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Crystallization of metal-oxide glasses in Bi-Sr-Ca-Cu-O systems
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A crystallization study has been carried out for rapidly solidified Bi-Sr-Ca-Cu-O glasses with
nominal compositions Bi,Sr,Ca,Cu;0,, Bi,Sr,Ca;Cu,O,, and Bi,Sr,Ca,CusO,. A temperature-
time-transformation diagram for the glass with nominal composition Bi,Sr,Ca,Cu;0, has been con-
structed, within which crystalline superconducting and nonsuperconducting phase regions are
identified. Eutectic and primary crystallization have been found to occur during the annealing pro-
cess in these metal oxides. Glass transition temperature T, values, superconducting transition tem-
perature values of crystallized products, and microstructural changes are measured and analyzed by
differential thermal analysis, electrical resistivity, and magnetization shielding, x-ray diffraction, and
scanning electron microscopy experiments. Also discussed are thermodynamics and kinetics of cry-
stallization processes and the formation of the 110-K superconducting phase.

I. INTRODUCTION

The discovery? of superconductivity in Bi-Sr-Ca-Cu-
O systems has generated great interest in the fields of
condensed matter physics and materials science. Since
the first report from Michel et al.! research has been
concentrated in the areas of crystal structure, phase dia-
grams, superconducting properties, and synthesis.®”®
The detailed structure work has revealed important infor-
mation about the relationship between superconductivity
and two-dimensional Cu-O planes in the orthorhombic
unit cell. Investigations include extensive electron mi-
croscopy work in studying defects, intergrowth phenome-
na, and other microstructural characteristics of bismuth-
based metal oxides.” ® Various sample preparation tech-
niques have also been developed to optimize the super-
conducting and other material properties of sintered
products. Hinks et al. used a novel method to fabricate
highly dense and homogeneous samples in a Bi-Sr-Ca-
Cu-O system.! Their method involved a rapid
solidification technique by which samples were melted
first and then splat quenched to form an amorphous
structure. The crystalline phases were obtained through
subsequent annealing of quenched glasses. The advan-
tages of such a technique are threefold: (1) the products
have an extremely dense matrix compared with ceramic-
sintered samples; (2) since the samples are thoroughly
melted, the chemical mixing is far more complete com-
pared with the usual ball mill process; and (3) the micro-
structures of the crystallized material are highly controll-
able.

Since the amorphous structure is thermodynamically
metastable, it crystallizes at elevated temperatures. The
transition of the metastable amorphous structure into the
crystalline phases can proceed by different reactions. If
the amorphous structure crystallizes into just one phase
without any concentration changes, it is called polymor-
phous crystallization. However, in many cases, crystalli-
zation occurs through complicated decomposition reac-
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tions such as eutectic crystallization (i.e., simultaneous
crystallization of several crystalline phases). These cry-
stallization mechanisms result in various products with
different physical properties and microstructures.

From the standpoint of material synthesis, the fabricat-’
ed materials should possess properties such as phase puri-
ty, freedom from defects, high density, chemical stability,
and controllable microstructures. These goals cannot be
achieved until the crystallization, phase transformation,
diffusion, and microstructures of the materials are fully
understood. It is particularly important in bismuth-based
superconductors that high-density single-phase samples
with 110-K superconductivity can be routinely produced.

From a scientific standpoint, crystallization study of
rapidly solidified glasses in Br-Sr-Ca-Cu-O is of great in-
terest. The nucleation and growth processes of both the
85-K and 110-K superconducting phases are not yet
clear. The intergrowth of the 110-K phase has been ob-
served, but the kinetics of this complicated process have
not been thoroughly studied. It is difficult to study these
mechanisms with ceramic-sintered samples since the mi-
crostructures are not easily controlled. In liquid-
quenched oxide glasses, on the other hand, the starting
material is a highly uniform and dense amorphous struc-
ture, and the crystallization can be carefully controlled
by adjusting the annealing parameters. The whole phase
change process can therefore be clearly observed by vari-
ous characterization techniques.

