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ABSTRACT

In the present work, the effect of different annealing-time on the properties of

Bi2Sr2Ca1Cu1.75Na0.25Oy (Bi-2212) superconducting compound is presented.

First, the samples were produced by hot-pressing method under 33 MPa pres-

sure at 750 �C in accordance with previous works. After annealing, the samples

were kept at 840 �C for 15, 30 and 60 h, respectively, for postannealing process.

XRD results demonstrate the formation of Bi-2212 phase in large amount in all

samples. SEM images show the formation of different grain morphologies

depending on the postannealing time. The sample postannealed for 60 h at

840 �C has the highest superconducting transition temperature (Tc, onset), 91 K,

obtained from M–T measurements. The magnetic properties of samples have

been investigated using M–H hysteresis loops at 15 K in the range - 1.6 9 106

to ? 1.6 106 A/m. The widest M–H curves were obtained in the postannealed

sample for 60 h at 840 �C, probably as a result of both the improvement of

crystallinity, cleaner grain boundaries and better grain orientation. In addition,

the widest hysteresis curve observed in that sample in the entire applied

magnetic field range is an indication that it has strong pinning behavior. The

critical current density (Jc) was investigated via Bean’s model from these data.

Finally, the sample postannealed at 840 �C for 60 h reached a Jc value of

2.903 9 106 A/cm2 at H = 1.9 T and T = 15 K, which is, approximately, 44%

higher than the determined in annealed samples (2.015 9 106 A/cm2).

1 Introduction

It is clear that the more we can reduce the losses in

energy transmission, the more successful we will be

in preventing climate change problems in the global

world. One of the key technologies that will enable a

full transition to lossless energy transmission is the

use of high temperature superconductors such as

YBCO and BSCCO in technological fields [1–3].

Among these superconducting families, the
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Bi2Sr2Ca1Cu2Oy, abbreviated as Bi-2212 phase, is

intensively studied due to its high stability in a broad

range of temperatures and compositions [4, 5].

However, these materials have optimal working

conditions and when the applied temperature and/or

magnetic field values are increased from these opti-

mal values, it is very difficult to maintain the super-

conducting state.

Especially in ceramic superconductors, parameters

such as the applied magnetic field direction with

respect to CuO2 planes, grain sizes and orientation, as

well as grain boundaries, seriously affect their

superconducting response. Obviously, keeping these

parameters under control means that not only the

critical transition temperature Tc, but also the critical

current density (Jc) values can be significantly

improved [6, 7].

Undoubtedly, it is possible to reach high Jc values,

especially when ceramic superconductors are pro-

duced with the appropriate preparation technique

that controls the orientation and sizes of the grains,

such as the laser floating zone (LFZ) and the electri-

cally assisted LFZ (EALFZ) techniques [8, 9]. In

addition, the application of postannealing treatments

along with techniques that provide grain orientation

also appear to significantly increase the supercon-

ducting properties [10, 11]. Recently, Bi2Sr2Ca1-
Cu1.75Na0.25Oy ceramics have been prepared by hot-

pressing under different pressures and temperatures

and their properties have been studied in detail. The

best superconducting properties in that work have

been determined in the sample prepared under

33 MPa at 750 �C with a critical current density value

of 20.15 9 105 A/cm2 at T = 15 K and H = 1.9 T [12].

In this work, the objective is improving the Jc val-

ues of hot-pressed Bi2Sr2Ca1Cu1.75Na0.25Oy ceramics

by decreasing the amount of secondary phases

through annealing at 850 �C for 96 h, and adjusting

their oxygen content through postannealing treat-

ments at 840 �C for different times. The structural

and microstructural characteristics of these samples

will be determined and related to the superconduct-

ing ones.

