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Evolution of 2223 phase in the 
Bi2Pb0.6Sr2Ca2Cu3.10 v system 

B. GOGIA,  S. C. KASHYAP, D. K. PANDYA,  K. L. CHOPRA 
Thin Film Laboratory, Department of Physics, Indian Institute of Technology, 
New Delhi 110 016, India 

The role of cationic ratios (Sr/Ca and Bi/Pb) in the evolution of high-T O phase (2223)  in 
samples prepared under different sintering conditions, starting with a composition of 
Bi2Pbo.6Sr2Ca2Cu3.~ Oy has been investigated by employing energy-dispersive X-ray analysis, 
scanning electron microscopy and X-ray diffraction. As manifested by the observed decrease 
in St/Ca ratio, an increase in sintering temperature from 822 to 852 ~ increases the disorder 
in Sr-O and Ca layers. The observed increase in the volume fraction of 2 2 2 3  phase and the 
contraction in c-axis parameter have been explained on the basis of the observed decrease in 
Sr/Ca ratio. It thus appears that the disorder caused by the intersubstitution of Ca and Sr in 
SrO and Ca layers and partial replacement of Bi by Pb in the structure promote the evolution 
and growth of 2223  phase. 

1. Introduction 
The Bi-cuprate system (BSCCO) was the first multi- 
phasic superconducting system [1] exhibiting a 
zero-resistance transition temperature, To, exceeding 
100K. A. high-To phase with a composition of 
BizSr2Ca2Cu3Oy (2 2 2 3) and Tc of 110 K is generally 
found to coexist with a low-Tc(~ 85K) phase of 
composition BizSr2CalCuzOy , (2 2 12). Several efforts 
[2 9] have been made to stabilize the high-To 2 2 2 3 
phase. It is found that excess Cu [2] and/or both Ca 
and Cu [3-5] facilitate the evolution of 2 2 2 3 phase. 
The addition of Pb to the BSCCO system facilitates 
the formation of 2 2 2 3 phase by modifying the growth 
kinetics [6-9]. The resulting 2223 phase was ob- 
served to possess a cationic arrangement and ratios 
other than those expected from the stoichio- 
metry, e.g. Bi on Sr/Ca sites [10], disorder in Sr and 
Ca layers [11-15], and Pb occupying Bi sites [10]. In 
view of this, investigations are still needed in order to 
clarify the role of this randomness of cationic arrange- 
ment in the evolution of 2 2 2 3 phase from 221 2 
phase. To achieve this we have carried out a sys- 
tematic study on the evolution of 2 2 2 3 phase using 
the appropriate composition [16] under various 
sintering conditions. 

Also in the present work, we emphasize the import- 
ance of microstructural investigations by scanning 
electron microscopy (SEM) and energy-dispersive 
X-ray analysis (EDX) in assessing the effect of 
sintering temperature on the cationic ratio of elements 
and their relation to the formation of 2 2 2 3 phase, as 
such work is necessary when studying these multi- 
phasic compounds comprising phases differing in 
thermal stability. To do this, compositional analyses 
were done at every step of processing using EDX. To 
further support these results, electrical and structural 
properties were also exploited. 
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2. Experimental procedure 
The samples were prepared by the solid-state reaction 
of Bi203, PbO, SrCOa, CaCO 3 and CuO powders. 
The ratio of elements Bi, Pb, Sr, Ca and Cu was 
2: 0.6: 2: 2: 3.1. The powders were well mixed, calcined 
first at 800 ~ for 20 h and then at 820 ~ for 3 h with 
intermediate grindings and finally at 840 ~ for 12 h. 
The pellets made were sintered in air in separate ru~s 
at 822, 842 or 852 ~ for a period of 25, 50, 75, 100, 
125, 150 or 175 h and were designated by a letter (B, C 
and D, respectively) followed by a number (1 to 7), 
e.g. sample C7 implies that sintering is carried out at 
842 ~ for 175 h. In each case the samples were cooled 
in 02 down to 500~ where they were kept for 
24 h before being finally furnace-cooled to room tem- 
perature. 

