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PHASE DIAGRAMS, MELT SOLIDIFICATION AND GLASS 
CRYSTALLIZATION IN THE Bi-Ca-Sr-Cu-(O) SYSTEM 

J. ,~estdlc 

INS1TrUTE OF PHYSICS OF THE CZECHOSLOVAK ACADEMY OF SCIENCES, 18040 
PRAHA 8, NA SLOVANCE 2, C.S.F.R. 

Some aspects of  the preparation of oxide superconductors are discussed as concerns the 
problems of weak links. Known binary phase diagrams are reviewed and redrawn. Ternary 
compounds and glass-formation regions are included. The crystallization and formation of 
superconducting phases are illustrated by means of  T-T-T diagrams. The rate-controlling 
process of polymorphous precipitation is probably two-dimensional nucleation. 

It is well known that the physical properties of the superconducting 
oxides depend strongly on the preparation route; therefore, dissimilar 
results are obtained from different processes and process conditioning, as 
reviewed for the already classical Y-Ba-Cu-O (YBCO) system in [1-5]. Such 
superconducting materials arc generally fabricated through the classical 
sintering methods from various feed oxides and precursors [6, 7], but they 
are usually porous. In spite of the many attempts that have been made to 
synthesize and characterize superconducting phases, many problems remain 
unsolved. New material systems, new processes and optimized conditions for 
the high-Tc superconductors (abbreviated as HTS) are therefore being ac- 
tively explored to increase the critical temperatures (Tc) and predominantly 
to uphold sufficiently high electrical currents (Jc). Studies on single-crystals 
and epitaxially grown thin f'flms of YBa2Cu3Ox (abbreviated as 123) have 
yielded current  densities in the range 10s-106 A/cm 2, whereas the conven- 
tionally prepared bulk samples have been found to exhibit values three or- 
ders of magnitude lower a (a typical Jc at 77 K of as-sintered 123 being 
about 500 A/cm 2 in zero magnetic field). Several methods have been inves- 
tigated with a view to improving the intergranular contact, e.g. by adding the 
modification oxides Ag20, SnO or PbO, or even elements such as Gd or Ag, 
in an attempt to remove the parasitic secondary phases that often enhance 
undesirable grain growth. Additives can be inserted mechanically or even 
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segregated during the precipitation processes (e.g. during glass crystal- 
lization) and the presence of metals may cause a positive yield of the so- 
called proximity effect (i.e. sharing superconductivity). While the exact 
nature of the weak-rink problems in sintered YBCO is still under intensive 
investigation, it has recently been demonstrated that the problem can be ap- 
preciably reduced by a new method of melt-textured growth (i.e. MTG) [8, 
9], consisting of directional spherulitic solidification instead of the conven- 
tional melt-free sintering (where, in contrast, the presence of melted 
regions, often rich in copper oxides, was considered undesirable as reducing 
the good superconducting properties). Unlike metal-forming processes, the 
full-melting route of ceramics preparation is not generally used, since the 
refractory-like oxides undergo large volume changes during solidification 
and, in combination with the brittle nature of ceramics in the solid state, this 
causes cracking during the solidification process. On the other hand, the 
melt-processing technique has been investigated with several ideas well 
known from the metal production of metallic glasses [10, 11] and has the ad- 
vantages of fine microstructures, reduced segregation, extended solid 
solubility, and, last but not least, the formation of new types of phases. Thus, 
it is assumed that the full-melting process allowes one to fabricate materials 
with oriented microstructures and with tailorable solid-state properties. 
However, the nonequilibrium (real) conditions of solidification [14] often 
faced during rapid cooling demand a more extensive knowledge of the loca- 
tion of phase boundaries, usually to be extrapolated to the metastable 
regions [13] or shifted to the unstable environments [15, 16]. The extrapola- 
tion is necessary for a description of retarded nucleation, whereas the shift 
is required to characterize slow transport phenomena. These are linked in 
the recently developed field of kinetic phase diagrams [16], including the 
customary T-T-T and less conventional H-T diagrams [ 1, 15]. 