2 Experimental

2.1 Samples preparation

Polycrystalline Bi2Sr2Ca1Cu1.75Na0.25Oy precursors

(Bi-2212) were produced through the solid state

reaction method by using Bi2O3 (Aldrich, 99%),

SrCO3 (Panreac, 98?%), CaCO3 (Aldrich, 99.9%),

CuO (Aldrich, 99.99%), and Na2CO3 (Aldrich,

99.99%) commercial powders. They were weighed in

stoichiometric proportions, mixed and ball milled for

30 min at 300 rpm. The mixture was then cold uni-

axially pressed in the form of disks (13 mm diameter)

under 375 MPa and calcined at 750 �C for 12 h. The

calcined pellets were manually ground, repressed,

and recalcined twice at 820 �C for 24 h. The calcined

material was finally cold uniaxially pressed into disks

(* 25 mm diameter) under 200 MPa, followed by a

hot-pressing process at 33 MPa and 750 �C for 12 h to

increase density and grain orientation, as previously

reported [12]. Finally, the disks were cut and sub-

jected to an annealing procedure at 850 �C for 96 h

and postannealed at 840 �C, due to the presence of

Na, which is known to decrease melting point of Bi-

2212 phase [13], for 15, 30 and 60 h, which be called

hereafter, as samples A, B, and C, respectively. The

annealing and postannealing schema is shown in

Fig. 1.

2.2 Characterization techniques

Powder X-ray diffraction (XRD) analyses were car-

ried out to determine the phases present in the

samples using a Rigaku Ultima IV X-Ray Diffrac-

tometer with a constant scan rate (2�/min) in the

Fig. 1 Heating schedule of postannealing procedure
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range 2h = 3�–60�. Lattice parameters have been

automatically calculated by the PDXL software ver-

sion 1.6.0.1 with the ICDD version 6.0 database.

Fractured sections and polished surfaces of samples

were studied with a field emission scanning electron

microscope (FESEM) Zeiss-Merlin, with an attached

EDS analysis system. Magnetic measurements were

carried out using PPMS DynaCool-9 model in a

Quantum Design PPMS system (from 1.8 to 400 K)

which can reach the cryogenic temperatures. With

these data Jc has been calculated using Bean’s model

[14].

3 Results and discussion

3.1 XRD studies

Figure 2 shows the powder XRD patterns for all

samples. As it can be observed in this graph, all

samples present very similar diffraction patterns

where the Bi-2212 phase is the major one [15],

accompanied by minor amounts of Bi2CuO4 and

Bi2Sr2CuO6 (Bi-2201) secondary phases. These results

suggest that Bi-2212 phase has reached the maximum

content in the samples, as it is well known that the

reaction for its formation is an equilibrium one [16].

When the lattice parameters were calculated, no

significant changes have been observed in lattice

parameters (see Table 1). On the other hand, as it can

be seen in the table, the c lattice parameter is 30.649 Å

in samples A and B, while it is increased to 30.813 Å

in sample C. It is well known that the increase in the

c-axis length indicates that the distance between the

Bi-O layers increases [17, 18]. This undoubtedly

occurs with the change in the net positive charge in

the Bi–O plane of the unit cell of Bi-2212. It is clear

that the relatively long dwell time of 60 h for the heat

treatment procedure applied at a relatively low

temperature of 840 �C affects the oxygen diffusion,

reflected in changes on Tc values, as previously

reported [19–21].

3.2 SEM analysis

Figure 3a shows a representative fractured surface

obtained on the center of sample B. As it is illustrated

in the image, the core of all samples maintains a

relatively good grain orientation along the perpen-

dicular direction to the applied pressure during the

hot-pressing process. This fact clearly shows that the

effect of postannealing process is mostly limited to

the region close to the samples surfaces.

In order to evaluate the effect of postannealing on

the samples surfaces, micrographs of polished sec-

tions of all samples are shown in Fig. 3b–d. As it can

be observed in these images, three contrasts can be

seen (identified by arrows and numbers for clarity),

which have been associated through EDS to different

phases. These contrasts are gray (#1) as the major one

corresponding to Bi-2212 phase, while minor ones are

white (#2), and black (#3), identified as Bi-2201, and

(Sr,Ca)14Cu24O41. As it can be also observed in these

Fig. 2 XRD patterns of all samples. Diffraction planes show the

peaks corresponding to the Bi-2212 phase, while # and x identify

the Bi-2201, and Bi2CuO4 secondary phases, respectively

Table 1 Lattice parameters and transition temperatures for all

samples

Sample a (Å) b (Å) c (Å) Tonset
c (K)

