus. The tempera-
ture of the growing y interface, T, is undercooled an
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FIG. 11. Peritectic solidification model; (b) Solute diffusion profile in
front of the growing ¥ interface; (c) Temperature distribution in the
liquid ahead of the solidification interface.

amount AT, below the peritectic temperature, T, where
AT, =ATs+AT+AT, (2)

where AT is depression of the integrated temperature re-
sulting from the temperature gradient, G. AT is the max-
imum ‘“‘constitutional supercooling” ahead of the interface

2
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FIG. 12. Enlarged section of the phase diagram.
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(i.e., temperature difference between the equilibrium liqui-
dus and the actual temperature at x=/). AT, is the tem-
perature depression resulting from the deviation in solute
concentration at the a interface from that of the peritectic
liquid composition, c;,. These quantities are shown diagra-
matically in both Figs. 11(c) and 12. From Fig. 11(c),

ATG=(T,—T0)=GI. (3)

The solute content in equilibrium with the y interface (at -
x=0, T=T,) is ¢}, , and that at x=/ and T" in equilib-
rium in the « particles is c;,. These quantities are shown in
Figs. 11(b) and 12. These two points define the solute
distribution curve of type 11-(b) for x <l For x>[ the
curve is given by the equilibrium « liquidus. Equating sol-
vent rejected from the growing ¥ interface with that dif-
fusing into the liquid gives
0 C'La'_c(l))y
_R(CSY—CLY)=-DL(——T—), (4)

where R is the growth rate and D; is the diffusion coeffi-
cient of solute in the liquid. The slope of the equilibrium ¥
liquidus and metastable ¢ liquidus are both assumed to be
constant and are denoted m;, and m,, respectively. A
relation between interface undercooling (AT,) and growth
rate, R, can be derived by assuming cW—coLychy—ch and
by substituting relationships for c%Y and ¢y, into Eq. (4).
Linear liquidus lines, as shown in Fig. 12, result in c%},z Cip
~AT,/my, and cio=cr,—(AT,—AT,)/my,. Substitu-
tion of these expressions into Eq. (4) and making use of
Eq. (3) gives

Gl | mpmy,

Mpg\Mpe—MmMp,

AT,= I)—L(CW_CLP)’“ ()
Thus, AT, is linearly proportional to R when G is suffi-
ciently small. Similarly, the following relation can be writ-
ten between R and AT

RI .
ATs=mL75£(Csy"TCLp) —GlL B (6)

The quantity AT is the constitutional supercooling at x
==/; it is the maximum constitutional supercooling in the
semisolid region. In solidification of this type, there must
always be finite constitutional supercooling in front of the
growing interface in order to create the compositional driv-
ing force for diffusion from the particle surface to the crys-
tal interface. Apparently, the surface energy relationships
and faceting effect permit interface stability with some fi-
nite amount of undercooling AT (or, alternately stated,
with some finite gradient of undercooling) AT /I Thus, if
some specific maximum constitutional supercooling is as-
sumed, Eq. (6) provides a description of the important
variables which influence maximum growth rate, R, for
plane front solidification. The equation may therefore be
written:

N

Rmax =

D, [(ATs)max—}—Gl]

I(CSY“CLp) .mLV
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The significance of temperature gradient, G, depends on
the relative magnitude of G/ and (AT,) ... Since / is of the
order of the particle dimension, Eq. (7) indicates that the
maximum growth rate is relatively insensitive to tempera-
ture gradient. .