Phase diagrams 

It is evident that the first step towards a better understanding of the 
phases and phase relations formed upon solidification is based on conven- 
tional studies of phase diagrams [12]. Metastability, parasitic reactions and, 
last but not least, the experimental difficulties, how to preserve the high- 
temperature state down to the room-temperature investigation by quenching 
[17-20] for example, are the major reasons why the HTS phase com- 
patibilities are not fully understood as yet. The most intensive studies have 
been devoted to the already classical system Y-Ba-Cu-O, as reviewed in [21- 
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28], which can be best analysed in terms of a partially open system Y-Ba-Cu- 
(O) [28]. For the system Bi-Ca-Sr-Cu-(O) (abbreviated as BCSCO), the 
situation is even more complicated due to the presence of an additional eat- 
ion. Known binary edges [29-34] are eoUeetively shown in Figs 1 and 2 and 
complemented by the only known pseudobinary cut [35]. The ternary system 
SrO-CaO-CuO [32, 33] exhibits three solid-solution series, which extend 
from the SrO-CuO edge towards that of CaO-CuO, Ca 2 + being substituted 
for Sr 2+, Sr2CuO3 and Ca2CuO3 being essentially isostruetural. The 14:24 
ratio of the solid solution extends from the compound Sr14Cu24041 to about 

oC 

Fig. 1 The binary edges of CaO-BizO3, CaO-CuO, StO-Bi203 and SrO-CuO including the 
glassforming region (dashed-and-dotted), isostructural joins (dotted) and major 
superconductive compositions BizSrCal~CtgO, [29-34] 
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(Ca7Sr7). There is a ternary phase with a very limited homogeneity region of 
Sro.15Cao.85CuO2.. This can be regarded as the end-member of the 
homologous series (TI, Bi)2(Ba,Sr)2Can-lCunO4-2n, in which all the T1 and Bi 
layers have been removed, leaving only Cu-O layers alternating with those of 
(Sr, Ca)-O. The compound Sr2Bi2CuO6 should nominally be the phase with 
n = I [34] having no Ca-O layers. Instead, however, a different phase is 
formed, exhibiting a gross deficiency in SrO content [34] (about 
Sr16Bi17CuTOx). The only pseudobinary cut was reported on the line 
l < n  < 2 of the system Bin(SrCa)Cu3-nOx [35], locating the HTS phase 2(3)2 
(i.e. Bi2(Sr,Ca)3Cu2Ox) and the semiconductor phase 2(2)1. The liquidus 
line of the HTS phase was found to lie in the region 1.6 < n < 1.875, pos- 
sibly allowing single-crystal growth. It was conjectured that the amorphous 

Fig. 2 The binary system of Bi203, CaO and CuO end members covering the only known 
pseudobinary cut [35] BiySrCa-Cu3.yOx (1 < y < 2) and the subsolidus region (at about 
900~ of the ternary diagram [34] (top corner corresponding the composition 
40 CUO-25 SRO-35 BIO3/2) around the two important phases Bi2Sr2CuO6 (221) and 
Raveau-type solid-solution (/~). 
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phase first formed from the melt undergoes crystallization of the 2(2)1 
phase below 700 ~ . 

Solidification studies 

The comparatively easy and most convenient technique of splat-quench- 
ing between two copper block surfaces to press plates about 0.5-3 mm thick 
was transferred [11, 12]. The resulting cooling rate of about 102-103 deg/s, 
however, was too low to stop nucleation-growth processes allowing the for- 
mation of low-temperature phases below the periteetic melting of the 123 
phase [19]. Although the as-quenched samples from above the peritectie 
temperature cannot exhibit the desired superconducting properties because 
of the absence of the 123 phase, they do not show the presence of the more 
stable 211 phase (disregarding some traces of Y203). The latter oxide is 
possibly left due to its incomplete dissolution and/or partial precipitation 
during the manual time delay caused by pouring the melt out of the crucible; 
it is worth noting that reactions between the sample and crucible materials 
[24] appear to be negligible in contrast to the prolonged time of convention- 
al firing. Fast quenching methods, however, did not produce a completely 
noncrystalline phase [36-42] when the same 123 starting material was used. 
From the samples obtained by melt-quenching methods, it is evident that the 
valence state of copper ions [20, 27] is essential for the subsequent forma- 
tion of a superconductive phase, which can be achieved only by secondary 
firing, similarly to the ordinary ceramic processing [38, 39]. Oxide additives 
in the melt can either increase or decrease the dissociation stability of Cu 
ions. Easy melt vitrification was indicated for the composition 
Y:Ba:Cu:B(P) = 1:2:3:4 which, however, produced upon reheating YBO3 in- 
stead desired 1:2:3 [17]. For doped solidified melts, the good crystal con- 
tacts of superconductive components are unable to retain superconductivity; 
according to percolation theory, the amount of the non-superconductive 
matrix should not exceed 2/3 of the total. Bulk samples containing a glassy 
matrix have to be annealed for longer times, which indicates that oxygen dif- 
fusion through the entire sample is crucial for desirable superconducting 
properties; EMS reveals the formation of holes several microns in diameter 
within the originally dense matrix, as a necessary passage for oxygen intake. 