A 5.396 5.397 30.649 86

B 5.396 5.397 30.649 81

C 5.424 5.387 30.813 91
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micrographs, the only clear modification in the sam-

ples surfaces is a slight decrease of #3 contrasts when

increasing postannealing duration. Consequently,

these microstructural modifications are expected to

have minor impact on the electrical properties of

these samples, as no drastic changes in density or

grain size and orientation are observed, which could

decrease the electrical conduction [22]. In order to

evaluate the grain size evolution with the postan-

nealing duration, the average crystallite size for all

samples was determined from XRD analyses using

the wellknown Debye–Scherrer formula [23], and the

results are shown in Table 2. It should be highlighted

that the Bi-2212 phase crystallizes in form of plate-

like grains with large area in the ab plane, while they

are very thin along the c direction. As a consequence,

taking into account the observations in Fig. 3a, where

large grain sizes can be seen, it is clear that the results

shown in Table 2 reflect the grain thickness, which is

increased with the postannealing time.

3.3 Resistivity measurements

The transition temperature (Tc) of high-Tc supercon-

ductors can be estimated from the temperature

dependence of magnetization (M–T curve). Figure 4

shows the temperature dependence of magnetization

(M–T curves) under zero-field cooling (ZFC) mode

for all samples. In these plots, it can be observed that

all samples present a diamagnetic effect between 81

and 91 K, which correspond to their transition tem-

peratures. The differences on Tc (onset) values can be

associated to slightly different amounts of Bi-2212

phase when the postannealing process is longer and,

more importantly, to differences on the oxygen con-

tent. Consequently, sample C has the highest Tc

(onset) value with superconducting transition tem-

perature of 91 K, while these values are 86 K and

81 K in samples A and B, respectively. These results

clearly point out to the optimization of oxygen con-

tent through the postannealing process.

Fig. 3 Representative fracture of the central part of the sample (a); SEM micrographs performed on polished sections of all samples: b A;

c B; and d C. Numbers show the different contrasts corresponding to (#1) Bi-2212; (#2) Bi-2201; and (#3) (Sr,Ca)14Cu24O41
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3.4 DC magnetic properties

Figure 5 shows the magnetic hysteresis cycles (M–H)

obtained between ± 1.6 103 A/m applied fields at

15 K for all the samples. In the plot, it can be clearly

seen that all samples show a wide M-H

magnetization loop due to their diamagnetic prop-

erties. Moreover, the largest hysteresis curve in this

study has been determined in sample C, which had

the longest dwell time.

Table 2 Calculated crystallite

thickness for all samples Sample Peak position (2h) FWHM (2h) Crystallite size (nm) Average size (nm)

A 5.6254 0.1898 43.79 42.687

23.3629 0.1383 61.29

24.7411 0.1930 44.03

27.6803 0.2600 32.88

29.4052 0.1912 44.88

30.9185 0.2760 31.20

33.5479 0.2307 37.58

35.1019 0.1899 45.85

B 5.6500 0.1902 43.69 46.238

23.3825 0.1148 73.84

24.7690 0.1988 42.75

27.3755 0.2130 40.11

29.6955 0.1969 43.61

30.9197 0.2356 36.55

33.5828 0.2049 42.32

35.1158 0.1851 47.04

C 5.6623 0.1857 44.75 47.023

23.3977 0.1067 79.44

24.7823 0.1953 43.52

27.3915 0.2102 40.65

29.6959 0.1827 47.00

30.9348 0.2264 38.04

33.5872 0.2235 38.79

35.1328 0.1979 44.00

Fig. 4 Magnetization

(M) versus temperature (T),

for all samples
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In general, at low temperatures (below 30 K), the

M–H curves can show similar shapes in the different

samples, as superconductors have a stronger effect on

resisting the external magnetic field at those tem-

peratures. However, at higher temperatures, theM–H

curves can display significant differences due to the

easier penetration of the magnetic field into the

material.

