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Chapter 1

General introduction

1.1 History of superconducting materials
1.1.1 Metallic superconductors

In 1911, three years after the success in liquefaction of helium(1908), Kamerlingh Onnes
observed ! that the electrical resistivity of solid Hg suddenly dropped to zero when it was
cooled below about 4.2 K. This startling discovery was recorded as the origin of devel-
opment of superconductor. According to this discovery, it was made clear that a super-
conductor exhibits infinite conductivity (1/R = oo), which is most important property
of superconductor. As shown in figure 1.1, superconductivity only occurs in the region
below the critical surface constructing from three parameters, critical current (/.), critical
transition temperature (7.) and critical magnetic field (H.). The history in development
of superconductors has been carried out by the efforts to improve three parameters of
superconducting state. After discovery of superconductivity, numerous superconducting
materials have been discovered in metallic system and the study to make clear the mech-
anism of superconductivity has continuously progressed.

In 1933, Meissner and Ochsenfeld ? found that a bulk specimen in superconducting
state exhibits the perfect diamagnetism, with the magnetic induction B = 0 . This has
been called Missener effect and recognized to be very important as characteristic magnetic

property of superconductor. Hardy ef al. ? first discovered superconductivity in A15 type

intermetallic compound, V3Si in 1953. According to this discovery, the study to search
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Figure 1.1 Superconducting state region which is defined by three critical parameters.
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for new superconductor in A15 type compounds or alloys had started and the existence
of type Il superconductor, which is different from the type I superconductor in the point
of critical magnetic field was made clear in 1950’s. Matthias ef al. * pointed out that the
critical transition temperature, T, strongly depends on the average electron valency (Z)
per atom and 7, becomes high at Z = 4.7 or 6.7. Due to this Matthias’s empirical rule,

NbsSn and V;Ga were discovered in 1954 and 1957, respectively.

For application of the superconductor to magnet technology, Kunzler ® first succeeded
to produce a superconducting wire of Nb;Sn compound in 1961. Here, the powder met-
allurgical technique was adopted for preparation of the wire. Using the magnet prepared
from NbsSn, 7 T as magnetic field could be generated experimentally. The period of
applied superconductivity is suggested to have been started by this success. Searching
for new superconductor in intermetallic compound system was progressed intensively till
the appearance of NbyGe, which exhibited highest T, of 23 K in metallic systems ®. On
the other hand, in alloy system, Nb-Zr superconducting wire was prepared for selling by
SUPERCON Co. in 1961. Two years after that, Nb-Ti superconducting wire which has
been widely used for superconducting magnet up to date was prepared by Westinghouse.
Comparing with A15 compounds, these alloy systems are excellent in working ability. It
was known that the critical current density (J,.) of Nb-Ti superconductor depends on the
microstructure change by composition, the degree of cold-working and the heat-treatment
condition ". a - Ti precipitates which appear during thermomechanical treatment were
known to play a important role to exhibit the strong pinning effect against the move-
ment of flux line. The improvement in production of alloy superconducting wire has been
continuously progressed by the optimization of thermomechanical treatment. Recently,
the fine multi filamentary Nb-Ti superconducting wire was developed for improving A.C
loss and stabilization in operating and widely used as coil in MRI,MAGLEV ,SOR and

Nuclear fusion reactors etc.

Comparing with the alloy superconductor like Nb-Ti, the properties of 7, and H, for

intermetallic superconductors are high. However, the developments of A15 type com-
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pound superconductor was late by the difficulty of working ability. In the latter part
of 1960’s, various kinds of production techniques for intermetallic superconducting wire
such as NbySn and V3Ga were developed earnestly and superconducting magnet could
be successfully produced by using these compound superconducting materials. Recently,
NbsAl, PbMogSg appeared as new intermetallic superconductors for generating high mag-
netic field and the production technique has been intensively studied *%!°. The physical

properties of typical metallic superconducting materials are listed in table 1.1

Table 1.1 Superconducting properties of typical metallic superconductors.

Materials Critical temperature T (K) Upper critical field H.,(T)

Nb-Ti ~ 9 ~ 12
Nb;Sn 18.2 24
ViGa 16.8 21
NbyGe 23.1 -
NbsAl 17.5 30
P‘)MO&S& 12.6 60

1.1.2 High temperature superconductors

The trend of superconductor developments has been largely changed by Bednortz and
Mii ller’s pioneering discovery ' of Ba-La-Cu-O superconductor in 1986. The possibility
of high T, was realized first in ceramic material and the race for development of high
temperature superconductor(HTSC) was opened with large scale after this great discovery.
In 1987, Wu el al. ' succeed to prepare the ceramic superconductor of Y-Ba-Cu-O (7, =
90 ~ 95 K). The transition temperature exhibited almost the same value by substitution
Y for other rare earth element such as Ce,Pr,Th. This material has a characteristic that

oxygen tend to be deficient, Therefore, the supplement of oxygen into specimen during

heat treatment is necessary. Since the discovery of Y-Ba-Cu-O superconductor, many

N

Chapter |

scientists searched for other materials with tetragonal crystal structures containing CuO
chains or CuQ; planes.

In 1988, Maeda et al. '* discovered Bi-Sr-Ca-Cu-O (BSCCO) superconductor which is
consisted of high 7. (110 K) and low 7, (85 K) phase. The low 7, phase and the high 7,
phase can be expressed by general chemical formula Bi;Sr;Ca,_,;Cu,O,(x = 2n + 4 + §)
with n = 2 and 3, respectively. Figure 1.2 shows the ideal structure of BSCCO oxides
with n = 1,2 and 3. These crystal structures are similar each other, differing only in the
number of Ca — CuO; slabs inserted between double Bi-O layers. The low 7. phase has
two CuO; layers and one Ca layer while the high 7, phase has three Cu0O; and two Ca
layers. It was known that 7, increases with increasing n up to 3. Takano et al. reported
' that the formation of high T, phase is enhanced by the Pb addition. Encouraged by
the discovery of BSCCO, Tl-Ba-Ca-Cu-O superconductor was newly found by the efforts
of Sheng et al. **. T, of Tl;Ba;Ca;Cus0;044 is recorded to 125 ~130 K as the best data
in cuprate HTSCs. The crystal structure of Tl-based cuprate superconductors are very
similar with BSCCO. They also have three kinds of crystal structure based on the number
of Cu0; and Ca layer. In cuprate HTSCs, superconductivity was recognized to occur in
the CuO; lattice involved in perovskite type block and sensitively depends on the number

of CuO; planes.

1.2 Superconducting properties

For the superconductors, a critical transition temperature, 7., is defined below which
the electrical resistivity goes to zero. When a material is held at temperatures lower
than 7T, a small fraction of conduction electrons with energies at or close to the Fermi
level, enter an ordered state involving pairs of correlated electrons, which are called Cooper
pairs and all of them behave as one macro-quantum with the same energy and momentum
state and then superconducting state becomes to be realized. At the critical transition
temperature 7, the thermal energy becomes strong enough to destroy the ordering of

electron pairs and a material whose temperature is above 7). is said to be in normal state.
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Figure 1.2 Ideal crystal structures of Bi;Sr;Ca,—1Cu,Ogpy444.
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T, of alloy and elements has been known '® te be expressed as a function of electron
density at Fermi level, Debye temperature and electron-lattice interaction. Additionally,
the microstructure and purity of superconductor are the most important factors that
determine the sharpness of the transition. Superconductivity can also be destroyed by
increasing the magnetic field above a critical value. Under applied magnetic field, super-
conductors exhibit two types of behavior as shown in figure 1.3. Type I superconductor
exhibits the complete Meissner effect and the superconductivity is destroyed when the
specimen becomes normal conductor above the thermodynamic critical magnetic field
H.. Generally, H, is known to be very low. In the case of Type Il superconductor, the
quantized flux penetrate the specimen and form flux line lattice (FLL) '™ above the lower
critical magnetic field, H., lower than the H.. The specimen is in a mixed state (vortex
state) between H., and upper magnetic field H.,, and it has superconducting electrical
properties up to Hey. Above H, the specimen became a normal conductor. Usually, alloys
and transition metals tend to be Type II superconductor and they are characterized by
a high critical magnetic field and a high critical current density, compared to the Type
I superconductor. Considering the application of Type II superconducting materials into
magnet, critical current density, J. is most important property. J. of Type Il supercon-
ductor is associated with critical temperature and magnetic field and sensitively affected
by microstructure. J. in magnetic fields is mainly determined by pinning property of
the superconducting material. As shown in figure 1.4, Lorentz force acts on flux line
lattice(FLL) when a current flows through superconductor along a direction normal to an
applied magnetic field in a mixed state and the voltage occurs due to movement of flux
line. However, real superconductors contain crystal imperfections such as dislocations as
well as other types of inhomogenities such as surfaces, second-phase precipitates,etc. FLL
tend to have preferred arrangements with respect to inhomogenities in material and finite
force is required to move FLL from their preferred location. The force which opposes

motion is referred to as pinning force. The presence of pinning force implies that the

Lorentz force must exceed a critical value before flux motion will occur.
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The pinning force per unit volume, global pinning force density is expressed '® by
F,=J.%x8B (1.1)

The superconductors can carry a finite loss—free current before the occurrence of dissipa-

tive loss by FLL flow.

1.3 Purposes of this study

In the application of superconducting materials, the improvement of critical current
density, J. in magnetic fields is indispensable. In the case of Type II superconducting
materials, J, depends on the it’s microstructure and it can be controlled by the various
factors such as heat treatment conditions, cold workings, addition of other elements in
preparing the superconducting materials.

Even though, A15 type compound superconducting materials such as Nb;Sn and V;Ga
are practically used in magnet coil, some ambiguities had remained about the field depen-
dence of J.. It was known that the V;Ga compound exhibits different magnetic properties
as comparing with the Nb;Sn. In the meaning of improvement of J, in magnetic field, the
correlation between field dependence of J, and microstructure of compound is necessary
to make clear.

For producing superconducting wire such as Nb;Sn and V3Ga, bronze method is practi-
cally used. In Chapter 2, the mechanism of crystal growth and superconducting properties
of bronze processed ViGa compound as well as the influence of third element additions
have been investigated. For various V3Ga compound specimens prepared with addition of
Zr or Mg and without addition, the microstructure change by heat treatment and it’s in-
fluence to critical current density, especially in magnetic field was investigated in Chapter
2.

Since the discovery of Bi-(Pb)-Sr-Ca-Cu-O(BPSCCO) high temperature superconduc-

tor, many efforts have been carried out to prepare the high quality material. Among

various technologies to prepare BPSCCO, meli-quenching-method which was first tried

Chapter 1 11

by Komatsu is very convenient to obtain dense material. Superconducting phase is ob-
tained by annealing of amorphous B(P)SCCO ceramics formed during melt-quenching
process. In Chapter 3, crystallization process and microstructure change as well as super-

conducting properties of melt-quenching processed B(P)SCCO were investigated.

Because of multi component system, polycrystalline BPSCCO material which is con-
sisted of superconducting phases and impurity phases is obtained during sintering. It was
known that the superconducting properties sensitively depends on morphology of impu-
rity phases and volume fraction of superconducting phase. In Chapter 4, phase relation of
BPSCCO appeared at various temperature ranges and behavior of formation and growth

for high T, phase were investigated in detail,

B(P)SCCO high temperature superconductor is most attractive material in the field of
superconducting wire because the critical current density has been improved continuously

up to date by the optimization of preparation condition.

Recently, research and developments for B(P)SCCO superconducting coil have been
widely carried out. Among various production techniques for superconducting wires of
HTSC, "powder-in-tube technique” has been recognized as most powerful means because
microstructure control is possible by optimizing TMT conditions. Furthermore, this tech-
nique has been considered to be advantageous for processing the brittle superconducting
ceramics by adopting Ag which is superior in ductility and thermal stability. In Chap-
ter 5 ~ 8, the studies were concerned with mainly microstructure control and critical
current density of Ag sheathed BPSCCO tapes prepared by "powder-in-tube technique”
In Chapter 5, microstructure controlling factors such as heat treatment temperature and
cooling rate were changed in TMT process for producing Ag sheathed BPSCCO tapes
and it's relation to critical current density was investigated. In Chapter 6, macro and
microstructure change for the Ag sheathed BPSCCO tapes prepared with various cold
working conditions and the relation between work instability and critical current density
was investigated. Also, magnetic field dependence of J. and 1 - V characteristic were in-

vestigated in detail. In Chapter 7, microstructure change appeared by changing nominal
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Chapter 2

Crystal growth and microstructure
dependence of critical current
density for bronze-processed V;Ga
compound

2.1 Introduction

Since V3Ga compound was discovered as one of A15 type compound superconductors
in 1957, alot of efforts have been expended on fabrication of superconducting wire or tape.
In 1967, Tachikawa reported ! that the V;Ga composite tape can be successfully prepared
by the diffusion reaction between vanadium tape and Ga which is coated on the surface
of vanadium tape and this composite tape was practically applied to superconducting
magnet for generating high magnetic field. The relationship between the microstructure
and the critical current density of V3;Ga composite tape has been investigated by Nembach
and Tanaka et al. ** and due to their results, it was revealed that the grain boundary
acts as a primary pinning center against flux flow. From the microstructure investigation,
Livingston, Scalan and Tanaka ef al. made clear =% that the critical current density
depends on grain size.

Recently, the production of V3Ga multifilamentary composite wire becomes possible 7

by establishment of bronze process. In the bronze process, ViGa compound is formed by

the diffusion reaction between the bronze(Cu-Ga) matrix and vanadium filament and the
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compound layer grows into vanadium by the diffusion of Ga element from Cu-Ga alloy
during heat treatment. Hughes el al. ® investigated about the formation of A15 compound
from the view point of solid state reaction. Growth mechanism of A15 compound was
also intensively investigated by many groups *~'!. For the improvement of critical current
density of V3Ga compound, a refinement of microstructure by the optimization of heat
treatment condition or addition of third element has been expected. From this viewpoint,
many attempts have been made and the critical current density of V;Ga compound has
been considerably improved #=4,

In the field of pinning theory, many studies have been earnestly carried out since
Kramer model in 1973 '*. Evetts et al. '® newly proposed the formula which express
field dependence of pinning force by modifying the Kramer model. Zerweck and Welch
1718 suggested, respectively electron scatiering model for compound type superconductor.
In spite of many studies, however, it can be said that some ambiguities about magnetic
field dependence of critical current density especially in high magnetic field and pinning
mechanism of V;Ga compound still remains.

In this study, influence of Mg and Zr addition on the microstructure and the growth
of VisGa compound prepared with various heat treatiment conditions was investigated in
detail. The correlation between the magnetic field dependence of critical current density
and the microstructure change of V3Ga due to Mg and Zr addition was investigated. For
investigating the pinning mechanism of V3Ga compound, elementary pinning force was

evaluated by using direct summation model.

2.2 Experimental

Bronze ingots with various compositions of Cu-18at% Ga-1at% M(M=None,Zr, Mg)
were prepared in an induction furnace under vacuum. By repeating the process of cold
rolling and annealing at 973 K in vacuum, finally sheet type Cu-Ga-M specimens with

size of 0.8 mm thickness, 10 mun width and 55 mm length were prepared. One side

surface of this specimen was fully polished by emery papers and buffer with Al O3 paste.
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Sandwich type specimens were made by inserting the vanadium foil with thickness of 0.2
mm between two sheets of Cu-Ga-M alloys after polishing. This sandwich type specimen
was pul into stainless tube and one end of this tube was welded. The stainless tube was
pressed at 973 K for 10 min with pressure of 250 MPa, where the stainless tube was
evacuated by using rotary and diffusion vacuum pumps. After that, the sandwich type
specimens were cut into small pieces. The specimens were sealed in evacuated quartz
tube and annealed at 923 and 973 K for 80 ~ 2000 ks. After heat-treatment, layer
thickness of V3Ga compound was measured by optical microscope. Microstructure of
fracture surface for V;Ga compound was observed by scanning electron microscope. Grain
size of V3Ga compound was measured from the scanning electron micrograph of fracture
surface by using intersect method. Here, two kinds of grain size d,,, and d, were defined
against the direction of crystal growth of V3Ga compound layer. The critical current
in magnetic fields (2 - 23 T) at 4.2 K was measured in HFLSM in Tohoku university,
where magnetic fields were applied normal (L) or parallel(//) to the surface of specimen

Sample configuration along with definition of direction of applied magnetic field and
grain size were schematically presented figure 2.1. The electric circuit for measurement
of critical current in magnetic field were schematically presented in figure 2.2, where a
water cooling magnet or a hybrid type magnet was used for generating magnetic field.
The critical current, I, was defined with criterion of 1 uV /cm. After measuring the cross-
section area, S of compound layer which is normal to transport current direction, critical

current density was calculated by J. = [./S.

