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Abstract  Silver-clad (Bi,Pb)2Sr2Ca2Cu3O10+x long wires produced by powder-in-tube 
techniques, which have been recognized as the first generation of the High Temperature 
Superconducting (HTS) wires, are expected to apply widely especially in strong current 
applications. In this work, the processing, characterization and application of the silver-clad 
(Bi,Pb)2Sr2Ca2Cu3O10+x HTS wires are summarized. The HTS wires are fabricated using the 
combination of powder-in-tube technique, and the resulting wires are fully characterized by the 
means of chemical analyses, microstructural observation, electrical and magnetic measurements. 
The relationship among fabrication parameters, chemical and microstructural characteristics, 
and electrical and magnetic properties are analyzed. Applications of the HTS wires have also 
been introduced according to their strong current behaviors with various prototype devices made. 
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(Bi,Pb)2Sr2Ca2Cu3O10+x (Bi-2223) High 
Temperature Superconducting (HTS) materials are 
very promising for applications in high current, high 
operation temperature, and high magnetic field areas. 
This is because that the critical temperature (Tc) of 
Bi-2223 compounds is higher (110 K), compared to 
other ceramic HTS materials like YBa2Cu3O7−x (Y-123) 
(92 K) and Bi2Sr2CaCu2O8−x (Bi-2212) (85 K). 
Bi-2223 has a large enough temperature margin for 
safe operations at liquid nitrogen temperature (77 K). 
Also, Bi-2223 compounds have much higher upper 
critical field Hc2>25 T at liquid helium temperature 
(4.2 K) than conventional superconductors, which 
makes the Bi-2223 materials suitable for construction 
of magnets yielding field strength greater than 20 T at 
temperatures ranging from 4.2 K to 20 K, or electrical 
cables with large current carrying capacity at 77 K. 

 On the other side, Bi-2223 superconductors have 
some major shortcomings. The Bi-2223 compounds 
have an unusually short coherence length and 
extremely severe anisotropy, which results in weak 
electronic links and weak magnetic flux pinning, and 
consequently low critical current density (Jc) and poor 

Jc performance in magnetic field. Fortunately, various 
research results have indicated that the weak link and 
weak flux pinning problems can be largely overcome 
through an improvement of the materials’ 
microstructural characteristics[1-4]. For instance, it has 
been reported that a high degree of grain alignment, 
high mass density, intimate connectivity between 
crystal grains, and finely dispersed secondary phases 
all help to reduce weak links and enhance flux pinning 
strength. Therefore, how to achieve these desirable 
microstructural characteristics becomes the challenge 
for scientists in their endeavor to commercialize the 
Bi-2223 superconducting materials. 

 The microstructural properties of the Bi-2223 
superconductors depend on the processing and 
parameters with which the materials were subjected 
during fabrication, as with all materials. In this study, 
the results of a systematic study on the evolution of 
microstructures including phase composition, density, 
grain alignment, and development of electrical and 
magnetic properties including Tc and Jc of the Bi-2223 
superconductors in the process of fabrication are 
reported. Co-relationship among chemical, micro- 
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structural characteristics, and electrical and magnetic 
properties are discussed. 

The state-of-the-art technical performance of 
practical Bi-2223 HTS materials has reached the level 
required for the verification of strong current and 
large-scale applications, where the HTS materials are 
expected to have innovation with high efficiency and 
significant energy saving. 

In this paper, the fabrication of silver-clad 
Bi-2223/Ag HTS wire is introduced. The results of a 
systematic study on the evolution of microstructures 
and magnetic properties including Tc and Jc of the 
Bi-2223/Ag superconductors in the process of 
fabrication are reported. Co-relationship among 
chemical, microstructural characteristics, and electric 
and magnetic properties are discussed. Various 
applications of the wires have also been summarized 
according to the wire strong current behaviors. 

1 Experimental Procedure of HTS 
Wire Processing 
The (Bi,Pb)2Sr2Ca2Cu3O10+x/Ag composite 

superconductor tapes in this study are fabricated by a 
power-in-tube technique and treated by a 
thermomechanical process consisting of alternative 
sintering and pressing. 