An interesting feature of this type of solidification is
that the total depression of the interface temperature, AT,
may be much greater than the constitutional supercooling,
AT, when mp,~mp,. This may be seen by combining Egs.
(6) and (7):

st

m
Lo >AT}+GL (8)
Mig— mLy

At values of R> R, we expect cells, dendrites, or new

grains to form as was experimentally observed in this

study. On the basis of established solidification principles,
we expect that at R > R_,,, where cells or dendrites form,
the “tip” of the solidifying front should cease dropping
rapidly with increasing R.” The temperature of the “root”
of the solidification interface should, however, continue to
drop, ultimately reaching (in this case) the eutectic tem-
perature of approximately 1173 K. These expectations are
in qualitative agreement with the experimental results
shown in Fig. 8. :

DISCUSSION

The experimental evidence shown in Fig. 4 indicates
that the maximum velocity for continuous growth of
BYCO crystals does not vary significantly between the
methods used in this study. This occurs despite greater
than two orders of magnitude difference between the tem-
perature gradients in the EHFZ and LHFZ methods. Also,
the growth velocities required in this study to produce
large grains of BYCO in a temperature gradient are also
similar to that observed by others. It is, however, often
difficult to compare the results of other studies because of
the variety of experimental configurations and the difficulty
in measuring temperature gradients. Experimental meth-
ods involve either motion of the sample in a static temper-
ature gradient or a time varying temperature profile. Wang
et al.®® obtained oriented BYCO by halogen lamp heated
floating zone at growth rates of 1.8 um/s in a gradient of
1.4%10* K/m. Shi et al.*! prepared oriented BYCO by
cooling a partially molten sample at 5.6 107> K/s in a
zirconia crucible in a temperature gradient of 2 10> K/m.
Combination of their cooling rate and temperature gradi-
ent suggests an effective growth rate of 0.14 um/s.

The theoretical analysis, above, suggests the funda-
mental importance of growth rate for semisolid solidifica-
tion of BYCO crystals. The model assumes that the com-
position gradient between the crystal interface and
BaY,CuOys particle surfaces is responsible for a significant
portion of the interfacial undercooling. The magnitude of
the total temperature depression of the interface is inti-
mately related to phase equilibria in the region of the per-
itectic, as described in Eq. (5). Reference to the simple
binary phase diagram in Fig. 1 shows that the liquidus
slopes must be large for small ¢y, That is, for a given
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eutectic and peritectic temperature, m;, and m;, increase

as ¢, decreases. Thus, Eq. (5) predicts AT, to be large for

systems in which the solute is sparingly soluble. Studies of
high temperature phase equilibria in the Ba-Y-Cu-O sys-

tem indicate that the amount of dissolved yttrium at the

peritectic temperature is very small. Oka ez al.2® report that

the maximum solubility of Ba,YCu;0q s in Ba;Cu,0, lig-

uid is 15% on an atom basis at the peritectic temperature

which is equivalent to a yitrium content of less than 2.3

mole %. Fischer et al.*’ report that the maximum solubil-

ity of yttrium in the melt is only 2 mol %. Other studies

also report that the ternary eutectic between Ba,YCu;Og s, -
CuO, and BaCuQ, has very little yttrium and that the

primary phase field for Ba,YCu,Og 5 is very small.2>% A

comprehensive study by Maeda et al.?® reports that the

yttrium solubility is 2 mol % as Y,0j; and that the slope of

the BaY,CuOs liquidus is large compared with that for

BYCO near the peritectic temperature.

Consideration of the rate at which yttrium can be
transported to the growing interface is also helpful to un-
derstand the importance of yttrium solubility. Growth of
a BYCO crystal at a freezing interface requires that
ytirium be supplied at sufficient rate to the growth inter-
face. Equation (4) describes this mass balance restriction.
The supply of yttrium solute is provided by dissolution of
BaY,CuO; in the liquid ahead of the growth interface.
Since yttrium is only sparingly soluble in the liquid, it
seems likely that its transport to the interface would be the
rate limiting step at sufficiently high growth rates.