2.3 Results and discussion
2.3.1 Crystal growth

When V;Ga is prepared by bronze process, the compound layer is formed at interface
between bronze layer and vanadium layer during heat treatment. Ga atom in bronze
layer diffuse to compound layer, and react with vanadium atom, then V;Ga compound

layer forms and grows. Figure 2.3 shows annealing time dependence of compound layer
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thickness for specimens annealed at 923 K. Among three kinds of specimens, layer
thickness of Mg additive specimen was found to be largest. The compound layer of
Zr additive specimen is found to become thinner than that of none additive specimen.
According to above results, it was found that Mg and Zr acts as promoting and impeding
element against growth of V,Ga compound layer, respectively. Figure 2.4 shows the
annealing time dependence of compound layer thickness for specimen annealed at 973 K.
Comparing with results from figure 2.3, it was observed that annealing at high temperature
is effective to obtain the thick V3Ga compound layer.

Figure 2.5 shows the annealing time dependence of grain size d,,, where the data are
indicated with average value. For all the specimens, grain size continuously increased
with increasing annealing time. It was found that grain growth of ViGa is enhanced at
high temperature as indicated by the data for Mg additive specimen. Grain size of Mg
additive specimen was observed to be larger than other ones at same annealing condition.
On the other hand, it was found that the grain size of compound is become to small
by Zr addition. For the grain size, d,, annealing time dependence is shown in figure 2.6.
Comparing with result of d, shown in figure 2.5, it was found that grains tend to columnar
for all the specimens. This tendency is found to become outstanding by Mg addition and
long period annealing.

Figure 2.7 shows the microstructure of fracture surface in compound of various spec-
imens. It was found that the grain morphology of V3Ga compound layer is changed by
heat treatment condition and additive element. For the Zr additive specimen, it was
found that grains changed to columnar by high temperature heat treatment. For the Mg
additive specimen annealed at 973 K, equaxed small grains were observed together with
large columnar grains.

In general, time dependence of layer thickness of V3Ga compound,! can be expressed

by the following equation.

I'=kt" (2.1)

Rate constant, k& and time exponent, n for three kinds of specimens annealed at 923
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and 973 K, respectively were summarized in table 2.1, where the data for the Mg

additive specimen in the region of saturation as shown in figure 2.3, 4 were omitted. It -
was found that time exponent, n is close to 0.5 for all the specimens. This implies that =
<
the V3Ga compound grows parabolically with respect to annealing time. Assuming that g 5 €N 00 00 [EN 1D
S Al a0 [in - <«
the change of solute concentration in bronze matrix is negligibly small, several processes S gleeeece o
£ v
are considered to control the overall rate of layer growth as follow. T =
g =
1. Diffusion of Ga in the bronze layer a0 e
2. Chemical reaction of Ga and V at reaction interface a =
& BT 0 N o
3. Grain boundary diffusion of Ga in the V3;Ga compound layer 2 2 el el
P
4. Bulk diffusion of Ga in the V3Ga compound layer = (=<1
L G : o = O
In previous studies, '*?° it was made clear that layer thickness of compound which is g Z > -:_E
: 2 5 N =
calculated with assuming that the growth of compound layer is controlled by process 1 was ,3' gé § 22 &{:
: . . 3 : = 4D 32 S
found to be much thicker than that measured experimentally. Since time exponent, n is 1 g S N
= Te el s
. § . Lo P : 6 4
for the case that surface chemical reaction controls overall reaction of V;Ga growth, then it : (-2 (.2 c_g (_2 C—?, S
is insufficient to explain the present experimental data. In order to reach reaction interface = ” %‘ Eﬁ % B_E ‘fé ‘;é
" < ;
o . cO 0O 0D |00 00 00
Ga can pass through V3Ga compound layer by two diffusion paths, grain boundary and E Sl = =i — =
o o & 5 ot | =
- ¥ . . < . . = oyl e [ T
bulk in compound. For the grain boundary diffusion in compound, Farrell ? investigated S . nO OO
L ' ; . ] v
it in detail. According to it, time exponent n becomes 0.33 because the total area of E I L
i =
grain boundary for high diffusion path decreases by coarsening of grain during annealing. = 5 E i i
: - . a 4 - 2
Judging from that time exponent is close to 0.5 for all the specimens, bulk diffusion of 22 E— o o
e =
“_ ‘ . . ST (=¥}
Ga in compound is considered to control the growth of ViGa compound layer. e —
a.

2.3.2 Magnetic field dependence of critical current density

Figure 2.8 shows the magnetic field dependence of critical current density, J, for the

specimen annealed at 973 K for 200 ks, where magnetic field is applied to normal to

surface of specimen. For all the specimens, J. decreased monotonously with increasing
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the field. J. of none additive specimen is found to be higher than that of other kind
of specimens. Magnetic field dependence of J, for the specimen annealed at 923 K for
80 ks is shown in figure 2.9. J. of Mg additive specimen shows the highest value among
three kind of specimens. Magnetic filed dependence of J. is found to be improved by Mg
addition for the specimen annealed at 923 K for 80 ks. On the other hand, Zr addition
turned out to be no effective. Comparing with the result from figure 2.8, it was found
that the J. decreased drastically with increasing magnetic field. Mg additive specimen
exhibited higher J. in all range of magnetic field than that of specimen annealed at 973
K for 200 ks. On the other hand, J. appeared high in low magnetic field below 10 T for
none additive and Zr additive specimen annealed at 923 K for 80 ks. Figure 2.10 shows
magnetic field dependence of J. for none additive specimen annealed at 923 K for various
times. Within the range of magnetic field below than 12 T, it is found that the shorter
time annealing, the higher J. is obtained. In the range of magnetic field above 12 T, J,
increased by long time annealing.

Figure 2.11 shows magnetic field dependence of J, for the specimen annealed 923 K for
80 ks, where magnetic field is applied parallel to the surface of specimen. Comparing with
result from figure 2.9, for all the specimens, J, appeared low in all range of magnetic field.
As shown in figure 2.5,6 and 7, V;Ga grains were similar to colummnar and they exhibited
different grain size as d, and d,. Due to this, effective area of grain boundary which
interacts with flux line as pinning center is altered with direction of applied magnetic
field.

Therefore, J. becomes high when the magnetic field is applied normal to surface of
specimen, (parallel to direction of grain growth). This is consistent with result 7 of
Tanaka et al.

Magnetic field dependence of J, for the Mg additive specimen annealed at 923 K for 100
ks and 973 K for 400 ks, respectively is shown in figure 2.12. J, for the specimen annealed
at 923 K decreased gradually with increasing magnetic field and dropped drastically over

15T, while J, for the specimen annealed at 973 K did not change so much ill 17 T with
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Figure 2.10 Critical current density as a function of magnetic field(B L) for none additive

specimens annealed at 923 K for various times.




32 Chapter 2
5 923 K 80 ks
10° | =
[ o ) g
L 0 :
| B, an _
IE .. A O o m] 2 =
o A
< i = o ot - S
S A e @)
LA o None A =
[ A :
o - A Zr A -
T L
I o Mg A O ]
]0" 1 1 1 1 1 1
0 2 4 6 10 12 14 16
B, i)

Figure 2.11 Critical current density as a function of magnetic field(B,;) for specimens

annealed at 923 K for 80 ks.

Chapter 2
10°
10°

TE

(& ]
<[ 104-
~

o

K 3
10
102

= e S |

§ AA&AAAA ;
: Coo AAAAA i
O
3 0000000088800 =
; A i
g 5 :
‘ g -
E o 973 K 400 ks §
[ A 923 K 100 ks AO ]
! e
0 3 ) 9 12 1 18 21 2%

33

Figure 2.12 Critical current density as a function of magnetic field(B L) for Mg additive

s

pecimens.



34 Chapter 2

increasing the magnetic field. It can be considered that high field property is improved
by high temperature and long time annealing.

Figure 2.13 shows magnetic field dependence of J. for the various kind of specimens
annealed at 973 K for 400 ks. For all the specimens, J. decreased monotonously in the
range of low magnetic field and decreased drastically over about 16 T. None additive
specimen the exhibited the highest J. among three kinds of specimens in the range of
magnetic field below 16 T. In the range of magnetic field over 16 T, J. of Mg additive
specimen appeared high. According to this, it was found that Mg addition is effective to

the improvement of J. in high magnetic field.

2.3.3 Pinning mechanism

When a current flows in a mixed-state superconductor along a direction normal to an
applied magnetic field, the quantized flux lines are acted upon by a Lorentz force. Here,

Lorentz force density is given by *:
Fi,=J.B (2.2)

where J, and B are current density and average magnetic field in sample, respectively.
The maximum loss-free current density, J. is determined by the maximum force density
(global pinning force density,F,) acted by pinning center such as defect, which opposes
the flux motion by Fy, where F, = J.B. From the above consideration, it can be known
that high critical current density is obtained by increasing the global pinning force density.

Global pinning force density F;, can be expressed with formula of direct summation model

22

F,=1.f, (2.3)

where, n, and f, are number of pinning interaction per unit volume and elementary
pinning force, respectively. Therefore, it can be known that critical current density directly
depends on n, and f,. As shown in figure 2.7, it was found that the grain of Mg additive

specimen became coarse by long time annealing at 973 K. The result that J, for Mg
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additive specimen annealed 973 K for 200 ks is lower than that for Mg additive spec-
imen annealed 923 K for 80 ks is attributed to a decrease in the number of n, by grain
coarsening. Elementary pinning force per unit length can be calculated as follow by using

direct summation model.
f; = Fyduay (2.4)

Here, d,, and a; are grain size and the distance between the two flux lines penetrated.
The calculated values of f* for specimens annealed at 923 K for 80 ks are listed table
2.2. Tt was found that elementary pinning force becomes largest for Mg additive specimen
among three kinds of specimens and its value become small when the applied magnetic
field became high. According to this, improvement of J, is considered to be attributed
to the increase of elementary pinning force. The values of f] listed in table 2.2 are
similar to reported values from Zerweck and Welch '"'® which were calculated theoretically
by electron scattering model. Therefore, pinning for V3;Ga compound is thought to be

resulted from the electron scattering at grain boundary.

Table 2.2 Calculated elementary pinning force of various specimens.

Cu-18 at%Ga-1at ZM/V  None Zr Mg
Grain size, d,(um) 0.186 0.138 0.210
72(10°N/m) at 6 T 080 0.68 1.77
f:(10-'N/m) at 15 T 0.02 0.009 0.8

Kramer suggested '* that magnetic field dependence of critical current density can be
described theoretically by considering elastic interaction between the flux line and pinning
center. According to his theory, the pinning force in high magnetic field is limited by
shearing flow of FLL and shearing flow does not depends on microstructure. Evetts ef al.
16 suggested that the critical shearing process of flux depends on the morphology of grain
in compound, then Kramer's formula was modified as following equation, where grain size

is involved.
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F, =74 x 10*Ba(1 — b)*/xd (2.5)
From above equation(2.5), following convenient form can be derived to determine B,;.
J\?B? « B, - B (2.6)

B.; can be obtained by plotting J!/?B'/? against B (Evetts-Plummer plot). Figure 2,14
shows the results of Evetts-Plummer plot and the values of B.,, which were obtained
by extrapolating in the range of high magnetic field are indicated. For the Mg additive
specimen, B.; was found to increase by high temperature and long time annealing. Among
three kinds of specimens annealed at 973 K for 400 ks, Mg additive specimen exhibited
highest B, of 21.06 T'. According to this, Mg addition is thought to be effective to increase
of B,;.

Magnetic field dependence of global pinning force density is known to be normalized

by using following equation .

Fy = Fpmazb?(1— b)? (2.7)

Here, b = B/B. . Figure 2.15 shows the F,/F, n.. vs B/B. for the Mg additive
specimen. For the specimen annealed at 923 K for 100 ks, global pinning force density
reached maximum at b = 0.4 and decreased gradually with increasing induced field,
while for the case of specimen annealed at 973 K for 400 ks, global pinning force density
gradually increased and reaches maximum at b = 0.8. According to this, it is confirmed
that magnetic field dependence of global pinning force density depends on heat treatment
condition. By fitting the present data to above equation, p and ¢ are found to become
0.96 and 1.45, respectively for the specimen annealed at 923 K for 100 ks. However, it was
found that the data for the specimen annealed at 973 K for 400 ks could not be fitted with
above equation. It was reported that the pinning force for Nb;Sn decreased with following
same scaling curve in high magnetic field. However, from the present experimental results
it was made clear that the pinning force in V3Ga does not follow same scaling curve. The

appearance of sharp peak near B is resulted from so called peak-effect 2, while broad
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peak appeared at region of low magnetic field is related with grain boundary pinning
mechanism. Even though ambiguities exist about the mechanism of peak-effect, there
is a possibility that another fine defects distributed periodically in grain strongly inter-
acts with FLL near B.;. It was known “ that martensite transformation occurred when
V3Ga is cooled below around 20 K. If fine defects can be formed in grain by the marten-
site transformation, they can act as pinning centers in high magnetic field. However
the microstructure of compound after martensite transformation and the condition of

transformation are not clear yet.

For investigating the dependence of annealing time on magnetic field property of J.,
the ratio of J.s at low field(4 T) and high field(15 T) against annealing time was plotted
in figure 2.16. For all the specimens, the ratio of J, increased with increasing the heat
treatment time. This implies that the degradation ratio of J, with respect to increase of
magnetic field becomes small for the specimen annealed for long time. Two factors are
thought to be associated with this. B, is considered to be increased by long time anneal-
ing because the stoichiometry of compound is improved by long time heat treatment, then
the improvement of magnetic field property was thought to be resulted from an increase
of B, by long time heat treatment. Since the coarsening of grain in compound occurs
during long time annealing, J, at region of low magnetic field decreased because of de-
crease of total area of grain boundary, while J, at region of high magnetic field increases

due to peak effect for the specimen with a coarse grain.

Figure 2.17 shows the grain size dependence of global pinning force density( at 6 T') for
various specimens, where magnetic field is applied to surface of specimen. It was observed
that global pinning force density decreased with increasing grain size for any additive
specimen. According to this, it can be confirmed that global pinning force density becomes
to increase for the V;Ga with fine grain because pin density which directly influence on
global pinning force density in low magnetic field increases. The values of global pinning
force are shown to be scattered with some extent because the ViGa compound of present

Specimen are consisted of large grain and small grain.
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2.4 Conclusion

Crystal growth of V3Ga compound as well as the relationship between microstructure

and critical current density or global pinning force for V3Ga prepared with addition of Zr

and Mg element were investigated in detail. The conclusions obtained by present study

could be summarized as follow,

o

Crystal growth of V3Ga compound was enhanced by Mg addition.

Overall growth of V3;Ga compound layer was confirmed to be controlled by bulk

diffusion in compound layer.
V,Ga grains tend to columnar and this tendency is enhanced by Mg addition.

Critical current density is improved by Mg addition because of increase in elementary

pinning force and B, -

. The degradation ratio of J. in high magnetic field becomes small for the long time

annealed specimen

. In low magnetic field, global pinning force density increased linearly with decreasing

grain size.
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Chapter 3

Superconducting property and
microstructure of

Bi(Pb)-Sr-Ca-Cu-O prepared by
melt quenching method

3.1 Introduction

Since Maeda el al. ! discovered a high temperature Bi-Sr-Ca-Cu-O superconductor,
many attempts have been carried out to prepare high quality specimen. For the sintered
bulk prepared by conventional solid state reaction, the critical current density was known
to be very low due to the existence of impurity phases and the poor density. Komatsu et al.
reported ? first that a dense superconducting ceramic can be obtained by melt-quenching

method and superconducting phase is crystallized from amorphous state during annealing.

