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ABSTRACT 

Precipitation processes were developed to introduce second phases as flux pinning 

centers in Gd-Ba-Cu-0 and Nd-Ba-Cu-0 superconductors. In Gd-Ba-Cu-0, precipitation 

is caused by the decrease of the upper solubility limit of Gdl+xBa2-xC~307 solid solution 

(Gd 123ss) in low oxygen partial pressure. Processing of supersaturated Gdl.2Bal .gCu307 

in low oxygen partial pressure can produce dispersed second phases. Gd211 is formed as 

a separate phase while extensive Gd124-type stacking fault is formed instead of a 

separate CuO phase. As a result of the precipitation reaction, the transition temperature 

and critical current density are increased. In Nd-Ba-Cu-0, precipitation is caused by the 

decrease of the lower solubility limit of Ndl+xBa2-xC~307 solid solution (Nd123ss) in 

oxygen. DTA results reveal the relative stability of Nd123ss in different oxygen partial 

pressures. In 1 bar oxygen partial pressure, Nd123ss with x = 0.1 is the most stable 

phase. In lower oxygen partial pressures, the most stable composition shifts towards the 

stoichiometric composition. The relative stability changes faster with decreasing oxygen 

partial pressure. Therefore, processing in oxygen and air tends to produce broad 

superconducting transitions but sharp transitions can be achieved in 0.01 bar and 0.001 

bar oxygen partial pressures. While the lower solubility limits in 0.01 bar and 0.001 bar 

oxygen partial pressures remain at x = 0.00, the solubility limits in oxygen and air show a 

narrowing with decreasing temperature. Because of the narrowing of the solubility range 

in oxygen, oxygen annealing of Nd 123 initially processed in low oxygen partial pressures 

will result in precipitation of second phases. The equilibrium second phase is BaCuO2 for 

temperature above 608"C, and at lower temperatures the equilibrium second phases are 
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Ba2Cu03.3 and Ba2Cu305+y. However, annealing at low temperature may produce a fine 

metastable transition phase. A coherent intermediate perovskite structure with a 

composition of BaCu02 is observed along with a high density of dislocations during the 

precipitation process at 500°C in oxygen. It is believed that oxygen annealing at 900°C 

produces the equilibrium BaCuO2 phase. These precipitates are responsible for the strong 

flux pinning in Nd123 melt-textured in low oxygen partial pressure. 
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CHAPTER I INTRODUCTION 

The practical application of bulk high T, superconductors depends on the 

development of processing and fabrication methods to achieve high critical current 

density (J,) in a magnetic field in a useful form. For commercial application in high field 

magnets, energy storage devices, motors and generators, and power transmission cables, 

they need to be manufactured into composite multifilamentary wires with a metal 

substrate. Among the three major types of high T, materials, R-Ba-Cu-0, Bi-Sr-Ca-Cu-0 

and T1-Ba-Ca-Cu-0 (the compounds will be labeled by the first element and the cation 

ratio in the given order and R represents Y and rare earth elements), only Bi2212 and 

Bi2223 superconductors have been fabricated by the powder-in-tube method with high J, 

in a high magnetic field.*72 However, the poor flux pinning property at temperatures 

above 30 K limits their use in high magnetic fields to low temperature  operation^.^ 

Figure 1 summarizes the temperature and field dependence of the J, in these materials and 

Ithe requirements of some  application^.^ We can see that R123 is the most desirable 

material for high temperature (77K) and high field applications. 

There are three major obstacles to the application of high T, superconductors: 

1) Grain boundary weak link; 

2) Flux creep; 

3) Manufacturing difficulties associated with the brittle ceramics. 

The grain boundary weak link can be solved by formation of texture. In the Y123 

system, melt-texture-growth (MTG) method has been demonstrated very successful in 

achieving J, of the order of lO4Ncm2 at 77 K.536*738 Yo0 et aL9 have achieved even 
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higher J, in a magnetic field of -1 T in melt-textured Nd123 material by processing in a 

low oxygen partial pressure. The practical application of this method, however, is 

severely hindered by its extremely slow growth rate of several millimeters per hour. 'O,'' 

Presumably, the growth rate can be increased by the use of fine particle starting materials 

to decrease the diffusion distance.' To solve the second problem, dispersed defects should 

be introduced into a superconductor as flux pinning centers. Higher J, value of the order 

of 1 O5Ncm2 is desired for many applications. Finally, a suitable manufacturing process 

should incorporate the methods for texture formation and flux pinning enhancement to 

produce the material into the required shape (wires and tapes, etc.) and size for 

applications. 
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Figure 1 Critical current density of high T,  material^.^ 
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This research will mainly deal with the second problem - introduction of defects 

as flux pinning centers in the R123 systems. Refinement of RzBaCuOs (21 1):*” addition 

of Ptl3,I4 or BaSn04,15 decomposition of Y 124,16 and irradiation  treatment^,'^ have been 

used to enhance flux pinning in the bulk Y123 material, but these methods have their 

shortcomings in that either the second phases are not fine enough or the method cannot be 

easily adapted to existing processing procedures. 

