
















































































































































































the Sr/Ca ratio of 0.85 is also out of the range to the direction of Ca-rich side. The 

composition of the Li-doped 2223 whiskers annealed in the x=0.2 calcined powder is 

Bit.
82

±
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_
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Pb
0

_
2
±

0
_1Srt.45±0.08Cat.73±0.08Cu30Y when normalized to 3 copper atoms/formula 

unit. The 2223 whiskers have a large deficiency at the alkaline earth metal site. The 

occupancy ratio at the site is 77% against the ideal structure, which is the same level as 

the case of 2212 whiskers. 

The relative atomic ratio for the CAP treated whiskers is shown in fig. 5-16 as a 

function of annealing temperature. The composition is calculated as the sum of Bi and Pb 

contents is fix to two in this figure. The composition of Cu, Ca, and Sr steeply increases 

with increasing annealing temperature higher than 833 oc for the x=0.4 powder (fig. 5-

16(a)). The composition of the whiskers CAP-treated 

(Bi1.84Pb0_16)Sr u 6Cat.57Cu2_820Y. The content of Li in the whiskers is analyzed to be 0.06 

written in the chemical formula from the measurement of atomic absorption analysis. In 

the case of the powder of x=O.S, although the phase conversion is not completed, the 

content of Cu, Ca, and Sr increases with increasing annealing temperature higher than 

830°C. The composition of the whiskers CAP-treated at 835°C ts 

(Bil.83Pb0_17)Srl.27Cal.47Cu2_720Y. The lack of Sr, Ca, and Cu content compared with the 

case of x=0.4 powder reflects the remaining of the original 2212 phase in the whiskers. 

The Tc value of the pure 2223 whiskers has heen determined by susceptibility 

measurement. Figure 5-17 shows the detail of the susceptibility change near Tc for the 

undoped 2223 whiskers (open circle) and for the Li-doped 2223 whiskers obtained by 

using the x=0.2 (open square) and the x=0.3 (open triangle) calcined powders. These 

correspond to the experimental conditions of nos. 1, 3, and 4 in table 5-3, respectively, so 

that the effects of Li addition through the calcined powder can be considered. The T 
c 

values are obtained around 108 K for both the Li-doped whiskers (no. 3 and no.4). The 

undopcd whiskers (no. 1) show a Tc value of 107.0 K, being 1.0 K lower than those for 

the Li-doped whiskers. This reproducible result indicates that the Li-doping is effective 

in raising the Tc value of the 2223 phase. Figure 5-18 shows the T of the 2223 whiskers 
c 
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FIG. 5-16. Change of relative atomic ratio for the CAP-treated whiskers 

using the (a) x=0.4, (b) x=O.S calcined powder. The ratio is calculated 

as the sum of Bi and Pb contents is fixed to 2. 
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The results of the annealing experiment suggest that the mechanism of the en­

hancement of Tc by the Li-doping is not due to the optimization of hole concentration 

through the change of the oxygen content. Therefore, the cation ratio in the whiskers has 

been examined. The composition of the undoped and Li-doped whiskers for both the 

2212 and the 2223 whiskers has been determined by EDX. Table 5-5 lists the sample, 

atomic ratio, c-axis lattice parameter, and Tc. The atomic ratios (at.%) of the undoped 

and Li-doped 2212 whiskers are Bi:Sr:Ca:Cu=31:17:20:32 and 30:20:17:33, respective­

ly. These are written approximately in BiiSr1_xCax)z.2Cu20Y (x=0.54 for the undoped 

whiskers; x=0.46 for the Li-doped whiskers). Both kinds of whiskers have the same 

amount of deficiency at the alkaline earth metal site, whereas the ratio of Sr/Ca is differ­

ent for each. The Li-doped whiskers have a larger Sr/Ca ratio than the undoped ones. 

