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The 2212 phase formation during annealing of melt textured Bi-2212 (Bi2Sr2CaCu20x)
was investigated using differential thermal analysis, thermal gravimetric analysis,
x-ray diffraction, scanning electron microscopy, energy dispersive x-ray analysis, and
high resolution transmission electron microscopy. After zone melting, the material is
multiphase consisting of 2212, 2201, Sr!-xCaxCuO2, and the eutectic. The 2212 phase
formed is highly perfect with less than 5% intergrowths of 2201 layers; the 2201 phase
shows no intergrowth of 2212 at all. In the first period of the annealing, remelting of the
eutectic leads to fast oxygen diffusion and a high 2212 formation rate. The 2201 —> 2212
transformation proceeds via intermediate states of high defect density. The 2212 grains
contain up to 30-70% 2201 intergrowths. Further heat treatments lead to an annihilation
of the great majority of intergrown 2201 layers. We propose a model for the formation
of 2212 grains with a low planar defect density, based on frequent stacking faults, that
allows diffusion of Ca- and Cu-atoms over a short distance. The model provides a
schematic description of this solid-state process and correlates it to the characteristic
microstructural features of melt-processed Bi-2212.

I. INTRODUCTION

Bi-2212 (Bi2Sr2CaCu20x) is mainly produced by
melt processing, e.g., partial melting of thick films1 or
zone melting of bulk samples.2'3 These processing routes
enable the formation of a highly textured, weak link-
free microstructure, giving the material the potential for
utilization in a variety of applications that require the
conduction of high dissipation-free currents.

However, the processing routes via a liquid phase
are seriously complicated by the incongruent melting of
Bi-2212. This is due to oxygen loss during heating and
melting. As a consequence of insufficient equilibration
of this oxygen deficiency during solidification, the
microstructure of nominal 2 : 2 : 1 : 2 composition is mul-
tiphase containing 2201, Sr^Ca^CuOz (x = 0.4), Cu-
free phases, and Cu2O as impurity phases.4'5 This occurs
especially in bulk material due to the long diffusion
distances, in thick films only at high cooling rates due
to the short diffusion time. Annealing the as-solidified
material at temperatures higher than 800 °C is necessary
and yields a high amount of the 2212 phase with good
superconducting properties.3 The formation of the two-
layer compound proceeds in two steps, which were
explained by solid/liquid and subsequent solid/solid reac-
tions of the secondary phases with 2201.5 During the first
hours of the annealing a considerable weight increase is
observed, which is attributed to oxygen absorption.6

After annealing the Bi-2212 phase still contains
grains with a high concentration of crystal defects.

They have been extensively characterized by transmis-
sion electron microscopy (TEM) investigations.7"10 Es-
pecially the intergrowth of half-cells of 2201 in 2212
grains is often observed in melt processed as well as in
sintered samples.7'9'11"13 These intergrowths may either
indicate an incomplete 2201 —<• 2212 transformation,9 or
be a possibility of the accommodation of the chemical
composition.13 Little information is available about the
amount and distribution of the intergrowths within the
grains. In general, their amount was found to be in-
creased in samples of Bi-rich starting compositions.13

Furthermore, they are frequently found at twin bounda-
ries, and their insertion is thought to be a possible mecha-
nism for solid-state diffusion parallel to the c-axis.9 Lang
et al.n reported that the alternate arrangement of the
half-cells of 2201 and 2212 is slightly preferred; only
few identical half-cells are nearest neighbors.

The purpose of this work is to clarify the formation
of the 2212 phase in melt textured bulk material during
annealing at 850 °C in air. Special emphasis is given
to microstructural changes concerning the amount and
distribution of 2201 intergrowths in 2212 grains at
different annealing times.

II. EXPERIMENTAL

Starting material was single phase Bi-2212 powder
(Hoechst High Chem, Frankfurt, Germany) with an
average grain size of 15-20 /ucm (grade 3, chemical
purity 99.7%). The powder was pressed into A12O3
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crucibles (200 X 20 X 10 mm3) and zone molten in air
at a pulling rate of 3 mm/h. The maximum temperature
in the melt was 930 °C. The temperature gradient at
the solidification front at 890 °C was measured to be
104 K/m. After zone melting the sample was cut into
several pieces of 15 X 10 X 5 mm3 and annealed at
850 °C in air for various periods of time up to 100 h.
After the annealing, the samples were cooled in air.