The most practical and effective way to produce dispersed fine second phases is 

precipitation from a supersaturated solid solution. The size and distribution of the second 

phases can be tailored through suitable choice of heat-treatment. Since there is a 

R I + ~ B ~ ~ - ~ C U ~ O ~  solid solution (R123ss) for the light rare earth elements (Gd, Eu, Sm, Nd 

and La), it is interesting to study whether a precipitation process can be used to produce 

flux pinning centers in these systems. 

Therefore, the goal of this research is to investigate the precipitation process in 

R123ss as a way to introduce flux pinning centers. First, the temperature and oxygen 

partial pressure (P02) dependence of the solid solution range in R123ss will be studied. 

We will focus on the lower solubility limit of Ndl23ss and the upper solubility limit of 

Gd123ss. Then, the precipitation behavior will be studied to produce dispersed second 

phases as flux pinning centers. Special attention will be paid to the low temperature 

precipitation process since extremely fine metastable precipitates may be obtained. The 

research results will provide guidelines for achieving high J, in the R123 materials. 
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CHAPTER I1 LITERATURE REVIEW 

1. Crystal structure and phase diagram 

A. Crystal structure 

The superconducting R123 phase has a deformed perovskite structure with the 

space group Pmmm, as shown in Figure 2." Two layers of Cu-0 plane are separated by a 

layer of rare earth ions. The anisotropy of the crystal structure determines the anisotropy 

of the normal and superconducting properties, and the crystal growth behavior. For 

example, the coherence length for Y123 is 3.2 nm in the a-b plane but only 0.4 nm along 

the c axis. 

Figure 2 Crystal structure of R123." 
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The structure and properties of Y123 is strongly related to the oxygen 

stoichiometry, as shown in Figure 3.19 The oxygen content of YBa2Cu307-6 compound 

varies from 6 =O to 6=1. The oxygen deficiency in Y123 is accommodated by oxygen 

vacancies formed principally on the chain The oxygen stoichiometry has a 

have strong influence on the transition temperature (TJ. A number of authors 

found two plateaus of -90 K for 6 = 0 - 0.1 and -60 K for 6 = 0.25 - 0.5. Later work2’ 

20,22,23 

shows a nearly linear decrease of T, with increasing 6 and this is explained in terms of 

oxygen ordering. 
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Figure 3 Structure of Y123 vs. oxygen content.” T: tetragonal, 0: orthorhombic, SC: 
superconducting, AF: antiferromagnetic, 
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The Y site can be replaced by all rare earth elements except Pr, Pm, Ce and Tb 

and superconductivity is maintained.24 The continuous decrease of the cation sizes of 

rare earth elements, which is known as the lanthanide contraction (Table l), causes an 

almost linear decrease of the lattice parameters and the separation distance between the 

CuO2 planes from the results of neutron diffraction of FU3a2Cu307 superconductors at 10 

For the light rare earth elements, because of their large ion size, an extended solid 

solution is usually formed between R and Ba (Figure 4).26 Although the solubility ranges 

may be somewhat different due to different experiment conditions, the general trends are 

evident. The upper solubility limit is determined by the match of the ionic radii of R3+ to 

that of Ba2+.26730 Therefore, the upper solubility will decrease with the decrease of the 

ionic radii of the rare earth elements. The lower solubility limits for La and Nd seem to 

be caused by the fact that their sizes are too bigger to fit in the Y site in the structure 

without simultaneous substitution into the Ba site.26 Moreover, with the substitution of a 

R3+ for a Ba2+ extra oxygen must be introduced to maintain the charge balance. As a 

result, this will help increase the 0 1  site occupancy for small value of x, but as x 

increases further the originally empty 0 5  sites will by occupied and this gradually change 

the structure from orthorhombic into Accordingly, we see an increase in T, 

with x at first and then a drop of T, for large values of x. The formation of solid solution 

causes decrease of T, and very broad superconducting transition for large values of x. As 

extra oxygen is introduced into the solid solution when Ba2+ is replaced by R3+,27 we may 

expect an oxygen partial pressure dependence of the solubility limits. Especially for 

Gd123ss, low oxygen partial pressure may bring the upper solubility limit to the 90 K 
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Table 1 Ionic radii (I.R.) of rare earth cations.28 