(Bi,Pb)2Sr2Ca2Cu3O10+x precursor powder with a 
stoichometry of Bi/Pb/Sr/Ca/Cu=1.83/0.34/1.91/2.03/ 
3.05 is made using spay pyrolysis technique. Metals 
nitrates are dissolved in a diluted nitric acid, spayed 
into a drying chamber and dried at about 800℃. The 
powder is then ground and sintered to form a 
homogeneous mixture consisting of mainly Bi2Sr2Ca 
Cu2O8−x plus small amount of secondary phases. 

The precursor powder is packed into a pure silver 
tube of 10 mm outer and 8.5 mm inner diameter by 
tapping and ramming method. The powder/Ag 
composite is then cold drawn down to a diameter of 
1.2 mm. The reduction in cross-sectional area for each 
drawing pass is between 5% to 15% and intermediate 
annealing is carried out at 700℃ for 15 min after 
every 3-4 drawing passes to soften the silver sheath. 

Short pieces (5 cm) is cut and subjected to a 
thermomechanical process consisting of alternative 
thermal sintering and mechanical pressing. The 
sintering is performed at 830-840 ℃ for 50 h, and the 
mechanical pressing is done at room temperature with 
a thickness reduction rate of around 10%. After each 
step of heat treatment, a segment of the tape is cut for 

characterization by the means of X-Ray Diffraction 
(XRD), Scanning Electron Microscopy (SEM), Tc and 
Jc. The specimen for XRD analysis is prepared by 
peeling off the upper silver sheath of the tape. The 
volume fraction of Bi-2212 and Bi-2223 phase inside 
the core of the tape is estimated from the peak 
intensities of the XRD pattern. SEM observation is 
conducted on the polished cross-sections of the tape. 
Tc is tested by the standard four-probe DC technique 
using indium to solder the leads onto the surface of the 
tape. A DC current of 0.05 A is used as the working 
current to flow across the tape. Jc is determined by a 
modified pressing contact four-probe DC technique so 
as to avoid using solder or indium. In this way, the 
tested tape could be used for further heat treatment. 

2 Results and Discussion  
2.1 Superconductor Phases  

Fig.1 is the XRD result of the precursor powder 
used for the fabrication of the Bi-2223/Ag tape. The 
results show that the lower Tc Bi2Sr2CaCu2O8−x is the 
main phase in the precursor powder, together with a 
small amount of secondary phases such as Ca2PbO4, 
CuO, Bi2Sr2Cu1Ox (Bi-2201) and Sr-Ca-Cu-O. Very 
little higher Tc Bi-2223 phase has formed in the 
precursor powder. Phase composition in the precursor 
powder plays an important role in determining the 
microstructure and properties of the Bi-2223/Ag tapes. 
Tapes made from a Bi-2212-predominated powder 
(partially reacted powder) usually have a higher Jc 
than those made from Bi-2223-predominated powder 
(fully reacted powder) after heat treatment[5]. This is 
because in the partially reacted powders, 
microstructural features, such as grain alignment and 
grain connectivity, can be enhanced during the heat 
treatment due to a phase transformation mechanism. 
However, this is not archived in the case of fully 
reacted powders, in which the phase transformation is 
finished before the heat treatment.  

Fig.2 shows the XRD patterns of Bi-2223/Ag 
tapes at different stages of the thermomechanical 
process. After the first sintering at 830-840 ℃ for 50 
h, more than half of the low Tc Bi-2212 phase has 
been converted into high Tc Bi-2223 phase. 
Meanwhile, the (00L) peaks of both Bi-2212 and 
Bi-2223 phases are dominantly stronger than non-(00L) 
peaks, indicating Bi-2212 and Bi-2223 crystal grains 
are preferentially oriented with their c-axes normal to 
the tape’s broad surface.  
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As the thermomechanical process continues, the 

fraction of Bi-2223 phase increases continuously and 
the (00L) peaks become stronger and sharper, 
reflecting an improvement of grain alignment and 
grain growth inside the tape. With an accumulated 
sintering time of 160 h, a fraction of >95% Bi-2223 
has been achieved. With further sintering, the fraction 
of Bi-2223 phase is almost unchanged. In other words, 
the conversion from Bi-2212 to Bi-2223 phase has 
almost completed at this stage. 

