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Abstract

The effects of nanoparticle additions, rolling, and sintering time on the transport critical current density, J,, of Ag-sheathed
Bi, ¢Pb, 4,Sr,Ca,Cus0,, (Bi-2223) are reported. Nanosized PbO (20-30 nm) with 0.05 wt. % and MgO (20 nm) with 0.1
wt. % were added to Bi-2223 superconductor powders. The powders were packed into Ag tubes and deformed into tapes
by drawing, sintering, and rolling steps. The J, with two sintering time (100 h and 150 h) and two rolling processes was
measured using the four-probe method between 30 and 77 K in self-field, and at 77 K in magnetic fields from 0 and 0.75 T.
The effect of nanosized PbO and MgO and processing on the microstructure, phase, and J, were examined. The effects of
rolling versus no rolling on J, were also compared. PbO-added tapes showed a higher J, compared with MgO-added tapes
which indicated that PbO enhanced the flux pinning capability more than MgO. J, of PbO-added tapes obtained in the first
rolling and sintered for 100 h was 28000 A/cm? and 6000 A/cm? at 30 K and 77 K, respectively. J, of MgO-added tapes in
the first rolling and sintered for 100 h was 17500 A/cm? and 1500 A/cm? at 30 K and 77 K, respectively. Intermediate roll-
ing introduced more cracks than can be healed in the subsequent heat treatment. In the second rolling, the tapes developed
more cracks, voids, and loose microstructure where the grains were not well connected. These results showed that further
sintering time increased J,, but further rolling decreased J,, of the PbO- and MgO-added Bi-2223 tapes.
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1 Introduction

A high transport critical current density, J_, in Bi; (Pb 4.
Sr,Ca,Cu;0,, (Bi-2223) superconductor is important for practi-
cal applications. The Bi-2223 sheathed Ag (Bi-2223/Ag tapes)
prepared by the powder-in-tube method is the simplest tech-
nique for long wires and tapes fabrication. Magnetic fields and
elevated temperatures strongly suppress J,, due to the motion of
the vortex lattice and the weak links of grain boundaries. Many
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methods have been proposed to improve J, in superconduc-
tor tapes such as chemical additions [1-3], heat treatment [4],
rolling [5], hot and cold pressing [6, 7], and the magnetic grain
alignment technique [8].

The mechanical deformation procedure in preparing the
tapes has a large effect where the final J is higher in the
pressed tape than that in rolled tape [9, 10]. Moreover, dur-
ing the mechanical deformation process, many cracks were
observed, and the grains are not well connected. The pressed
tapes at lower pressures and repeated rolling showed a low
J. due to the formation of cracks and pores in the core of the
Bi-2223/Ag superconductor tapes [7, 11]. Despite several
studies, crack formation that suppresses J, and mechanical
deformation process still remain a problem. The influence
of uniaxial pressing on J, of Bi-2223/Ag tapes has been
reported. However, very few studies have examined roll-
ing effects on J, of nanoparticle-added Bi-2223/Ag tapes.
Further investigation on the effects of crack formation and
densification is needed to enhance J_.
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Artificial flux pinning centers such as nanoparticles can
be used to pin the vortex cores, heal the cracks, and increase
J ., of the Bi-based superconductors [12—-14]. The addition of
nanoparticles may increase the strength of Bi-2223/Ag tapes
and provides higher resistance to crack and helps to heal the
crack. For example, a further rolling (2nd rolling) and sinter-
ing (150 h) increased J, of nanosized Bi,05 (150 nm)—added
Bi-2223/Ag tapes [5]. The effect of PbO (20-30 nm) [15]
and MgO (20 nm) [16] in addition to Bi-2223/Ag tapes has
been reported in our earlier studies. The effects of sintering
times for 50 h and 100 h without intermediate rolling on J,
between 30 and 77 K and in applied magnetic field at 77 K
were investigated. J, increased significantly especially for
nanosized PbO as compared to the non-added and nanosized

MgO-added tapes. Our initial studies on PbO- and MgO-
added tapes suggested that a longer sintering time and other
parameters are important to enhance J,. The enhancement
of flux pinning and improved microstructure due to two-
step sintering (50 and 100 h) without intermediate rolling of
PbO- and MgO-added tapes led to increase in J...