The predictive power of Egs. (5) and (7)can be tested
by suitable approximation of the diffusivity and phase equi-
libria. Data on the diffusivities of cations in cuprate melts
are not known to the authors. Estimates for the yttrium
diffusivity can, however, be obtained from the coarsening
data shown in Fig. 10. Ostwald ripening of ceramic grains
in contact with liquids at high temperature has been used
to estimate liquid diffusivities. These studies are reviewed
by White”” and Fischmeister and Grimvall.*® Classical
coarsening models like those developed by Greenwood,>!
Wagner,*? and Lifschitz ez al.*> are found to be applicable
even at high concentrations of solid particles. The relation-
ship between grain size and time is often stated as’!

6DcM*y
P—%=7ﬁﬁ7u—%x (9)

where M and p are the molecular weight and density of the
precipitate. The interfacial energy between the particles
and the liquid is 7, and R and T are the gas constant and
temperature, respectively. The characteristic particle ra-
dius, 7, is for those particles that are twice the mean par-
ticle size. Residence times of 390 s are required for the
particles to grow to an average of 3 um in diameter from
an initial size of approximately 1 um. Substitution shows
that the group of constants on the right in Eq. (9) is ap-
proximately 8.0 107! m*/s. This group of constants can
be used to estimate the diffusivity since all other terms are
approximately known. The density and molecular weight
of BaY,CuOs are 6.2 % 10° kg/m® and 0.459 kg/mole, re-
spectively, and the average temperature of the zone is
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taken as 1400 K. The interfacial energy is taken as 0.5
J/m?, a value considered representative of many ceramic
systems in liquid oxides.** A liquid composition of 2
mole % BaY,CuQs at the peritectic temperature is consis-
tent with the phase equilibria studies, discussed above. The
composition is equivalent to 0.8 10° mole/m®. The con-
sistent diffusivity has a value of 6Xx 10~ m?%/s which is
not unlike that expected for diffusivities in metal oxide
melts.>*

Estimates of the liquidus slopes, m, and m_,, are also
required to use Egs. (5) and (7). The freezing range over
which BYCO is in equilibrium with liquid is approximately
100 K (Ref. 27) while the composition varies from c;, to
the eutectic composition, c¢,,. The eutectic is known to con-
tain only very small amounts of yttrium.?” A rough esti-
mate of mg, is therefore, 100/(0.8X 10°—0.00) or 0.125
K m®/mole. The liquidus slope of the high temperature
phase, BaY,CuOs, is more difficult to estimate. Phase equi-
libria results?® do indicate that the liquidus composition
varies significantly from c¢;, only when the temperature is
much gréater than the peritectic temperature. This is con-
sistent with a comparatively large value of m;,. The effect
of this slope enters Eq. (5) through the term my,/(my,
—my,) which is close to unity for large values of m,.

Equation (5) indicates that the total interface under-
cooling is linearly proportional to the growth rate, R, at
sufficiently small values of GI. This is indeed observed in
Figure 8 for growth rates where large facets are present at
the solidification interface. The observed ratio AT,/R, is
approximately 9.3 X 107 K s/m. The approximations above
permit comparison between the observed slope and the cal-
culated value of the slope. The average particle size for the
EHFZ samples is approximately 10 um. We assume that
the length scale for diffusion is roughly the same magni-

tude (/=10 um) and that D; and m;, are approximately

6x10~" m?/s and 0.125 K m3/mole, respectively. Sec-
ondly, the concentrations ¢, and cg, are taken as 4.8 10%
and 0.8 X 10° mole/m?, respectively. Finally, if m;,/(m;,
—=mL7) is close to unity, substitution in Eq. (5) predicts
(AT,/R)cqc 18 8.3X 107 Ks/m. The calculated value is re-
markably close to that observed.