On the other hand, the type and amount of impu-

rity phases in the samples, the size and orientation of

the grains, and the presence of effective pinning

centers affect the M–H curves in all temperature

ranges below Tc. The fact that Sample C has the lar-

gest hysteresis curve is an indication that the super-

conducting properties are improved with the dwell

time of 60 h applied at 840 �C, when compared to the

other samples.

Other important parameter affecting the size of

magnetization curves is the oxygen stoichiometry in

the Bi-2212 phase, and postannealing process may

modify oxygen content in the samples [24]. In this

study, extra heat treatment was applied to ensure

ideal oxygen content in the Bi-2212 phase at a con-

stant temperature of 840 �C, or to the observed effect

of the decrease of the amount and sizes of impurity

phases that would form effective pinning centers.

The Jc values of the samples were calculated for

15 K, using Bean’s model [14]:

Jc ¼ 30
DM
d

;

where Jc is the critical current density in Ampéres per

square centimeter of a sample, DM = M? - M- is

measured in electromagnetic units per cubic cen-

timeter, and d is the thickness of the sample.

The calculated critical current density values (Jc) of

all the samples are presented in Fig. 6. The highest Jc
values in the whole magnetic field range applied in

accordance with the M–H results belong to the sam-

ple C, in accordance to the previously discussed data.

In addition, another important factor for the high

ZFC magnetization and high Jc value is the better

grains interconnections [25] achieved with the

postannealing process. The highest Jc value has been

obtained in sample C with a value of 10.771 9 106

A/cm2 at H = 2.4 105 A/m and T = 15 K. Finally,

Table 3 shows the comparison of Jc values of some Bi-

2212 samples produced under different conditions in

the literature. The results clearly show that a

postannealing procedure for 60 h at 840 �C effec-

tively increases the superconducting properties of the

Bi-2212 phase by, at least, for 3 times the reported in

similarly processed materials.

4 Conclusion

In this work, the effect of different dwell times (15, 30

and 60 h) at 840 �C on hot-pressed samples at

33 MPa and 750 �C, has been studied. XRD data

showed that all samples are mainly composed by the

Bi-2212 phase, accompanied by small amounts of

secondary phases. Microstructural studies have

revealed that the core of samples is maintained

unchanged with the postannealing procedure, while

the amount and size of secondary phases in the sur-

face, are slightly reduced with postannealing dura-

tion. All samples show diamagnetic transition in the

range of 81–91 K, leading to higher Tc when the dwell

time is larger. The highest Tc determined in this work

is 91 K, which is higher than the typical in Bi-2212

phase, pointing out to the optimal oxygen content

obtained through postannealing. Moreover, the M–H

measurements showed that larger postannealing

times lead to larger area loops. Consequently, the

highest Jc values, determined through the Beans

Model, 10.771 9 106 A/cm2 at H = 2.4 105 A/m and

T = 15 K, have been obtained for the largest
Fig. 5 Magnetization hysteresis curves for all samples measured

at 15 K under ± 3 104 A/m externally applied magnetic field
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postannealing process. This value is much larger than

the obtained in Bi-2212 samples processed in similar

conditions, clearly pointing out to the beneficial effect

of postannealing procedures to enhance supercon-

ducting properties in the Bi-2212 compounds.
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Table 3 Jc values of Bi-2212 samples produced under different conditions

H (T) T (K) Jc (10
6

A/cm2)

Sample treated 60 h at 840 �C after hot-pressing method at 33 MPa and 750 �C in this work 0.3 15 10.771

1.8 15 3.421

1.9 15 2.903

Sample produced by hot-pressing at 33 MPa and 750 �C. [12] 0.3 15 3.26

1.9 15 2.015

1.95 15 1.814

Sample held for 12 h at a constant pressure of 114 MPa and sintered. [26] 0.3 15 0.092

1.9 15 0.022

1.95 15 0.016

Sample of 0.001 Yb doped Bi2Sr2Ca1-xYbxCu2O8?d (Bi-2212) single crystal prepared under 15 MPa

pressure [27]

0 10 + 2.2

1 10 + 1.3

2 10 + 1.0

Bi2Sr2Ca1-xVxCu2Oy ceramic bulk sample with x = 0.05 pressed into pellets with 13 mm in diameter by

applying five tons pressure [28]

0 10 0.0253

0.3 10 + 0.016

0.5 10 + 0.013
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13. O. Nane, B. Özçelik, H. Amaveda, A. Sotelo, M.A. Madre,

Improvement of structural and superconducting properties of

Bi-2212 textured rods by substituting sodium. Ceram. Int.