We have investigated metal oxide glasses in Bi-Sr-Ca-
Cu-O systems with nominal composition Bi,Sr,Ca,Cu;0,
(2:2:2:3), Bi,Sr,Ca;Cu,0O, (2:2:3:4), and Bi,Sr,Ca,CusO,
(2:2:4:5). In particular, we have conducted annealing ex-
periments over a wide temperature range (400-900 °C)
for 2223 glass, with annealing times from 10 s to 16 d.
Superconducting phases and microstructural changes
during crystallization were analyzed by using x-ray
diffraction (XRD), scanning electron microscopy (SEM),
and differential thermal analysis (DTA). Superconduct-
ing properties were evaluated by electrical resistivity and

2247 ©1989 The American Physical Society



2248

magnetization shielding experiments. In this paper we
present the results of these analyses. We also discuss the
thermodynamics and kinetics of crystallization and the
formation of the 110-K phase.

II. EXPERIMENTAL PROCEDURE

Starting materials of Bi,O;, SrCO;, CaCO;, and CuO
were weighted in the atomic proportions of 2:2:2:3,
2:2:3:4, and 2:2:4:5. The weighed powders were
thoroughly mixed by a wet ball mill in an agate container
for 2-3 h. After ball milling, the mixed powders were
dried and calcined in air at 800 °C for 20 h. The calcined
powders were melted in a platinum crucible and splat
quenched between two copper blocks preheated at 200 °C.
Extremely dense glass sample plates with dimensions of
50X 40X0.5 mm® were then formed for subsequent cry-
stallization study. The 2223 glass samples were annealed
at 400°C, 500°C, 600°C, 790°C, 850°C, 870°C, and
900 °C for various times extending from 10 s to 16 d. The
other two glasses 2234 and 2245 were annealed at 870°C
for similar annealing time periods. All heat treatment ex-
periments were done in air with heating and cooling rates
of 27°C/min and 7°C/min, respectively. Details about
the same preparation technique can be found in Refs.
10-12.

X-ray diffraction data were taken by using a Rikagu
diffractometer with Cu K« radiation. Electrical resistivi-
ty was measured by using a standard four-probe tech-
nique on annealed sample bars approximately
10X 1.7X0.5 mm>. The measuring current density used
was 1.2 A/cm?®. Magnetization shielding data were taken
using an SHE superconducting quantum interference de-
vice (SQUID) magnetometer in an applied field of 2 Oe
from 10 to 150 K. The scanning electron microscope was
a JEOL 840 A with a Tracor-Northern Model 5500 x-ray
analysis system.

III. RESULTS

Figures 1-3 are x-ray diffraction plots for the 2223,
2234, and 2245 samples annealed at 870°C for different
times. As can be seen in Fig. 1(b), eutectic crystallization
occurs in the 2223 samples with eutectic products of 2212
and calcium- and copper-rich impurity Ca,CuO;. The
85-K phase dominated as the annealing is extended to 5 d
at 870°C and only a very small amount of Ca,CuO; can
be seen in Fig. 1(c) (26=32°). However, the impurity lev-
el drastically increases as the calcium and copper concen-
trations are increased to nominal compositions 2234 and
2245. As shown in Fig. 2(a), large amounts of impurity
phases (mostly Ca,CuQOj; and CuO) have formed in the in-
itially crystallized products. As crystallization proceeds,
the 85-K phase subsequently precipitates from the amor-
phous matrix [Fig. 2(b)]. Significant amounts of the 110-
K phase are formed until annealing at 870 °C is prolonged
to 7 d, showing that long-term diffusion is required for
such a phase to nucleate and grow. The crystallization is
complicated by a similar decomposition reaction as the
calcium and copper contents are further increased to
2245 (Fig. 3). The 110-K phase reaches the maximum

DONGLU SHI et al.

&

70 v
(a) 2:2:2:3

as quenched
501

30

10 +
(b) 2:2:2:3
200+ 870°C, 3min,

1001

2000} (c) 2:2:2:3
870°C, 5d

Intensity (arb. units)

1000

260 (deg)

FIG. 1. X-ray diffraction plots for the 2223 samples (a) as
quenched, (b) annealed at 870°C for 3 min, and (c) annealed at
870°C for 5 d. The symbol (O) is the 85-K phase and M for the
Ca,CuOj; phase.
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FIG. 2. X-ray diffraction plots for the 2234 samples annealed
at 870°C for (a) 1 min, (b) 3 min, (c) 1 d, and (d) for 10 d. The
symbol H is for the 110-K phase and B for the calcium- and
copper-rich impurities such as Ca,CuQO; and CuO.
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FIG. 3. X-ray diffraction plots for the 2245 samples annealed
at 870°C for (a) 1 min, (b) 1d, and (c) 3 d. The symbols are the
same as used in Figs. 1 and 2.

amount as annealing proceeds to 3 d at 870°C [Fig. 3(c)].
This shows that the annealing time required for forma-
tion of the 110-K phase is much shorter compared with
the 2234 samples.