Resistivity, p, and critical current density, Jo, meas- 
urements were done on rectangular bars by employing 
a d.c. four-probe method in zero applied magnetic 
field. The reaction products were analysed by using an 
X-ray diffractometer (Rigaku RU 200 B) and their 
microstructural analysis was carried out using a 
scanning electron microscope (Philips 525M). The 
chemical composition was analysed by an energy- 
dispersive X-ray analyser (Philips PV9900). 

3. Results and discussion 
3.1. Electrical properties 
The results of resistivity measurements made in the 
temperature range 300 to 15 K are summarized in 
Table I. The variation of electrical resistivity of some 
typical samples, exhibiting the effect of sintering tem- 
perature and duration, is Shown in Figs 1 and 2. In the 
case of samples belonging to set B (B1 and B7) no step 
in the resistivity curve close to112 K, indicative of 
high-T c phase, was seen even after sintering for 175 h. 
Rather, a broad transition with an onset, Too, at 85 K 
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Sintering Sintering Sample Tr T~o Jr (at 77 K) 
temperature time (h) No. (K) (K) (A cm-z) 
(of) 

822 

842 

852 

26 

25 B1 47 67 - 
50 B2 50 67 - 

100 B4 59 80 
175 B7 77 85 - 

25 C1 50 70 - 
50 C2 55 70 - 

100 C4 103 110 70 
175 C7 107.5 112 96 

25 D1 51 70 - 
50 D2 54 73 - 
75 D3 100 110 55 

100 D4 107 112 78 
125 D5 110 112 90 
150 D6 112 114 116 
175 D7 112 115 130 
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T A B L E  I Variation of transition temperature, Tr and Tr and critical current density, J~, with sintering temperature and duration 

Figure 1 Resistivity versus temperature plots for samples of com- 
position Bi2Pb0.6Sr2Ca2Cua.tOr sintered at 822 ~ (denoted by B) 
and 842 ~ (denoted by C) for ( A ) 25 h (B 1), (IS]) 25 h (C1), (27) 175 h 
(B7) and (�9 175 h (C7). 
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Figure 2 Resistivity versus temperature plots for samples of com- 
position as in Fig. 1, sintered at 852 ~ for (~ )  25 h (D1), (�9 75 h 
(D3), ( 4- ) 125 h (D5) and ([]) 175 h (D7). 

and a T~ of 77 K was seen in the latter sample. On the 
other hand, sample C1 (Fig. 1) showed a step in the 
resistivity curve around 100K which vanished on 
further increase of sintering time beyond 50 h, and led 
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Figure 3 Variation of volume fraction of 2223  phase (VH) and 
critical current density (Jc) with sintering temperature and period. 
( i ,  A) Set C, ( 0 ,  �9 set D, sintered at 842 and 852~ 
respectively. 

to a single-step transition with a maximum T~ of 
107.5 K and a transition width of 4.5 K (Fig. 1, C7). 

Sample D1 (Fig. 2) showed a non-metallic behavi- 
our exhibiting almost no variation in resistivity with 
temperature down to 100 K. A small drop close to this 
temperature is followed by a very low T~ of only 51 K 
(Table I). It is seen from the curves for samples D3, D5 
and D7 that with increase of sintering time beyond 
50 h the resistivity behaviour changed to metallic and 
only a single transition with a To of 110 and 112 K was 
observed with a ATc of 2 and 3 K (Table I) for samples 
D5 and D7, respectively. Like the transition temper- 
ature, the critical current density, Jc, measured at 77 K 
was also enhanced with increase of sintering temper- 
ature and duration. It is evident from Table I 
and Fig. 3 that samples sintered at 852 ~ exhibited 
a higher Jc at 77K at all stages. A maximum 
value of 130 Acre -2 was observed for D7. 

It is evident from the above electrical properties 
that with an increase of sintering temperature from 
822 to 852~ the high-To phase nucleates with an 
improved grain connectivity which is responsible for a 
decrease of normal-state resistivity and improvement 
of both Tc and Jc. In order to establish a correlation 



between the electrical properties and the different 
phases formed under varying sintering conditions, 
structural and microstructural investigations were 
done in all cases. 