The early-studied BCSCO compositions of (1, 5)112, (1,5) (1,5)12 and 
1112 (doped by 0.3 AI) [43, 45] exhibited a glassy state for splat-quenched 
samples. After annealing for 24 hrs at 820 ~ these showed a higher Tc and a 
sharper transition than those of the slowly cooled samples exposed to corn- 
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parable conditions [69, 70]. The molten 2223 mixture was splat-quenched 
onto copper surfaces preheated to about 200 ~ , which helped to improve the 
mechanical integrity of the glass [46], the initial crystallization of which oc- 
curred at temperatures of about 450 and 650 ~ , producing identifiable phases 
of CuO, CaCu203 and BiCaSrOx. The superconducting phase was not 
formed at temperatures below 800 ~ The standard melt-quenching between 
the copper slabs and rotating twin rollers was found to produce a near-non- 
crystalline material with the following nominal compositions, 2223, 2324 and 
2425, the latter yielding after annealing a substantial amount of the high-Tc 
phase. In all cases, small amounts of extraneous phases were present. Glass- 
formation for the sample with the 2212 composition with the low-Tc phase 
has been reported by several research groups [44-49]. The 2212 amorphous 
films were prepared by twin-roller quenching [50]. Bi2Pb0.sSrL9Ca2.2Cu4Ox 
was melt-pressed between steel plates to 1 mm thickness and, after anneal- 
ing at 840 ~ for 120 hrs in 02, provided fibrous crystals up to 300 pm long (Tc 
about 105 K and Jc about 550 A/cm2). The glass-forming region was ex- 
amined in the BiO3/2-(Ca, Sr)O-CuO system [51, 52], a relatively wide inter- 
val of glass-formation being reported, including the 1112 and 2223 
compositions of interest. The single and twin-roller techniques have become 
popular [53-59], including other nonconventional methods, such as pumping 
up the 1112 melts at 1150 ~ into quartz tubes to form glassy rods and coils 
[54]. 

Crystallization and superconductor formation 

The formation of superconducting phases during BCSCO glass anneal- 
ing, however, is as difficult as that already found for the quenched YBCO 
systems [36-42]. The splat-quenched glassy 2122 [19] showed a gradual 
build-up of crystallinity when heated at 2 deg/min up to 700 ~ However, this 
was followed by a distinct loss of crystallinity, in accordance with the indis- 
tinct melting indicated by DTA above 750 ~ It can be anticipated that the 
low- temperature crystallization yields non superconductive phase(s), which 
latter reacts with the remaining glassy matrix to form first the low-Tc and 
then the high-Tc phases. The 2(3)2 roller and water-quenched samples [53] 
produced glasses which appeared to be heterogeneous and exhibited two 
glass-transformation and crystallization temperatures as well as a weak su- 
perconductivity. The heat-treated 1112 (including its partly Pb-substitutes) 
showed a low-temperature crystallization (600 ~ of (St, Ca)3CusOx 
(together with some impurity phases such as Ca2PbO4), which latter reacts 
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to form the low-Tc phase. The rapidly solidified 2425 composition [59] 
showed the evolution of the high-Tc phase out of the 2122 phase, which in 
turn develops from the 2021 phase (exhibiting as low a Tc as 12 K). The 
high-Tc phase is formed at 865 ~ in the presence of a liquid phase rich in 
copper and calcium, as verified by the presence of CuO and (Ca, Sr)2CuO3 
phases at the solid-liquid interface [59]. An investigation of Pb-doped Bi- 
based glasses [51] confirmed that the first phase to precipitate at around 
500 ~ is Bi2(Ca, Sr)2CuOx, which on further annealing produces the low-Tc 
phase at around 800 ~ The DTA exothermic effect observed just prior to the 
endothermic peak of partial melting at around 870 ~ is assumed to be related 
to the formation of the 1ow-Tc phase [60]. 