As can be seen in Fig.2, the conversion of 
Bi-2212 to Bi-2223 phase features a rapid increase in 
Bi-2223 phase at early sintering stage, followed by a 
slow Bi-2223 phase increase in intermediate stages, 
and leveled off with prolonged sintering time. It is 
believed that Pb improves reaction kinetics of Bi-2223 
phase formation via formation of a Ca2PbO4-related 
liquid phase[6-7]. The existence of liquid phase 
facilitates the diffusion of elements and speeds up 
Bi-2223 formation. In the intermediate stages of the 

thermomechanical process, the amount of Ca2PbO4 

gradually exhausted and as a result, the conversion 
reaction from Bi-2212 to Bi-2223 slowed down. 

Another main factor affecting the conversion of 
Bi-2212 to Bi-2223 is the sintering temperature, which 
is beyond the scope of this study. 

2.2 Microstructural Characterization  
The microstructural development of supercon- 

ductor inside the tape during the thermomechanical 
process is investigated through SEM observations. 
Fig.3 is a SEM micrograph of the precursor powder 
(precursor bulk before ground into powder) used to 
make the Bi-2223/Ag tape. It is seen that precursor 
contains porous, randomly oriented Bi-2212 grains of 
a plate-like shape. It is well known that all three 
Bi-based superconductor phases (i.e. Bi-2201, Bi-2212, 
Bi-2223) have their a-axis and b-axis much longer 
than their c-axis. This plate-like shape helps the 
superconductor grains become preferably aligned 
during the thermomechanic process. 

 

 
 

Fig.3 SEM micrograph for the precursor powder which was     
used to fabricated the Bi-2223/Ag superconducting tape 

 
Fig.4(a) shows the SEM micrographs for the tape 

before heat treatment. The tape core is just an 
assemblage of individual superconductor particles, 
submicrons to microns in size. Micron sized voids are 
scattered over the matrix in the tape core. XRD pattern 
shown in Fig.1 indicates that the tape is consisted of 
manly Bi-2212 phase at the stage. Owing to the 
grinding of powder and extensive mechanical 
deformation (drawing and rolling) during wire and 
tape processing, the plate-like Bi-2212 grains are 
crushed into small irregular shaped particles, as shown 
in Fig.4(a).  
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(a) before heat treatment 

 

 
(b) after 1st stage of heat treatment 

 
(c) after final stage of heat treatment 

 

Fig.4  SEM micrographs for Bi-2223/Ag tape 
 

After first sinter at 830-840 ℃ for 50 h, as shown 
in Fig.4(b), the superconductor grains grow 
significantly, appearing as large plate-like grains and 
well-aligned along the tape’s broad surface. The core 
density is also improved compared with that observed 
in the green tape. XRD results show that at this stage 
in Fig.2(a) more than half of the tape core have been 
converted from Bi-2212 to Bi-2223 phase. Since both 
Bi-2212 and Bi-2223 grains are plate-like with similar 
chemical composition, it is difficult to distinguish 
them in SEM image (Bi-2212 appeared in slightly 
lighter than Bi-2223). During large extent of phase 
transformation and grain growth, voids are common 

and degree of grain alignment is still not very high. 
Fig.4(c) shows the microstructure of tape after the 

final heat treatment. It is seen that the tape core is very 
dense, and consists of well grew and highly textured 
grains. Except for some small, scattered secondary 
phases, very few voids were found. Due to the high 
density and grain alignment, intimate connections 
between Bi-2223 grains are formed. All these 
microstructural features are favorable for the tape to 
carry high critical current. 