The effects of the Sr/Ca ratio on the lattice parameter and Tc have been exactly examined 

[2, 37, 43-45]. Hong et al. have made a systematic experiment by changing the Sr/Ca 

Table 5-5. List of atomic ratio, c-axis lattice parameter, and Tc. All the 

samples of no. 1, no.3, no. 7, and no.8 are the 2223 whiskers prepared by 

the CAP method. The experimental condition is listed in table 5-3. 

Sample 

undoped 2212 

Li -doped 2212 

No.1 

No.3 

No.7 

No.8 

Atomic ratio (at.%) 

Bi:Pb:Sr:Ca:Cu 

31:0:17:20:32 

30:0:20:17:33 

22:3:16:22:37 

22:3:18:21:36 

23:2:17:22:36 

23:2:18:21:36 

a)Determined by susceptibility measurement. 
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30.61 77 

30.71 82 

37.07 107.0 

37.14 108.0 

37.08 107.1 

37.12 108.2 

ratio in Biz(Sr1_xCaJ0 _ 1Cun0y (n=2, 3) and reported the relationship between Sr content 

and the c-axis lattice parameter or Tc [39]. Their result for the 2212 phase (n=2) indicates 

that the c-axis lattice parameter increases linearly with increasing Sr/Ca ratio. An in­

crease of the Sr content by 3 at.% causes the 0.08 A elongation in the c-axis lattice 

parameter. Their result corresponds well to our result in the 2212 whiskers. The elonga­

tion of the c-axis lattice parameter of the Li-doped whiskers as compared with the 

undoped ones (=0.1 A) is able to be explained by the change of Sr content (3 at.%) in the 

2212 whiskers. They also have found a linear relationship between T and the c-axis 
c 

lattice parameter, in which the enhancement of Tc by 5 K corresponds to the elongation 

of the c-axis lattice parameter by 0.11 A. This also corresponds well to our result in the 

2212 whiskers (increase of Tc by 5 K and elongation of the c-axis lattice parameter of 0.1 

A are caused by Li-doping). Consequently, the enhancement of Tc by the Li-doping is 

attributed to the increase of Sr/Ca ratio in the 2212 whiskers. 

The same comparison has been made for the CAP-treated 2223 whiskers. As in 

the case of the 2212 whiskers, the elongation of the c-axis lattice parameter and the en­

hancement of Tc have been observed for the Li-CAP-doped 2223 whiskers (no. 3 and 

no. 8 in table 5-5). The c-axis lattice parameter of the undoped 2223 whiskers (no. 1) is 

37.07 A, which is 0.07 A smaller than that of the Li-doped 2223 whiskers (37.14 A) pre­

pared by using the x=0.2 calcined powder (experimental condition no.3 in table 5-3). 

The atomic ratios (at.%) of these whiskers are Bi:Pb:Sr:Ca:Cu=22:3:16:22:37 (undoped) 

and 22:3:18:21:36 (Li-doped), respectively. These are written approximately in a 

chemical formula (Bi,Pb)z(Sr1_xCax)3.1Cu30Y where x=0.58 for the undoped whiskers and 

x=0.54 for the Li-doped whiskers. The Li-doped 2223 whiskers have a higher Sr/Ca 

ratio than the undoped 2223 whiskers. The same results have also been obtained for the 

other Li-doped 2223 whiskers prepared by using the x=0.1, 0.3, and 0.4 calcined pow­

ders. Hong et al. have reported the elongation of the c-axis lattice parameter and the 

enhancement of Tc with increasing Sr/Ca ratio in the 2223 phase [39]. From their results, 

Tc has a linear relationship with the c-axis lattice parameter, and the enhancement of Tc 
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method, resulting in 2223 sheet crystals as large as 1 mm2
. 

The substitution experiments have been made on the 2212 and the 2223 whiskers. 

We have confirmed that the Li-doping is effective for increasing Tc for both the 2212 

and the 2223 whiskers and revealed the mechanism of the enhancement in Tc by the Li­

doping. 

