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Abstract The effect of nanosized CoFe2O4 (60 nm)

addition on the transport critical current density, Jc, of

(Bi1.6Pb0.4)Sr2Ca2Cu3O10(CoFe2O4)x (x = 0–0.05 wt%)

superconductor prepared by the co-precipitation method

was investigated. The optimal Jc (measured using the four-

point probe method) was observed in the x = 0.01 wt%

pellets. Using this optimal wt%, Ag-sheathed (Bi1.6Pb0.4)-

Sr2Ca2Cu3O10(CoFe2O4)0.01 superconductor tapes were

fabricated using the powder-in-tube method. The tapes

were sintered for 50 and 100 h at 845 �C. The phase and

microstructure of the samples were determined using the

powder X-ray diffraction method and scanning electron

microscopy, respectively. The temperature dependence of

Jc for the tapes in various applied magnetic fields was also

measured. Jc of (Bi1.6Pb0.4)Sr2Ca2Cu3O10(CoFe2O4)0.01/Ag

tapes sintered for 100 h was 22,420 A/cm2 at 30 K. The

non-added tapes sintered for 100 h showed a much lower

Jc (8280 A/cm2 at 30 K). This study showed that addition

of CoFe2O4 nanoparticles enhanced the transport critical

current density in the (Bi1.6Pb0.4)Sr2Ca2Cu3O10 supercon-

ductor tapes. This result is consistent with the previous

calculations on frozen flux superconductor in a nanomag-

net–superconductor hybrid system.

1 Introduction

The Bi1.4Pb0.6Sr2Ca2Cu3O10?d (Bi-2223) high-temperature

superconductor has great potentials to be developed for

energy applications. However, the flux pinning capability

and intergrain connectivity need to be improved in order to

overcome the rapid decrease in the transport critical current

density, Jc, at high temperatures and in magnetic fields [1, 2].

Nanoparticles have been added to Bi-2223 supercon-

ductor to act as pinning centers in order to improve flux

pinning ability [3–6]. Nanosized Al2O3 (50 nm) improved

Jc of Bi-2223 pellets by 30 % with 0.2 wt% addition [4]. It

also improved the Jc in applied magnetic fields. Ag2CO3

addition increases the critical current density of Bi-2223

pellets by more than three times with 25 wt% addition [6].

Nanoparticles with size larger than the coherence length,

n, and smaller than penetration depth, k, have been sug-

gested to increase Jc [7]. However, other studies showed

that the optimum size of pinning centers should be com-

parable to k rather than n [8]. The coherence length of Bi-

2223 is around 2.9 nm, and the penetration depth is

between 60 and 1000 nm [9]. Stronger interaction between

the nanoparticles and flux lines leading to higher Jc can be

expected for nanoparticles with size d, where n\ d\ k
[10].

The average size of CoFe2O4 nanoparticles employed

in this study was 60 nm. CoFe2O4 was selected in this

study because the average size is comparable with the

penetration depth of Bi-2223 which is within the range

required in the frozen flux model as discussed in [10]

where enhanced flux pinning can be expected. The frozen

flux model also requires magnetic nanoparticles as the

pinning center; hence, CoFe2O4 was chosen to enhance Jc

in the Bi-2223 tapes. CoFe2O4 nanoparticles have spinel

crystal structure, and the Néel temperature varies

depending on the nanoparticle size ranging from 709 K

(8 nm) to 809 K (92 nm) [11]. In this paper, we report the

effect of CoFe2O4 on the transport critical current density,

phase formation and microstructure of Ag-sheathed Bi-

2223 tapes.

& R. Abd-Shukor

ras@ukm.edu.my

1 School of Applied Physics, Universiti Kebangsaan Malaysia,

43600 Bangi, Selangor, Malaysia

123

Appl. Phys. A (2015) 120:1573–1578

DOI 10.1007/s00339-015-9357-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-015-9357-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-015-9357-z&amp;domain=pdf


2 Experimental details

Bi1.4Pb0.6Sr2Ca2Cu3O10 (CoFe2O4)x (x = 0.00–0.05 wt%)

pellets with nanosized CoFe2O4 addition (from Inframat

Advanced Materials, 99.9 % purity) were prepared. The

Bi-2223 powders were prepared using the acetate co-pre-

cipitation method [12]. The mixed powders were ground

and pressed into pellets and sintered at 845 �C for 48 h.

The sample with x = 0.01 wt% CoFe2O4 addition showed

the highest Jc at 77 K. This composition was chosen to

fabricate Ag-sheathed Bi-2223 tapes by the powder-in-tube

method. Tapes without the addition of CoFe2O4 were also

prepared for comparison. (Bi1.6Pb0.4)Sr2Ca2Cu3O10 pow-

ders prepared by the co-precipitation method were added

with 0.01 wt% nanosized CoFe2O4 before being packed

into a 6.35-mm-outer diameter and 4.35-mm-inner diame-

ter Ag tube (Alfa Aesar, 99.9 %). The tube was drawn to a

1-mm wire and then pressed into 0.12-mm-thick and 1.35-

mm-wide tapes. The tapes were then cut into 2–3 cm

sections and sintered for 50 and 100 h at 845 �C.