R La Nd Sm Eu Gd Dy Y Ho Er Tm Yb Lu 
I.R.*(nm) 0.1160 0.1109 0.1079 0.1066 0.1053 0.1027 0.1019 0.1015 0.1004 0.0994 0.0985 0.0977 
* Coordination number (CN) = 8. For comparison, I.R. of Ba2+ is 0.142 nm(CN = 8) or 0.152 nm(CN = 10) 

0.8 + 

La Nd Sm Eu Gd 

Figure 4 Solid solution ranges for the R123 systems in air.24* 26, 29, 30 

high T, region and this may provide us a way to obtain second phase precipitates. The 

high T, phase with less Nd substitution on Ba sites is only obtainable in reduced oxygen 

atmo~phere.~' 

There are few reports of substitution in Ba site other than by light rare earth 

elements mentioned above. Sr can replace up to 50% Ba with a linear decrease in T, with 

concentration and K can substitute Ba up to 10% with little effect on Tc.32 

A wide variety of elements, including Ag, Al, Co, Cr, Fe, Li, Mn, Ni, Pt, Ti, V, 

and Zn, can substitute into Cu sites to certain extent with tlie depression of Tc.32 Ag, V 

appear to have the least deleterious effect on superconductivity. 
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B. Phase diagram and phase stability 

The phase relations in R-Ba-Cu-0 systems have been reviewed in detail by P. 

Karen, et al.19 A summary of phase formation in R-Ba-Cu-0 systems is given in Table 2. 

Some typical subsolidus phase diagrams for R-Ba-Cu-0 in oxygen are shown in Figure 5 .  

Besides the formation of R123ss for La, Nd, Sm, Eu and Gd, the phase relationships also 

change in these systems. The R ~ C U O ~  (201) phase can only be prepared with the large 

size of R from La to Gd, while R2Cu205 (202) compound forms for the smaller size of R. 

For Nd and Sm, the tie-line connection runs through R123ss and 201, but for Eu and 

smaller cations the tie-line connects 21 1 and CuO. 

Table 2 Summary of Phase formation in R01.5-BaO-CuO systems in oxygen or air.3o933 

R La Pr Nd Sm Eu Gd Dy Y Ho Er Tm Yb Lu 
R203-CuO 
R ~ C U O ~  o o o o o o x x x x x x x  
R2CU205 x x x x x x o o o o o o o  

0 
X 
X 
X 

R203-Ba0-Cu0 
123 0 
21 1 X 
422 0 
143 X 
163 X 
415 0 

0 0 0  
x x o  
x x  
x x  
0 

0 0 0  
x x o  
x o x  
x x o  
x x o  
x x x  

0 0 0  
0 0 0  

0 0 0  
0 0 0  
x x x  
0 0 0  
0 0 0  
x x x  

o o o x x x  
0 0  

0 
0 

0 0 0 0 0 0  
0 0 0 0 0 0  
x x x x x x  
0 0 0 0 0 0  
0 0 0 0 0 0  
x x x x x x  

0: Phase formation; X: No phase formation 
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BaO BaKuO. BaCuO? CUO BaO BaCuO: BaCuO. CUO 

BaO BaCuO: BaCu0: CUO 

(C) 

BaO Ba:CuOT BaCuO: CUO 

(4 

BaO Ba?CuO3 BaCuO: CUO 

(e) 

CUO BaCuO. BaCuO: BaO 

(0 

Figure 5 Subsolidus phase diagrams of R-Ba-Cu-0 in oxygen. (a) Y-Ba-Cu-0 at 
900°C,'9 (b) La-Ba-Cu-0 at 950°C, 19,31 (c) Nd-Ba-Cu-0 at 950°C, 19*33 (d) Sm-Ba-Cu-0 
at 950°C, 19*30*33 (e) Eu-Ba-Cu-0 at 95O0C,I9 and (f) Gd-Ba-Cu-0 at 950°C.30,'4 
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The solidus-liquidus equilibrium diagram is very useful for the successful growth 

of single crystal and for the MTG method. The complexity in this system usually limits 

the investigation only in certain vertical sections. Aselage and Keefer35 have studied the 

invariant reactions in the most useful Cu-rich comer (Table 3) and a liquidus projection is 

shown in Figure 6. The most useful vertical section across 21 1 and 123 is given in Figure 

7. It can be seen that in air Y123 melts incongruently at 1015°C to 21 1, which in turn 

melts to Y2O3 at 1270°C. Research on the other RE system suggests similar behavior.36 