2.3 Critical Current Temperature  
Fig.5 shows the resistivity as a function of 

temperature for the Bi-2223/Ag superconducting tape. 
From the curve a, the resistivity of the precursor 
sample, precursor bulk before ground into powder, 
decreases linearly with decreasing temperature from 
room temperature to about 80 K and then begins to 
drop markedly. This is consistent with the phase 
analysis results shown in Fig.1, which indicates a 
predominant phase of Bi-2212 phase in the precursor 
powder. It is well known that Bi-2212 has a transition 
temperature of about 80 K. 
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With the first sintering step at 830-840℃ for 50h, 

the resistivity drops distinctly at about 110 K, 
corresponding to the transition temperature of Bi-2223 
phase, followed by a second quick drop at about 80 K, 
which is the contribution from the Bi-2212 phase as 
discussed above. However, there is no zero resistivity 
archived at 77 K. As shown in Fig.2, there is about 
70% of the phase inside the tape converted from 
Bi-2212 to Bi-2223 phase. Bi-2223 grains have not 
formed much continuous path across the tape length at 
this stage. Especially, large amount of Bi-2212 and 
other secondary phases exist at the grain boundaries, 
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Fig.5 Resistivity as a function of temperature T for
(a) precursor powder, and Bi-2223/Ag tape at various
heat treatment stages: (b) 1st sintering, (c) 2nd
sintering, and (d) final sintering 
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which cause poor connection between Bi-2223 grains. 
For Bi-2212 phase, although its transition temperature 
can be as high as 80 K, the zero resistivity temperature 
can be much lower than 77 K in poorly developed 
sample such as week links, oxygen deficiency.  

As the sintering process proceeds, the resistivity 
drop at 110 K becomes larger and faster, and reaches 
zero resistivity at temperature before 80 K. As seen in 
Fig.2, from second sintering stage, the high Tc Bi-2223 
phase has replaced the low Tc Bi-2212 and become the 
major phase of the tape. With the increasing in number 
and size of Bi-2223 grains continuous Bi-2223 phase 
paths have formed for current to pass through the 
whole tape length with zero resistance before the 
Bi-2212 phase becomes superconducting at about   
80 K. The resistivity tails following the large drop in 
curve c is due to the poor grain boundaries and 
therefore poor connectivity between superconductor 
grains. 

For the fully heat treated tape sample (curve d of 
Fig.5), the transition becomes a very large and sharp 
single-step transition, and the second transition at 
about 80 K disappears. A zero resistivity has been 
archived at 110 K. This indicates that the heat treated 
Bi-2223/Ag tape has very pure Bi-2223 phase, well 
grown grains, and strongly connected boundaries. 

2.4 Critical Current Density 
Another important property of Bi-2223/Ag tapes 

is the Jc and its behavior in an external magnetic field 
(H). In this work, the transport Jc is measured at liquid 
nitrogen temperature as well as at liquid helium 
temperature. For the Jc behavior in magnetic field, the 
external field is applied in two different directions: 
parallel and perpendicular to the wide surface of the 
tape, but always perpendicular to the current flow 
direction. Since the Bi-2223 grains inside the tape are 
highly aligned with their a-b plane parallel and their 
c-axis perpendicular to the wide surface of the tape, 
the two magnetic field directions correspond to H//ab 
and H//c, respectively.  

The Jc results measured at 77 K and 4.2 K in 
various magnetic fields are shown in Fig.6 and Fig.7, 
respectively. At 77 K and self-generated field, the Jc of 
the tape is found to be 40 kA/cm2. This value is 
dropped rapidly with increasing magnetic filed. The Jc 
is degraded to about 10 kA/cm2 at 1 T and is only a 
few hundreds of A/cm2 at a magnetic field of 3 T. The 
Jc drop is particularly server in the H//c direction. The 
Jc almost reach zero at an external magnetic field of 
0.5 T. The anisotropic behavior of Jc in a magnetic 

field is because of different flux pinning strengths 
between the a-b planes and along the c-axis. For H//ab, 
because of Lorenz force, the flux lines are forced to 
move along c-axis (crossing a-b planes), which has 
strong intrinsic flux pinning strength, while for H//c, 
the flux lines are forced to move within the a-b planes, 
which have weak intrinsic pinning strength. 
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At low temperature (4.2 K), the Jc sensitivity to a 