The phase of the samples was examined by X-ray

powder diffraction (XRD) using a Bruker D8 Advance
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Fig. 1 Critical current density Jc of Bi-2223 in pellet form as a

function of wt% CoFe2O4 content for temperatures between 30 and

77 K

Fig. 2 Normalized temperature dependence of resistance for CoFe2-

O4-added Bi-2223 tape sintered for 100 h
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Fig. 3 I–V curve at 30 K for CoFe2O4-added Bi-2223 tape sintered

for 100 h. Black solid line is used to determine Jc using the 1 lV/cm

criterion
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Fig. 4 XRD patterns of (a) non-added and CoFe2O4 nanoparticles-

added tapes sintered for (b) 50 and (c) 100 h. (H) denotes the high-Tc

phase (Bi-2223) and (L) denotes the low-Tc phase (Bi-2212)
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diffractometer with CuKa radiation. The microstructure of

the tapes was examined using a Philips XL 30 scanning

electron microscope (SEM). The distribution of CoFe2O4

in the tapes was determined using the energy-dispersive

X-ray spectroscopy (EDX). A transmission electron

microscope (TEM) using Philips model CM12 was used to

confirm the average size of CoFe2O4 nanoparticles. The

four-point probe method using the 1 V/cm criterion was

used to determine Jc. The measurements were taken from

30 to 77 K in zero magnetic fields, and at 77 K under

magnetic fields applied from 0 to 0.75 T.

3 Results and discussion

Figure 1 shows the Jc of Bi1.4Pb0.6Sr2Ca2Cu3O10 (CoFe2-

O4)x (x = 0.00–0.05 wt%) pellet between 30 and 77 K.

The sample with x = 0.01 wt% of nanosized CoFe2O4

showed the highest Jc which was 2.85 A/cm2 at 30 K and

1.15 A/cm2 at 77 K. Therefore, this wt% of CoFe2O4 was

used to prepare Bi1.4Pb0.6Sr2Ca2Cu3O10 (CoFe2O4)0.01/Ag

tape.

The onset transition temperature Tc onset of the tapes

with and without CoFe2O4 is around 110 K, and the zero

Table 1 Volume fraction and

critical current density of x = 0

and x = 0.01 wt% of 60 nm

CoFe2O4 nanoparticles-added

Bi-2223 tapes sintered for 50

and 100 h at 30 and 77 K

X (wt. %) Sintering time (h) Volume fraction (%) Jc (A/cm2) (30 K) Jc (A/cm2) (77 K)

Bi-2223 Bi-2212

0.00 50 73 27 6370 1040

0.00 100 76 24 8280 1290

0.01 50 83 17 20,380 3860

0.01 100 86 14 22,420 4520

Fig. 5 Micrographs of a CoFe2O4 nanoparticles with an average size of 60 nm, b non-added Bi-2223 tape, c CoFe2O4-added Bi-2223 tape

sintered for 50 h and d CoFe2O4-added Bi-2223 tape sintered for 100 h. White dots denote the distribution of CoFe2O4 nanoparticles in the tapes
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resistance temperature Tc zero is 78 K. Figure 2 shows the

temperature dependence of resistance for CoFe2O4-added

tape sintered for 100 h. The presence of Bi-2212 phase has

resulted in a lower Tc zero in the samples. The I–V curve for

the same tape at 30 K is shown in Fig. 3.

The XRD pattern of the non-added tape is shown in

Fig. 4a. Figure 4b shows the patterns for x = 0.01 wt%

CoFe2O4-added tapes heated for 50 h, and Fig. 4c shows

the pattern for x = 0.01 wt% CoFe2O4-added tapes heated

for 100 h. Majority of the peaks in both non-added and

nanosized CoFe2O4-added tapes correspond to the high-Tc

Bi-2223 phase (H). A small number of peaks correspond to

the low-Tc Bi-2212 phase (L) were also observed. The

volume fraction of Bi-2223 phase was determined by

V2223 ¼
P

I2223P
I2223 þ

P
I2212

where
P

I2223 and
P

I2212 are the sum of intensities of Bi-

2223 and Bi-2212 phases, respectively [13, 14]. The tape

sintered at 100 h showed the highest volume fraction of Bi-

2223 (Table 1). No Bi-2201 peaks were observed.

TEM micrograph showed that the average grain size of

CoFe2O4 nanoparticles used in this study was about 60 nm

(Fig. 5a). This size is larger than the coherence length, n,

and comparable to the penetration depth, k, of Bi-2223.