The superconducting properties of the resulting glass-ceramics were 
comparable with those of classically sintered ceramics, whereas the densit3Y 
was found to be higher, i.e. 5.91 g/cm 3 [48] for the 4334 glass and 6.42 g/cm 
[61] for the 0.4 Pb-doped 2223 glass ceramics (closely approaching the 
theoretical values). The Tc valus for the Yl12 glass ceramics was found to 
decrease with increasing content of Bi ( = Y) [44]. Several authors have suc- 
ceeded in preparing Pb-doped 2223 glass ceramics with Tc above 100 K [55- 
62], but the value of Jc did not exceed 100 A/cm 2. A detailed analysis of 
glass ceramic FITS was given in [51]. 

Description of nucleation-growth processes 

Since the noncrystalline structures are thermodynamically unstable [12], 
they undergo crystallization at elevated temperatures. If such a structure 
crystallizes into merely a single phase without any concentration changes, 
this is called polymorphous crystallization. However, in many cases, crystal- 
lization occurs through complicated decomposition reactions such as eutec- 
tic crystallization, resulting in various products with different physical 
properties and microstructures. From the standpoint of material synthesis, 
the fabricated materials ought to possess properties such as phase purity, 
freedom from defects, high density, chemical stability and controllable 
microstructures. These goals cannot be achieved until the crystallization, 
phase transformation, diffusion and crystal-chemistry of the materials in 
general are fully understood. This is particularly important in HTS in order 
to produce Bi-based high-density single-phase superconductor samples 
routinely. The nucleation-growth processes of both the low and high-Tc 
phases are not yet clear. It is difficult to study these mechanisms with 
ceramic-sintered samples, since the microstructures are not easily control- 
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led. In melt-quenched samples, on the other hand, the starting material is a 
highly uniform and dense amorphous structure, so that the crystallization 
can be carefully controlled by adjusting the annealing parameters, allowing 
observation of the whole phase change by various characterization techni- 
ques [17, 18, 44, 51, 53]. 

The DTA curves of the powdered 2122 splat-quenched samples with dif- 
ferent surface areas [19] showed no identical reactivity, probably due to the 
different abilities to precipitate, the surface and bulk nucleation possibly 
producing crystalline phases with different compositions and at different 
rates. The kinetics of nonisothermal crystallization studied for the Yl12 
glasses [63] prepared by both the twin-roller and splat-quenching methods 
indicated that the apparent activation energy of the assumed surface nuclea- 
tion decreases with increasing Bi (=  Y) content; SEM studies suggest that 
surface crystallization is the predominant mechanism [63]. Two-dimensional 
nucleation [64] appears to be a rate-controlling process even for other 
processes associated with the layered perovskite structures, e.g. for the 
oxygen intake of the standard 123 structure at low temperatures [65] inves- 
tigated by thermogravimetry, or for the face build-up observed optically 
during the growth of HTS single-crystals [66]. 

It has been shown [57, 67] that the high-Tc phase does not crystallize 
directly from the amorphous phase; it can form only during prolonged an- 
nealing. Eutectic crystallization is likely to occur as the composition of the 
matrix reaches the eutectic point, which is close to that of the 2223 glass. In 
such a case, interfaces are therefore created between the low-Tc phase and 
mixed calcium copper oxides, these probably having a morphology similar to 
that known from the crystallization of metallic glasses [16]. Because of the 
high concentration differences in calcium and copper acr.oss the interface, a 
kind of balancing diffusion must take place. The high-Tc phase will thus 
form at these interfaces after certain amounts of calcium and copper have 
diffused in the low-Tc phase, adding one more Ca-O and Cu-O planes in its 
unit-cell structure (syntactic intergrowth). At higher temperatures, the 
atomic diffusivities are high enough, so the largest contribution to nuclea- 
tion comes from the term containing the Gibbs energy, to form a nucleus of 
critical size. This term is then dependent on the interfaeial energy, the molar 
volume and the Gibbs energy difference between the amorphous and the 
crystalline phase, usually proportional to the degree of undercooling. Ob- 
viously, a smaller critical Gibbs energy is expected for a larger difference, 
which implies a lower Gibbs energy of the crystalline phase with respect to 
that of the noncrystalline one. The low-Tc phase has a smaller unit cell c- 
axis value of 31/~, thus having a lower free energy than that of the high-Tc 
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phase (with c = 38 ,~). The free-energy increase is also associated with the 
insertion of two extra planes, which could explain the fact that the low-Tc 
phase always crystallizes first from the amorphous matrix. It has been ob- 
served [57] that the diffusion process is enhanced by increasing initial cal- 
cium and copper contents, as for example starting from the 2234 
composition. For the 2223 samples, the growth is limited by the insignificant 
amounts of Ca and Cu. However, the time required to form the high-Tc 