The samples were investigated by x-ray diffraction
(XRD) with CuKa radiation using Si as the internal
standard, and scanning electron microscopy (SEM).
Chemical compositions of the phases were determined
by energy-dispersive x-ray analysis (EDX) (Tracor-
Northern Series II, Wisconsin) at an acceleration voltage
of 25 kV with a Si (Li) detector. The ZAF correction5

was applied to the intensities of the Bi Ma, SrL a , Ca Ka,
and CuKa lines, and the compositions were calculated
by means of internal standards. The accuracy was
checked by a sintered single phase Bi2.1Sr2.0Ca1.0Cu2.0O*
sample and found to be better than ± 3 at. %.

TEM specimens were prepared by mechanical pol-
ishing, thinning with a dimple-grinder, and ion-milling
to perforation in an Ar beam. A Philips CM30 (Cs =
1.1 mm, LaB6-cathode) at 300 kV was used for HRTEM,
electron diffraction (ED), and EDX.

The annealing of an as-grown sample was inde-
pendently carried out in a differential thermal analysis
(DTA) and thermal gravimetric analysis (TGA) experi-
ment. The sample (724 mg) was heated at the rate of
5 K/min to 850 °C in air and equilibrated for 85 h. The
accuracy of the weight measurement is ±0.025 mg.

The chemical compositions of the phases are written
as abbreviations. The notations are as follows: the order
of the elements is Bi/Sr/Ca/Cu and the letter x is used
for the Sr/Ca exchange. For example, the chemical com-
position of the phase called "01x1" is Sr1_*Ca^CuO2.

III. RESULTS AND DISCUSSION

A. Oxygen diffusion during annealing

After zone melting the samples were oxygen de-
ficient owing to oxygen loss during melting and their
suppressed reoxidation during cooling. Therefore, an-
nealing in air at 850 °C led to a considerable weight
increase, which was measured in the DTA/TGA experi-
ment. Figure l(a) shows the weight change of the as-
grown sample as a function of the annealing time. The
weight increase was very fast, as already reported in the
literature,6 and was completed to about 99% after 10 h.
It was attributed to the oxygen diffusion into the sample.
Two additional observations should be mentioned.

(1) The weight increase started already during heat-
ing at temperatures above 600 °C. This point was then
chosen at t = 0 for the annealing time. The final heat-
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FIG. 1. (a) Weight change of zone molten Bi-2212 (Bi2Sr2CaCu20^)
as a function of the annealing time in air at 850 °C. 100% corresponds
to a weight increase of the as-grown sample of 2.59 mg = 0.36%.
(b) Oxygen content x of zone molten Bi-2212 as a function of the
annealing time in air at 850 °C. The results of the TGA measurement,
as well as those of the iodometric titration, are shown.

treatment temperature of 850 °C is reached after 40 min,
as shown in Fig. l(a).

(2) Melting of one of the phases could be detected
as low as 750 °C by an endothermic signal in the
DTA. This temperature is in excellent agreement with
the solidification temperature of the eutectic consisting
of Cu2O and Bi2Sr2CaO^ (23x0, x = 1), as reported
previously.5'14 The occurrence of this oxygen-deficient
liquid phase enhanced the oxygen diffusion. The liquid
might still be present during the first hours of the
annealing at 850 °C and, therefore, facilitated the fast
oxygen absorption of the sample.
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Therefore, we conclude that within the first 6-10 h of
the annealing the fast formation of the two-layer com-
pound is due to the presence of a liquid phase facilitating
the mobility of oxygen, as well as the 2212 formation.

Before and after the annealing in the DTA apparatus,
the total oxygen content of the sample was measured by
iodometric titration.15 The oxygen content expressed by
x in the formula unit I^S^CaQ^O;,: of the as-grown
sample was x = 7.76 ± 0.003 and after the heat treat-
ment x = 7.99 ± 0.022, respectively, as shown in
Fig. l(b). This value is considerably below the optimum
oxygen index of single phase Bi-2212 of about 8.2.
However, after the annealing, the samples still consisted
of several phases. Concerning the 2212 phase fraction,
ac-susceptibility measurements showed a Tc of 91 K
after annealing, indicating that the oxygen index of the
two-layer phase in the samples was near the optimum
value. The low overall oxygen index of the sample can
therefore be considered as a consequence of oxygen-poor
secondary phases (01*1,02x1). Additionally, the weight
changes of the TGA measurements were calculated into
changes of the oxygen content of the sample and added
to the starting value of 7.76. The result is also shown
in Fig. l(b). The calculated end value after 85 h of an-
nealing was 7.96, in good agreement with the titration
experiments.