But the melting point is much higher for the light rare earth R123 (Table 4). The melting 

point also decreases with decreasing oxygen partial pressure.36 

Table 3 Invariant reactions in Y-Ba-Cu-0 in air.35 

Temperature, "C Invariant point Reaction 
890 el  YBa2Cu306+,,, + BaCu02 + CuO = L 
920 
940 
975 
1000 
1000 
1015 
1015 
1026 
1110 
1122 
1270 

e2 
Pl 
P2 

P3 
e3 

ml 
m2 

e4 
m3 
m4 

BaCu02 + CuO = L 
YBa2Cu30bw + CuO = Y2BaCuOS+ BaCu02 + L 
Y2BaCuOS + CuO = Y2Cu205 + L 
Y2BaCu05 + BaCu02 = L 
YBa2Cu30bw + BaCu02 = Y2BaCuOs + L 
YBa2Cu30bw = Y2BaCu05 + L 
BaCu02 = L 
CUO = c u 2 0  
Y2CU205 + CU20 = L 
Y2Cu205 = Y203 + L 
Y2BaCuOS = Y203 + L 

Table 4 Melting temperature (Tm) of R123 in air.37 

R La Nd Sm Eu Gd Dy Y Ho Er Tm Yb Lu 
T,("C) 1090 1090 1060 1050 1030 1010 1000 990 980 960 900 880 



11 

YlBaCuOs YzCuzO5 

c e: 

e2 
BaCuOz CUO 

Figure 6 Liquidus projection in Y-Ba-Cu-0 in air.35 

Y203+ L 

1270°C 

Y203+ 211 + 210 

510 21 1 123 035 

Composition 

Figure 7 A vertical section of Y-Ba-Cu-0 phase diagram in air.35 
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It is interesting to notice that there is a temperature dependence of the solid 

solubility limits in Nd123ss (Figure 8).33 The maximum lower solubility limit is x = -0.1 

at bout 990°C in air and it is decreased to x = 0.07 at 900°C. If we prepare a solid 

solution with x = -0.1 at 990°C we should expect the precipitation of BaCuO:! as a 

second phase at 900°C. This may provide an effective way to introduce flux pinning 

centers in Nd123 system. The formation of solid solution with composition of x = -0.1 is 

different from the normal substitution of rare earth cations into Ba site. However, 

cautions should be taken since the solid solution range may be over-estimated from a 

simple X-ray diffraction phase identification method. 

1100 

1050 

950 

900 

L+2 1 1+011 

123+011 

123 

L+201+CUO 

123+201 +CuO 

I I I I I  

-1 1 2 

Figure 8 Temperature-concentration section of Nd-Ba-Cu-0 system in air along BaCu02 
and Nd123.33 
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As 

shown in Figure 9,4l Y123 phase is only stable in certain temperature and oxygen partial 

pressure range. At high oxygen partial pressure, it decomposes to 2 1 1,023 and CuO. At 

low oxygen partial pressure, it will decompose into 21 1, 012 and 132 phases. At high 

temperature it will melt incongruently to 21 1. The low temperature stability of Y123 

remains unclear due to the slow kinetics at room temperature or below. However, phase 

diagram calculation predicts the existence of separate ordered phases at low 

ternperat~re.~~ 

38,39,40.4 1 The phase stability of Y123 has been studied by several groups. 

-6 -5 -4 -3 -2 -1  0 1 
log(P02, atm) 

Figure 9 Phase stability of Y123.41 
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It should be pointed out that oxygen partial pressure plays an important role in the 

phase relations. Actually oxygen (gas) always co-exists with other condensed phases 

although it is not always listed in the phase diagrams and the phase reactions. All the 

phase diagrams shown above are some projections of oxygen iso-activity cuts of the R- 

Ba-Cu-0 phase diagrams. As the free energies of all the phases are affected by the 

oxygen partial pressure, the phase diagram changes with oxygen partial pressure 

accordingly. It is generally found that the melting temperatures of 123 and 21 1 phases 

are lowered in low oxygen partial pressure. It is even found the relative relationship of 

phases in Sm-Ba-Cu-0 changes with the oxygen partial pressure along with a decrease of 

upper solubility limit (Figure The upper solubility limit of Gdl23ss is decreased to 

x = 0.04 at 900°C and 950°C in 1% oxygen atmosphere with the highest T, of - 95 K in 

the ~ y s t e m . 4 ~ ’ ~  Beyond the solubility limit, dispersed second phases will precipitate from 

the solid solution which may act as flux pinning centers. 

211 

011 

201 

Sm-Ba-Cu-0 
100% 0 2  

001 

201 

211 

011 Sm-Ba-Cu-0 
1% 0 2  

001 

Figure 10 Phase relation of Sm-Ba-Cu-0 in 100% oxygen and 1% oxygen at 950°C.44 
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2. Diffusion in R123 

Diffusion is a fundamental process for the kinetics of phase transformation. In 

one dimension, diffusion obeys the diffusion equation: 

a ac ac -(D-)=- 
ax ax at 

Where C is the concentration of the diffusing species, x the diffusion distance, t 

the diffusion time, and D the diffusion coefficient. There are two kinds of diffusion 

coefficients, chemical diffusion coefficient ( b ) and tracer diffusion coefficient (D*). 