In the present Bi-Sr-Ca-Cu-O system, three kinds of perovskite superconducting phases

are known to exist ?, as characterized by their ideal chemical compositions; Bi,Sr,Cu0,(2201)

superconducting phase, Bi,Sr,CaCu,0,(2212) low T, phase and Bi;Sr;Ca,Cu30,(2223)
high 7, one. Takano et al. reporied * that the Pb addition and prolonged heat treat-
ment is most effective to increase the volume fraction of 2223 high-7, phase, However,
it was known to be difficult ® to obtain 2223 high-T. phase as major one by using the
melt-quenching and annealing technique. Another problem is that some impurity phases

appear easily with superconducting phases in the Bi-Sr-Ca-Cu-O system.
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It is important to make clear the phase relationship between the superconducting
phases and the impurity ones in order to produce only the 2223 high-7. single phase.
However, the details have been scarcely reported till now. In this study, Bi(Pb)-Sr-Ca-
Cu-O superconductors were prepared by melt-quenching method and superconducting
property was investigated. Also, in order to clarify the relationship among various phases
appeared during crystallization from the amorphous state obtained by melt-quenching.
The influence of Pb addition on crystallization process and thermal stability of supercon-

ducting phases have been investigated in detail.

3.2 Experimental

Oxide or carbonate powders of high purity Bi; O3, SrCOj3;, CaCOj4, CuO and PbO were
mixed and ground for 3.6 ks. The nominal compositions of the mixtures investigated
were Bi;Sr.Ca;Cus0, ,Bij s Pbg 2SraCasCuy O, and Bi; 6Pbg4Sr;Ca;CusO,. The mixture
was melted in high purity alumina crucible at 1443 K, at which the specimen was kept
only for a short time of 0.6 ks, because of avoiding serious reaction of the melt with
crucible. The melt was poured onto a Cu plate and pressed by another Cu plate. Black
colored glossy sheet ceramic with about 0.5 mm thickness was obtained by this procedure.
Critical temperature, T, and current, I. were measured by so called 4 terminal method.
The criterion of 1 pV / cm was used for definition of /.. In order to examine the phase
change during crystallization process, the thermogravimetry and the differential thermal
analysis (TG-DTA, Rigaku TAS 100 system) were performed in air with heating rate of 5
K/min. In order to investigate the microstructure change, the specimen was heated with
same heating rate as TG-DTA measurements and then quenched into liquid nitrogen.
This heat treatment is called the HT1, as shown schematically in figure 3.1. On the other
hand, the isothermal heat-treatment, which is called the HT2, was performed at various
temperatures in air and quenched into liquid nitrogen. The identification of phases existed
was investigated by means of X-ray powder diffractometer (Philips PW1700 system, XRD)

and electron probe microanalyser (EPMA). The microstructure was observed mainly by
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Figure 3.1 Schematic illustration of two kinds of heat treatments employed in present

experiment.
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the scanning electron microscope(SEM).

3.3 Results and discussion
3.3.1 Superconducting property

Temperature dependence of resistivity for Biy 4Pbg 2Sr2CayCuzO, specimen annealed
at 1118 K for 604.6 ks was measured and its result was shown in figure 3.2. The resistivity
began to drop drastically near 110 K and the T, ;s at which resistivity becomes zero is
observed to be 98 K. According to this, it is thought to be that high 7, phase exists in
the bulk and its grains are connected in almost whole region of specimen.

Critical temperatures for Biy 4Phg ,Sr;Cay; Cu, O, specimen annealed at 1118 K for var-
ious times were measured and its results are listed in table 3.1. T, ,,, was observed o
increase with increasing the annealing times, excluded the case of 864 ks. Comparing
with the T, for the Bi; 4Pbg,Sr;CayCusO, specimen annealed at 1118 K for 604.6 ks, 7.

is found be low for the specimens with higher mole ratio of Cu.

Table 3.1 Critical transition temperature, T, ,ss for Bi; s Pbg2Sr,Ca,Cu, O,

Annealing time / ks T q/K

172.8 78
345.6 82.5
518.4 87
691.2 89
864.4 85

Figure 3.3 shows the microstructure of polished surface for Bi, sPbg:Sr2Ca;Cu,0,
specimen heat treated at 1118 K. White colored needle-like superconducting phase which

was grown anisotropically was observed with impurity phases in the specimen aunealed

Chapter 3 51

/ mfR.cm
o
w

Resistivity

70 100 150

Temperature / K

Figure 3.2 Temperature dependence of resistivity for Bi; Pbg;Sr;Ca;CusO, specimen

annealed at 1118 K for 604.6 ks.
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Figure 3.3 Scanning electron micrograph of polished surface for Bi; §Pbg2Sr,Ca;CuyO,

specimen annealed at 1118 K.
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for 345.6 ks. J. for the specimen annealed for long time, was found to be higher than
that for the specimen annealed for short time. This is attributed to that connectivity

between the grains of superconducting phases is improved by long time heat treatment.

3.3.2 Phase relation

Figure 3.4 shows X-ray powder diffraction patterns for the melt—quenched and heat
treated(HT1) specimens of Bi;Sr;Ca;Cus0,. The pattern (d) indicates almost halo pat-
tern characteristic of the amorphous phase and a small crystalline peak from CaO phase.
Patterns (a), (b) and (c¢) indicate that various phases crystallized in sequence from the
amorphous state during the heat treatment HT1.

Figure 3.5 shows the results of TG-DTA measurements. As shown clearly in DTA
curves, a change appeared firstly at about 660 - 670 K, which has been reported ® to be
caused by the glass transition by Komatsu ef al. The transition temperature decreased
by the Pb addition. Three exothermic peaks marked by A, B and C appeared commonly
for both specimens with and without Pb additive. The strongest endothermic peak, Y
appeared at 1103 or 1113 K was assigned to the onset temperature which associates
the appearance of liquid. This temperature corresponds to the temperature of which the
weight of the specimen began to decrease. In order to make clear the phase change during
crystallization process, the relative X-ray intensities were measured, where the diffraction
peaks for each phase mentioned here are cited from references *~%

Figure 3.6 shows the dependence of X-ray intensity on annealing temperature for the
phases appeared during the heat treatment HT1. The relative intensity indicated here, is
the ratio of the intensity of the representative peak to the sum of intensities of all respective
peaks, which can be used as a qualitative measure of the volume fraction of each phase.
As shown in figure 3.6(a), two crystalline phases, 2201 and CaO were observed to exist
in the amorphous matrix at 773 K. Since CaO has already existed in the as quenched
specimen, it is suggested that the first exothermic peak at 738 K as shown in figure 3.5

corresponds to the crystallization of 2201 phase. This is consistent with the results
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of Thara ef al. '° and Oka et al. ™ As shown in figure 3.5, the crystallization of
2201 phase was found to appear at the lower temperature for the Pb additive specimen.
According to this, Pb addition is thought to be effective to decrease the crystallization
temperature of 2201 phase. The second exothermic peak, B appeared at 773 K for the
none additive specimen can be assigned to the crystallization of Cu,0, because Cu,O
was firstly detected at temperatures lower than 823 K as shown in figure 3.6(a). As
shown in figure 3.6(a), the relative X-ray intensity of 2201 phase reached maximum at
823 K and decreased gradually with increasing temperature, while the intensity of 2212
phase was detected at 923 K and increased with increasing temperature up to 1123 K.
According to this, the 2212 phase is thought to appear at temperature between 823 and
923 K. As shown in figure 3.5, the third exothermic peak, C began to appear at 846 K
for the none additive specimen. Since the appearance of phases detected at 873 K can
assigned as mentioned above, the third exothermic peak,C is suggested to correspond to
the appearance of the 2212 phase.

Judging from the change of X-ray intensity for 2201 and 2212 phase as shown in figure
3.6(a), it is suggested that the 2201 phase changes continuously into the 2212 phase. Two
other phases, CuzO and CaO are considered to relate with this reaction. It was found
that the Cu,O phase starts to change into CuO at around 1000 K. The (Sr,Ca),CuOjy
phase was detected at 1043 K. As shown in figure 3.6(b), Cuy0O phase can be detected at
773 K for the Pb additive specimen. This is due to that the Cu,O phase already formed
at around 752 K as shown in DTA curve for the Pb additive specimen. The behavior on
the appearance of 2201 phase for the Pb additive specimen is found to be different from
that of none additive specimen. As shown in figure 3.6(b), the 2201 phase disappeared
at about 1023 K and appeared again over 1100 K. This reason will be discussed later.
Ca,;PbO, phase was observed in the temperature region between 973 and 1073 K.

Figure 3.7 shows the annealing temperature dependence of relative X-ray intensity for
each phase in the specimens after heat treatment HT2, where the specimen was isother-

mally annealed for 86.4 ks at various temperatures. In common for both specimens as
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Figure 3.6(a) The relative X-ray intensity of the phases which appeared during heat
treatment HT1 as a function of temperature for the none additive specimen, where () :

2201, O : Cu,0, A : 2212, © : Ca0, x : Cu0, V : (Sr, Ca),Cu0;.
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Figure 3.6(b) The relative X-ray intensity of the phases which appeared during heat
treatment HT1 as a function of temperature for the Pb additive specimen, where O :

2201, O : Cu;0, A : 2212, ©: Ca0, x : Cu0, V : (Sr,Ca);Cu0;, A : Ca;PbO,, B ;

(Sr, Ca)3Cus0,.
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shown in figure 3.7(a) and (b), the relative intensity of the 2201 phase decreased with
increasing temperature, while 2212 phase appeared at 873 K and its intensity increased
with increasing the temperature. Comparing with the result of HT'1, CusO could be
detected at 773 K and it changed into CuO phase at the lower temperatures for the
specimen annealed by HT2. As shown in figure 3.7(b), (Sr, Ca)CuQ, could be detected
at 973 and 1073 K for only Pb additive specimen. It should be noted that the 2212,
Ca;Cu0; and CuO for the none additive specimen exist at 1123 K and the 2212, Ca,Cu0O4
and (Sr, Ca);Cu,0, for the Pb additive specimen. Judging from X-ray intensity as shown
in figure 3.7, the 2212 phase is found to be a major phase at temperatures between 1073
and 1123 K for both none additive and Pb additive specimens.

Figure 3.8 shows the annealing time dependence of relative X-ray intensity for each
phase in the Pb additive specimen. The relative X-ray intensity of 2212 phase increased
gradually up to near 100 ks, while the 2201 phase decreased gradually and disappeared
below 86.4 ks. It was considered that the growth of 2212 phase occurred continuously with
increasing annealing time. The 2201 phase was recognized to be unstable at 1123 K from
the XRD results. On the other hand, the relative X-ray intensity of the (Sr, Ca),Cu0O,
remained alimost constant within the experimental condition. Beyond 604.8 ks, the both
relative X-ray intensities of 2212 phase and (Sr, Ca);Cu;0, decreased and the 2223 phase
began to appear and its relative X-ray intensity increased with increasing annealing time.
According to this, 2212 and (Sr, Ca);Cus 0, phases are thought to be associated with the
formation and growth of 2223 phase.

According to Noda et al. ** and Oka ef al. ', the 2212 phase decomposes to CaO
and the liquid at high temperatures above 1373 K. It seems to be reasonable to get
the amorphous phase including the crystalline CaO phase by the melt-quenching, when
the specimen locates in two phase field of CaO solid phase and the liquid at quenching
temperature. As described above, it was made clear that the 2201 phase is crystallized
firstly from the amorphous state, By the crystallization of 2201 phase, the element Cu

will be enriched around the crystalline phase and then the Cu rich phase is crystallized.
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Figure 3.7(a) The relative X-ray intensity of the phases which appeared during heat

treatment HT?2 as a function of temperature for the Pb additive specimen. For symbol,

see Fig, 3.6.

Chapter 3 61

100 . . -

80

60 |

Intensity / a.u.

NV
v 1 \'\.

700 800 900 1000 1100 1200
Temperature / K

Figure 3.7(b) The relative X-ray intensity of the phases which appeared during heat
treatment HT2 as a function of temperature for the Pb additive specimen, where @ :
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Figure 3.8 The relative X-ray intensity of the phases which appeared during isothermal
annealing at 1123 K as a function of temperature for the Pb additive specimen, where @

1 2223 phase.

Scanning electron micrographs of the polished surface for the Pb additive

igure 3.9

F

specimens heat treated by HT1 ((a) 1073 K, (b) 1123 K) or (¢) HT2(1123 K, 86.4 ks).
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The crystallization of Cu,O phase was confirmed to occur at temperatures between
752 and 773 K. As shown in figure 3.6(a), the 2212 phase was detected at 923 K, which is
crystallized from the remaining amorphous part by the mass balance of elements among
the phases. This 2212 phase grows by absorbing the surrounding crystalline phases.

During this process, the following reaction may occur;
2201 + CaO + 1/2Cu;0 — 2212 (3.1)

Meanwhile, Oka et al. reported ** that the structural change of 2201 phase to 2212
phase occurs at temperature range between 1023 and 1073 K for the Bi;Sr;Ca,Cu,0,
specimens. As shown in figure 3.6, this change was found to occur at the lower tempera-
tures. This difference might be resulted from their different nominal composition.

Figure 3.9(a) shows the microstructure at 1073 K for the specimen annealed by HT1,
where CuO, (Sr, Ca),Cu0; and (Sr,Ca)CuO, were observed. The volume fraction of
(Sr, Ca)CuO, phase was evaluated to be negligibly small. As shown in figure 3.9(b), five
phases, 2212, 2201, CuO, (Sr, Ca);CusO, and (Sr,Ca),Cu0O; were detected at 1123 K
for HT1 treatment. As CuO is observed inside the (Sr, Ca);CusO, phase, a peritectic
reaction is closely related to the formation of (Sr, Ca);Cu;O, phase. The 2201 phase was
observed with large volume fraction. Considering the above results, the following reaction

can be suggested in the temperature range between 1073 and 1123 K;
2212 4+ CuO — liquid + (Sr, Ca)3Cu;0, (3.2)

This reaction is accompanying with a partial melting. During quenching, the liquid will
be crystallized into 2201 phase. Figure 3.9(c) shows the microstructure annealed at 1123
K for 86.4 ks. It was observed that four phases, 2212, 2201, Ca;Cu0O; and (Sr, Ca);CusO,

coexist. The 2212 phase has grown with plate-like shape and covered over the matrix.

3.4 Conclusion

The main conclusions of the present study are the following;
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(4]

. B(P)SCCO amorphous ceramic could be obtained by melt-quenching method. Af-

ter heat treating Biy ¢Pbg4Sr;CayCusO, amorphous ceramic, superconducting bulk

which exhibited 98 K of T, ,5; could be prepared.

. Long time heat treatment was effective to increase J, because the connectivity

between the grains of superconducting phases is improved by long time annealing.
However, T, was found to decrease for BPSCCO specimens heat treated for very

long time.

2201 phase and Cu,O were found to be crystallized in sequence from the amorphous
phase during heating. These crystallization occurs at the lower temperatures for the

specimens with Pb additive.

The 2201 phase changed to 2212 phase with increasing temperature up to partial

melting.

It was suggested that the 2212 phase reacts with CuO, and then the liquid appears
accompanying with (Sr,Ca);CusO, phase.

. The 2223 phase could be formed by prolonged annealing at 1123 K.
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Chapter 4

Temperature dependence of phase
relation in the Bi-Pb-Sr-Ca-Cu-0O
superconducting ceramics

4.1 Introduction

Since the discovery ! of Bi-Pb-Sr-Ca-Cu-O (BPSCCO) superconductor, many efforts
have been carried out to investigate the formation mechanism of 2223 high T. phase.
Many groups reported 2~* that the 2223 phase in BPSCCO system is formed during
partial melting and Pb hastens the formation of 2223 phase. The synthesis of 2223 single
phase by the usual solid reaction technique has been recognized to be impossible because of
the existence of liquid phase. Unknown factors still remain about what phases associate
with the formation and decomposition of 2223 phase. From the technical view point
for producing high quality BPSCCO bulk, the information of phase relation at respective
sintering temperature is very important. Moreover, superconducting properties of ceramic
superconductor depend on the volume fraction of superconducting phase as well as the
morphology of impurity phases. In this study, we investigated microstructure change and

phase relation in BPSCCO bulks sintered at temperatures between 1073 and 1223 K.

