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We have studied the structural and microstructural changes of Bi4Sr3Ca3Cu40,h~x on annealing close 
to its melting point and correlated these with the thermal stability and the electrical properties. 
Thermal analyses suggest that the Bi,Sr,Ca$u,0,6+x p hase undergoes a peritectic or peritectic-like 
transformation, accompanied by oxygen loss, just before complete melting. This transformation leads 
to the formation of the Bi,Sr2Ca,Cu~0,, phase as identified by X-ray diffraction (XRD) and confirmed 
by electrical resistivity measurements. Electron microscopy shows that Bi4Sr3Ca3Cu4016+x samples 
maintain their lamellar morphology after transformation and are locally decomposed into a majority 
Bi2SrzCazCus0,a phase bounded by an amorphous phase. A thin layer of Bi4Sr3Ca3Cu4016+x phase is 
systematically observed between this amorphous phase and the transformed regions. In the latter, a 
stacking sequence corresponding to a Bi-Sr-Ca-Cu-0 phase with a structure based on four Cu-0 
layers is also observed. Finally, we discuss the consequences of this transformation on electrical 
properties and on the conditions required for the preparation of a pure Bi2Sr,Ca,Cu,0,, phase. o 1990 
Academic Press, Inc 

Introduction 

After the observation of superconductiv- 
ity in the rare earth-free Bi-Sr-Cu-0 sys- 
tem with T, - 20 K by Michel et al. (I), the 
addition of calcium has led to the discovery 
of bulk superconductivity at 85 K and evi- 
dence for a superconducting transition near 
110 K in the Bi-Sr-Ca-Cu-0 system (2,3). 
In the Bi,Sr,Ca,_ ,CU,,O~~+~ structural fam- 
ily, as well as in the homologous thallium 
family, T, increases with the number of 
Cu-0 layers when n varies from 1 to 3 
(4-14). For n = 1 and n = 2, the structures 
of various Bi-Sr-Ca-Cu-0 phases have 
been determined from single crystals (10, 
1.5) and pure phases have been successfully 
prepared by solid state reaction as well as 
by other methods (10-12, 16-28). It seems 
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much more difficult to synthesize a single 
phase for n = 3, corresponding to the high- 
est value of T, = 110 K (hereafter composi- 
tions will be denoted by their cation stoichi- 
ometry, e.g., 2223 for Bi,Sr,Ca,Cu,O,,). 
This latter is generally only found in inter- 
growth with 2201 and 2212 phases as shown 
by transmission electron microscopy (TEM) 
observations (12, 19), and very critical tem- 
perature control is required to form the 2223 
phase. Tarascon et al. (10, 20) report that 
heating single phase 4334 (4334 having the 
same structure as 2212 due to the possible 
substitution of Ca on Sr sites) which initially 
has T, = 85 K, near its melting point, pro- 
duces a sharp resistivity drop at 110 K. Hu- 
ang et al. (22) obtain a majority 2212 phase 
even with a 2223 starting composition by 
sintering in air at 850°C. In this case, no 2223 
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phase is obtained, and superconductivity 
near 110 K (indicative of the 2223 phase) is 
only observed for samples heated at 880°C 
for a few days. These results suggest that 
the formation of the 2223 phase must be 
closely related with the melting characteris- 
tics of the 2212 phase. This melting behavior 
is complex, since two endothermic peaks, 
at -870°C and -9lo”C, are observed by dif- 
ferential thermal analysis (DTA) and, using 
thermogravimetry (TG), the reaction at 
-870°C is found to be accompanied by a 
weight loss (20, 21, 22). 

The mechanisms and phase relations for 
this transformation are still not fully under- 
stood, and the equilibrium phase diagram is 
not completely known, either. From powder 
X-ray diffraction data, together with electri- 
cal resistivity measurements, Pekker et al. 
(23) propose that 2201 and 2212 are equilib- 
rium phases at room temperature. 2223 
would be stable above around 880°C and 
only metastable at room temperature. High 
temperature X-ray diffraction indicates that 
the 2212 phase disappears above 870°C 
whereas the 2223 phase seems to remain 
stable up to 890°C (24). Recently, several 
mechanisms have been proposed for the for- 
mation of the 2223 phase, such as the disso- 
ciation reaction of the 2212 phase into the 
2223 and 2201 phases (25) or the precipita- 
tion of the 2223 phase from a partially melted 
liquid (26). However, few studies have 
treated the microstructural aspects of the 
transformation. Up to now, the 2223 phase 
has essentially only been obtained in a 
nearly pure form with substitution of lead 
(27-29). The effect of this substitution is 
not well understood. It may accelerate the 
kinetics of the phase formation and/or ex- 
tend the domain of phase stability. 