In Fig. 4 we plot magnetization versus temperature for
the 2223 glass samples annealed at 870°C for 1 min, 30
min, 1 h, and 4 h. As shown in the figure, the magnetiza-
tion signal rapidly increases as annealing time increases
from 1 min to 4 h. This indicates the increase of volume
percent of 85 K with annealing time, and the time scale
of crystallization. For the 2223 samples, we found that
only very small amounts of the 110-K phase formed (less
than 5%) as annealing at 870°C extended to 24 h (not
shown).
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FIG. 4. Zero-field-cooled magnetization vs temperature for
the 2223 samples annealed at 870 °C for various times indicated
in the figure.
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FIG. 5. Resistivity vs temperature for the 2223 samples an-
nealed at 870 °C for various times indicated in the figure.
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In Fig. 5 we plot resistivity versus temperature for the
2223 glass sample annealed at 870°C for different times.
As can be seen in the figure, the 10 s annealing did not re-
sult in significant crystallization, and the sample exhibits
semiconducting behavior. At 3 min, the sample has par-
tially crystallized, thus having a very broad transition.
The superconducting transition thereafter sharpens near
85 K when annealing prolongs from 3 min to 12 h.

A single superconducting transition at 110 K has been
observed in the crystallized 2234 and 2245 samples. As
shown in Fig. 6(a), T, (p=0) at 105 K has been obtained
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FIG. 6. (a) Resistivity vs temperature for the 2234 sample an-
nealed at 870°C for 10 d; (b) zero-field-cooled magnetization vs
temperature for the same sample shown in (a).
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FIG. 7. DTA data for (a) the 2223 sample, (b) the 2234 sam-
ple, and (c) the 2245 sample. The heating rate used in the DTA
experiment is 2 °C/min.
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in the 2234 samples annealed at 870°C for 10 d. The
magnetization shielding data are shown in Fig. 6(b). It
can be seen from the figure that the sample has a fairly
sharp transition at 110 K; no transition at 85 K is found.
Similar results are also obtained from the 2245 samples.
The glass transition temperatures Tg of 2223, 2234,
and 2245 glasses have been obtained from DTA experi-
ments as shown in Fig. 7. To emphasize the detailed
features of the glass transition behavior, the melting
events are not shown in the figure. As shown in Fig. 7(a),
the glass transition temperature 7, of 2223 glass is
around 393°C. The 2223 glass has been found to have
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FIG. 8. The time-temperature-transformation diagram estab-
lished for the 2223 samples based on the XRD, resistivity, and
magnetization results.
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three melting events. The major one occurs near 892 °C.
The 2234 glass has a glass transition temperature of
363°C. The 2234 glass has a relatively high melting point
near 920°C. The glass transition temperature T, of the
2245 glass is 406 °C. The major melting event in the 2245
glass occurs at 980°C, which is the highest compared
with that of the 2223 and 2234 glasses.

Using x-ray diffraction, electrical resistivity, and mag-
netization shielding data, we have constructed a time-
temperature-transformation (TTT) diagram for crystalli-
zation of the 2223 samples shown in Fig. 8. Different
phase regions are separated by solid lines, and every data
point in the diagram is examined by both x-ray
diffraction and resistivity measurements. The crystalliza-
tion boundary (the boundary between the amorphous
state and the crystalline phases) is for approximately 70%
crystallization, determined from x-ray diffraction and

FIG. 9. Scanning electron microscopy photograph (secon-
dary electron) of the 2223 samples annealed at 870 °C for (a) 50
s, (b) 10 min, and (c) 4 h.
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magnetization shielding data. As can be seen in the TTT
diagram, crystallization takes place quickly (about 1 min)
in the temperature range between 800°C and 900°C.
However, the growth of the 110-K phase does not occur
until an annealing time of 24 h is reached. As expected,
it takes more than 1 h for the crystallization to begin near
500°C. Below 700°C most of the crystallized products
are nonsuperconducting phases such as CuO, Ca,CuOs;,
and Bi,0;. None of the samples annealed in this temper-
ature region is superconducting. Above 900°C, glass
samples start to melt, which is consistent with the DTA
data.