Melt 

T ' l I W T m l ~ u m ~  ~ m  w 

Time 

NM t 

HT 

Fig. 3 Schematical time-temperature-transformation (T.T-T)diagram proposed for the rapidly 
quenched HTS assuming the critical cooling rates of vitrification (rate: K/s), melting 
temperatures (melt: ~ temperature width of the superconductor possible occurrence 
(width: ~ and following phases 

phase is as much as 10 days, this being essentially shortened to 3 days for the 
2245 starting composition with the highly advanced diffusion process [67]. 
According to the compiled data [57] and our own experience [19, 39], we 
may attempt to construct the T-T-T diagram for the glass-formation and crys- 
tallization boundary (Fig. 3). 

HTS Comp. Rate A B C Width D Melt 
(OOl) 

YBCO 123 107 (100) 211 123 ~200 011 > 1400 

(0201) 
BCSCO 2223 102-3 (001) 2212 2225 (?) < 10 2 0 2 1  --900 

Right: a hypothetical process of eutectic-like BCSCO ctystaUization is illustrated where 
the noncvjstalline matrix, first developing nonsupercondective, low-To and high-To 
phases are marked as NM, NS, LT and HI', respectively [57] 
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Conclusion 

T h e  glasses in the BCSCO system are  easily f o r m e d  at a cri t ical  cool ing 
ra te  of  f rom 102 to 103 deg/s by  using the convent ional  sp la t -quenching  tech-  

nique.  T h e  g lass - fo rmat ion  ability dec reases  with increas ing  CuO and  

decreas ing  Bi203 contents .  Fo rma t ion  of the high-Tc  (2223) phase  is 

f avou red  by the  p r e s e n c e  of noncrys ta l l ine  phases ,  p r o b a b l y  within a very 
small  t e m p e r a t u r e  region (as na r row as abou t  5 deg).  In  general ,  the spla t -  
q u e n c h e d  glasses first  p rec ip i t a t e  the  2201 phase ,  this deve lop ing  fully at  
abou t  650 ~ . This  is then  t r a n s f o r m e d  to the  2212 phase ,  which is fu r the r  con-  
ve r t ed  to the  des i red  2223 phase  only a f te r  p r o l o n g e d  hea t ing  at abou t  865 ~ 

T h e  inheren t  po lymorphous  crystal l izat ion is in a g r e e m e n t  with the 

p r o p o s e d  T-T-T diagrams [57]. M o r e  da ta  are  n e e d e d  for  a b e t t e r  under -  
s tanding of  the non i so thermal  p rocesses  assoc ia ted  with H T S  fo rma t ion  [68] 
and  the  possible  exis tence of  superconduct iv i ty  in noncrysta l l ine  s t ruc tures  
[69]. 
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1650 ~ESTPtK: PHASE DIAGRAMS 

Z u s a m m e n f a s s a n g -  Es wurden einige Aspekte der HersteUung von Oxidsupraleitern 
beziiglich der Probleme schwacher Bindungen besprochen. Existierende binire Phasen- 
diagramme wurden kritisch besprochen und unter Berficksichtigung yon tern~ren Verbindun- 
gen und Glasbildungen neu erstellt. Die Kristallisierung und Bildung yon supraleitenden 
Phasen wurde mittels T-T-T-Diagrammen iUustriert. Der geschwindigkeitsbestimmendr 
Schritt der polymorphen Prizipitation ist wahrscheinlich eine zweidimensionale Kris- 
tallkeimbildung. 
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