Here, we present a microstructural inves- 
tigation of the phase transformation behav- 
ior of 221Ztype phase with 4334 composi- 
tion, in combination with thermal analysis, 
X-ray diffraction (XRD), and electrical re- 
sistivity measurements. First, we demon- 

strate that the 4334 phase undergoes a peri- 
tectic transformation before complete 
melting. We then show that the 2223 phase 
is the main product of this transformation 
and that the stability domain of the 2223 
phase is likely to be rather limited. In the 
third part, we report observations both by 
scanning electron microscopy @EM) and by 
transmission electron microscopy (TEM). 
These show that the 2223 phase still has a 
characteristic plate-like morphology and is 
formed by intergrowth within the host 4334 
phase. We also show evidence for a four 
Cu-0 sheet structure with 2.2-nm blocks in 
the 2223-rich regions. Finally, we discuss 
the possible formation mechanism of the 
2223 phase and the relations between this 
transformation and the conditions for the 
preparation of pure 2223 phase, as well as 
the resulting electrical properties. 

Experimental Procedure 

Ceramic samples are prepared by mixing 
pure (99.95%) bismuth oxide, calcium car- 
bonate, and copper oxide in proportions 
corresponding to the Bi,Sr,Ca,Cu, composi- 
tion. Powders are thoroughly mixed, calci- 
nated at 800°C in air for 16 hr, and furnace 
cooled. They are reground and pressed into 
bars of size 3 x 5 x 20 mm which are 
subsequently sintered at 850°C in air for 150 
hr and then furnace cooled to room tempera- 
ture. Several intermediate grindings are car- 
ried out to ensure good homogeneity. A plat- 
inum foil is employed to prevent possible 
contamination of the samples from the alu- 
mina crucibles. 

Differential thermal analysis (DTA) is car- 
ried out under a static air atmosphere with 
a SETARAM M4 apparatus equipped with 
platinel thermocouple (emf -40 PV “C-’ at 
1000°C). The thermometric and calorimetric 
apparatus are calibrated with the help of 
standard substances (30) as described by 
Faudot et al. (32). Two heating rates 
(20”C.min and 2”C.min’) are used in or- 
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der to ascertain their influence on the trans- 
formation temperature. About 30 mg of the 
sintered 4334 phase is ground and hand- 
pressed into a 25mm3 alumina crucible for 
the DTA experiment. The transformation 
temperature is conventionally defined as the 
temperature corresponding to the intersec- 
tion point between the extrapolated base 
line on the high temperature side and the 
tangent at the inflection point on the low 
temperature side (32). Thermogravimetric 
(TG) experiments are performed under a 
static air atmosphere using a “MARK 2A” 
microthermobalance from C.I. Electronics 
Limited. The apparatus is equally weight 
calibrated by using pieces of pure platinum. 
A cylinder (2.5 mm in diameter, 3 mm long) 
cut from the sintered 4334 bar is used as TG 
sample. The heating rate is 2”C.min’ and 
TG sensibility is about 0.45 mg.cm-‘. 

XRD spectra (filtered Co& radiation) 
are recorded using a Philips diffractometer. 
Lattice parameters are refined by means of 
a least-squares program. The resulting su- 
perconducting oxide is examined on its frac- 
ture surface by scanning electron micros- 
copy on a ZEISS DSM950. Transmission 
electron microscopy is carried out on a 
JEOL 2000FX analytical and a JEOL 200CX 
high resolution microscopes. Specimens are 
prepared from slices by mechanical polish- 
ing to -50 pm thickness followed by argon 
ion milling at 6 kV with a total gun current 
(both guns) of 1 mA. 