3.2. Phase identification through X-ray 
diffraction analysis 

The analysis of X-ray diffractogram of the as-calcined 
powder revealed that the powder consisted primarily 
of the low- Tc phase (2 2 12). Small fractions of a lower- 
T~ phase (2 2 0 1), Ca2PbO 4 and CuO were also pre- 
sent. The sintering at 822 ~ of the pellets (set B) made 
from this powder resulted mainly in 22 1 2 phase 
along with a small fraction of 2201 phase. Even 
prolonged heating (up to 175 h), did not produce any 
trace of 222 3 phase (Fig. 4, B7). The samples be- 
longing to set C, however, showed the evolution of 
2223 phase. In addition, the other phases present 
were 22 12, 2201, and traces of Ca2PbO4 and CuO. 
A large fraction of these reaction products trans- 
formed to 2 2 2 3 phase with increase of sintering time. 
The volume fraction of high-To phase, V u (%), was 
estimated from the intensities of dominant and separ- 
ated peaks of 2223 (000_1), 22 12 (008) and 2201 
(00 8). It is seen that the fraction of 2223 phase 
increased from 23% (C1) to a maximum of 66% for C7 
(as shown in Fig. 3 for set C). The X-ray diffractogram 
of the same sample (C7) is shown in Fig. 4, C7. Similar 
to this case, the samples sintered at 852 ~ showed the 
evolution of 2 2 2 3 phase after 25 h of sintering. How- 
ever, the rate of growth was faster in this case, as 
evinced by the increase of volume fraction of 2 2 2 3 
phase to 34% (D1) and 90% (D5). Sintering beyond 
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Figure 4 X-ray diffractograms of samples having compositions as in 
Fig. 1, sintered at 822 ~ (B7), 842 ~ (C7) and 852 ~ (D7) for 175 h. 
(O) 2223, (&) 22 1 2, (Y) 2201, (c) Ca2PbO 4. 

125 h, however, did not show any change until 175 h 
(Fig. 3, D). 

The above structural investigations suggest that 
sintering at 822~ was not adequate for the nucle- 
ation of 2 2 2 3 phase. With increase of temperature in 
the range of 842-852 ~ the 2 2 2 3 phase evolved from 
the 221 2 phase. This could be attributed to the 
diffusion of Ca and Cu from the Ca2PbO 4 and CuO in 
the growing structure. The observed increase of Tc 
from 77 to l12K as the sintering temperature was 
increased from 822 to 852 ~ is understandably due to 
the evolution of enough 2 2 2 3 phase in 150 h. 

With an increase in Vn in both sets of samples (C 
and D), the c-axis parameter contracted from 3.728 
(C1) to 3.705 nm (C7) and from 3.705 (D1) to 3.675 nm 
(D5), respectively. The lattice parameters a and b were 
generally invariant throughout the process except in 
the first 50-75 h of sintering. Fig. 5 shows the vari- 
ation of lattice parameter for the set D samples. The 
superconducting phases formed from different nom- 
inal compositions having different Ca contents have 
been reported to exhibit a reduction in c-axis para- 
meter [2, 17] with an increase of Ca content in the 
starting composition. In the present case, however, a 
systematic contraction in c-axis parameter with the 
evolution of 22 2 3 phase (in both set C and set D) 
from the single starting composition was observed. 
The observed variation could be explained by propos- 
ing that there are changes in the cationic ratios of the 
elements, especially Ca and Sr, with the formation of 
2 2 2 3 phase. To confirm the above proposal, micro- 
structural and compositional analyses were also made. 