69




70 Chapter 4

4.2 Experimental

High purity Bi; O3, PbO, SrC0O;, CaCO;3 and CuO were weighed and mixed with 1.6:0,4:
1.6:2.0:2.8 in mole ratio of Bi:Pb:Sr:Ca:Cu. After repeating the calcination twice at 1073
K for 43.2 ks and the pulverizing for 10.8 ks, the pellet was prepared by uniaxial cold
pressing. It was sintered at temperatures between 1073 and 1223 K for 3.6 - 360 ks in
air atmosphere and quenched into liquid nitrogen. The weight of pellet before and after
sintering was measured with in accuracy of 0.1 mg. Identification of the phases existed
was performed by means of EPMA and XRD analysis (Cuka). By assigning two or more
peaks in the powder diffraction pattern, the existence of the phase was registered. TG
DTA was measured with heating rate of 5 K/ min in air atmosphere. Here, calcined

powder with 60 mg was used as the specimen for measurement.

4.3 Results and discussion

By using both EPMA and XRD techniques, nine phases have been detected from all
the samples examined here. We indicated each phase by using symbol a to i in this paper

as listed in table 4.1,

Table 4.1 Phases existed in the BPSCCO samples sintered at 1073 - 1223 K detected
by the X-ray diffraction (XRD) and electron probe-micro analysis (EPMA).

Symbol Phase XRD EPMA
2223

2212

2201

Cu0

Ca; PbO,
(Sr,Ca),Cu0;y
{SI, Ca.]aCll:,O;
(Sr,Ca)CuO,
(Sr,Ca)0Oy

o4 4

- IrO0R a0 BN TR
HOXROOOLOCOO
[ellolleflofolefel
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By XRD technique, however two phases, g and i could not be identified because of
overlapping with the major superconducting phases. On the other hand, EPMA technique
distinguished all phases except the indiscrimination between 2212 and 2223 phase.

Figure 4.1 shows the sintering temperature dependence of bulk density and weight
loss, AW/W for the samples sintered for 360 ks at various temperatures. Bulk density
decreased continuously with increasing temperature up to 1123 K, but tended to increase
at temperatures between 1128 and 1133 K. The decrease or the increase of density of the
sample could be explained by the expansion * due to the formation and growth of 2223
phase or the appearance of liquid accompanying with the decomposition of 2223 phase,
respectively. On the other hand, the weight loss of sample changed with three stages over
the temperature range; the rate of weight loss became slightly high at 1103 - 1128 K due
to the evaporation of Bi and Pb element during partial melting and the rapid increase
beyond 1128 K is attributed to evaporation of volatile element from the increasing liquid.

Figure 4.2 shows the result of TG-DTA measurement in the temperature range between
1023 and 1203 K. As shown in the TG curve, the weight lost continuously and rapidly
decreased beyond 1123 K and the decreasing rate became slow above 1143 K. In the DTA
curve, some endothermic peaks were observed. The rapid decrease of weight loss and the
endothermic peak around 1140 K was due to decomposition of 2212 phase.

Figure 4.3 shows the powder XRD patterns for the samples sintered at temperatures
between 1073 and 1113 K. It was found that six different phases were identified for the
sample sintered at 1073 K for 360 ks as listed in table 4.2, At temperatures between 1073
and 1113 K, 2212 phase existed as a major phase and the CuO, Ca,Pb0Oy, (Sr, Ca),CuO,
and (Sr,Ca);CusO, phases were confirmed to coexist. As shown in figure 4.3, three
Bragg peaks, (113),(115) and (0010) of 2201 phase were detected at 1073 K. The peak
intensity of (0010) decreased with increasing sintering temperature and disappeared at
1113 K. Above 1103 K, it was found that four Bragg peaks of 2223 phase were present.
Peak intensities of other phases changed slightly with increasing temperature as shown in

figure 4.3. Recently, Ito et al. reported © that Ca,PbOy reacts with 2201 phase and then
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Table 4.2 Phases existed in the sample at temperatures between 1073 and 1223 K, where

X indicates a relative amount of the phase.
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1123 360 XXXX X X x X X
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Figure 4.2 TG-DTA curve with heating rate of 5 K / min for the BPSCCO sample

sintered at 1073 K for 43.2 ks.
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Figure 4.3 X-ray powder diffraction pattern for the samples sintered at 1073 - 1113 K

for 360 ks. Here, the phase is denoted by using each symbol listed in table 4.1.
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liquid appears. By this eutectic reaction, the 2201 phase is suggested to disappear.

Figure 4.4 shows the powder XRD patterns for the samples sintered at 1118 - 1133
K. At 1128 K, almost X-ray peaks could be assigned to be 2223 phase. Combining the
Ito’s result and the change of X-ray intensities of 2212,2201, Ca;PbO4 and 2223 phases
in the temperature range between 1073 and 1128 K, it is suggested that the 2212 phase
reacts with the liquid, which was eutectically formed from Ca,PbO; and 2201 phase,
and then 2223 phase is formed. Hatano et al. ® suggested that the Pb-enriched-liquid
phase enhances dissolution of the 2212 phase and the impurity phases, especially of the
high melting temperature compound i.e.(Sr,Ca);Cu;O,. According to this, Ca and Cu
is thought to be supplied from the melt and the 2223 phase grew continuously. The X-
ray peaks of CuO and (Sr,Ca),CuO, were still observed but the X-ray peaks of 2212
and Ca,PbO, phase diminished at 1128 K. According to this, CuO and (Sr,Ca),Cu0O;
phases are suggested to be inactive with the formation of 2223 phase. Judging from the
change of X-ray pattern between 1128 and 1133 K, it is considered that 2223 phase began
to decompose into liquid and other phases. At 1133 K, the X-ray peaks of 2212 phase
which diminished at 1128 K were again observed and many peaks of 2201 phase were
also detected. It was considered that 2212 and 2201 phases were crystallized from the
liquid when the sample was quenched into liquid nitrogen from sintering temperature as
reported 7 by Oka.et al.

Figure 4.5 shows the XRD patterns for the samples sintered at 1143 - 1223 K. The
X-ray peaks of 2212 phase were also detected at 1143 K. At 1153 K, 2223 and 2212
phases could not be detected, while the X-ray intensities of (Sr, Ca);CuQy, (Sr, Ca)CuO,
and 2201 phase remarkably increased. (Sr,Ca)CuO, phase was found to diminish over
1173 K.

Figure 4.6 shows the change of X-ray intensity for (002)plane of 2223 phase in the
samples sintered for 360 ks and 72 ks against sintering temperature. For the case of 360
ks sintering, 2223 phase could be detected at temperatures between 1103 and 1143 K.

The larger amount of 2223 phase was produced in the narrow temperature range between
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Figure 4.4 X-ray powder diffraction pattern for the samples sintered at 1118 - 1133 K
for 360 ks.
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1123 and 1128 K. The temperature range shifted at the higher temperature for the
samples sintered for the shorter time of 72 ks . As clearly shown in figure 4.6, it is
concluded that the 2223 phase is produced only at temperatures between 1103 and 1143
K.

Figure 4.7 shows the microstructure of polished surface for the samples sintered at 1093

1113 K for 360 ks. 1t was observed that plate —like grains of 2212 phase distribute ran-
domly together with impurity phases. A coarsening occurred by coalescence among grains
of 2212 phase at 1093 - 1108 K. Impurity phases such as Ca,PbO,, Cu0O, (Sr, Ca);CuOy
and (Sr, Ca);Cus O, were commonly observed at 1098 - 1113 K.

Figure 4.8 shows the microstructure of polished surface for the samples sintered at
1118 - 1133 K. At 1128 K, the major phase was a dense 2223 phase. Impurity phases
such as (Sr, Ca)sCu0j; and (Sr, Ca);Cu; 0, were still observed. At 1133 K, coarse grains
of (Sr, Ca);Cu04 and (Sr, Ca)CuO, were observed in the wide region.

Figure 4.9 shows the microstructure of polished surface for the samples sintered at 1143
- 1233 K. (Sr, Ca),CuOy phase which has facet interface and (Sr, Ca)CuO, phase became
large in size at 1143 - 1153 K. Judging from crystal morphology and amount of these
two phases,(Sr, Ca);CuO; and (Sr, Ca)CuO, , they are suggested to be formed during
decomposition of 2223 phase. No (Sr,Ca)CuO, phase could be observed over 1173 K.
The phase assigned by i at 1223 K was estimated to have a chemical form of (Sr,Ca)O,
by means of EPMA analysis, where the composition ratio Sr/Ca was about 0.86/0.14.
This phase was firstly identified in the present study.

Combining the results of XRD analysis with EPMA analysis, the temperature depen-
dence of phase relation at respective temperature was evaluated as indicated in table 4.2.
The relative amount of each phase is indicated by the number of symbol X. The 2223
phase is present maximumly at 1128 K, where no 2212, 2201 and Ca,PbO, are observed,
but a small CuQ, (Sr, Ca),Cu0O; and (Sr, Ca);Cu;O, coexist. The 2201 phase disappeared
above 1093 K, but it was detected from the samples quenched from temperatures above

1133 K, because it forms from the melt during quenching. Ca;Pb0, is suggested to
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Figure 4.7 Scanning electron micrographs of polished surface for the samples sintered at

1093 - 1113 K for 360 ks.
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g 1133K

Figure 4.8 Scanning electron micrographs of polished surface for the samples sintered at

1118 - 1133 K for 360 ks.
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1173K 15um [

Figure 4.9 Scanning electron micrographs of polished surface for the samples sintered at

1143 - 1153 K for 360 ks, at 1173 K for 10.8 ks and at 1223 K for 3.6ks.




84 Chapter 4

diminish over 1123 K by melting. (Sr, Ca);CuOj; phase was confirmed to exist at all

temperatures investigated.

4.4 Conclusion

The phase relation and the formation condition of 2223 phase in the BPSCCO sys-
tern were widely investigated by using samples sintered at various temperatures. The

conclusions obtained by present study could be summarized as follow;

1. The 2223 phase was found to be formed by the reaction of 2212 phase with the
liquid, which is produced eutectically from 2201 phase and Ca;PbOy and 2223 phase
decomposes into liquid and (Sr, Ca),CuO; and (Sr, Ca)CuO, phases.

2. 2212 and 2201 phases were confirmed to be formed during quenching from the

sintering temperature above 1133 K.

3. (Sr,Ca)O, compound was firstly observed in the sample sintered at 1223 K.
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Chapter 5

Heat treatment dependence of

superconducting properties in Ag
sheathed Bi-Pb-Sr-Ca-Cu-O tapes

5.1 Introduction

The serial discoveries of high temperature superconductors(H'TSC) caused many pos-
sibilities to the field of power system and electronics. Comparing with the metallic su-
perconductors, however, many difficulties are involved in HTSC. Especially, low critical
current density has been embossed on the development of this material. This is thought to
be mainly due to intrinsic physical properties such as short coherence length, anisotropy
of property and microstructure factors such as percolation, weak link and pinning cen-
ters. Considering the application of high temperature superconductor into electric and
electronic field, the development of superconducting wire is indispensable. For realizing

this, following conditions are requested.

1. Improvement of superconducting property
2. Improvement of mechanical property
3. Productivity for long wire

Up to date, many processes for wire fabrication shown in table 5.1 have been ceaselessly

developed and then, high quality materials of HTSC have been obtained. However, the
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Table 5.1 Various fabrication processes for high temperature superconductors

[Snlid prcccilj
ICompulilc working

Drawing,Swaging

Rolling,Pressing

Extrusion

Doctor blade

Extrusion

Spinning

|Liquid proctlll

Solidification

Oriented solidification

Rapid quench

Plasma spray

Solution

Sol -Gel

Mo-deposilion

Spray pyrolysis

|Fil|n :nceul

PYD

Sputtering

Vaiccum evaporstion
MBE

Laser ablation

cCvD
MO-CVD
P-CVD

—AL~—_
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materials which clearly satisfied above conditions are few.

The powder-in-tube technigue has been known as the most suitable process for wire
fabrication because of many potentialities. As a composite processing, thermomechanical
treatment (TMT) is employed in the process of this technique and the silver which is
chemically stable to other elements involved in oxide and superior to oxygen diffusion is
used for tube. The microstructure control of oxide in Bi-(Pb)-Sr-Ca-Cu-O superconduct-
ing tapes can be achieved by means of optimizing the TMT condition and choosing the
combination of cold working processing.

There are two main currents from the viewpoint for utilizing the B(P)SCCO super-
conducting phases, which are 2212 low 7T,( 80 ~ 85 K) phase or 2223 high T, (105 ~
110 K) phase. In the meaning of applied superconductivity, superconducting wire made
from BSCCO of 2212 phase is expected to be used as a coil of superconducting magnet
operated at 4.2 K because of low critical temperature(80 ~ 85 K) . Since single phase
of 2212 phase can be obtained, the refinement of microstructure is mainly expected from
improvement of textured structure. Recently, critical current densities ( at 4. 2 K) with
practical level have been reported ? by Enomoto and Kase ef al. On the other hand, the
basic studies for the Ag sheathed BPSCCO superconducting wire which can be utilized
at liquid nitrogen temperature has been carried out *~* by Sato, Yamada, Oh et al.

In the present study, the heat treatment conditions of thermomechanical treatment
were minutely investigated as basic research for developing Ag sheathed BPSCCO with
high performance; especially influences of TMT cycle, temperature and cooling rate on
critical current density have been examined. Based on the present experimental results,

the influence of microstructural factors on J. and 7. has been discussed.

5.2 Experimental
5.2.1 Specimen preparation

High purity( 99.9 %) Bi,03, PbO, SrC034, CaCO; and CuO powders were weighed with

composition of Big s Pbg 2Sre sCaCu; 4O, and mixed sufficiently. The mixture was calcined
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at 1073 K for 43.2 ks in air in order to obtain the 2212 phase and pulverized for 10.8
ks. This powder is called A in this article. This process was repeated for preparing
homogeneous calcined powders. A part of the powder was further heat treated at 1118
K for 360 ks to produce 2223 phase(powder B). Calcined powders were filled in the silver
tube with dimension of 5 or 6 mm outer diameter and 1 mm thickness. The cold working
process employed here is described as follows. The diameter of silver tube was reduced
by swaging and other techniques such as drawing, rolling with groove, cassette roller die
processing, in sequence. Then the thin wire was deformed to tape shaped specimen by
cold pressing with uniaxial pressure of about 600 ~ 900 MPa. The specimen was heat
treated twice in air. The first and secand heat treatment in TM'T process is called HT'1
and HT2, respectively in the present text. After lst heat treatment, the specimen was
repressed. The procedure of specimen preparation and TMT process was presented in
figure 5.1 and 5.2, respectively. The size of tape specimen which was finally obtained was

presented in figure 5.3.

5.2.2 Measurement of superconductivity

The critical transition temperature, T, was resistively measured. Here, T, .4, and 'L oo
were defined by the temperature at which the resistivity becomes zero, and the temper-
ature of intersection of normal state line against the transition line, respectively. This
definition was presented in figure 5.4 The critical transport current measurements have
been performed at 77.3 K without magnetic field. This measurements were automatically
performed by using personal computer system as shown in figure 5.5 and the /. was de-
fined by 1 uV / cm criterion. The critical current density was calculated as the critical

current divided by the cross-sectional area of the oxide layer in specimen.

5.2.3 Microstructure analysis

In order to prepare the specimen for observation, the specimens after measurements
were cut out and mounted to resin. The surface was ground with emery papers of silicon

carbide and finally polished with alumina dust by using rotating polishing wheel.
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Figure 5.1 Schematic illustration of specimen preparation.
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Figure 5.2 Schematic illustration of thermomechanical treatment.
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Figure 5.3 Size of tape specimen.
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Figure 5.5 Schematic illustration of electric circuit for the critical transport current

measurement by automatic system.
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The microstructure of polished surface was observed by means of secondary electron
images using scanning electron microscope(SEM). The identification of phases existed in
BPSCCO oxide was carried out by means of electron probe micro analyser(EPMA) and
X-ray powder diffractomer(PHILLIPS PW-1700) with Cu ka, where the specimen for
XRD measurement was prepared by stripping the Ag sheath and attaching it to silicon
sheet of single crystal. In order to evaluate the preferred orientation of grain of supercon-
ducting phases, Schultz reflection method was employed as a pole figure measurement.