Chemical diffusion coefficient is related to diffusion under a chemical gradient and is 

usually studied by relaxation experiment (6 = x2/6t ). D* describes diffusion without a 

chemical gradient and is more directly correlated with atomic transport mechanisms. The 

two are related by 

= D * (1 + dln y / dln C) 

Where y is the activity coefficient of the diffusant and the term in brackets is the 

thermodynamic factor. When there is no confusion, D is used for both for simplicity. 

Since the oxygen stoichiometry is related to the superconducting properties, the 

diffusion of oxygen has been studied by a number of researchers, as reviewed by Routbort 

and R ~ t h m a n . ~ ~  The main conclusions are 

1) Diffusion is anisotropic with Dc<< Dab, 

2) At high oxygen content, Db>>Da, 

3) For polycrystals, D = Dab. 
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Figure 1 1  Tracer diffusion coefficients in Y 123 and other R123.45,47 

The tracer diffusion coefficient of oxygen in polycrystals is shown in Figure 1 1  

and the corresponding thermodynamic factor can be approximated as 1/6 in 

Y B ~ ~ C U ~ O ~ _ , . ~ ~  The thermodynamic factor gives rise to a drastic enhancement of the 

chemical diffusion coefficient near 6 = 0. 

The diffusion of other species in Y 123 has also been studied by tracer diffusion 

experiment (Figure 1 1).47 It can be seen that DcU > > DY. Again it is found that there 

is a large anisotropy in diffusion. Diffusion of Ba along the c axis is at least three orders 

of magnitude slower than diffuison in the ab-plane. The tracer diffusion coefficient of 0 
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is not affected by P02.4' The enhanced diffusion for Cu, Ba and Y observed in sintering 

and creep in lower Po:! is attributed to generation of an alternative diffusion path.47 

3. Grain boundary weak link 

A. The nature of weak link 

Soon after the discovery of high temperature superconductor, it is found that the 

transport J, of polycrystalline material is very low and has a strongly field dependent 

deterioration. This suggests that most high angle grain boundaries are weak linked. 

In such a superconductor, the low field behavior is dominated by intergrain shielding 

currents, but at high field the grains become decoupled from each other and the 

magnetization is essentially due to the intragranular  current^.^' 

48.49.50 

The exact nature of the grain boundary weak link is not well known, but is related 

to the short coherence length. Earlier reports suggest that microcrack from anisotropic 

expansion and the tetragonal-orthorhombic transition, second phases, amorphous layers 

are responsible for the low J,. These may be part of the reason for low J,, but the weak 

link behavior of clean grain boundaries can not be e ~ p l a i n e d . ~ ~  Cation compositional 

deviations at the grain boundaries are supposed to be the cause of weak link.53 The 

hydrostatic strain around boundary d i s l ~ c a t i o n ~ ~  or the charge imbalance introduced by 

dislocation core55756 is also suggested to suppress the order parameter on grain boundary. 

Dimos et al.49 studied the grain boundaries of thin film bicrytals and they found 

that all the grain boundaries with misorientation angle greater than about 5-10' are weak 

linked. The work on the grain boundaries in flux-grown bicrystals by Babcock et al.57,58 
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and Eom et al.59 also shows general tendency for grain boundaries to change from flux 

pinning to Josephson junction to purely resistive behavior as the misorientation angle 

increases. However, they also found that the grain boundary properties cannot be 

predicted on the basis of the misorientation angle alone. Some special high angle 

boundaries are strongly coupled, which can be explained in terms of the near-coincident- 

site lattice (NCSL) orientation.60 The existence of the liquid phase in the flux growth 

method may help the formation of such strongly coupled high angle grain boundaries. 

A grain boundary of NCSL orientation is a boundary of low interface energy. 

Since such a boundary has low energy, thermodynamically there is a natural tendency to 

change a higher energy boundary into a low energy boundary provided that the atoms 

involved have enough mobility. When the mismatch angle is very small, it is easy to 

obtain the low energy configuration. When the mismatch is too big, it is difficult to get 

such configuration except that the mismatch happens to be near one of the few special 

angles. One such special angle is the angle of twin boundary, which is usually strongly 

coupled. From the consideration of processing, therefore, two conditions are necessary 

for overcoming the weak link grain boundary problem in bulk materials: (1) formation of 

texture and (2) the existence of liquid phase during processing. 