The data in Fig. 4 indicate a slight temperature gradi-
ent dependence of the maximum growth rate for planar
growth. This second-order dependence is predicted by Eq.
(7). Diffusion length scales of the order of the particle size
suggest, however, that the G/ term is insignificant for the
temperature gradients used in this study, since AT g= (3
% 107% m) (10° K/m)=3 K for the LHFZ samples and
(101079 m)( 10* K/m) =0.01 K for the EHFZ samples.
Thus, the apparent increase in interface stability of LHFZ
grown samples over those prepared by EHFZ cannot be
completely attributed to the effect of temperature gradient.
The fibers for LHFZ were richer in BaY,CuOs than the
rods used in the EHFZ experiments and contained much
smaller initial BaY,CuO; particle size. Secondly, the fiber
zone length during LHFZ was much shorter than that
during EHFZ which means that particles had much longer
residence times in the later case. Thus, coarsening is much
more significant in the EHFZ experiments. These factors
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combine to effectively reduce the characteristic diffusion
distance in the LHFZ samples which in turn requires a
large growth rate to produce the same degree of undercool-
ing, as predicted by Eq. (5) in the limit of small G/. Equa-
tion (5) also suggests that the ratio of maximum growth
rates between the LHFZ and the EHFZ samples should be
in the inverse ratio of the BaY,CuOyj particle sizes for each
case or approximately (10X107° m)/(3x107% m)=3.
The maximum growth rate does indeed differ by a factor of
three between the two techniques, as shown in Fig. 4.
The magnitude of the undercooling shown in Fig. 8 is
large, given what is known about the phase equilibria in the
Ba-Y-Cu-O system. Equation (8) indicates that AT ~AT),
when mp,»mp, and Gl is small. Thus, (AT)p,y is of the
order of (AT),)nay or nearly 40 K. This is a substantial
fraction of the freezing range over which BYCO is in equi-
librium with liquid, known to be approximately 100 K.»
The highly faceted morphology of the BYCO crystals is
consistent with large interfacial energies which apparently
contributes to the large undercooling required to nucleate
new BYCO grains ahead of the solidification interface. The
data in Figure 8 also indicate that BaY,CuOs particles do
not act significantly as nucleation sites for the growth of
BYCO crystals. Otherwise, nucleation would occur at tem-
peratures much closer to the peritectic temperature.

CONCLUSIONS

Semisolid solidification of HTSC oxides is accompa-
pied by several phenomena that are not encountered in
conventional solidification. First, the peritectic reaction oc-
curs by dissolution of the high temperature phase
(BaY,CuOs) into the liquid followed by reprecipitation on
the BYCO crystal surface. This interpretation is the result
of direct microstructural observation of quenched solidifi-
cation interfaces. The reaction effectively stops once the
crystal engulfs the high temperature phase since the con-
tribution of solid-state diffusion is negligible. Thus, the re-
action does not proceed by the more conventional mecha-
nism in which reaction occurs at the interface between the
high temperature phase and the liquid.

Secondly, the high temperature phase particles must
become supercooled very close to the crystal interface in
order to create the concentration gradient needed to drive
mass transport and thereby sustain the reaction. Consider-
ation of the mass transport restrictions and the thermody-
namic driving force shows that the largest constitutional
undercooling is a small distance ahead of the interface.
This condition in classical solidification would normally
cause a planar solidification interface to become unstable
since small perturbations would grow. The situation with
BYCO is, however, much different. Apparently, the highly
faceted crystal interface prevents the growth of such per-
turbations and the growth becomes limited by the under-
cooling that will cause nucleation of new crystals ahead of
the interface.

The concepts above can be expressed quantitatively
and be used to show that the maximum growth rate at
which a planar interface can be sustained is inversely pro-
portional to the BaY,CuQjs particle size. This model quan-
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titatively predicts the relationship between interface under-
cooling and growth rate when reasonable values of the
physical parameters are used. The magnitude of the tem-
perature gradient has only a minor effect on the maximum
growth rate for planar solidification as was observed exper-
imentally. Analysis indicates that production of single
crystal filaments of BYCO using simple planar growth may
be limited to growth rates of the order of 3 pm/s using 1
pm particles of BaY,CuOs. Such low growth rates mean

that other growth morphologies must be developed that -

can be produced faster, yet lead to microstructures that are
not weak linked.
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