It will be interesting to investigate the combined effect of
artificial flux pinning centers by adding PbO and MgO nano-
particles and deformation method through intermediate roll-
ing on crack formation and J, of Bi-2223 sheathed Ag tapes.
This study aims to investigate and compare the influence of
two-step rolling and sintering at 100 and 150 h on phase for-
mation, microstructure, crack, and J, of PbO and MgO nano-
particle—added tapes. X-ray diffraction method was used to
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Table 1 J, and volume fraction of Bi-2223 and Bi-2212 phase for nanosized MgO- and PbO-added tapes sintered for 100 h with first roll (nano-

T'00r1) and 150 h with second roll (nano-7'5yz,) between 30 and 77 K

gn(%o K) (A/ zin(;;o K) (A/ én(zs)o K) (A/ gn(ze)o K) (A/ gng)o K) (A/ irrf27)7 K)(A/ 2223 (%) 2212 (%)
MgO-Tyor; 175004400 8750+ 190 5000+ 110 3000470 1750 +40 1500+30 70 30
MgO-Ty5r, 140004420 6670200 4000+ 120 2667 + 80 167050 1170 +40 75 25
PbO-Typor, 28000840 20000 = 600 14000 +420 100004300 7000210 6000+ 180 76 24
PbO-T)spy 25000520 13330 +280 7330+ 150 4670+ 100 2330+ 50 160030 71 29

confirm the phase and scanning electron microscope was
used to determine the microstructure. The transport critical
current density was measured using the four-probe method
by employing the 1 pV/cm criterion.

2 Experimental Details

Our initial work on nanosized PbO (20-30) and MgO
(20 nm)-added Bi, (Pb, ,Sr,Ca,Cu;0,,(MO), (M =Pb
or Mg) pellets showed the highest J. for the x=0.05 and
0.10 wt. % samples, respectively. These amounts were
selected to prepare nanosized PbO- and MgO-added
Bi-2223/Ag tapes (nano-T) by the powder-in-tube method

Fig.2 SEM micrographs of the
transverse cross-sections for a
PbO-T49r 1 b PbO-T 5055, €
MgO-Tgor;> and d MgO-T 5z,
tapes

EHT = 15.00 kV
WD= 51mm

[15, 18]. The co-precipitation method was used to prepare
ultrafine Bi, (Pb, ,Sr,Ca,Cu;0,, superconductor powders
as described elsewhere [17]. Nanosized PbO or MgO were
added to the Bi-2223 powders which were then packed into
Ag tubes with 99.9% purity (from Alfa Aesar). The inner
diameter of the tube was 4.35 mm and outer diameter was
6.35 mm. The Ag tube filled with the superconductor pow-
ders was drawn to produce a I-mm diameter wire. The wire
was rolled to produce tapes with 1.5-mm width and 0.30-mm
thickness which were then cut into 2- to 3-cm sections. The
PbO- and MgO-added tapes were sintered for 100 h (T'},)
and 150 h (T5) at 845 °C, followed by two-step intermedi-
ate rolling (R1 and R2) as follows: the tapes were sintered
at 845 °C for 50 h (Ts,) and then rolled (Ts5yg;). The Tspg;
tape was subjected to further heating at 845 °C for another

Signal A = AsB
Mag= 68X

EHT =15.00 kv
WD=685mm

Signal A=AsB
Mag= 64X

EHT =15.00 kv
WD= 59mm

Signal A = AsB
Mag= 67X

EHT =15.00 k¥
WD=62mm

Signal A =AsB
Mag= 65X
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50 h to produce tapes sintered for 100 h with the first roll
(PbO-Tgor; and MgO-Tyor1)- Part of the Tz, tapes was
subjected to further rolling (R2) and then sintering at 845 °C
for another 50 h to produce tapes sintered for a total of 150 h
with the second rolling (PbO-T54r, and MgO-T5pr,).

The J, of the added tapes was measured by using the
four-probe method with the 1 pV/cm criterion between 30
and 77 K in self-field, and at 77 K in 0 to 0.75 T magnetic
fields. A Zeiss VPSEM (Leo 1450) was used to examine the
microstructural change and measure the superconductor core
cross-section of the tapes. A Siemens D5000 diffractometer
with CuK, source (A=1.54 10%) was used to determine the
resultant crystalline phases.

Signal A = SE2
Mag= 1.00 KX

10pm EHT =1000kV
— WD = 64 mm

Signel A=SE2

10 ym EHT = 10.00 kv
— Mag= 100K X

WD = 15.0 mm

3 Results and Discussion

In a previous study, the nanoparticle-added tapes were sin-
tered for 50 h (nano-T,) and 100 h (nano-T,) at 845 °C
without intermediate rolling. The results showed that J_ of
the added tapes improved significantly compared with the
pellets and non-added tapes. Also, nano-T, tapes showed
a higher J, as a function of temperature and magnetic fields
compared to nano-T5, tapes. Moreover, PbO-T), tapes
showed the highest J_ (26,800 Alcm? at 40 K and 10,700 A/
cm? at 77 K) compared with MgO-T, tapes (18,380 A/cm?
at 30 K and 3676 A/cm? at 77 K). Herein, nanosized PbO
and MgO were added to Bi-2223/Ag tapes. The influence of

Signal A=SE2

10m EHT = 10.00 kv
— Mag= 100K X

WD = 8.2mm

.