B. Transformation 2201 —• 2212 during annealing

The 2212 phase formation is discussed in the fol-
lowing three sections. In the first one the microstructure

of the material directly after the zone melting process
is described (so-called "as-grown" sample). This highly
nonequilibrated state fixes the starting point of the an-
nealing experiments. The second section describes the
microstructure and phase development during the first
10 h of the heat treatment, as most of the oxygen absorp-
tion occurs then. The last section provides information
about the long-term annealings (20 to 100 h). During
this latter part of the annealings, the microstructural
changes are mainly on the nanometer scale, i.e., inside
the grains. All the results of the EDX, XRD, and HRTEM
experiments are summarized in Table I. In addition,
the fraction of 2201 half-cells in the 2212 grains as a
function of the annealing time at 850 °C is shown in
Fig. 2. The details of the figure will also be discussed
in the following sections.

Processing with alumina crucibles is known to lead
to contamination of the samples with Al impurities.5'16

However, Al was never found in any of the supercon-
ducting phases but is incorporated into S r - C a - A l - 0
precipitates of a composition near SrCa2Al2Ox, as
revealed by EDX. This phase is isostructural with
Sr3Al20^.17 Moreover, TEM/EDX investigations showed
an Al-containing phase with the composition 361.51
(Al =1). This phase was described elsewhere.12

1. As-grown sample

The as-grown sample after zone melting was multi-
phase containing 01x1, 2201, and 3430 as secondary

TABLE I. Chemical composition and intergrowth concentration of the 2212 grains and the secondary phases of melt textured Bi-2212 as
a function of annealing time in air at 850 °C.

Annealing time/h

Chemical composition of
the 2212 phasea

Bi/Sr/Ca, Cu = 2

2201 intergrowths in the
2212 grains/%b

average

2201 intergrowths in the
2212 grains/%b

single grains Secondary phases0

0

10

20

40

60

80
100

2.30/2.02/0.74
±0.47/±0.26/±0.12
2.02/2.09/0.85
±0.04/±0.13/±0.06
2.27/2.10/0.90
±0.90/±0.10/±0.09
2.23/2.07/0.87
±0.11/±0.07/±0.05
2.22/2.04/0.94
±0.06/±0.08/±0.04
2.07/2.07/0.85
±0.07/±0.06/±0.07

2.10/2.04/0.86
±0.08/±0.10/±0.09

6

17

8

6

2-21

2 - 9

28-71

2-17

5-8
0-10

2201 (m)d, 01x1 (m)
3430 (m)
01x1 (m), 3430 (vw)

01x1 (m), 3430 (vw)

01x1 (m)

01x1 (m)

01x1 (m)
01x1 (m)

aEDX measurements: average of 6-10 point analyses.
b HRTEM measurements: statistics of approximately 2000 to 6000 half-cells.
cX-ray diffraction analysis.
dChemical composition of 2201: 1.85/1.39/0.19/1.
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FIG. 2. Fraction of 2201 intergrowths in the 2212 grains of zone
molten Bi-2212 as a function of the annealing time at 850 °C in
air. The average of all investigated 2212 grains (•) , as well as the
fraction in single 2212 grains (A), are shown. "2212" grains with a
2201 fraction of 1 correspond to perfect 2201 grains (*).

phases besides the 2212 phase as determined by XRD.
The volume fraction of 2212 was 40%. The formation
of the 2212 grains was due to the slow solidification
rate of about 30 K/h during zone melting. It could
proceed at least partially in the presence of a liquid.
The EDX measurements showed a wide scattering of the
chemical composition of the 2212 phase, indicating the
time period for the 2212 formation to be insufficient to
reach the equilibrium state. On the other hand, HRTEM
showed that some of the 2212 grains contain on an
average only 6% of intergrowths of 2201 half-cells (see
Fig. 2). This fraction corresponds to the amount at the
end of the post-solidification heat treatment, as will be
shown later.

The volume fraction of the 2201 phase was
20-30 vol. %. In contrast to the 2212 grains, the 2201
crystallites are always perfect without any intergrowths
of the two- or three-layer compound. They therefore
correspond to the "2212" grains with a 2201 fraction of
1 in Fig. 2. Such a perfect 2201 grain is shown in Fig. 3.

2. Short-time annealing (<10 h)

The first 10 h of post-solidification heat treatment
caused strong changes in the microstructure. Concerning
the secondary phases, XRD measurements showed that
during the fast oxygen uptake assisted by the liquid
phase and the increase of the volume fraction of the
2212 phase, the 2201 and Cu-free phase disappeared
almost completely. In Fig. 4 this microstructural change
is pointed out by the XRD patterns of the samples before
and after 10 h of annealing.