The geometry of measurement was presented in figure 5.6.

5.3 Results and discussion
5.3.1 Influence of calcined powders

Figure 5.7 shows the X-ray powder diffraction pattern for calcined powders. 2212 phase
as a major phase was observed together with other impurity phases such as Ca,PbOy,
CuO, (Sr,Ca);Cu0j, and 2201 phase. A small amount of (Sr,Ca);CusO, phase was
confirmed to exist in calcined powder by EPMA analysis. During the cyclic process of
calcination and pulverization, it was considered that the mixed particles of starting mate-
rials became to fine and 2212 phase and other phases were formed after the decomposition
of oxide and carbonates .

Figure 5.8 shows the influence of kind of calcined powder on critical current density.
The oxide layer thickness, {, dependence tends to equalize irrespective of the different
types of powder used, within experimental accuracy. The effect of different powders will
be eliminated by the following heat treatment and pressing and therefore the results for

powder A are mainly mentioned hereafter.

5.3.2 Microstructure change by TMT process

Figure 5.9 shows the comparison of XRD pattern between the tape specimen prepared
SDPHT1PHT2 and the bulk sintered at 1113 K for 540 ks. Nevertheless, the heat treat-

ment condition was same for two cases, different microstructure appeared due to the
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Figure 5.6 Schematic illustration of specimen configuration in the pole figure measure

ment.
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Figure 5.7 X-ray powder diffraction pattern of calcined powder, where (O : 2201 phase,
A : 2212 phase, A : Ca,PbOy, x : CuO and V : (Sr,Ca),CuO;.
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Figure 5.8 The critical current density as a function of oxide layer thickness for the
specimens prepared by two kinds of calcined powders of 2212 phase (A), and 2223 phase

(B), respectively as major phase.
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Figure 5.9 The X-ray powder diffraction patterns for the tape specimen prepared with
SDPHTIPHT2 and the bulk heat treated at 1113 K for 540 ks, where @ : 2223 phase(

other symbols are indicated in figure 5.7).
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difference of production method. It can be confirmed that the 2223 phase with preferred
orientation of a-b plane appeared as a major one for the Ag sheathed BPSCCO tape. On
the other hand, for the bulk specimen, it was found that the 2212 phase becomes major
one and the volume fraction of impurity phase is larger than that of Ag sheathed one. This
is thought to be attributed to the difference of cold working and formation temperature
of 2223 phase by Ag sheath.

Figure 5.10 shows the XRD patterns for the specimens with various cycles of TMT
process. During first heat treatment, 2223 phase is thought to nucleate and grow by
the reaction in calcined powders consisting of 2212 phase and impurity phases as shown
in figure 5.7. In the pattern(a) and (b) for the specimen with SPHT1PHT2PHT3 and
SPHTI1PHT2, it was found that the X-ray intensities for 2223 phase increased, but they
for 2212 phase decreased. The intensity of 2223 phase was found to increase for the
specimen prepared with SPHT1PHT2(b), compared to that for specimen prepared with
SPHT1P(c). According to this, the volume fraction of 2223 phase is thought to increase
during second heat treatment. In order to examine the degree of preferred orientation for
(a-b) plane of 2223 phase, the following conventional technique * is available, The factor

F(%) which reflects the preferred orientation is defined as follows;

siory o VP —F) ’
where,
_ BI(00L)

"7 SI(HKL) L)

I(HKL) is the X-ray intensity of H K L plane of the 2223 phase measured by the usual
f - 26 diffractometor. £I(H K L) indicates the summation of all diffraction intensities for
the 2223 phase in the measured range of scattering angle and £/(00L) is the sum for the
(00L) diffraction intensities, P, and P, are the measured one from the reference value from
the randomly oriented specimen and the preferred oriented specimen, respectively. It was

made clear that the preferred orientation of (a-b) plane for 2223 phase occurs during
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Figure 5.10 X-ray powder diffraction patterns for the specimens prepared with various
TMT cycles. (a) : SPHTIPHT2HT3, (b) : SPHT1PHT2, (¢) : SPHT1P | where symbols
are indicated in figure 5.7 and 5.9.
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second heat treatment as indicated F values of each specimen in table 5.2

Table 5.2 F factor(%) for the specimens prepared with various TMT cycle.

TMT SPHTIP SPHTIPHT2 SPHTIPHT2PHT3
F(%) 784 84.3 86.3

The degree of preferred orientation for a-b plane can be directly evaluated by pole
figure analysis. Figure 5.11 shows the pole figure of (0012) plane in 2223 phase for the
tapes prepared with different TMT cycles. The experimental data are presented in the
region of tilting angle (1) between 0° to 85°. The pole figure(a) is for the specimen
prepared with 1 TMT cycle. Relatively high intensities which distributed anisotropically
were found near 30° tilting angle. This implies that the degree of preferred orientation
of (a-b) plane is considered to be low for the specimen after 1 TMT cycle. For the case
of (b), the intensity distribution exhibited symmetric contour and the intensity increased
isotropically with decreasing the tilting angle and maximum intensity is found to be high
compared to be (a). This result suggests that the plate-like grains of 2223 phase aligns
parallel to the tape surface. According to this, textured structure is considered to be

improved by repeating TMT cycle.

5.3.3 Influence of TMT cycle

Figure 5.12 shows the effect of TMT cycle(P = HT) on the critical current density.
After SD or S treatment, the pressing and heat treatment were repeated according to
S(D)PIHT1P2HT2...., where first heat treatment HT1 was performed at 1108 K for 360
ks and further heat treatment at 1108 K for 36 ks. For cycle of up to three times J.
increased, but on further cycle J. decreased. Figure 5.13 shows the layer thickness de-
pendence of critical current density for the specimen processed by S(D)PHT1PHT2 or
S(D)PHT1PHT2PHT3, where temperature of heat treatment(HT1 = HT2 = HT3) is
1113 K and time is 360 ks(HT1) and 180 ks(HT1 = HT2). Irrespective of the different

cycle in TMT process, both specimens exhibited almost similar J, with respect to .
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Figure 5.11 Pole figure of (0012) plane in 2223 phase for the tapes prepared with different Figure 5.12 The critical current density as a function of number of TMT cycle.
TMT cycles. (a) : 1 TMT cycle, (b) : 3 TMT cycles.
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Comparing with the result from figure 5.12, it was found that the dependence of number

of cycle on J. depends on heat treatment temperature and time.

5.3.4 Influence of heat treatment temperature

= HT S 113 'K & Figure 5.14 shows the influence of heat treatment temperature for HT1 and HT2 on

I A S(D)PHT1 PHTZPHTS i |‘ critical current density, where temperatures for both HT1 and HT2 were the same. It was

} A S(D) PHT1PHT2 " . found that the specimen heat treated at higher temperature exhibits higher J,. Figure 5.15

o shows the influence of first heat treatment temperature on critical current density, where

o o O g ‘ the second heat treatment was fixed at 1113 K. The specimen heat treated at 1113 K for
E 104 - ATD o = first heat treatment exhibited higher J. with respect tot,. Figure 5.16 shows the influence
<E £ Cg) O OA o A ¢ of second heat treatment temperature on the critical current density for the specimens
: AA@ 4 annealed at 1108 K in first heat treatment. It was found that the critical current density

b = A 1 increases with increasing temperature and reaches to a maximum at range of 1113 ~

3 A 1118 K, then decreases with further increase of temperature. It should be noted that J.

Jec

changes remarkably in a so narrow temperature range between 1093 and 1123 K. Figure
L 5.17 shows the second heat treatment temperature dependence of critical temperature
for the specimen plotted as solid circle in figure 5.16. The critical temperature was

higher than 100 K for all specimens examined here and became highest at 1113 K, while

10° ' . ' :
0 10 20 30 40 50

to / Hm consistent with that of the J. as seen from figures 5.16 and 5.17. When the specimen

AT =T, 4n— T, 4ss became narrowest. This suggests that the crystal grains of 2223 phase

are well connected with each other. The annealing temperature dependence of 7, is well

was heat-treated at 1123 K, both J, and T, decreased remarkably. Figure 5.18 also shows
the influence of second heat treatment temperature on the critical current density for the
specimens annealed at 1113 K in first heat treatment.

i iti ' tion of layer thickness for the specimens - |
Figure 5.13 The critical current density as a function y RO e o R O L PR RUPR R

prepared with different TMT cycle. 5.16, similar temperature dependence of J, was observed with irrespective of first heat
treatment temperature.

Figure 5.19 shows the change of X-ray diffraction pattern for the specimens heat treated
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Figure 5.14 The critical current density as a function of layer thickness for the specimens

prepared at different temperature for both HT1 and HT2.
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Figure 5.15 The critical current density as a function of layer thickness for the specimens

prepared at different temperature for HT'1, where temperature for HT2 was 1113 K.
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Figure 5.18 The critical current density as a function of temperature for HT2, where

temperature for HT'1 was 1113 K.
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at various temperatures for HT2, where the fitst heat treaiment was fixed at 1108 K.
It is difficult in general to identify (Sr, Ca);CusO, phase by X-ray diffraction because its
diffraction patterns overlap with peaks of 2223 phase. But it can be easily detected by
EPMA analysis. It was confirmed that 2223 phase existed as a main phase and 2212
phase also existed with smaller amount than 2223 phase at any temperature and other
two impurity phases Ca,Pb0O, and CuO were commonly detected for all specimens heat
treated at different temperatures. For the specimen heat treated at 1123 K for HT2, 2201
phase could be detected. In a previous study ©, it was confirmed that 2223 phase for
sintered bulk dissolves liquid and other solid phase at about 1128 K, and then 2201 phase
was crystallized during cooling. According to this, the decomposition of 2223 phase which
was formed in first heat treatment was thought to occur during second heat treatment at
1123 K for present Ag sheathed tape. Figure 5.20 shows the intensity distribution from
(0010) plane against tilting angle, which was obtained from the pole figure analysis. For
all the specimens, the intensity became maximum at ¢ = 0 and decreases with increasing
angle. Judging from intensity level and FWHM(Full width at half maximum), it was
clearly shown that the preferred orientation of a-b plane is improved for the specimen
heat treated at higher temperature. F(%) values were calculated and summarized in
table 5.3. F(%) increased for the specimen heat treated at higher temperature. This

tendency is consistent with result from the pole figure analysis.

Table 5.3 F factor(%) for the specimens heat treated at various temperatures

for HT2.

Temp (K) 1093 1113 1123
F(%) 66.1 860 91.73

Figure 5.21 shows the microstructure of polished surface in the cross-section perpen-
dicular to the current flow for the specimens heat treated at various temperatures for
HT2. The elongated plate-like grains were assigned as superconducting phase. As shown

in figure 5.19, the coexistence of both 2212 and 2223 phases are indicated from the X-ray
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Figure 5.21 Scanning electron micrographs of polished surface for the specimens heat
treated at various temperatures for HT2, where a,b,c,d are for 1093, 1103, 1113 and 1123

K, respectively, where temperature for HT1 was 1108 K.
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Figure 5.22 Cooling rate dependence of critical temperature, T.oss, where solid symbols

are data for air cooling.
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analysis. It is, however, difficult to distinguish both phases from the SEM photos. Ex-
cept these superconducting phases, a (Sr, Ca)3Cus0, impurity phase disperses commonly
for all specimens. For the specimen of 1113 K, it was observed that the volume fraction
of (Sr, Ca)3Cus Oy decreased remarkably. The J. increases for the specimen including the
smaller amount of (Sr,Ca);CusO, phase. For the case of 1123 K, it was observed that
the superconducting phase became coarser. This oriented structure observed at 1123 K

is consistent with the result of pole figure as shown in figure 5.20.

5.3.5 Influence of cooling rate

Figure 5.22 shows the cooling rate dependence of critical temperature. After final heat
treatment, the specimen was cooled with various rate. The data reported by Kikuchi
et al. ® for bulk(Bi, ¢Pbg4Sr; ¢Ca,Cu,0,) prepared by conventional solid state reaction
method are also plotted in the graph. Combining present tape’s data with bulk ones,
critical temperature was found to decrease at very slow cooling rate and air cooling. For
the case of present tape, optimum cooling rate to maximize 7. ,;, was in the range from
about 100 K/h to 400 K /h. The decrease of T, s for the air cooled specimen is thought
to be related with the thermal stress ® and change of oxygen content * at and near grain
boundaries by quenching. The degradation of 7, s, for the air cooled tape was found
to small as compared to that of bulk. Figure 5.23 shows the cooling rate dependence of
critical current density for the same specimens shown in figure 5.22. J, was also strongly
dependent on the cooling rate. The tape specimen cooled with 100 K /h exhibited highest
Je. Cooling rate dependence of J, shows similar trend with that of 7, ,;,. Degradation of

J. for air cooled specimen was thought to be associated with decrease of T oot

5.4 Conclusion

BPSCCO(2223 phase) superconducting tape could be successfully prepared by powder-

in-tube technique. The main conclusions are the following;
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. A refined structure with high volume fraction of 2223 phase was obtained by employ-

ing the thermomechanical treatment, compared to bulk prepared with conventional

sintering.

Both superconducting properties, J. and T, have been made clear to become best

for the heat treatment at 1113 K.

. Superconducting properties degraded for the specimen heat treated at 1123 K be-

cause of appearance of 2201 phase.

. The volume fraction of 2223 phase was confirmed to increase during second heat

treatment.

. The preferred orientation of (a-b) plane was improved by repeating TMT cycle.

. The optimum cooling rate to maximize both T, .5y and J. was found to be typically

of 100 K/h.
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Chapter 6

Influence of cold working on the

critical current density of Ag
sheathed Bi-Pb-Sr-Ca-Cu-O tapes

6.1 Introduction

Although the cuprate high temperature superconductors(HTSC) are known as promis-
ing materials from the view point of their high transition temperature, the critical current
density (J.) for bulk oxide are known to very low, compared with that of metallic super-
conductors. For considering the large scale application as magnet coil, improvement of
J. for oxide superconductors is requested greatly. Larbalestier pointed out ! that many
of eventual applications of HTSC depend on the realization of transport critical current
density of order 10° A/cm? or more at 77 K. The critical current density in magnetic
field is considered to depend on the microstructure of oxide. At the grain boundaries the
crystal structure is not regular and there is a tendency, where impurities concentrate at
the grain boundaries owing to the irregular structure. It has been known that disloca-
tion networks, small voids, cracks, ? carbon * and amorphous layer ? exist at the grain
boundaries and grain boundary act as barrier against superconducting current because
of weak link behavior and makes J. decrease in polycrystalline specimens. Therefore,
favorable grain boundary structure and eliminating the defects at grain boundary would
be necessary for obtaining high J.. Dimos et al. made clear * that transport J, is roughly

proportional to the inverse of misorienting angle between grains. This result imply that

123




124 Chapter 6

achieving a degree of texture is important for obtaining of very high critical current. Jin
et al. have reported * that oriented polycrystalline bulk solid materials produced from
the melt has achieved high J, of 1.7x10* A/cm®. On the other hand, wires and tapes of
superconducting materials are necessary for many applications, but, these configurations
recognized 1o be difficult because of the brittle nature of these materials. Among various
processing techniques, the powder-in-tube technique is considered to be powerful for long
and uniform wire fabrication. Textured structure can be obtained during the process of
thermomechanical treatment and high J. was achieved. Recently, high critical current
densities (77.3 K. zero magnetic field) exceeding 2x10 4 A/cm? have been reported *7
for Ag sheathed BPSCCO tapes. But it is not easy to understand the deformation mech-
anism of the composite consisting of ductile metallic sheath and brittle oxide powder. In
this study, microstructure change and work instability by cold working and their influence
on critical current density and its field dependence were investigated in detail, when the

specimen was prepared by powder-in-tube technique.