B. Melt-texture growth 

Melt-texture growth method has been very successful in overcoming the weak 

link problem.5767778 The basic process involves the melting of 123 phase above its 

peritectic temperature, followed by slow cooling through the peritectic temperature when 

oriented 123 grains form with 21 1 inclusions distributed throughout the superconducting 
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matrix (refer to Figure 7). However, the formation of 123 does not follow the usual 

peritectic reaction process, instead it nucleates in the liquid and grows by diffusion of Y 

through the liquid from the dissolution of 21 1.1°7" The 123 grain will grow preferentially 

in the a-b plane. Because of the sympathetic nucleation of new 123 grains on the old ones, 

textured domains are formed. If a temperature gradient is used, uniform grain alignment 

over long length can be achieved. 

The practical application is severely hindered by the extremely slow growth rate 

of several millimeters per hour due to the long range diffusion of Y.10311 Reducing the 

size of 21 1 can increase the growth rate. But the success in increasing growth rate is very 

limited for various modifications such as quenching in the melt-powder-melt g r ~ w t h , ~  

doping of Pt 13*14 and BaSn03.I5 

C. Other texture processing 

a. Epitaxy-induced texture 

Since the J, of thin film is very high, the epitaxial thin film deposition technique 

may be used for bulk material. Usually a buffer layer is deposited on a metallic substrate, 

and the Y 123 film is deposited on the buffer layer. Y 123 film deposited by laser ablation 

has shown J, of 2.5~105 A/cm2 at 77K and 0 T . 6 1  Two problems that need to be 

addressed are the slow deposition speed and the small superconducting volume fraction. 

This method has been adapted to the production of flexible superconducting 

tapes .62,63,64 In the ion beam assisted deposition (BAD) process developed at Los Alamos 

National Laboratory, two beams of charged particles are used to grow yttria-stablized 

zirconia (YSZ) with (100) orientation on top of a cerium oxide-buffered Hastelloy tape. 



20 

Then a Y123 thin film is deposited on the YSZ surface. In the rolling-assisted, biaxially- 

textured substrate (RaBiTS) process developed at Oak Ridge National Laboratory, a 

biaxially-textured nickel substrate strip is produced by rolling, then cerium oxide and 

YSZ buffer layers are deposited and finally Y123 thin film is obtained on the YSZ buffer 

layer by pulsed-laser deposition. Both processes have produced tapes with Jc of 1.5- 

3x105A/cm2 at 77K and 1T. Again the challenge is how to make the process scalable for 

mass production of long length superconducting tapes. 

b. Magnetic alignment 

Y123 can be aligned in a magnetic field due to its anisotropic paramagnetic 

susceptibility at normal state.65 The anisotropy characteristics of paramagnetic 

susceptibility of some R123 are list in Table 5.66367,68 The superconducting powder is 

suspended in an organic liquid ( e g  heptane) while aligned with a magnetic field of about 

4T. After the liquid evaporates, the material can be removed from the field and sintered at 

high temperature. But the final sintered material is mostly weak linked. Some liquid 

aided sintering is necessary to increase the coupling between grains. 

Table 5 Anisotropy of paramagnetic susceptibility of some R1 23.66*67*68 

I R in R123 I Anisotropy I Orientation 



21 

c. Deformation texture 

The powder-in-tube process is very successful for the Bi-Sr-Ca-Cu-0 wires and 

tapes.'72 The success in the Bi system relies on the partial melting treatment between 

deformations. During the repeated deformation and sintering process, deformation, 

interface reaction and liquid phase all contribute to the formation of the textured and 

coupled grains.',* However, this process cannot be applied to R123 since their melting 

points are above or very close to that of silver. As expected, most of these boundaries in 

deformation textured Y123 are found to be weakly coupled.49 Without a liquid phase, it 

is difficult to form strong coupling between grains. 

d. Geometry-induced texture 

Since the growth of 123 occurs preferentially in the a-b plane along the <110> 

direction, if the material is melt-textured in a confined geometry, the 123 phase will grow 

along the length direction.69 But the reaction of the liquid with substrate at that high 

peritectic temperature will exclude most substrate materials. 

4. Flux pinning 

Although the J, of melt-textured Y123 has reached high values, further 

enhancement to the level > lo5 Ncm2 and improved behavior in high magnetic field are 

strongly required for practical applications. On the other hand, the J, values of bulk 

materials are still two orders of magnitude lower than that of thin films and irradiated 

Y 123 single crystals. Therefore, it is necessary and possible to increase J, by introducing 

more effective flux pinning centers. 
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A. Pinning force 

If a magnetic field larger than the lower critical magnetic field is applied to a type 

11 superconductor like high T, superconductors, magnetic flux will penetrate the 

superconductor as flux quanta <Po (a0 = 2.0678~10-~ G-cm2 = 2.0678~10"~ weber), 

having a normal core of radius of coherence length E, and being circulated by a 

supercurrent in a radius of penetration depth h. The flux quanta will form a vortex 

lattice. The spacing between two adjacent flux quanta in a regular lattice is listed in 

Table 6 (this provides an estimate of the required defect density for flux pinning). The 

vortices are pushed by the Lorentz force from the supercurrent. If the vortices are moved 

as a result of this force, an electric field is generated along the direction of the 

supercurrent and then power dissipation appears. Therefore, it is necessary to pin the 

vortices from motion. 