EDX measurements of the 2212 grains showed
that they are rich in Bi and Sr (or poor in Ca and

.X"

J -

-TB

FIG. 3. [110]-HRTEM of a 2201 grain in the as-grown sample. On the
left side of the figure there is a twist boundary (TB) to a 2212 grain.

Cu) compared to the ideal 2 : 2 : 1 : 2 stoichiometry. The
chemical compositions of the different grains can be
grouped around two compositions. One composition,
2.3/2.1/0.9/2, is specifically rich in Bi and Sr; the other
with 2.0/2.1/0.9/2 is less enriched in Bi and Sr, but is
still higher in Sr compared to ideal 2212. As the one-
layer compound with composition 1.9/1.4/0.2/1 has a
higher (Bi + Sr): (Ca + Cu) ratio than the 2212 phase,
the Bi- and Sr-excess in the grains can be explained
by different amounts of 2201 half-cell intergrowths.
The deviations from ideal 2 : 2 : 1 : 2 stoichiometry would
then correspond to 30% and 3% 2201 intergrowths,
respectively.

To corroborate this suggestion the two kinds of 2212
grains were carefully analyzed by HRTEM to gain in-
formation about the defect density. The following results
were obtained: (1) There are grains with a small amount
(=5%) of 2201 intergrowths. These grains seem to have
already reached the quasiequilibrium, as discussed ear-
lier. (2) A second population of 2212 grains with a large
amount of intergrowths (30-70%) was detected (Fig. 5).
The defects are not distributed uniformly within the
grains. We can find regions with high and regions with
low intergrowth densities in the same grain. (3) No pure
2201 grains were detected by TEM, but in some 2212
grains there are regions with more than five consecutive
2201 layers.

The above results can be summarized as follows.
The solid/liquid reaction during the first few hours of the
annealing at 850 °C leads to a fast 2201 — 2212 trans-
formation. If it is incomplete, the 2212 grains show a
large amount of planar defects. The EDX measurements
were corroborated by the HRTEM results. The different
chemical compositions of the grains measured by the
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2 Theta

FIG. 4. XRD patterns of the as-grown sample (lower part) and after 10 h of annealing in air at 850 °C (upper part). The 2212 peaks are
indexed; impurity phases: (A) one-layer phase; (V) 3430; (*) 01x1.

EDX correlate well with the markedly large amount of
30-70% intergrowths. The second kind of 2212 grains
are the defect-poor grains, which were already observed
in the as-grown sample. Their slight Bi and Sr excess
(or the slight Ca and Cu deficiency) measured by EDX
can be attributed to an average of 5% intergrowths of
2201 half-cells.

3. Long-time annealing (10-100 h)

The reaction during this period of the annealing took
place with hardly any additional oxygen absorption; the

FIG. 5. HRTEM of a 2212 grain after 10 h of annealing showing a
high density of 2201 intergrowths on the right side ([010]-orientation).
There is a 90° twist boundary (TB) to the left side ([100]-orientation)
with a low density of 2201 intergrowths.

weight increase was less than 1% of the total amount
(see Fig. 1). The quantitative phase analysis showed a
dramatic decrease of the formation kinetics of the 2212
phase.2 We attributed these observations to a change in
the reaction mechanism from a solid/liquid to a solid-
state reaction after about 10 h of annealing. However,
despite little changes in overall phase compositions,
considerable changes inside the grains of the 2212 phase
occurred.

The 2212 grains of the samples after 20 and 100 h
of annealing were carefully investigated by HRTEM.
The amount of 2201 intergrowths decreased consider-
ably from 30-70% after 10 h to 0-10% after 100 h
of annealing (see Fig. 2). Furthermore, the difference
between single grains got considerably smaller; i.e.,
hardly any crystallite with more than 10% intergrowths
could be detected. The intergrowths of the 2201 half-
cells were often concentrated after 100 h near grain and
twist boundaries, indicating that the defects in the inner
part of the grains vanished first. In Fig. 6 a 2212 grain
after 100 h of annealing is shown with 2201 intergrowths
piled up at a twist boundary.