6.2 Experimental

The powder with composition of BijsPbg Sty sCazCuszs for tubing to Ag pipe was
prepared by similar process mentioned in Chapter 5.2.1. In order to change the degree
of cold working, Ag pipes with various size( 12 mm, 6 mm and 5 mm outer) were used
here. Many kinds of cold working techniques have been tried to reduce the diameter of
composite specimen and to deform to tape specimen by mainly cold pressing and rolling

for some specimen. The various cold working techniques were employed as follow.
e S : Swaging
e D : Drawing
e Dc : Casset roller die processing

e Rc: Cross rolling
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e Rg : Grooved rolling
e R : Conventional rolling
e P : Uniaxial cold pressing

Heat treatment at 1113 K and cold working were repeated for producing superconducting
tapes. An example of the schedule of the TMT is presented by SDP-P-, which means
that after swaging(S) and drawing(D) treatments, the pressing(P) and heat treatments(-)
were repeated twice. Microstructure was investigated by the means mentioned Chapter
5.2.2. Critical current was measured at magnetic field ranges from 0 to 0.5 T at 77.3 K

and 0 to 15 T at 4.2 K, respectively.

6.3 Results and discussion
6.3.1 Macrostructure change of oxide layer by cold working

It is not clear how the composite specimen filled with oxide powder is deformed during
cold working. First, the change of shape of oxide core during swaging was investigated.
Figure 6.1 shows the relation between the ratio of cross sectional area of oxide core to
total area of composite and outer diameter of composite. The composite specimen filled
with oxide powder was swaged from 5 mmé¢ to 0.8 mm¢ in outer diameter. The volume
fraction of oxide core decreased at the first step of swaging and kept constant within some
error range with decreasing outer diameter of composite. The powder particle filled in
Ag tube is thought to be pulverized and the number of void involved in oxide core is
reduced by continuous vertical movement of vibrating dies and then, the densification
occurs during swaging. Figure 6.2 shows the cross sectional views perpendicular to the
longitudinal direction of the composite with different outer diameter after swaging. The
shape of oxide core becomes irregular with increasing reduction rate. The Ag sheath is
deformed plastically, while the oxide core is deformed inhomogeously owing to nonuniform
flowage of powder particle by swaging. For estimating work instability during swaging,

the variation of oxide layer thickness parallel to the longitudinal direction of tape was
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measured for the tape specimen finally obtained after TMT and it was evaluated using
the coefficient of variation(COV), which is the standard deviation divided by average layer
thickness. The COV increased with decreasing the diameter as shown in figure 6.3. This

implies that the work instability by swaging depends greatly on the reduction rate.

6.3.2 Pressure dependence of critical current density

The composite was reduced in size by swaging(S) and drawing(D) up to 0.9 mm outer
diameter and then pressed into a tape shape. Pressing (P) and heat treatment(HT)
were repeated by two times. The load of pressing was changed to control the oxide
layer thickness. Figure 6.4 shows the pressure dependence of critical current density, J.
increased with increasing the pressure. As shown in figure 6.4, an increase of J, by three
times could be obtained owing to increase of pressure. It was found that J, is dependent
on the load of pressing. As shown in figure 6.5, the oxide layer thickness decreased with
increasing pressure. According to this, it was confirmed that there is a correlation between
oxide layer thickness and load of pressing. Figure 6.6 shows the relation between the ratio
of cross sectional area of oxide layer to the total area of the tape and pressure. The ratio
decreased with increasing pressure. This indicates that the oxide layer becomes dense by
pressing. According to this, the uniaxial cold pressing is considered to be very effective for
increasing J.. This tendency in the pressure dependence of J, is consistent with results ®
from Yamada et al. Figure 6.7 show the microstructure of fracture surface perpendicular
to the length direction of the tape for the specimen processed with different load of
pressing, where (a) and (b) are for tapes pressed with 386 and 930 MPa, respectively.
Large voids and randomly distributed grains were found for the specimen prepared with
low pressure. The connectivity between the grains is very bad for the specimen(a). A
dense textured structure that the grains align parallel to tape surface(current flow) was
observed for the specimen prepared with higher pressure. According to this, increasing
the load of pressing is effective to not only densification of oxide layer, but the texturing

of grains.
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6.3.3 Influence of cold working technique

Figure 6.8 shows the oxide layer thickness(t,) dependence of critical current density
for the specimens prepared with various cold working. Here, the diameter of composite
was reduced by using some kind of combinations from swaging, drawing and casset roller
die processing and the tape was made by conventional rolling, cross rolling or pressing
as indicated in figure 6.8. Although the data are scattered with some extent, there is a
tendency that J, increased with decreasing the oxide layer thickness ¢,, except for the
data from the specimens processed by rolling. A TMT process of DcRec-R-, where rolling
was used to deform the tape after second heat treatment turned out to be no effective
to increase J.. However, the J. was found to be improved by pressing after second heat
treatment. The microstructure of oxide layer parallel to the length direction of tape for
the specimen prepared by DcRe-R- was investigated and its photographs were shown in
figure 6.9. Work instability was found to be large when the tape was deformed by rolling.
Furthermore, large pore was observed in necked region of oxide layer. The transport

current is thought to be interrupted at this region.

6.3.4 Influence of the degree of cold working

Figure 6,10 shows a summary of the critical current density for various tapes prepared
by different degree of cold working in RgP-P- process. The experimental data of both J.
and thickness are very scattered even for the tapes prepared by same condition. There is,
however, a tendency in the oxide layer thickness dependence. Obviously the J, increases
with decreasing oxide layer thickness. The highest J. at zero magnetic field is recorded
to be 22400 A/cm®. For the tapes prepared by the same condition, the average values
of J. and layer thickness were calculated as shown in figure 6.11, where the straight line
attached with each average value indicates the maximum and minimum. This figure
gives a clear information about the layer thickness dependence of J.. It increases with
decreasing layer thickness and reaches a maximum and then degrades rapidly for the

further decrease of oxide layer thickness. Its critical thickness is evaluated to be about 20
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and 30 pm for the 5 ¢ and 12 ¢ tapes, respectively. Figure 6.12 shows the change of J, as
a function of degree of reduction of cross sectional area, where S, (i) and S,(f) are the total
cross sectional area of the composites before and after a series of the thermomechanical
treatment, respectively. When the degree of reduction increases, the J. increases and
reaches maximum and then degrades. It was found that the J. increases with increasing
degree of reduction as shown in low reduction area. In this region, however, the absolute
value of J. is quite different for both tapes prepared from the different tubes. This result
suggests that the degree of reduction has no direct correlation to the change of critical
current density. In order to clarify the degradation of J. due to the heavy reduction,
the deviation of layer thickness has been examined. Figure 6.13 shows the views of the
composite parallel to the current flow for the specimens with different reduction ratio. The
oxide layer thickness fluctuates in place to place Figure 6.14 shows the oxide layer thickness
dependence of COV. The COV becomes large when the oxide layer thickness is less then
30 pm for 12 ¢ tapes and 20 pum for 5 ¢ tapes, respectively. This result is consistent with
the layer thickness dependence of J, as shown in figure 6.10. Therefore it is suggested that
the degradation of J_ is attributed to the work instability. Figure 6.15 shows the sheath
thickness dependence of COV. The thickness dependence is identical for two types of tape.
When the sheath thickness is smaller than about 0.1 mm, the COV became large and the
work instability appeared. Therefore, it is suggested that the work instability depends
primarily on sheath thickness. As shown in figure 6.13, the thickness fluctuates along the
current direction. To calculate the critical current density, the smallest thickness should
be adopted. In the statistical viewpoint, the probability finding the event by 99.7 % is
given 3 o, where o is the standard deviation and the coefficient of variation is equal to
o/t,. Therefore it is assumed that the smallest thickness is put as {, — 30 statistically.
The average values shown in figure 6.11 were corrected using this minimum cross sectional
area. The result is shown in figure 6.16. Here, the corrected values are indicated by solid
symbols tend to increase monotonously with decreasing thickness. It seems that the effect

of work instability is eliminated. From the above-mentioned arguments, it is made clear
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that a very high J. value exceeding the 10° A /em? is obtainable when the present powder-
in-tube technique. Figure 6.17 shows the temperature dependence of critical current
density at zero magnetic field. At both temperatures, J. increased with decreasing the

layer thickness. J. at 4.2 K was found to be higher by 5 ~ 6 times than that for 77.3 K.

6.3.5 Magnetic field dependence of critical current density

The magnetic field dependence of critical current density at 4.2 K and 77.3 K, re-
spectively was investigated for the tapes prepared with various cold working conditions.
Figure 6.18 shows the magnetic field dependence of normalized critical current density
J(B)/ J.(0 T) at 4.2 K for the specimens with various oxide layer thicknesses. Here,
external magnetic field was applied parallel and perpendicular to the tape surface and
the current. The critical current was measured at static magnetic field with increasing
magnetic field from 0 to 15 T. For all the specimens, J. dropped drastically at low field
and kept almost constant up to 15 T. It was confirmed that the degradation ratio of J.
with respect to increase of magnetic field depends on the oxide layer thickness of the
specimen. It was found that a drop of J. to magnetic field becomes large for the thick
tape specimen. Figure 6.19 shows the magnetic field dependence of J, for the specimen
different oxide layer thickness, t,. Magnetic field was applied parallel and perpendicular
to the tape surface and the current from zero up to 15 T and down to 0 T. The J, over
20,000 A/cm? could be obtained at high field region of 15 T for the specimen with thin-
ner 1, where J,(77.3 K, 0 T) was 23000 A/cm?®. The J. of the specimen with thinner ¢,
exceeded the value of 10° A /cm? at zero magnetic field. The hysteresis effect of J-B due
to increasing and decreasing the external magnetic field was observed for both specimens.
It was found to be slightly reduced for the specimen with thinner .. This hysteresis effect
was known to be related with existence of weak link such as grain boundary in the super-
conductor. When the external magnetic field is applied to superconductor, the self-field
with opposite direction is induced due to the shielding current against penetration of flux

line by external magnetic field as shown in figure 6.20. The transport J. decreases
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because the magnetic field superposes to the self-field with same direction at grain bound-
ary when the external magnetic field is applied increasingly, while J. increases because the
direction of self-field at grain boundary becomes opposite against the direction of external
magnetic field owing to magnetic flux line trapped at defects in crystal when the external
magnetic field is applied decreasingly. It was reported by Sato et al. that the hysteresis
effect is reduced by improvement of grain boundary structure. Figure 6.21 shows the
dependence of magnetic field direction on J. at 4.2 K. In the whole range of magnetic
field, J. appeared to be high when the magnetic field was applied parallel to tape surface
and perpendicular to the current. Figure 6.22 shows the microstructures of polished(a)
and fracture surface(b) parallel to current flow. The plate like 2223 superconducting
phase, the thickness of which is 1 ~ 3 um and impurity phases such as (Sr, Ca);Cu;0,
and (Sr, Ca),CuQj were observed in photograph (a). As shown in photograph (b), it was
found that the plate like grains are composed of laminated thin grains well coupled with
each other. Because of layered structure and weak bonding between the two Bi-O layers
in Bi-based material, twist boundary is easily formed by overlapping and sliding layers

along one another %1,

According to this, planar boundaries observed in photograph
(b) can be assigned as twist boundaries. Due to the theory suggested * by Sato ef al.
flux lines can be possibly pinned by layered crystal structure, and then flux pinning is
considered to be large when the magnetic flux lines penetrate parallel to twist boundaries
and perpendicular to the current because the Lorentz force acts perpendicular to twist
boundaries. When magnetic field is applied both perpendicular to the tape surface and
the current, J, is thought to be reduced because J, is mainly determined by the pinning
property of bulk material. According to this, texturing is considered to be effective for
improving flux pinning. Figure 6.23 shows the magnetic field dependence of normalized
critical current density, J.(B)/J.(0 T) at 77.3 K for the specimens with different J, value
at zero magnetic field. The cold working condition and oxide layer thickness for the

specimens indicated in figure 6.23 are summarized in table.1. The magnetic field was

applied parallel to the tape surface and perpendicular to the current up to 0.5 T.
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For all the specimen, J. dropped largely at the region of low magnetic field below 0.1 T
and its tendency depends on the value of J. at zero magnetic field. It was found that the
magnetic field dependence of J. can be improved for the specimen with higher J. at zero

magnetic field.

Table 6.1 Preparation conditions, t, and J, for various specimens

TMT t, / um Heat Treatment J. | Acm™*
Rg(06)P-P- 12 1113K,360 ks - 1113 K, 180 ks __ 22200
S(1.0)P-P- 52 1113K,360ks- 1113 K, 180 ks __ 6620
S(1.2)P-P- 106 1113 K, 360 ks - 1113 K, 180 ks 3000

Figure 6.24 shows the magnetic field dependence of global pinning force (F;) for above
two specimens. For all the specimens, global pinning force increased monotonously with
increasing the magnetic field. The F, for the specimen prepared by RgP-P- increases at a
much faster rate than that for other specimens. It can be found that global pinning force
is remarkably improved for the specimen with higher J. at zero magnetic field, which was
prepared by RgP-P-, The global pinning force was found to be saturated at 0.5 T for
the specimen with the lowest J.. For Bi-based materials, planar defects such as twist
boundaries and stacking faults can occur by cold working and then, severe cold working
is expected for improving pinning force. This seems to be reasonable because the sever
cold worked specimen with thinner oxide layer thickness exhibited large pinning force as
shown in figure 6.24. Figure 6.25 shows the magnetic field dependence of J. for various
specimens, where the reference data ** by Dou ef al. were also indicated. It was known
that the sintered bulk exhibits double step behavior '* of J. vs magnetic field. In the low
field region below 0.01 T, J. for bulk rapidly drops. This is known to be due to that the
J, is limited by Josephson weak links, rather than flux pinning. At very low fields, the
supercurrents flows through the whole volume of the sample and J. is determined by the
maximum Josephson current of the grain boundary weak links, while at the higher field

where the weak links are normal conducting, the supercurrent flows through percolative
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paths and J, is determined by flux pinning. The J. for both tape specimen decreased
at much slower rate than the that for bulk one. This is attributed to that grain bound-
ary weak links are considerably improved for both tape specimens processed by TMT,
compared to that for bulk one. The present tape processed by RgP-P- exhibited better
magnetic field dependence of J. than that for the Dou’s tape processed by cold rolling
and heat treatment. Figure 6.26 shows the magnetic field dependence of critical current
density for the specimens prepared with different cold working. It was found that the
hysteresis effect of J. - B can be improved by optimizing the cold working condition.
This is attributed to that the weak links are improved due to refinement of microstruec-
ture such as densification and texturing. Comparing with result at 4.2 K from figure
6.19, the hysteresis effect is found to be relatively reduced at 77.3 K. Figure 6.27 shows
the microstructure of polished surface which are parallel to the direction of current flow
for the specimens with various oxide layer thickness. As shown in photograph A, the
thick tape specimen processed with relatively low cold working degree has a very porous
structure and the connectivity between the grains was observed to be bad. The transport
current for the specimen shown in photograph A is considered to be limited at void and
large impurity phase. It can be observed that the oxide layer becomes dense and grain
alignment parallel to the tape surface(current flow) is improved for the specimens with
thinner layer thickness and then, the good aligned specimen showed higher J.. In average,
the a-b plane which is more superconductive than other plane in crystal structure was
found to parallel to tape surface by analysis of pole figure as mentioned Chapter 5. It was
confirmed that the higher critical current density is obtained from refinement of structure
such as high density and textured structure. Figure 6.28 shows the relation between the
J(0 T) and J.(0.5 T) for various specimens processed by combination of grooved rolling
and other techniques. Almost positive linear relationship was observed between J. (0 T)
and J, (0.5 T) for all the specimens. The J, value of 19600 A /cm? at 0 T corresponded
to the J, value of 4100 A/cm?. It was found that magnetic field dependence of J, is not

associated with cold working method.
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Figure 6.28 The relation between the J. (0 T) and J.(0.5 T) at 77.3 K for the specimens

prepared with different cold working combination and outer diameter of starting tube.