2um EHT = 10.00 k¥ Signal A=SE2
— WD = 54 mm Mag= 200K X

Fig.3 SEM micrographs of longitudinal section for a PbO-T g, b PbO-T50r,, ¢ MgO-T' o, and d MgO-T' 54z, tapes
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intermediate rolling (R1 and R2) with two sintering times
100 h and 150 h on crack formation and transport critical
current density of the tapes was investigated and compared.

The XRD patterns of MgO-added tapes sintered for 100 h
with the first roll (MgO-T ;) and PbO-added tapes sin-
tered for 150 h with the second roll (PbO-T'50r,) are shown
in Fig. 1. Both nano-T g, and nano-T' 5y, tapes showed
the Bi-2223 (high-T,) as the major phase and a few peaks
belonging to the (Bi,Pb),Sr,CaCu,Og (Bi-2212) phase (low-
T,). The Bi-2223 peaks are indicated by H and the Bi-2212
peaks are indicated by L in Fig. 1. A high intensity peak
belonging to silver sheath was observed. A minor Ca,PbO,
peak was also observed.

The volume fraction of Bi-2223 (V,,,5) and Bi-2212 (V,,,,)
phase was obtained from XRD intensities of the phases, i.e.,
the Bi-2223 phase (I5,,5) and Bi-2212 (Z,,,,) phase, using the

relation Vyyys o 1215 = é(;;i—z’;:i) x 100 [19]. The volume

fraction for the two-step rolling showed a dominant Bi-2223
phase (Table 1). In the first roll, PbO-added tape showed the
highest volume fraction of the Bi-2223 phase (76%) and 24%

Fig.4 J, versus temperature of 30 — .

for the low-T, phase. However, MgO-added tapes showed a
decrease in V,,,5 and an increase in V5.

The cross-section SEM images of nanoparticle-added
tapes with two sintering and two rolling are shown in Fig. 2.
Figure 2a and b show the cross-section SEM of the PbO-
added tapes heated for 100 h with the first roll (PbO-Tygr ;)
and 150 h with the second roll (PbO-T5r,), respectively.
MgO-added tapes sintered for 100 h with the first roll (MgO-
Toor1) and 150 h with the second roll (MgO-T54g,) are
shown in Fig. 2c and d, respectively. In both added tapes,
rolling reduced the tape thickness. The cross-sectional area
of the nanoparticle-added Bi-2223 superconducting core in
the tapes rolled twice decreased by around 25% compared
to that of the first roll tapes. Figure 3 shows SEM micro-
graphs of the nanoparticle-added Bi-2223 superconduct-
ing core. Figure 3a shows SEM of PbO-T,,r; and Fig. 3b
shows SEM of PbO-T 5, tapes. Surface SEM micrographs
of MgO-Tyor; and MgO-T'50r, core are shown in Fig. 3¢
and d, respectively. The plate-like microstructure (typical
of the Bi-2223 phase) was observed in all tapes. The core

the pure tape sintered for 50 and
100 h and nanosized MgO- and -
PbO-added tapes sintered for
100 h with first roll (nano-
T'00r1) and 150 h with second
roll (nano-T;s5or,)
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of nanoparticle-added Bi-2223 tapes exhibited loose micro-
structure, cracks, and voids. The cracks were more clearly
seen in the second roll compared with the first roll. A larger
plate-like structure was observed in both nanoparticle-added
tapes sintered for 150 h (nano-754g,). The microstructure
destruction due the cold deformation led to the decrease in
J [11].

Figure 4 and Table 1 show J, versus temperature of the
nano-7yor; and nano-T' 5oz, tapes. J, of non-added tape
(pure-T50) is included in Fig. 4 for comparison. In both
rolling, J. decreased as the temperature was increased from
30 to 77 K. J, of the second roll tapes (nano-7'54g,) Was
lower than that of the first roll tapes (nano-T' g ). Both
PbO-added tapes with the first and second roll resulted in a
higher J, compared with the MgO-added tapes. The highest
J. of 28,000 Acm~2 and 6000 Acm~2 at 30 and 77 K, respec-
tively, was observed for the PbO-Tyz; tapes. Nanosized
PbO is a more effective flux pinning center compared with
MgO. A second rolling and sintering (150 h) decreased J,
of PbO-T)s50r, tapes to 25,000 Acm~2 and 1600 Acm™> at
30 and 77 K, respectively. Similar behavior was observed
for J, of MgO-added tapes. J, of MgO-T',0r; Was 17,500
Acm~2 and 1500 Acm~2 at 30 and 77 K, respectively. The
lower J, in nanosized PbO-T5qr, and MgO-T 5z, tapes was

probably due to the extra rolling which caused increase in
cracks [20, 21] as seen from Fig. 2.