magnetic field is remarkably reduced. This is 
particularly true for H//ab case. It is seen from Fig.7 
that at 4.2  K, Jc shows a small decrease with increasing 
magnetic strength. As a result, Jc remain a very high 
value even at very high magnetic fields (>10 T). For 
example, at a magnetic field of 11 T, a Jc about     
100 kA/cm2 is retained. For H//c direction, the Jc 
behavior in magnetic field also shows a great 
improvement at  4.2 K, compared to 77 K. This 
improvement of Jc at low temperature and high 
magnetic fields makes Bi-2223/Ag tapes very 
promising in applications such as MAGLEV train and 
electric equipment. 

0     0.5    1.0    1.5     2.0    2.5    3.0
B/T 

J c
/A

⋅ c
m

−2
 

Fig.6 Jc behavior in external magnetic field for 
Bi-2223/Ag tape at liquid nitrogen temperature 

105

104

103

102

10

H

0      2        4      6      8      10     12
B/T 

Fig.7 Jc behavior in external magnetic field for Bi-2223/Ag
tape at liquid helium temperature 

2.05

1.55

1.05

0.55

J 0
/A

⋅ c
m

−2
 

H//ab 

H//c

H//ab 

H//c



                            Journal of Electronic Science and Technology of China                             Vol.4      

 

68 

2.5 HTS Phases and Critical Current Density 
Fig.8 is a comparison of Bi-2223 phase fraction 

and Jc change as the progress of the thermomechanical 
treatment. The Bi-2223 phase fraction shows a rapid 
increase during the first sintering step, a moderate 
increate during the second step, and a very little 
change with further sintering. A Bi-2223 fraction of 
>95% is estimated from the XRD pattern of the tape 
after final sintering step. There is always a small 
amount of low Tc Bi-2212 phase found in the tape 
even after prolonged sintering period. This is believed 
to be a result of Bi-2223 decomposition during cooling 
from sintering temperature to room temperature.  
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In contrast to the rapid Bi-2223 fraction increase, 

Jc shows only a moderate increase during the first 
sintering step. As seen in the SEM micrograph of 
Fig.4(b), at this stage there are still large amount of 
Bi-2212 phase, non-superconducting particles and 
voids in the superconductor core. The connections 
between Bi-2223 grains are poor because of low mass 
density, grain misalignment, and the non-Bi-2223 
phases. As a result, only limited number of current 
paths consisted of Bi-2223 grains are formed at this 
stage. The biggest Jc increase is found during the 
second sintering stage. As a matter of fact, during this 
stage the tape gained >65% of its Jc value. This is 
because of the improvement in both Bi-2223 fraction 
and microstructural properties. As shown in Fig.4(c) 
the mass density, grain alignment and connectivity 
between Bi-2223 grains are greatly improved during 
the thermomechnical process. These microstructural 
features are all favorable for the formation of 
high-quality current paths. 

The Jc of the tape shows a small degradation with 

further mechanical deformation and prolonged 
sintering time although the fraction of Bi-2223 phase 
is almost unchanged. There are two explanations to 
this Jc degradation. The first explanation attributes the 
Jc decrease to unhealed cracks introduced during the 
mechanical deformation. It is well known that a large 
number of cracks are produced during deformation 
because of the breaking up of grains and grain 
boundaries. As demonstrated by previous works[8-9], 
there is a liquid phase present during Bi-2212 to 
Bi-2223 conversion reaction. Cracks are healed during 
sintering by liquid element diffusion. During later 
sintering stages, however, the Bi-2212 to Bi-2223 
conversion reaction is complete and liquid exhausted. 
In this case, elemental diffusion takes place only from 
solid-state diffusion. Element transportation by 
solid-state diffusion is extremely slow. Therefore, 
cracks in the tape core can not be healed in the 
sintering period. Any unhealed cracks disrupt the 
current flow path and as a result, degrade the 
current-carrying capacity of the tape. 