SEM micrographs of the non-added and CoFe2O4-added

tape surface exhibited plate-like layered microstructure,

which is the typical microstructure of Bi-2223 system

(Figs. 5b–d). The tapes added with CoFe2O4 sintered for

100 h showed a slightly longer plate compared with the

tape sintered for 50 h.

Figure 6 and Table 1 show the temperature dependence

of Jc in zero magnetic fields for non-added and CoFe2O4-

added tapes sintered for 50 and 100 h. The tapes with

CoFe2O4 sintered for 50 and 100 h showed much higher Jc

compared with the non-added tapes. A slight increase in Jc

was also observed in tapes sintered for 100 h compared

with tapes sintered for 50 h. This could be due to

improvement in grains connectivity with longer sintering

times as seen from the longer plates in the CoFe2O4-added

tapes sintered for 100 h. A higher Jc (22,420 A/cm2 at

30 K and 4520 A/cm2 at 77 K) was observed for tape

sintered for 100 h. This value is lower compared with

previous report on Ag-sheathed Bi-2223 tapes with addi-

tion of nanosized PbO sintered for 100 h (26,800 A/cm2

and 10,700 A/cm2 at 30 and 77 K, respectively) [15]. The

higher Jc in the nanosized PbO-added sample may be due

to the combined effect of enhanced flux pinning and

improved microstructure that led to the significant

enhancement as discussed in Ref. [15]. The improvement

in microstructure is due to the relatively lower melting

point of PbO.

Fig. 6 Temperature dependence of critical current density Jc in zero

magnetic field for non-added and CoFe2O4-added Bi-2223 tapes

sintered for 50 and 100 h

Fig. 7 Magnetic field dependence of critical current density at 77 K

for non-added and CoFe2O4-added Bi-2223 tapes sintered for 50 and

100 h, in field a parallel and b perpendicular to the surface of the tape
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Jc increased with a decrease in the volume fraction of

the Bi-2212 phase. The presence of the Bi-2212 phase as an

impurity in the Bi-2223 tapes resulted in the lowering of

the zero resistance transition temperature and hence the

suppression of the critical current density (Table 1).

Many applications of superconductor operate at very

low fields [16]. In this work, we also studied the effect of

low fields on the Jc of the tapes. Figure 7 shows Jc of the

non-added and CoFe2O4-added tapes at 77 K under mag-

netic field applied parallel and perpendicular to the surface

of the tape. Jc of CoFe2O4-added tapes sintered for 50 and

100 h was higher than the non-added tapes under applied

magnetic fields. A decrease in Jc was observed under

higher magnetic field strength due to the destruction of

weak links in higher magnetic fields [11].

A comparison with other nanosized particle addition is

shown in Table 2. A lower optimal amount (wt%) to

optimize Jc was observed when the tapes are added with

magnetic nanoparticles. The optimal amount of CoFe2O4

addition in this study (0.01 wt%) is similar to that of the c-

Fe2O3-, Fe3O4-, NiFe2O4- and NiO-added tapes [17–20].

For PbO- [15] and MgO [21]-added tapes, the optimal

amount is x = 0.1 wt%. This indicated different pinning

mechanisms for enhancing Jc in tapes added with magnetic

and non-magnetic nanoparticles.

Samples in the pellet form also showed improvement in

Jc as the samples were added with Al2O3 [4], Ag2CO3 [6],

Nb2O5 [22] and CoFe2O4 (Table 2). Some differences in

the Jc values reported by different groups may be due to the

different preparation method that resulted in varied

microstructure and other properties that affect the transport

current. These results showed that suitable particles can be

used to enhance the current density in the samples. How-

ever, Jc in the tape samples was much higher than the pellet

samples as a result of the thermomechanical pressing of the

tapes. Tapes added with smaller nanosized PbO

(10–30 nm) and Fe3O4 (40 nm) showed higher Jc than the

larger CoFe2O4 (60 nm)-added sample.

4 Conclusion

Jc of CoFe2O4-added Ag-sheathed Bi-2223 tapes sintered

for 50 and 100 h improved significantly compared with

non-added tapes. This showed that nanosized CoFe2O4 can

act as effective pinning centers and enhanced the flux

pinning capability of the tapes. Tapes sintered for 100 h

showed a higher Jc in comparison with tapes sintered for

50 h due to improvement in grains connectivity. Therefore,

a much longer sintering time is suggested to improve the

transport critical current density even further. A judicious

amount of magnetic nanoparticles enhanced the transport

critical current density in the Bi-2223 superconductor

tapes. In addition to the condensation energy associated

with their core, the full vortex magnetic energy due to

magnetic nanosized CoFe2O4 can contribute to Jc

enhancement in Bi-2223 tapes.
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