Table 6 The spacing of flux quanta vs. magnetic field 

Magnetic field (T) 0.1 0.5 1 2 5 10 15 
Flux quanta spacing (nm) 218 97 69 49 31 22 18 

The problem of flux pinning consists of three issues: 

1) The elementary interactions between a flux line and various defects; 

2) The elastic and plastic properties of the vortex lattice; 

3) Summation of the individual contributions of flux pinning centers. 
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As a vortex enters the superconducting region, the free energy density at the 

B,‘ 
2 Y O  

vortex core is increase by -. Therefore, a vortex in a normal region with volume V 

will experience a pinning potential 

where B, is the thermodynamic critical field and 5 is the Ginzburg-Landau 

coherence length. 

B2 47r 
or UP =A.- 5’ for small pinning sites comparable with 5 

2Po 3 

U p  =-. ’,‘ x t2d  for big pinning sites with length d along the field 
2Yo 

Murakami’’ used this to argue that big defects may be more effective since the 

pinning potential for small pinning sites is around O.OleV, almost comparable to the 

thermal energy at 77K. Since only the length along the fuxoid is included in the equation, 

needle-shaped defects are desired as in the case of columnar defects produced by 

irradiation. 

The elementary pinning force is given as 

for small pinning sites 

for big pinning sites f,, =--@d B,‘ 
2 Yo 
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Here we assume that the interface is very sharp. But If the pinning potential 

changes gradually over the interface, the pinning force will become smaller. As the 

coherence lengths are very small for oxide superconductors, precipitates will be in the 

category of big pinning sites and we will use only the equations for big sites afterwards. 

If we take into account the anisotropy of the oxide superconductors, the 

elementary pinning force should be modified as 

&,d for H I/ c or H I c but Lorentz force I/ c B,2 f p  =-- 
2PO 

f p  =-. B,2 n&d for H I c but Lorentz force I c 
2 . 4  

In a large magnetic field, the reduction of the order parameter must be taken into 

account and fp is modified asI2 

The bulk pinning force is 

F p = z f  P and F p =  J , . B  

If the vortex lattice is very I,gid, the bulk pinning force will ,e almost zero. It is 

believed that the flux line lattice of the oxide superconductor is very soft and direct 

summation may be assumed.I2 For a sample with defect number density of Np and volume 

fraction of V', we get an expression for J, at high field:" 

J ,  - N p d 2  
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For uniaxial defects, V'N,,d, we have 

Vf J ,  -- 
d 

For needle-shaped defects with diameter of about 2{, V ~ l V ~ e d ,  we have 

Therefore, we prefer long needle-shaped defects with sharp interface along the 

field direction for strong flux pinning. 

The critical current density is usually obtained by Bean's model7' from the 

hysteresis loop 

where J, (A/cm2) is the critical current density, M, and M- are the magnetization 

(emu/cm3) during increasing and decreasing field respectively and D (cm) is sample 

diameter or grain size depending on the connectivity of the sample. 

In consideration of the anisotropy of the high T, superconductors, the equation is 

modified as following for a sample with dimension a x b x c  (cm3) (aeb, c is the 

dimension along the c-a~is) :~ ' ,~ '  

2 0 . ( M -  - M + )  J c  = 
a 
3b 

a . (1 - -) 
for H I/ c-axis 

for H I c-axis and thick samples. 
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B. Intrinsic pinning 

For a applied field directed along the a-b planes, the enhancement in J, is 

attributed to the anticipated intrinsic pinning of the insulating region between the Cu-0 

 layer^.^^,^^ In this situation, the magnetic vortexes with elliptical cores of dimensions 

roughly about coherence length lie in the insulating layers. With the field parallel to a-b 

plane, the Lorentz force moves in the c direction. Thus the insulating layers resist the 

movement of magnetic vortices across these layers, providing effective intrinsic pinning. 

C. Extrinsic pinning 

In order to increase J, of type II superconductors, defects must be introduced as 

flux pinning centers. In R123, these defects include oxygen defects, dislocations, twin 

planes and stacking faults, and non-superconducting phases. 