42, 8473–8477 (2016)

14. C.P. Bean, Magnetization of hard superconductors. Phys. Rev.

Lett. 8, 250–253 (1962)

15. T.A. Vanderah, Chemistry of Superconductor Materials

(Noyes, Park Ridge, 1992)

16. P. Majewski, H.L. Su, M. Quilitz, Relationships between the

chemical composition and properties of the high-temperature

superconductor Bi2?xSr2-yCa1?yCu2O8?d. J. Mater. Sci. 32,

5137–5141 (1997)

17. S. Satyavathi, M. Muralıdhar, K. Nandakishore, V. Hari Babu,

O. Pena, M. Sergent, F. Beniere, Effect of annealing on the

superconducting properties of Bi1.7Pb0.3Sr2Ca1-xSmxCu2Oy

(0.0OxO1.0) system. Appl. Supercond. 3, 187–195 (1995)

18. V.P.S. Awana, S.K. Agarwal, R. Ray, S. Gupta, A.V. Narlikar,

Superconductivity and resistivity studies in Bi2Sr2Ca1-xMx-

Cu2O8?y (M=Eu, Dy, Tm and 0OxO0.6). Physica C 191,

43–51 (1992)

19. A. Sotelo, J.I. Peña, L.A. Angurel, C. Diez, M.T. Ruiz, G.F.

de la Fuente, R. Navarro, Synthesis of the Bi2Sr2CaCu2O8?d

superconductor following a polymer matrix route. J. Mater.

Sci. 32, 5679–5685 (1997)

1212 Page 8 of 9 J Mater Sci: Mater Electron (2023) 34:1212



20. S. Kambe, T. Matsuoka, T. Takahashi, M. Kawai, T. Kawai,

Superconductive transition at 98.5 K in monoclinic (Bi,

Pb)2Sr2CaCu2Oy. Phys. Rev. B 42, 2669 (1990)

21. N.H. Wang, C.M. Wang, H.C. Kai, D.C. Ling, H.C. Ku, K.H.

Lu, Preparation of 95 K Bi2CaSr2Cu2O8?d superconductor

from citrate precursors. Jpn. J. Appl. Phys. 28, 1505–1507

(1989)
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26. E. Kara, P. Özkurt, B. Özkurt, Effects of different dwell-times

under low pelletization pressure on the physical properties of

the Bi-2212 ceramics. J. Mater. Sci. 33, 14951–14960 (2022)

27. T. Lu, C. Zhang, S. Guo, Y. Wu, C. Li, L. Zhou, The influence

of critical current density of Bi-2212 superconductors by

defects after Yb-doping. Physica C 519, 24–27 (2015)

28. O. Nane, B. Ozcelik, Effect of V substitution on vortex pin-

ning and superconducting properties of Bi-2212 supercon-

ductor. J. Mater. Sci. 27, 7633–7639 (2016)

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

Springer Nature or its licensor (e.g. a society or other

partner) holds exclusive rights to this article under a

publishing agreement with the author(s) or other rightsh-

older(s); author self-archiving of the accepted manuscript

version of this article is solely governed by the terms of

such publishing agreement and applicable law.

J Mater Sci: Mater Electron (2023) 34:1212 Page 9 of 9 1212


	Effect of postannealing processes on the properties of hot-pressed Bi2Sr2Ca1Cu1.75Na0.25Oy (Bi-2212) ceramics
	Abstract
	Introduction
	Experimental
	Samples preparation
	Characterization techniques

	Results and discussion
	XRD studies
	SEM analysis
	Resistivity measurements
	DC magnetic properties

	Conclusion
	Acknowledgements
	Data availability
	References