Some scanning electron microscopy results are shown
in Fig. 9 for the 2223 samples annealed at 870°C for 50 s,
10 min, and 4 h. As can be seen in Fig. 9(a), annealing 50
s does not result in any significant crystallization. The
matrix, therefore, is a uniform amorphous structure.
Typical layered microstructures start to appear as the
glass sample is heated at 870°C for 10 min [Fig. 9(b)].
However, there are still regions remaining with glass
characteristics under this annealing condition. The high-
ly layered microstructures are fully developed as anneal-
ing at 870°C prolongs to 4 h. As can be seen in Fig. 9(c),
large platelike grains have formed typical in the Bi-Sr-
Ca-Cu-O system; these grains are fairly well textured. It
can also be seen from Fig. 9 that the crystallized samples
possess a high matrix density compared with ceramic-
sintered materials. This is one of the advantages of the
technique reported in this paper.

IV. DISCUSSION

As indicated in the results section, the glass samples
with all three nominal compositions 2223, 2234, and 2245
crystallize by eutectic reactions.!> The 2223 samples ap-
pear to have a nominal composition close to the eutectic
point, judging from the relatively low melting tempera-
ture. The eutectic products are the 85 K phase and
calcium- and copper-rich phases. The amounts of such
phases increase as the calcium and copper concentration
in the nominal composition is increased to 2234 and
2245. Some primary crystallization may occur before eu-
tectic reaction takes place in the 2234 and 2245 glasses.

The whole crystallization process may be explained as
follows: For the 2223 sample, there might not be any pri-
mary crystallization since it is near the eutectic point.
The 85-K phase and impurity phases nucleate and grow
together. As the 85-K phase (it has a composition of
Bi,Sr,CaCu,0, ) forms, the adjacent regions become rich
in calcium and copper. Thus, calcium and copper are re-
jected from the 85-K phase and form their oxides on ei-
ther side. Lamellae (sheets) of the two phases advance to-
gether into the unstable amorphous matrix. This process
is schematically shown in Figs. 10(a) and 10(b).

Crystallization mechanisms of the 2234 and 2245
glasses may differ from that of the 2223 samples. These
compositions should be further away from the eutectic
point and thus have higher melting temperatures. When
primary crystallization occurs, calcium- and copper-rich
phases may precipitate first from the amorphous matrix.
As more and more calcium- and copper-rich phases pre-
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FIG. 10. Schematic diagrams for the crystallization mecha-
nisms in 2223 glass and the formation of the 110-K phase: (a)
amorphous matrix, (b) eutectic crystallization, and (c) formation
of the 110-K superconducting phase.

cipitate, the composition of the adjacent amorphous
phase will be shifted towards the eutectic point. The
dispersed primary crystallized products may act as the
preferred nucleation site for the subsequent crystalliza-
tion. Eutectic crystallization will occur as the composi-
tion of the amorphous phase reaches the eutectic point.
This eutectic reaction should be identical to that of 2223
glass (i.e., simultaneous crystallization of 85-K phase and
calcium- and copper-rich phases).

An important fact observed in this crystallization
study is that the 110-K superconducting phase does not
crystallize directly from the amorphous phase.!? It can
form only as annealing is prolonged to at least 24 h at
870° for all nominal compositions investigated. We pro-
pose a microstructural model for the formation of the
110-K phase shown in Fig. 10(c). As stated above, eutec-
tic crystallization occurs in the system, and interfaces be-
tween the 85-K phase and calcium copper oxide are
therefore created, probably having the morphology
shown in Fig. 10(b). Because of the high concentration
difference in calcium and copper across the interface,
diffusion of calcium and copper atoms towards the 85-K
phase must occur at elevated temperatures. The 110-K
phase (having a composition of Bi,Sr,Ca,Cu;0, ) will
form at these interfaces after certain amounts of calcium
and copper have diffused into the 85-K phase. The for-
mation of the 110-K phase involves adding one more Ca-
O and Cu-O planes in the 85-K phase unit-cell structure
through so-called syntactic intergrowth. According to
the classic nucleation theory!*
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where I is the nucleation rate, n is the number of atoms
per unit volume, v is the oscillating frequency of the
atoms, AG, is the free energy required to form a nucleus
of critical size r,, U is the activation energy for an atom
transporting across the interface of an embryo. The term
exp(—AG,/KT) is associated with the driving force of
nucleation, and the term exp(— U /KT) is related to the
diffusion of the atoms. At high temperatures, atomic
diffusivities are high and the largest contribution to nu-
cleation comes from exp(—AG,./KT). AG, determines
the condition under which a crystallization process is
possible, and is given as