In chapter 2, preparation and properties of 2212 whiskers have been investigated. 

The 2212 whiskers have been successfully prepared by annealing a melt-quenched glass 

plate in a stream of 0 2 gas. The crystallographic orientation of the 2212 whiskers has 

been determined by means of X-ray diffraction, Weissenberg photograph, and polarized 

Raman spectra. The results show that the growing axis of the whisker is the a-axis, the 

b-axis lies in the well-grown plane, and the c-axis is perpendicular to this plane. Typi­

calJy, the 2212 whiskers show two steps in the R-T curve at 105 and 76 K, and the zero 

resistance temperature (Tc,zero) is 74-75 K. A slight diamagnetic susceptibility is ob­

served between 104 and 80 K corresponding to the first resistance drop. From the suscep­

tibility curve, the volume fraction of the 2223 phase is estimated to be <1 %. The 2212 

whiskers contain a small amount of the 2223 phase. A maximum critical current density 

of 7.3x104 Ncm 2 (66 K, 0 T) is obtained by a four-probe method. 

There are three important factors in the growth conditions of the 2212 whiskers 

other than the appropriate annealing temperature and starting composition. The first is 

the glass precursor and the second is the presence of A1 in the glass precursor; although 

the 2212 whiskers contain no AI, the addition of AI to the glass precursor is found to 

greatly enhance the whisker growth. The appropriate amount of AI in the glass precursor 

is around 10 at.%. The third factor is a steady stream of 0 2 gas (> 100 ml/min) during 

annealing. Using the results of microstructural and compositional analysis, a model of 

the growth mechanism of the 2212 whiskers is devised. The Al-added glass precursor 

forms the Bi-Sr-Ca-Al-0 complex oxide distributed near the surface and acting as a 

'rigid skeleton' to support the bottom part of the whisker which is surrounded by a thin 

layer of the Bi-rich phase and fits into the 'microcrucihle' of the Bi-Sr-Ca-Al-0 phase. 
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The Bi-rich phase has the same composition as the liquid phase equilibrated with .the 

2212 phase and melts at the annealing temperature. The whisker growth takes place 

through the continuous precipitation of the 2212 phase from the melt on the base end of 

the whisker. This model can be called as a self-supporting micro-top-seeding mecha­

nism. 

The effects of bending strain upon Tc and Jc have been studied using the Pb-doped 

2212 whiskers. The whiskers can be elasticaiJy bent up to a bending strain of 0.5% 

without changing in Tc. This property is quite attractive for the twisting of wires in prac­

tical applications. The Jc value in a nonbending state (6.7x104 Ncm 2) is kept at the same 

level for the bending strain smaller than 0.2%. 

Mechanical properties of the undoped and Li-doped 2212 whiskers of single crys­

tals have been determined. Tensile strength, which is assumed to be an intrinsic strength 

of the compound, has been measured by pulling the whiskers in the direction of a-axis 

corresponding to the whisker axis. There are no substantial differences in the mechanical 

properties between the undoped and the Li-doped whiskers. The maximum tensile 

strength and the elastic modulus determined from the stress-strain curve are 940 MPa 

and 92 GPa, respectively. 

In chapter 3, preparation condition and properties of 2201 whiskers have been 

investigated. The 2201 whiskers are grown by the same method as that for the 2212 

whiskers by changing the annealing temperature and the composition of the glass precur­

sor. The 2201 phase is dominant in the whiskers grown at lower temperature, 820 and 

810°C. The growing phase (2212 or 2201 phase) of the whiskers is controllable by chang­

ing the initial composition and annealing temperature, whereas the pure 2223 whiskers 

have not been obtained in this method. The 2201 whiskers show no evidence of super­

conductivity. 

In chapter 4, preparation and properties of 2223 whiskers have been investigated. 

We have successfully developed a new approach giving the 2223 whiskers to be called 

conversion by annealing in powder (CAP) method. The 2223 whiskers are obtained by 
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