Chapter 6 161

6.3.6 1I-V characteristic

When a transport current,/ is applied to the oxide superconductor at a given magnetic
field, I —V characteristic appears as shown in figure 6.29. In the early stage of transition,
the curve can be expressed by the power law( V « I*). The index, n is a measure of
the sharpness of the resistive transition; when the transition is sharp, n value becomes
large. Figure 6.30 shows the relation of log/ vs logV derived from the figure 6.29. Almost
linear relationship was found at all range of magnetic field, except for the curvature of
log I-log V appeared at high magnetic field. The n values were estimated at the range
between 0.3 and 5 pV by the least square method and magnetic field dependence of n
value for the specimen prepared with different reduction ratio was shown in figure 6.31,
where the J, at zero magnetic field was indicated in figure. The field dependence of n
value depends on J, value and the reduction ratio and it is similar to field dependence
of J. as shown in figure 6.23. The specimen with lower J, exhibited relatively small n
value especially at low magnetic fields. The n values of BPSCCO tape specimen turned
out to be small, compared to that of metallic superconductor such as NbTi composite
3. This implies that the resistive transition of oxide superconductor is not sharp. One
origin of this behavior can be thought to be associated with flux creep. Flux creep occurs
by hopping of flux lines thermally excited even in the state that the pinning force is
larger than Lorentz force. This phenomena '® is known to be a characteristic in the oxide
superconductor which has short coherence length and small pinning force. In addition
to this, weak link and work instability of the sample is suggested '"!* to be associated
with the low n value in resistive transition. Figure 6.32 shows the relation between the n
value and cold working degree expressed as outer diameter of composite for various tapes
prepared with 12 ¢ RgP-P-. It was found that the positive correlation exist between the
outer diameter of composite before pressing and n value. This implies that the n value
tend to decrease with increasing the cold working reduction ratio. Figure 6.33 shows the
relation between the work instability expressed as COV and n value. Although the data

are scattered, the n value decreased with increasing the COV. It can be known that the
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n value

Figure 6.31 Magnetic field dependence of n value for the specimens with different reduc-

tion ratio.
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sharpness of resistive transition becomes small for the specimen with instable oxide
layer. It can be confirmed that the n value depends on the work instability of oxide
layer like the case of NbTi composite superconducting wire '*. Figure 6.34 show the
relation between the n value(0 T) and critical current density at zero magnetic field.
Though the data are scattered, it was observed that n value increases with increasing the
J., irrespective of cold working condition. Figure 6.35 show the relation between the n
value(0.5 T) and critical current density. Positive correlation was also confirmed between
the n value(0.5 T) and J.. n value(0.5 T) distributed at range of 0.4 ~ 0.76, deviation

degree of data was found to be small for the case of n value at 0.5 T.

6.4 Conclusion

The macroscopic and microscopic change by cold working and its influence to critical
current density was investigated when the Ag sheathed BPSCCO tapes was prepared by

powder-in-tube technique. The main conclusions could be summarized as follow.

1. J. increases with decreasing oxide layer thickness and reaches maximum, but de-
grades rapidly by further reduction of oxide layer thickness. The increase of J, is

suggested to be mainly attributed to the densification and texturing,
2. The degradation of J. was found to be related to the work instability.

3. A correction of J. was done in the statistical view point by assuming the smallest

thickness of oxide layer as the lowest limit of thickness distribution.

4. Among various cold working techniques, the pressing turned out to be effective for
increasing the critical current density. A dense and textured structure could be

obtained for the specimen prepared with higher pressure.

5. Magnetic field dependence of J. and hysteresis effect of J, — B could be improved

by optimizing the cold working condition.
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6. The correlation between the sharpness of resistive transition expressed as n value

and work instability or J, was confirmed.
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Chapter 7

Composition dependence of critical
current density in Ag sheathed
Bi-Pb-Sr-Ca-Cu-0O tapes

7.1 Introduction

In Bi-Pb-Sr-Ca-Cu-O system, it has been known ’ that 2223 phase can be formed by
long time heat treatment at restricted temperature range and some impurity phases such
as Ca, PbOy, CuO and Sr-Ca-Cu compound easily appear at heat treatment temperatures.
Considering the percolative behavior of transport current property, volume fraction of su-
perconducting phase and morphology of impurity phase becomes important factors ¢ and
this is related to preparation conditions especially such as the nominal composition. Since
the discovery * that 2223 phase is stably formed by partial substitution of Pb for Bi, a
lot of studies have been carried out to investigate optimum composition for obtaining real
high T, 2223 phase in BPSCCO system. Added Pb atom has been reported to be substi-
tuted with Bi and Sr atom in crystal structure 2. Oota ef al. suggested ® that the amount
of Pb suitable for the formation of 2223 phase is limited by the competition between the
reaction to form the 2223 phase by the catalytic effect of Pb and the one to form the
Ca,PbO4. Endo ef al. reported ® that the almost single 2223 phase which was confirmed
by X-ray powder diffraction can be obtained by the strict selection of nominal composition
and the deviation from ideal composition delicately affects the superconducting proper-

ties. Comparing with the study for BPSSCO bulk prepared by conventional solid state

173
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reaction method, however, it has not been studied enough for the case of Ag sheathed
BPSCCO tapes. In this study, the microstructure change in BPSCCO tapes prepared by
changing mole ratio of Bi, Pb, Sr, Ca and Cu and their effect on the superconducting

properties were investigated.

7.2 Experimental

High purity Bi,O;, PbO, SrC0O;,CaCO;3 and CuO powders were mixed with various
nominal composition. For Bi and Ca, their starting composition were changed inde-
pendently with respect to other element, while for Pb, it was changed substitutionally
with Bi. The composition of Sr, Ca and Cu was changed with relative ratio. Figure
7.1 shows the composition map for preparing specimens, where mole ratio of Sr, Ca and
Cu elements were changed as indicating composition parameter x in the chemical for-
mular of Bij sPbo 4ST; 6-0.1xCa24+0.04xCu284006xOy- As shown in figure 7.1, parameter, x
was changed in two directions from x = 0, where Sr increases with decreasing Ca and
Cu, and Sr decreases with increasing Ca and Cu. After mixing the powders sufficiently,
they were calcined at 1023 K for 43. 2 ks. By this heat treatment, the oxide powders
consisting of 2212 phase and some other impurity phases were prepared. Calcination and
pulverization were repeated two times. This powders were filled into Ag pipe and reduced
the diameter by swaging or swaging-drawing and the composite specimen was deformed
to tape by uniaxial cold press. This tapes were heat treated firstly at 1108 K ~ 1113 K
for 360 ks and repressed and heat treated at same temperature with first heat treatment
for 180 ks. Critical transport current and transition temperature were measured by 4
terminal method at 77.3 K. Microstructure was observed by scanning electron microscope
and identification of phases existed in oxide layer was performed by powder XRD (Cu

ka) analysis and EPMA.
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Figure 7.1 Composition map for preparing Bi; ¢(Bi; 5)Pbg 4Sr) 60 1xCaz4o 04xCu2 840.06x Oy

specimen by changing composition parameter, x of starting element.
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7.3 Results and discussion

Figure 7.2 shows the Bi composition dependence of critical current density for the

specimens heat treated at 1113 K. J, increased and reached maximum at x = 1.6 and

decreased with increasing Bi mole ratio. It was found that critical current density re- 10000 T T T T
markably decreased for the specimens prepared with the higher Bi mole ratio.

Figure 7.3 shows the relation between the substitution ratio of Pb and critical cur- 77.3 K

T

rent density for the specimen[(Bi,—xPby)2Sr; 6CayCuy50,] heat treated at 1108 K. Here, 8000 A
reference data, bulk.1((Bi;_,Pb,)2Sr;Ca;Cu30,) and bilk.2((Bi;—4Pby),S1;Ca,Cusg) by

Hiraoka 7 were also plotted in the figure. In the whole range of x, the present Ag sheathed

6000

4000 /?

tape exhibited higher J. than that of bulk. This is mainly thought to be due to the dif-

A\

ference of fabrication processes between the conventional solid state reaction and the

powder-in-tube technique. The mean values of J. for the present tape increased and

became highest at x = 0.2 and then dropped with increasing substitution ratio of Pb.

Joe / Aem:

Comparing with the reference data from bulk, the appropriate substitution ratio of Pb

exhibiting highest J. was found to shift to low substitution ratio of Pb. This is considered

to be resulted from the difference from compositions of Sr, Ca and Cu. Under the present 2000 .
fixed Sr, Ca and Cu composition, it was found that the 20 % substitution of Pb for Bi

was most effective for increasing the critical current density. In the result * of Murayama

0 1 1 1 1
1.4 1.9 1.6 st 1.8 1.9

substitution ratio of Pb is thought to be associated with larger formation of Ca,PbO,. B| mo | e rati 0, X

et al. for bulk which has the same composition system with present one, a large amount

of Ca,PbO, was confirmed to exist. According to this, low J. for the specimen with high

Figure 7.4 shows Ca composition dependence of critical current density for the specimen
prepared with SDPHT1PHT?2, where the temperatures of HT1 and HT2 were 1108 and
1113 K, respectively. J, increased and reached maximum at x = 2.0 and decreased with Figure 7.2 The critical current density as a function of Bi mole ratio, x in Bi, Pby 4Sr; 6Ca;Cus 5
increasing Ca mole ratio. As shown in microstructures from figure 7.5, CuO with size of specimen.
about 10 um was observed with large amount for the specimen with Ca poor composition,

while a lot of (Sr,Ca);CusO, compound phase was observed to be distributed for the

specimen with Ca rich composition. The volume fraction of (Sr,Ca)3Cus Oy was
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confirmed to increase with increasing Ca mole ratio. Therefore low J, at Ca rich region
is thought to be attributed to this. Due to existence of insulating phase such as CuQ and
(Sr,Ca)3Cus0,, critical current density is considered to decrease because the total area
which transporl current can flow in the specimen is reduced.

Figure 7.6 shows the relation between the superconducting properties(J., T¢.zs) and
composition parameter, x which represents a sub composition of Sr, Ca and Cu in
the chemical formula of Bi; gPbg St 6-01xCa24006xC284006x Oy for the specimens heat
treated at 1108 K. The specimen with x = 0 exhibited high J, and T, ,;;. It was found
that the degradation of superconducting properties is remarkable at composition region
where both Ca and Cu are rich, compared to the composition region where Sr is rich
Figure 7.7 shows the X-ray diffraction patterns for the various specimens prepared with
different composition parameter x. The X-ray intensity of 2212 phase increased with
decreasing the x value. This means that the volume fraction of 2212 phase increased
with increasing amount of Sr. This is consistent with the result ® of Endo ef al. There-
fore, the degradation of J, shown in figure 7.6 is thought to be mainly resulted from
the decrease of volume fraction of 2223 phase. On the other hand, 2201 phase was de-
tected with a small amount for the specimens x = 1 and 2, respectively. This phase
was thought to be crystallized from the liquid formed by decomposition of 2223 phase
accompanying with partial melting ®. When the decomposition occurred at grain bound-

ary of 2223 phase, it is suggested that both J, and 7, decrease by precipitation of 2201

phase at grain boundary. Figure 7.8 shows microstructures for the specimens prepared

J0 pm with different composition parameter x. (Sr,Ca);Cu;0, impurity phase was observed in
the specimen with Sr rich composition, while Ca,PbO, and (Sr, Ca),CuO5 were observed
for the specimen with Ca and Cu rich composition. By the analysis of EPMA, 6% Sr

Figure 7.5 Scanning electron micrographs of polished surface for the various Bi; ¢ Pbg 4Sr; 6Ca,
was found to be substituted with Ca element in the (Sr,Ca),Cu0; compound. Figure

Cu, O, specimen, where (a) x = 1.6, (b) x = 2, (¢) x = 24 and (d) x = 2.8.
7.9 shows the composition parameter x dependence of critical current density for the
specimen (Bi; ¢Pb0.4Sr; ¢_01:Caz4004xCuzs4006y) heat treated at 1113 K. J, maintained

similar value of J, till x = -2 and decreased remarkably at x is -3 and -4 with decreasing
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Figure 7.7 X-ray powder diffraction patterns for the various Biy 6Pbg 4Sry 6-01xCa240.04x-

Cuz 84006xOy specimen, where (a) x = -2, (b) x =-1, (¢) x =1 and (d) x = 2.
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Figure 7.8 Scanning electron micrographs of polished surface for the Bi; Pbg 4511 6-01xCaz40.06

Cu; s40.06x0y specimen, where A : x = -2, B:x = -1, Cix=1andD: x=2.
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Figure 7.9 The critical current density as a function of composition parameter, x for the

Biy §Pbo 4511 6-01xCa240.00x Cuz 540,060y specimen.
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Figure 7.10 X-ray powder diffraction patterns for the various Bi; gPbg 4S11.6-0.1xCaz40.04x

Cuz s40.06xOy specimens, where (a) x = 0, (b) x = -1, (¢) x = -2 and (d) x = 4.
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Figure 7.11 Scanning electron micrographs of polished surface for the Bi; 6 Pbg 4Sr16-01xCa240.04
Cl.lg‘s*.g_[)ﬁxoy specimen(A) and the Bil_gpbn_.SI]_5_0_],Cag+o_o“CU2_3+0_05,0y(B,C,D) 3 where
Arxi=10,Btx = 0.0 == and Dsx==2.
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composition parameter x. Figure 7.10 shows the X-ray diffraction patterns for the
Specimel]S(Bil_apb0.4SI]_G_0Ixcaq.g.o'oqxcu-z_g.‘.o_os,Oy) with different composition parame-
ter x. The X-ray intensity of 2212 phase increased continuously with decreasing x value.
The fact that the increasing volume fraction of 2212 phase with increasing mole ratio
of Sr is consistent with the result from figure 7.7. The peak of (Sr,Ca);CusO, which is
overlapped with the peak of 2223 phase was found to increases relatively for the speci-
men with x = —4. Figure 7.11 shows the microstructure for the specimens with different
composition parameter x. It was observed that (Sr, Ca);CuO, phase, which has sharp
interface with matrix distributed with large amount for the Bijs... (x = 0). It was
found that the amount of (Sr, Ca);CusOy increased and CuO decreased with increasing
the amount of Sr as shown in photographs C and D. Especially, coarse (Sr, Ca}3CusOy

and superconducting phases were observed in photograph, D.

7.4 Conclusion

Microstructure change due to the difference of nominal composition in Bi-Pb-Sr-Ca-Cu-
O system and its influence to superconducting properties were investigated when the
Ag sheathed BPSCCO tapes were prepared by powder-in-tube technique. The main

conclusions are the following;

1. Critical current density of BPSCCO tape was confirmed to depend on the variation
of nominal composition. This was considered to be due to volume fraction of 2223

superconducting phase and existence of impurity phase.

2. Ag sheathed BPSCCO tapes prepared with composition of Bi; §Pbg4Sr 6CazoCuzse

exhibited the highest J.. When the composition of starting elements was changed

from the above one, amount of impurity phases such as CuO, Ca,PbOy, (Sr, Ca)3Cus 0y

and (Sr,Ca),CuO, was found to increase.

3. 2201 phase could be detected for the specimen(Bi, ¢Pbg {5r1:6-0.1xCa240.04x C2:846:060y)

with high ratio of Ca and Cu.
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Chapter 8

Influence of additive elements on

the superconducting properties of
Ag sheathed Bi-Pb-Sr-Ca-Cu-0O

tapes

8.1 Introduction

For developing the oxide superconducting wire which can be used as magnet coil, the
improvement of critical current density in magnetic field is requested with high level. The
critical transport current density in magnetic field has been known to depend on the weak
links and flux pinning. From this view point, not only the refinement of microstructure
but the introduction of effective pinning center against flux flow has been recognized to
be important. For the ceramic superconductor which has layered structure, the intrinsic
pinnings ! by weakly superconductive layers in crystal structure was reported by Tachiki
et al. On the other hand, the extrinsic pinnings by structural imperfections such as pre-
cipitates and irradiation-induced defects have been reported. Murakami et al. made
clear ? that the Y,BaCuOjy precipitates formed by peritectic reaction from YBa,Cu;0,
can act as effective extrinsic pinning centers. The critical transport current density is
remarkably improved by the fine dispersion of 211 phase in the 123 matrix. Also, the
study for introducing pinning center by addition of other elements has been also carried

out. Osamura el al. reported * that the intragrain critical current density of YBCO is
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remarkably improved by addition of SnO,. Improvement of intragrain J. was confirmed
to be due to dispersion of BaSnOs precipitates. For Bi-(Pb)-Sr-Ca-Cu-O system, recently,
some studies **®7 have been carried out for improving superconducting property of bulk
specimen by addition of other element such as Ag, Sb, Ba and Mg. In this study, SnO,,
BaCO; and MgO were added to Bi-Pb-Sr-Ca-Cu-O system when the Ag sheathed BP-
SCCO tapes were prepared by "powder-in-tube technique”. Microstructure changes by

addition of other elements and their influence on critical current density in magnetic field

were investigated.