Another explanation attributes the Jc degradation 
to the formation of amorphous phases with excessive 
mechanical deformation and prolonged sintering 
time[10-11]. With prolonged sintering, Bi and Pb are lost 
through volatilization from the tape core. Due to the 
Bi and Pb loss, small amount of Bi-2223 phase is 
transformed to Ca-rich amorphous phases. Even the 
amorphous phases are very small in amount, they exist 
at grain boundaries and hence severely degrade the 
connectivity between superconducting Bi-2223 grains. 

3 Applications of the HTS Wires 
The Bi-2223/Ag composite wire has achieved 

applicable performance[12-13]; its long wire has been 
produced, as shown in Fig.9; and an experimental 
magnet, as shown in Fig.10, has been fabricated on 
which the Bi-2223/Ag wire performance is concluded. 
The magnet made has dimensions as: height H-10.5 
cm, unit pancake winding ID-3.2 cm, OD-2.0 cm, and 
total number of turns 1068. The magnet has the field 
constant 0.01 T/A. The average Jc of the HTS wire 
used at 77 K has 15 kA/cm2 (Ic~21 A). 60% Jc 
degradation caused by the self field and mechanical 
processing to form the magnet has been identified. As 
shown in Fig.11, from the experimental results of the 
HTS tape at 4.2 K and the magnet load line, the HTS 
magnet is able to generate magnetic field ≥ 1.3 T.  
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Fig.9  Photo of the Bi-2223/Ag HTS wire-a long tape 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10  Experimental magnet 
 
 
 
 
 
 
 
 
 
 
 

 
 
With regard to the Bi-2223/Ag HTS wire strong 

current applications, various applications have been 
studied with the use of the HTS wires, and various 
prototype devices have been designed and fabricated, 
such as HTS winding, magnet, high gradient magnetic 
separation, electronic high voltage generator, electrical 
fault current limiter, electrical power transmission 
cable, etc.[14-22].  

4 Summary  
Bi-2223/Ag superconducting tapes are fabricated 

using the powder-in-tube technique and heat treated 
using a thermomechanical process consisted of 
alternative sintering and intermediate pressing. The 
development of high Tc Bi-2223 phase, microstructure, 

and electrical and magnetic properties are 
systematically studied.  

1) XRD analyses show that Bi-2223 phase 
fraction increases quickly during the early sintering 
stage, followed by a slow increase during intermediate 
stages, and remains almost unchanged with prolonged 
sintering. A maximum Bi-2223 fraction of >95% as 
archived in the fully heat treated Bi-2223/Ag tape. 

2) Microstructural investigations by SEM 
observation indicate that grain growth, grain 
alignment, and mass density all improve along the 
thermomechanical process. However, cracks may 
become unhealed if excessive mechanical deformation 
was applied to the tape, causing degradation in Jc. 

3) Resistivity measurements reveal that a zero 
resistivity is not archived immediately after the 
formation of Bi-2223 phase, but after further 
mechanical deformation and sintering where Bi-2223 
phase is pure and grains are highly aligned and 
intimately connected via high-quality grain 
boundaries. 

4) In contrast to Bi-2223 phase change during the 
thermomechanical process, Jc of the tape shows only a 
moderate increase in early stage, followed by a large 
increase in intermediate stages, and finally a decrease 
with prolonged sintering time. The Jc degradation is 
attributable to the unhealed cracks and/or Bi and Pb 
loss. A critical current density of ~40 kA/cm2 at 77 K 
and in a self-generated magnetic field, and      
>100 kA/cm2 at 4.2 K and in an external magnetic 
field of >10 T, was archived.   

5) The Bi-2223/Ag composite wire can be 
produced in long length with high Jc at low magnetic 
field region, which can suit low field applications like 
high current leads and power transmission cables. 
Lower operational temperature below 77 K allows the 
present Bi-2223/Ag wires suitable for high field 
applications such as from electrical fault current 
limiters to high field magnets.  
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and its magnet load line I-H 
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