_ 16ma’V},
¢ 3AG?

where o is the interfacial energy, V,, the molar volume,
and AG the free-energy difference between the amor-
phous state and the crystalline phase, which is propor-
tional to the amount of undercooling. Obviously, smaller
AG, is expected for greater value of AG, which implies
lower free energy of the crystalline phase with respect to
that of the amorphous phase. The 85-K phase has small-
er unit cell c-axis value of 31 A, thus having relatively
lower free energy compared with the 110-K phase (c=38
A). The free-energy increase of the 110-K phase is also
associated with the insertion of one more Cu-O and Ca-O
planes. This is the main explanation for the fact that the
85-K phase always crystallizes first from the amorphous
matrix and the 110-K phase can form only after the sam-
ple has fully crystallized and the copper and calcium
diffusion becomes significant at the interfaces.

As we have observed in this research, the diffusion pro-
cess is obviously enhanced by increasing initial calcium
and copper content. We have found that only very small
amounts (less than 5%) of the 110-K phase can form in
2223 samples, indicating that the growth of the 110-K
phase is limited by insignificant amounts of calcium and
copper. The amounts of the 110-K phase rapidly in-
crease as the calcium and copper level is increased to
2234 in the nominal composition [as indicated in Figs.
2(c) and 6(b)]. However, the time required for the 110-K
phase to reach the maximum amount is 10 d at 870°C.
This required time period is greatly shortened to 3 d at
the same temperature as the calcium and copper contents
are further increased to 2245, showing a highly advanced
diffusion process. It has been widely reported that lead
doping can greatly enhance the formation of the 110-K
phase. However, the origin of such an enhancement has

’
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never been clarified. Based on our experimental results,
we suggest that the promotion of the 110-K phase is
merely a result of lead’s advancing the diffusion process
during the heat treatment.

V. CONCLUSIONS

We have successfully formed a highly dense amor-
phous structure in Bi-Sr-Ca-Cu-O systems with nominal
compositions 2223, 2234, and 2245. By subsequent an-
nealing processes, we have reproducibly crystallized
liquid-quenched glasses and obtained 110-K supercon-
ductivity (based on both resistivity and magnetization
shielding experiments) with T,.(p=0) at 105 K in an-
nealed products. We have observed that eutectic crystall-
ization occurs in all glasses investigated and that the eu-
tectic products are 85 K plus calcium- and copper-rich
phases. Using DTA and x-ray diffraction data, we con-
clude that the 2223 nominal composition should be close
to a eutectic point, and 2234 and 2245 towards the
calcium- and copper-rich phases in the phase diagram.
We have constructed a TTT diagram for the crystalliza-
tion of the 2223 glass according to which the supercon-
ducting phases form only in the temperature region be-
tween 700°C and 900°C. The 110-K phase does not
directly crystallize from the amorphous matrix, and it
nucleates and grows only at the interfaces between eutec-
tic products controlled by calcium and copper diffusion.
The intergrowth process in the 85-K phase unit cell is ac-
complished by calcium and copper atoms diffusing across
such an interface. The annealing time required for the
maximum 110-K phase to form depends on the calcium
and copper level in the nominal composition. For 2234
and 2245, the time is 10 d and 3 d, respectively, indicat-
ing that the diffusion processes are greatly enhanced by
higher contents of calcium and copper. For the 2223
glass, only 5% of the 110-K phase can form in crystal-
lized samples.
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FIG. 9. Scanning electron microscopy photograph (secon-
dary electron) of the 2223 samples annealed at 870°C for (a) 50
s, (b) 10 min, and (c) 4 h.