3.3. Microstructural and compositional 
analyses 

Some typical scanning electron micrographs of repre- 
sentative samples are shown in Fig. 6. It is clear from 
the micrograph of B7 (Fig. 6a) that crystallites of vari- 
able shapes and sizes are randomly distributed. The 
other samples of this batch showed a similar pattern. 
However, in the case of set C the crystallites were 
plate-like in shape and their size was found to increase 
with sintering time. Fig. 6b shows randomly oriented 
platelets of ,-~ 30 lam in a typical sample. With further 
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Figure 5 Variation of lattice parameters of samples of set D with 
sintering period. 
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Figure 7 Variation of Sr/Ca ratio with sintering time of samples of 
starting composition Bi~Pbo.6SrzCa2Cua.lOr, sintered at (V) 
822 ~ (set B), (A) 842 ~ (set C) and (0) 852 ~ (set D). 

Figure 6 Scanning electron micrographs of samples (a) B7, (b) C7 
and (c) D7 sintered at 822, 842 and 852 ~ respectively, for 175 h. 

increase in sintering temperature, the ptatelet-size 
and orientation improved (Fig. 6c). The compactness of 
the structure in this case is responsible for the higher 
J~ of D7 compared with C7. 

Chemical composition analysis, done in all cases, 
showed some interesting relations with the different 
phases formed. In the case of samples belonging to set 
B, the average elemental composition of a sample 
came out to be nearly 2: 3 : 2 for Bi: (Sr, Ca): Cu, which 
is in conformity with the observed 2212 phase by 
using XRD (Fig. 4, B7) data. 

It may be pointed out that in sample B1, the Ca 
content was higher (Sr/Ca ~ 1.22) than the stochio- 
metric requirement. This could be attributed to the 
intersubstitution of Ca and Sr, and more probably of 
Ca on Sr sites [11]. A change in this ratio was 
expected if there were any growth of 22 2 3 phase. 
However, no appreciable change in the elemental ratio 
(Sr/Ca) was observed with further increase in sintering 
time of set B (Fig. 7). The lattice constants were also 
unchanged during this period. 

1 320 

Besides this, in the initial stages of sintering some 
features having shapes different from that of platelets 
were also observed (set B). A typical compositional 
analysis of such a region gave Ca and Pb in the ratio 
2:1. This result, together with X-ray data, confirmed 
that these features correspond to Ca2PbO 4. Pro- 
longed heating caused the disappearance of such fea- 
tures. In comparison to set B, sintering in the other 
two sets (C and D) resulted in a more homogeneous 
product, as different regions exhibited the same ratio 
of elements within a limit of _+ 1 at %. The change in 
Sr/Ca ratio with sintering time for the sets C and D is 
shown in Fig. 7. In both cases this ratio was always 
less than unity, a value which corresponds to the 
stochiometric high-T c phase. It decreased from 0.99 
(C1) to 0.86 (C7) and from 0.99 (D1) to 0.83 (D5) with 
increase in sintering duration. 

This behaviour is identical to that of the increase in 
volume fraction of 22 2 3 phase and contraction of 
c-axis parameter. A greater amount of Ca at the 
expense of Sr in the structure, however, suggested the 
possibility of Ca occupying Sr sites, thus leading to 
disorder in the SrO and Ca layers which probably 
helps in stabilization of the high-To phase. X-ray 
photoelectron spectroscopy studies [-14, 15-] also re- 
vealed an increase in disorder in these layers with 
enhancement of the volume fraction of high-T~ phase. 
Compositional analysis of leaded and lead-free sam- 
ples prepared under identical conditions has shown a 
decrease in Bi content in leaded samples. X-ray 
photoelectron spectroscopic investigations have 
shown that nearly 10% of the Bi is replaced by Pb 
[15]. The observed contraction of a and b lattice 
parameters could therefore be attributed to the partial 
replacement of Bi a + by Pb 2 +" 

4. C o n c l u s i o n  
In summary, an increase of sintering temperature from 
822 to 852~ for the composition Bi2Pbo. 6- 
SrzCa2Cu3.1Oy led to the evolution of high-To phase. 



The increase in disorder in Sr O and Ca layers and 
also the partial replacement of Bi by Pb in the layered 
structure at these temperatures assist in the stabil- 
ization of the high-Tc phase. 
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