Resistivity measurements are carried out 
on bars (approximately 2 x 2 x 10 mm) cut 
from as-sintered samples. A standard four- 
probe dc method is used with silver paint 
contacts. The measurement current is 10 
mA. In the superconduction state, the maxi- 
mum detected potential difference is smaller 
than 1 PV and does not change in sign when 
the current is reversed. 

Results and Discussion 

XRD shows that samples sintered at 
850°C consist of a single 4334 phase and that 

the major Bragg peaks can be indexed 01 
the basis of the tetragonal subcell (a = 
0.3812 nm, c = 3.058 nm), with some of the 
weak lines on the basis of a %‘?a supercel 
(see Fig. la). This result is very similar tc 
that obtained by Tarascon et al. (10). The 
DTA curve for this single phase (see Fig 
2a) shows that two peaks, associated wit1 
the melting of this single phase, are ob 
served at the heating rate of 20”C.min’, ir 
agreement with several other authors (10 
13,21). This is consistent with the behavior 
expected for a compound with noncongru. 
ent melting. We observe partial melting 01 
the sample when maintained at the tempera. 
ture between these two peaks, suggesting 
that the first endothermic peak is due to 2 
peritectic or peritectic-like transformatior 
of the 4334 phase. Thus the temperature, al 
which the 4334 phase is decomposed under 
these experimental conditions (static air. 
heating rate of 20”C.mini), is determined 
to be 871 ? 5°C. 

In fact, results obtained in changing ex- 
perimental conditions reveal that the melt- 
ing behavior of the 4334 phase is more com- 
plicated and that the starting point of the 
peritectic transformation is very sensitive 
to parameters such as atmosphere, heating 
rate, and even gas flow. Figure 2b shows 
the DTA curve obtained at a much slower 
heating rate (2”C.min~‘) under a static air 
atmosphere. The first peak, previously ob- 
served as a single peak at a heating rate 
of 20”C.min’, is now split into three small 
peaks, suggesting that several reaction 
probably occur at this stage, i.e., before 
complete melting. In this case, the initial 
transformation temperature of the 4334 
phase is shifted to 863 2 5°C as determined 
from the first peak. This difference can be 
explained by kinetic factors for this transfor- 
mation. For the second and third peaks, we 
can only estimate the temperatures (bottom 
points of peak) of the completion of the cor- 
responding transformations. Without de- 
convolution, they are extrapolated to be at 
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FIG. 1. X-ray diffraction powder spectra (CoKa). (a) 4334 sample sintered at 850°C (indexation with 
a 2212 tetragonal subcell a = 0.3812 nm, c = 3.058 nm. x indicates lines which can be indexed with 
a unit cell of a = 0.5391 nm and c = 3.058 nm. (b) After annealing at 870°C (indexation with a 2223 
tetragonal subcell c1 = 0.3817 nm, c = 3.700 nm). x indicates the 4334 lines and 0 some lines which 
are not readily indexed. 

-873 and -877”C, respectively. This means 
that the transformation of the 4334 phase 
occurs not only in several steps but that 
the domains of stability for each resulting 
compound are also very narrow. Figure 2c 
shows the TG curve for the 4334 phase re- 
corded with the same experimental condi- 
tions as for Fig. 2b. Below the peritectic 
transition temperature a weight change is 
first observed for single 4334 phase. Consid- 
ering that the loss or gain of one atom oxy- 
gen per unit formula results in a - 1% weight 
change, the observed effect is an increase 
of about 0.5 oxygen per unit formula in the 
range 500-600°C. Thus the stoichiometry of 
this phase can be changed by annealing at 
these intermediate temperatures. At higher 
temperatures, a weight loss occurs and the 
initial composition is restored at 750°C. A 
sharp effect is observed at 861°C which, 
within experimental error, is the starting 

point of the peritectic reaction determined 
by DTA under the same conditions. The 
transformation of the 4334 phase is thus as- 
sociated with a significant weight loss (most 
probably a loss of oxygen). This can 
strongly influence the oxygen partial pres- 
sure around the sample. In particular, for 
a crucible volume of 25 mm3 in our DTA 
experiment, the release of -1% oxygen 
from an -30-mg sample would increase the 
oxygen concentration by -150 times. This 
may account for the strong dependence of 
the transformation temperature on the ex- 
perimental conditions. 