Figures 4 and 5 and Table 2 show J,, of nanosized PbO-
T1oor1 and MgO-T g, tapes versus temperature from 30
to 77 K, and their comparison with our previous studies of
non-added and MgO- and PbO-added tapes sintered for 50
and 100 h without intermediate rolling. A small amount of
nanosized PbO (0.05 wt.%) and a higher amount of MgO
(0.1 wt.%) optimized J, of Bi-2223 pellets and tapes in
comparison with the non-added samples. Nanosized PbO-
added tapes showed a larger enhancement compared with
MgO-added tapes. This can be due to better flux pinning
in PbO-added tapes. A longer sintering time from 100 to
150 h together with second rolling decreased J, due to
the increase in the pores and cracks although the cross-
section area was reduced by 25%. However, a longer sin-
tering time from 50 to 100 h without intermediate rolling
increased J, of tapes due to better grain connectivity. In
general, the J, of nano-T,og; and nano-T 54z, tapes was
lower than that of nano-T, tapes. A further intermediate
rolling increased crack formation in the tapes’ supercon-
ductor core.

Figure 6 shows the J, versus magnetic fields of nano-
sized PbO-T)gg> PDO-T50r0, MgO-T'ggr;> and MgO-T5or,
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Table 2 J, of nano-Tyyz; and nano-T sy, tapes between 30 and 77 K, and their comparison with the previous studies for non-added and PbO
and MgO nanoparticle-added tapes sintered for 50 and 100 h without intermediate rolling

Pellet [15, 18]  Nano-Ty, [15, 16] Nano-T, [15, 16] Nano-Tyg; (this work) Nano-T 50, (this work)

J. (Alem?) J. (Alem?) J. (Alem?) J. (Alem?) J. (Alem?)

30K 77K 30K 77K 30K 77K 30K 77K 30K 77K
Non-added  0.30  0.03 8104 949 10820 1260 - - - -
MgO 4.13 1.73 15110 1532 18380 3676 17500+400 150030 14000+420  1170+40

PbO 1.93 1.13 8590 (40K) 1880 26800 (40K) 10700  28000+840  6000+180  25000+520 160030

tapes at 77 K. The magnetic fields from O and 0.75 T were
applied parallel to the tapes’ surface. J, of added tapes
decreased with increasing magnetic fields. For both PbO
and MgO addition, the first roll tapes showed a higher J, in
magnetic fields compared with the second roll tapes. The

second rolling increased the cracks in the superconducting
core. J_ of tapes deteriorates in the rolling direction due to
the poor Bi-2223 microstructure [21]. Similar to Fig. 3, it
can be observed from Fig. 6 that PbO-added tapes with the
first roll and sintering for 100 h showed the highest J_ in

L T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 20m
5000 |

- 1800
o ';"‘"""\0—0—0—0—0_0__,_._._,_,_‘_. 1%
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~ 3000 J =]
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2000 — .
I MgO-T ) |
" - 1000
I —a— MoO-T >
< 150R2
i —e— PhO-T i
1000 50R2 4
e b e ey g oy T 800

Magnetic Field (T)

Fig.6 J. of nanosized MgO- and PbO-added tapes sintered for 100 h with first roll (nano-T;) and 150 h with second roll (nano-T'5yr,) at

77 K under magnetic fields
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magnetic fields. This showed that addition of nanosized PbO
resulted in better flux pining than MgO-added tapes. Nano-
sized PbO can also heal the cracks formed during rolling
which enhanced grain coupling. The interface debonding
between Ag and Bi-2223 superconducting core and cracks
in the superconducting tapes cause weak links and thus
reduce J_ [20]. A recent work showed that the current den-
sity, 1,, of non-added Bi-2223/Ag tapes is dependent on the
angle of the applied field with respect to the tapes’ surface.
I, was found highest when the field was parallel and low-
est when the field was perpendicular to the tapes’ surface
[22]. Hence, further works on angle dependent of current
density to applied magnetic field are suggested for further
investigation.

4 Conclusions

Nanosized PbO- and MgO-added Bi-2223/Ag tapes were
subjected to heat treatment for 100 and 150 h at 845 °C
with two intermediate rolling. The combined effects of
artificial flux pinning centers by adding nanoparticles
(PbO and MgO) and the deformation procedure by inter-
mediate rolling on the crack formation and J_ of Bi-2223
tapes were investigated. J, of nanosized PbO-added tapes
was higher than the non-added and nanosized MgO-added
tapes. Although longer sintering time is generally benefi-
cial in increasing the J,, the effect of further rolling and
sintering time led to a decrease in J.. This decrease may
be due to formation of cracks which affected the supercur-
rent flow path. Nanoparticle addition, number of rolling,
and sintering time are important variables to optimize the
transport critical current density. The effects of different
intermediate pressing and sintering processes on cracks
and J,, of other nanoparticle in Bi-2223/Ag tape are sug-
gested for future works.
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