8.2 Experimental
8.2.1 Specimen preparation

Sn0,, BaCO; and MgO were added with different mole ratio into mixture of Bi, ¢Pbo 4

Sry 6CazCuz 50, as follow.
e Sn0O; addition
~ Bi; 6Pby.4Sr; 6CaCu; 50,0,
e BaCO, addition
— Bij ¢Pby.4Sr1y 6_«Ba,CayCuy 50,
e MgO addition
= Bi; ¢Pbg 451y 4Ca;Cuy Mg, O,

After repeating calcination(1073 K, 43.2 ks) and pulverization twice, the powder was
filled in Ag tube with dimension of 5 mm outer diameter and 1 mm thickness. The
composite specimen was reduced by the swaging and drawing. Then, the thin wire was
deformed to tape shaped specimen with uniaxial pressure of 600 ~ 500 MPa . The
specimen was heat treated at 1113 K in air and the cycle of uniaxial cold pressing and

heat treatment was repeated one or two times.
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8.2.2 Measurements

Qutline of A.C inductive measurement was shown in figure 8.1, where cancel coll is for
detecting the signal from only specimen by canceling a noise surrounding the specimen.
The A.C inductive measurement has been developed ® as a nondestructive methods to
characterize sintered oxide specimens and inter- and intragrain current densities in oxide
superconductors under given magnetic fields are obtained by analysis. Both the de¢ and
superposed ac magnetic fields were applied parallel to the long axis of the specimen at
liquid nitrogen temperature. The magnetic flux @ going in and out of the specimen was
measured as a function of the ac field amplitude b, and the penetration depth A" of the
ac filed was derived * :

, 100
A PR —— 4
2w 90 (8-1)

where w is the width of the specimen. Plotting A" against b, a linear relation is obtained
in ordinary bulk superconductors; the slope of the linear line gives 1/uJ. (i denoting the
permeability of the vacuum) and A" saturates to a constant representing the center of the
specimen for large b value. For deriving intragrain J_, it was assumed that the J, is the
same in all grains and the shape of grain is plate.

The intragrain J, was determined by a best fit of the calculated A’ - b curve, the region
of which is that the flux penetrate slowly as shown in figure 8.2. Critical transport current

measurement and microstructure analysis were mentioned in Chapter 6.

8.3 Results and discussion

8.3.1 Influence of Sn addition

The temperature dependence of resistivity for none and various Sn additive specimens
was shown in figure 8.3. All the specimens exhibited almost 105 K of 7., except for the
specimen prepared with 0.05 mole ratio of Sn. It was observed that 7, ,,, decreased with
increasing the mole fraction of Sn. Sn addition turned out to destroy the superconducting

property of BPSCCO. Figure 8.4 shows the magnetic field dependence of normalized
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Figure 8.1 Schematic illustration of electric circuit for A.C inductive measurement.
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Figure 8.2 Schematic illustration of A" vs b curve, where the areas of two hatched regions

represent contribution to the magnetization from respective shielding currents.
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Figure 8.3 The temperature dependence of resistivity for none and Sn additive specimens.
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critical transport current density measured by 4 terminal method, J.(B)/J.(0 T) for
none and various Sn additive specimens. A decrease of J, at low field was observed to be
large for Sn additive specimen as comparison with that for none additive one. Magnetic
field dependence of J. was found to degrade with increasing Sn content. A large drop of J,
at the magnetic field of 0.01 T for Sn additive specimen is considered to be associate with
weak link of superconducting grains ®? . Figure 8.5 shows the X-ray powder diffraction
patterns for the none and Sn(0.01) additive specimens. Judging from the change of X-ray
intensity ratio of (0010) peak for 2223 phase to (008) peak for 2212 phase, the volume
fraction of 2223 phase is considered to be low for the Sn additive specimen. According to
this, the formation of 2223 phase is thought to be suppressed by Sn addition,

Figure 8.6 shows the microstructures of polished surface for the various Sn additive
specimens, Sintering density of oxide was observed to be poor and a lot of impurity
phases such as Ca,Pb0O,, CuO and (Sr,Ca);Cu,0, were found to exist in the specimen
prepared with larger mole fraction of Sn. The degradation of superconducting property
by Sn addition is thought to be resulted from lower volume fraction of 2223 phase, poor
grain connectivity and the existence of impurity phases. By the analysis of EPMA, Sn
was detected in Ca,PbO, as shown in EDX pattern as shown in figure 8.7. Considering
the ionic radius and crystal structure of compound possibly formed, the added Sn was

thought to be partially substituted for Pb atom in Ca,PbOy,.

8.3.2 Influence of Ba addition

Figure 8.8 shows the temperature dependence of resistivity for various Ba additive
specimens. Resistivity for Ba additive specimen in normal state was found to be low,
compared to that for none additive specimen. Both T, ,, and 7, .4, were observed to be
slightly increased by Ba addition. This is consistent with the result of bulk sintered by
usual solid reaction '°.

Figure 8.9 shows the magnetic field dependence of normalized critical current density,

J.(B)/J.(0 T) for none and Ba additive specimens. The decreasing rate of J. with respect
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Figure 8.4 The magnetic field dependence of normalized critical current density, J.(B)/J.(0

T) for none and Sn additive specimens.
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Figure 8.7 The microstructure and EDX pattern in site of Ca,PbO, for Sn additive

specimen.
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Figure 8.6 The microstructures of polished surface for the various Sn additive specimens.
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Figure 8.8 The temperature dependence of resistivity for various Ba additive specimens.
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to increase of magnetic field became small for Ba additive specimen. Magnetic field
dependence of J. was confirmed to be improved for the specimen prepared with the higher
Ba mole ratio. Judging from change of X-ray intensity ratio of peaks for 2223 phase to
peaks for 2212 and impurity phase shown in figure 8.10, it was found that volume fraction
of 2223 phase became high, while they for 2212 phase and impurity phases became low by
Ba addition. According to this, the growth of 2223 phase is thought to be enhanced by Ba
addition, similar to the Pb addition of Bi-Sr-Ca-Cu-O system. This is consistent with
the result * for bulk prepared with conventional solid state reaction. By XRD and EPMA
analysis, the Ba compound phases could not be detecied in oxide layer. Ba was confirmed
to exist in 2223 phase by EPMA analysis. Hakuraku et al. suggested '? that the Ba
which was added to Bi-Pb-Sr-Ca-Cu-0 system is substituted for Sr in crystal structure
of 2223 phase. According to study 7 by Ashizawa ef al., the effect of Ba substitution
for Sr was suggested to that the partial melting temperature decreased and the range of
formation of 2223 phase was extended. Figure 8.11 shows the microstructure of polished
surface for none and Ba additive specimens. A dense structure was obtained for the
specimen prepared with the higher Ba mole ratio. The Ba addition turned out to be
effective to densify the BPSCCO crystal structure and the increase of J, at magnetic
field is considered to be due to the improvement of grain connectivity by densification of
crystal structure. On the other hand, it was known that the superconducting property is
anisotropic and then critical current is large in a-b plane. Therefore, textured structure is
expected for obtaining high J.. Figure 8.12 shows the change of X-ray intensity reflected
from (0012) plane of 2223 phase against tilting angle ®, where rotation angle is 0. The
X-ray intensity increased with decreasing tilting angle ®. Considering the full half width
and maximum intensity, the degree of a-b plane orientation that aligns parallel to the

tape surface (direction of current flow) was confirmed to be improved by Ba addition.
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Figure 8.9 The magnetic field dependence of normalized critical current density, J(B)/J.(0

T) for none and Ba additive specimens.
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Figure 8.13 The magnetic field dependence of normalized critical current, J.(B)/J.(0 T)

for none and Mg additive specimen.
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8.3.3 Influence of Mg addition

Figure 8.13 shows the magnetic field dependence of normalized critical current density,
J.(B)/J. (0 T) for none and Mg(0.05) additive specimen. The magnetic field dependence
of J. was found to be improved by Mg addition. Its tendency was observed to be re-
markable for the specimen prepared with 0.05 mole ratio of Mg. The intragrain J, of tape
specimen was measured by A.C inductive method and its result was plotted in figure 8.14.
This result was obtained with assuming the size of grain with normal to magnetic field is
1pm. The intragrain critical current density might be related to the pinning of magnetic
flux lines against Lorentz force, where the Lorentz force is defined as /' = J. x B. Mg
additive specimen exhibited higher intragrain J, than that for none additive specimen.
Figure 8.15 shows the microstructure of polished surface and distribution image of MgO
particle, which was analyzed by EDX. Dispersed MgO particles were observed in the ma-
trix. Additive MgO was thought to become fine during the process of calcination and
pulverization and dispersed in matrix. No Mg compound phase could be detect in the
oxide layer by EPMA and XRD analysis. The improvement of magnetic field dependence
of J. by Mg addition as shown in figure 8.13 and 14 is thought to be attributed from the
increase of pinning force owing to dispersion of MgO particles.

Figure 8.16 shows the relation between J.(0 T) and J.(0.5 T) for various specimens.
J. at 0.5 T increased almost linearly with increasing J. at 0 T for all kinds of specimens.
It was observed for Mg additive specimen that the J. at 0.5 T against J. at zero magnetic
field becomes high, compared to that for other specimens. J. over 4000 A /cm? at 0.5 T

can be obtained for the specimen prepared with 0.05 mole ratio of Mg.

8.4 Conclusion

Sn0;, BaCO; and MgO have been attempted to be added in Bi-Pb-Sr-Ca-Cu-O system
when the Ag sheathed tapes were prepared by "powder-in-tube technique”. The main

conclusions are the following;
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1. For the SnO; additive specimen, critical current density was found to become lower
than that of none doped tapes. This was resulted from the lower volume fraction of

2223 phase and poor connectivity of grains due to low sintering density.

2. The critical current density was confirmed to be improved by BaCO; and MgO
addition. This is attributed to the refinement of microstructure such as densification

of BPSCCO oxide layer and dispersion of MgO particles, respectively.
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Chapter 9

Summary

In this thesis, microstructure change and its relation to critical current density have
been investigated in detail when two kind of superconducting materials, V,Ga and Bi-
Pb-Sr-Ca-Cu-O high temperature superconductor were fabricated in various conditions.
In Chapter 2, crystal growth of V;Ga compound as well as the relationship between
microstructure and critical current density or global pinning force for V;Ga prepared
with addition of Zr and Mg element were investigated. Crystal growth of V3Ga compound
was found to be enhanced by Mg addition and overall growth of V3;Ga compound layer
was confirmed to be controlled by bulk diffusion in compound layer. V3Ga grains tend
to columnar and this tendency is enhanced by Mg addition. Critical current density is
improved by Mg addition because of increase in elementary pinning force and B.. The
degradation ratio of J. in high magnetic field becomes small for the long time annealed
specimen. In low magnetic field, it was confirmed that global pinning f:nrce increased
linearly with decreasing grain size.

In Chapter 3, the crystallization process of B(P)SCCO amorphous ceramic which was
prepared by melt-quenching method and superconducting property for annealed specimen
were investigated. After heat treating Bi; ¢Pby ¢Sr;Ca;Cu;0, amorphous ceramic, super-
conducting bulk which exhibited 98 K of 7, ,;; could be prepared. It could be confirmed
that the 2201 phase and Cuy0 are crystallized in sequence from the amorphous phase
during heating. These crystallization occurs at the lower temperatures for the specimens

with Pb additive. The 2201 phase changed to 2212 phase with increasing temperature
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up to partial melting . Also, it was suggested that the 2212 phase reacts with CuO, and
then the liquid appears accompanying with (Sr, Ca);CusO, phase. The 2223 phase could

be formed by prolonged annealing at 1123 K.

In Chapter 4, the phase relation and the microstructural features in Bi-Pb-Sr-Ca-Cu-O
superconducting ceramics were investigated. Various samples were prepared by sintering
at temperatures between 1073 and 1223 K for a long time and quenching into liquid
nitrogen. The phase existing at those temperatures have been identified by means of XRD
and EPMA. The 2223 phase was found to be formed by the reaction of 2212 phase with the
liquid, which is produced eutectically from the 2201 phase and Ca,PbOy. It was confirmed
that the volume fraction of 2223 phase became largest in the sample sintered at 1128 K,
with small amount of impurity phases CuO, (Sr, Ca);Cu0O4 and (Sr,Ca);CusOs. The
amounts of (Sr, Ca);Cu0y and (Sr, Ca)CuO, phases increased during the decompaosition
of the 2223 phase at temperatures above 1133 K. The (Sr, Ca)O, compound was identified

as a new phase for the sample sintered at temperatures higher than 1223 K.

In Chapter 5, the microstructure of BPSCCO(2223 phase) superconducting tape pre-
pared by powder-in-tube technique in various heat treatment and cooling conditions and
its influence to superconducting property were investigated in detail. A refined structure
with high volume fraction of 2223 phase was confirmed to be obtained by employing the
thermomechanical treatment, compared to bulk conventionally sintered at the same con-
dition. Both superconducting properties, J. and T, have been made clear to become best
for the heat treatment at 1113 K. Superconducting properties degraded for the specimen
heat treated at 1123 K because of appearance of 2201 phase. It was confirmed that the
volume fraction of 2223 phase increases during second heat treatment and the preferred
orientation of (a-b) plane is improved by repeating TMT cycle. The optimum cooling

rate to maximize both T,z and J, was found to be typically of 100 K/h.

In Chapter 6, cold working effect on the microstructure and critical current density was
investigated when the BPSCCO tapes was prepared by powder-in-tube technique. It was

confirmed that J. increases with decreasing oxide layer thickness and reaches maximum,
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but degrades rapidly by further reduction of oxide layer thickness. The increase of J, is
suggested to be mainly attributed to the densification and texturing. It 1s found that the
degradation of J, is related to the work instability. A correction of J. was done in the
statistical view point by assuming the smallest thickness of oxide layer as the lowest limit

of thickness distribution.

Among various cold working techniques which were tried for fabricating Ag sheathed
BPSCCO superconducting tape, the pressing turned out to be effective for increasing
the critical current density. A dense and textured structure could be obtained for the

specimen prepared with higher pressure.

It was confirmed that the magnetic field dependence of J, and hysteresis effect of J,
~ B can be improved by optimizing the cold working condition. The correlation between
the sharpness of resistive transition expressed as n value and work instability or J, was

confirmed.

In Chapter 7, the microstructure of BPSCCO tapes which were prepared with various
nominal compositions by powder-in-tube technique and its influence on critical current
density were investigated. Critical current density of BPSCCO tape was confirmed to
depend on the variation of nominal composition. This was considered to be due ta
volume fraction of 2223 superconducting phase and existence of impurity phase. Ag
sheathed BPSCCO tapes prepared with composition of Bi; gPbg sSr;6CasoCuas exhib-
ited the highest J.. When the composition of starting elements was changed from the
above one, amount of impurity phases such as CuO, Ca,PbO,, (Sr,Ca);Cu,0, and
(Sr, Ca);CuO, was found to increase. 2201 phase could be detected for the specimen

(Biy 6Pbo ¢Sty 6-01xCaz40.04x Cuz 840 06: 0y ) with high ratio of Ca and Cu.

In Chapter 8, the influence of Sn, Ba and Mg addition on the superconducting prop-
erties of BPSCCO tapes was investigated. For Sn added tapes, the superconducting
property was found to be inferior to that of none added tape, because the volume frac-
tion of 2223 phase decreased by Sn addition. On the other hand, the superconducting

properties were confirmed to be improved by Ba and Mg addition. This is attributed to
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the dense and textured structure by Ba addition or the fine dispersion of Mg particles.
In conclusion, the basic knowledge about the relation between microstructure and

superconducting properties has been made clear through the present study. The author

believes that this results would be helpful in understanding and further improving the

superconducting materials.
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