In order to investigate the mechanism of 
this complex transformation of the 4334 
phase, the as-sintered superconductor is an- 
nealed at 870°C in air for -60 hr and then fur- 
nace-cooled. The XRD spectrum of the an- 
nealed sample can be essentially indexed on 
the basis of a tetragonal unit cell with a = 
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FIG. 2. Thermal analysis results for the 4334 phase: (a) DTA curve obtained at a heating rate of 
20°C min-‘: the first peak corresponds to the phase stability limit, the transformation temperature is 
determined to be 871°C using the tangent convention. (b) DTA curve obtained at a heating rate of 2°C 
min-‘, the first peak is split up into three small peaks, indicating a complex melting behavior. The 4334 
phase becomes unstable at 863°C. (c) TG curve obtained at a heating rate of 2°C min-‘, note the small 
weight change before melting and the large weight loss after 861°C. 

0.3817 nm and c = 3.700 nm, i.e., with the 
2223 structure (Fig. lb). However, the dif- 
fraction peaks for the 2223 phase are broad, 
notable for (001) peaks are present but their 
intensities remain relatively weak (Fig. lb). 
A small fraction of 4334 phase is found, but 
some lines are unidentified. We therefore 
propose that the 4334 phase transforms at 
temperatures in the range -865870°C in the 
following general manner: 

4334(solid) 4 liquid + 2223(solid) + 0,. 

is limited since the composition differences 
between the 4334 phase and the 2223 phase 
are small. This is in agreement with experi- 
mental observations. Some other transitory 
phases may also exist and these may ac- 
count for some unidentified weak lines in 
XRD (Fig. lb). This reaction corresponds to 
the initial decomposition of the 4334 phase, 
i.e., to the first endothermic peak observed 
by DTA. It should be noted that the stability 
domain of the 2223 phase is therefore only 
about 10°C since the two successive reac- 

Here, the proportion of the liquid phase tion occur at -873 and -877°C respectively 
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FIG. 3. Comparison of the temperature dependence 
of electrical resistivity for the 4334 phase before (m) 
and after (x) the transformation. 

(Fig. 2b), explaining why the conditions for 
preparation of the 2223 phase are so critical. 

Electrical resistivity measurements con- 
firm the presence of the 2223 phase (see Fig. 
3). A sharp drop in resistivity occurs at - 110 
K, but zero resistivity is only reached at 
-80 K. It should also be noted that, for the 
nonsuperconducting state, the resistivity of 
the sample annealed at 870°C is higher than 
that for the sample annealed at 850°C. This 
higher resistivity could arise from the contri- 
bution of extra, insulating or semiconduct- 
ing phases formed in the sample after the 
peritectic transformation. 

SEM observation have been made before 
and after the transformation (see Figs. 4a 
and 4b). The observation of fracture sur- 
faces reveal that the plate-like morphology, 
which is characteristic of the 4334 phase, 
is maintained after the transformation. The 
surfaces of the platelets, for the sample an- 
nealed at 87O”C, become rougher and are 
slightly curved. After transformation, the 
layered crystals seem to have coalesced and 
grown along the direction perpendicular to 
platelets leading to an increase in thickness. 
There is no evidence for the appearance of a 
different morphology due to the new phases. 

TEM examination of the pure 4334 phase 
(FigSa) reveals that crystals frequently grow 
in fan-like clusters of thin plates separated by 
low angle grain boundaries perpendicular to 
the c axis. The spacing of the c planes is rela- 
tively uniform and the corresponding elec- 
tron diffraction leads to a half c parameter of 
-1.53 nm. Some defects are present in the 
stacking sequence as it is usually observed in 
layered structures with a large stacking pe- 
riod. Even for a stoichiometric composition, 
corresponding to a phase of sequence n, 
some blocks of phase IZ - 1 and IZ + 1 are 
observed in intergrowth (33). 

After transformation, the previous regu- 
lar c spacing, inside grains, is replaced by 
the coexistence of different c spacings (i.e., 
intergrowth of different phases), and an 
amorphous phase is generally observed at 
the periphery of the transformed regions 
(Fig. 5b). The diffraction pattern (inset in 
Fig. 5b) shows that mainly two spacings of 
- 1.85 and - 1.53 nm in the c direction (half 
the 2223 and 4334 c parameters, respec- 
tively) intergrow. The reflections from the 
1.85-nm phase are much more intense, indi- 
cating that the majority phase is the 2223 
phase. This is in agreement with the XRD 
data (see Fig. lb). 