C. Model for the 2201 — 2212 transformation

To explain this microstructural development during
the solid-state reaction, the model shown schematically
in Fig. 7 is proposed. The starting situation is shown
in Fig. 7(a) with the (010) plane of a 2212 grain and
an intergrowth of a half-cell of 2201. The tendency of
the 2201 and 2212 phase to separate should lead this
defect to move through the grain. If a stacking fault is
introduced at the grain boundary, the Ca and Cu atoms
can diffuse from the adjacent 2212 to the 2201 half-cell
over very short distances [Fig. 7(b)]. Such stacking faults
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10nm 13

T

FIG. 6. [110]-HRTEM of a twist boundary in a 2212 grain showing
the concentration of 2201 half-cells at the left twist boundary.

in the middle of a 2212 grain were often found, as shown
in Fig. 8. Their occurrence was reported previously by
Eibl.8'9 He also suggested that the insertion of stacking
faults is a possible mechanism for the diffusion in
the c-direction. Indeed, moving this fault once through
the grain, the intergrowth is pushed in the direction of the
c-axis toward the grain boundary [Fig. 7(c)]. By creating
further stacking faults the process can be repeated.

Stacking faults are observed either as single [as de-
scribed in Figs. 7(a)-7(c)] or as multiple stacking faults.
Such a multiple stacking fault is shown in Fig. 8. Single
stacking faults can occur only between two adjacent half-
cells of different types. Multiple stacking faults can be
found in a sequence of 2201 layers. Their movement
results in a shift in the c-direction of the whole sequence.

In addition, the 2201 intergrowths can be trans-
formed into 2212 half-cells by enhanced Ca and Cu dif-
fusion at grain boundaries. Especially at boundaries with
grains of Ca- and Cu-rich impurity phases (for example
Sr-Ca-cuprates) cation diffusion over short distances
can lead to defect-free grains and grain boundaries.
Excess Ca and Cu cations, transported via diffusion, are
then responsible for the decrease of the amount of 2201
intergrowths in the 2212 grains during the long-term
annealing.

IV. CONCLUSIONS

The 2212 phase formation during annealing in air at
850 °C in zone molten Bi-2212 was clarified by combi-
nation of TGA, XRD, EDX, and HRTEM experiments.
2212 may form via two different processes:

Solid/liquid reaction: The liquid forms owing to
the remelting of the eutectic of Cu2O and Bi2Sr2CaO^
(23*0, x = 1) in the multiphase, oxygen-deficient as-

c

k

j ~ \ Two-layer half-cell

(stacking variant)

(a)

Stacking fault

k Ca-, Cu-difTusion

(b)

A

it

(c)

FIG. 7. Model for the movement of the 2201 intergrowths in the 2212
grains: (a) 2212 grain with one half-cell of 2201 (dark), (b) Stacking
fault in the 2212 grain enables short distance Ca and Cu diffusion; the
stacking variant is pushed toward the grain boundary in the bottom,
(c) After the movement of the stacking fault through the whole 2212
grain, the 2201 half-cell has been moved by one half-cell.

grown samples. It enhances the mobility of oxygen lead-
ing to a fast oxygen gain, high cation diffusion rate, and
leads to a rapid 2212 phase formation. The solid/liquid
process lasts during the first few hours of the annealing,
at 850 °C less than 10 h. After complete solid/liquid
reaction the 2212 grains contain approximately 5% 2201
intergrowths of half-cells of the one-layer compound.
Therefore, these grains are slightly richer in Bi and Sr
than the ideal 2/2/1/2 stoichiometry. If the solid/liquid
reaction is incomplete, up to 70% intergrowths are
included in the 2212 grains. No 2201 grains are found
after 10 h of annealing.

Solid state reaction: After consumption of the liq-
uid the microstructure consists to a great extent of 2212
grains with very few 2201 intergrowths, of 2212 grains
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5,nm ..

FIG. 8. [100]-HRTEM of a 2212 grain with a high concentration of
stacking faults (marked by arrows).

with large Ca and Cu deficiency accompanied by a
high defect density, and of the coarse Bi-free primary
phase 01^:1. The subsequent solid/solid reaction leads
to a decrease of the concentration of 2201 intergrowths
in the imperfect 2212 grains. Most 2212 grains reach
a quasiequilibrium state with about 5% intergrowths
after 100 h of annealing. The creation of stacking faults
at grain boundaries and their movement through the
grains facilitates cation diffusion parallel to the c-axis. At
grain boundaries, the 2201 half-cells can be transformed
to 2212 half-cells requiring only very short diffusion
distances for Ca and Cu. This is particularly favored
at 2212/OIJCI grain boundaries.

The occurrence of the stacking faults may addi-
tionally be important in connection with pinning. Since
intergrowths as planar defects are always parallel to the
CuO2-planes and for most applications the Lorentz force
will act along these planes, they will not be effective as
pinning centers. However, the stacking faults, because
of the interruption of the intergrowths, may be good
pinning centers.
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