High resolution imaging confirms that a 
spacing of 1.85 nm (2223) is the major con- 
stituent in the center of transformed regions. 
In addition, it is interesting to note the pres- 
ence of some -2.2-nm layers in such a ma- 
jority 2223 phase region and some spacings 
of 1.53 nm (2212) are also found in inter- 
growth (Fig. 6). Since the structures of 2212 
and 2223 are known, the stacking sequences 
can be interpreted directly from the images. 
The dark rows with constant thickness can 
be assigned to the double Bi-0 and Sr-0 
layers, and these layers are separated by 
perovskite-like blocks with variable thick- 
ness depending on n. Within these blocks 
the one, two, or three bright fringes corre- 
spond to the CuO, layers. Our observations 
of the spacing of -2.2 nm indicates that it is 
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de 
FIG. 4. SEM (secondary electron mode) images. (a) Single 4334 phase obtained at 850°C. (b) 
xomposition through annealing at 870°C. 

After 
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FIG. 5. H.igh resolution transmission electron microscopy (HRTEM) images of a 4334 sample before 
(a) and after (b) transformation. 
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FIG. 6. HRTEM image after transformation of a region inside a grain. The c spacing is mainly -1.85 
nm (2223), but some 1.53-nm (4334) and 2.2-nm (2234) spacings are also observed. 

possible to locally observe a 2234 structure 
of four CuO, layers with a half c parameter 
of -2.2 nm. This 2234 phase is similar to 
that obtained by Hervieu et al. (34) in the 
Tl-Ba-Ca-Cu-0 system and by Rao et al. 
(35) on Pb-substituted Bi-Sr-Ca-Cu-0 
compound. In the latter compound, Werder 
et al. (36) observed, by TEM, the existence 
of this phase with a c axis parameter of 4.32 
nm in grains containing no intergrowth de- 
fects. In our case, we are not able to define 
the stability domain of 2234 but the exis- 
tence of this phase will obviously compli- 
cate the phase diagram in the temperature 
region considered. 

Figure 7 shows details of the spatial 
distribution of the stacking sequences near 
the periphery of the transformed region. 
Here, the c spacing is regular and corres- 
ponds to the 4334 phase, while intergrown 

blocks with different c spacings are ob- 
served inside the grain. These regions of 
4334 spacings are systematically observed 
at the boundaries and are only of order 10 
nm thick in general. Ramesh et al. (37, 38) 
also observe a shell of 4334 around a 
dominant 2223 phase and propose that this 
may explain the two-step superconducting 
transition generally observed in polycrys- 
talline sample. 

If we consider the consequences of the 
proposed peritectic transformation, for a 
starting composition of 4334, the formation 
of the 2223 phase must proceed via a diffu- 
sion of cations in order to obtain the appro- 
priate composition. In this case, some Ca 
and Cu atoms have to diffuse in the opposite 
direction to that of Sr and Bi atoms since 
the 2223 phase differs in one layer of Ca- 
CuO, from the 4334 parent phase. Conse- 
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FIG. 7. HRTEM image after transformation showing the presence of 4334 + 2223 spacings inside the 
grain, a layer of 4334 spacing close to the boundary, and an amorphous phase (AP) at the boundary. 

quently, the liquid phase produced is Ca 
and Cu poor and Bi enriched. Upon cooling 
below the transformation temperature, this 
liquid phase will solidfy to form first a layer 
of 4334 phase around regions of majority 
2223 phase and then the amorphous phase, 
which is likely to be the last remnant of the 
liquid phase. 

The possible effects of this transforma- 
tion and the induced microstructure will 
be then clearly deleterious on the electrical 
properties. The coexistence of both inter- 
growths of 4334 and 2234 within a majority 

2223 phase and a “shell” of 4334 phase 
around the transformed regions will lead 
to a broad and stepped superconducting 
transition. In addition, the amorphous 
phase separating the regions of supercon- 
ducting phase is likely to limit the critical 
current density. 

Conclusion 

We have investigated the behavior of the 
4334 single phase near its noncongruent 
melting point. DTA and TG results show 
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