The "fishtail" peak in magnetization hysteresis of oxygen deficient Y 123 single 

crystal is suggested to be caused by the flux pinning due to oxygen defects.75 However, it 

is also found that the peak in melt-textured Y123 is not originated from oxygen defect.76 

Since well annealed samples still have large J,, it seems that oxygen defects are not 

important pinning centers.'* 

In thin film, Mannhart et find J, enhancement with dislocation density on c- 

axis oriented 123 films with current flowing along the a-b planes with H //C (intrinsic 

pinning is irrelevant in this case). For melt-textured Y 123 materials, the measurement of 

dislocation density gives contradictory  result^.'^'^* Since dislocation may be created 

during sample preparation, definite conclusion can not be drawn. From the thin film 

result, high density of dislocations may be effective pinning centers at high field. 
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Twins and stacking fault are planar defects. They are only effective when flux is 

parallel to the plane and the Lorentz force acts perpendicular to the plane. Even in such 

favorable condition, the effect of twins is shown to be small.12 

Fine dispersed 21 1 phase can act as effective pinning sites in MTG Y 123.” But 

for a strong flux pinning, further decrease of the size of 21 1 phase is required. Recently, 

strong flux pinning is observed in Nd123 melt-textured in low oxygen partial pres~ure.~ 

Detailed study is needed to determine the effective flux pinning centers. S. Jin et all6 have 

achieved significantly improved flux pinning by decomposing Y 124 (stable at <800°C) to 

Y123. Therefore, precipitation is a very useful method for the enhancement of flux 

pinning. 

The most useful information about flux pinning centers comes from the study of 

the effect of artificially created defects in single crystal, as reviewed by Kirk and Weber.17 

Columnar defects caused by heavy ion irradiation are found to be the most effective in 

flux pinning. It is also suggested that splayed columnar defects have even better effect.79 

80,81,82,83 5. Precipitation 

Precipitation from a supersaturated solid solution is by far the most widely used 

method for producing a dispersed second phase. The precipitation process may be 

divided into three stages: 1) nucleation, 2) growth of nuclei, and 3) coarsening of the 

precipitate without change in its volume fraction. 

The free energy change associated with the nucleation process of volume V of the 

second phase consists of a reduction of volume free energy VAGV, increase of surface 

energy Ay, and a misfit strain energy VAG,. 
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AG = -V(AGv-AGs) + Ay 

For an isotropic spherical second phase of radius r 

AG = -(4/3).nr3(AGv-AG,) + 4m2y 

Therefore we can get the critical radius r* for nucleation and the nucleation barrier 

AG* 

r* = 2y/(AGv -AG,) 

AG*= 1 6d/[3(AGv-AGs)2] 

As AGv is strongly temperature dependent, AG* will also be strongly temperature 

dependent and it decreases as the temperature decreases. 

The homogeneous nucleation rate can be described as8' 

Nhom = oCoexp(-AG,/kT)exp( -AG*/kT) 

o: frequency factor 

CO: number of atoms per unit volume. 

AGm: activation energy for atomic migration. 

For heterogeneous nucleation, some free energy AGd will be released from the 

defect to reduce or even remove the activation energy barrier AG*.*' 

N h e t m h o m  =(c I/CO)exp[(AG*hom-AG*he,)/kTl 
where C1 is the heterogeneous nucleation sites per unit volume. 

Generally speaking, grain boundary is effective in reducing the volume and 

surface area of critical nuclei. The main effect of dislocation is to reduce the strain 

energy. AGd is relatively small for vacancies but vacancies can increase diffusion rates 

and relieve misfit strain energy. Coherent or semicoherent interfaces are formed 
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whenever possible to reduce the interface energy y. At low temperature, GP zone and 

other transition phases may form due to their lower interface energy. It is instructive to 

consider the precipitation sequence of AI-Cu alloy, as shown in Figure 12." The fastest 

transformation rates are associated with the higher nucleation rates and therefore the 

finest precipitate distributions. GP zone may be formed by the spinodal decomposition 

where there is no thermodynamic barrier to decomposition. 

The interplay between volume free energy, interface energy and strain energy will 

determine the phase, position and shape of the precipitate. The nucleation sequence 

observed in most alloys are listed in Table 7." 

,i 0" 

I:' GP 

(a) %CU x (b) Log(time) 

Figure 12 (a) Schematic metastable solvus of AI-Cu alloy and (b) precipitation starting 
time at different temperatures for alloy composition x." 
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Table 7 Nucleation sequence observed in alloys.80 

noncoherent nuclei grain boundary > dislocation > matrix 

semicoherent nuclei dislocation > matrix > grain boundary 

dislocation > grain boundary > matrix 

coherent nuclei with a strain field dislocation > matrix > grain boundary 

For a noncoherent interface, the surface energy will be minimal for a spherical 

shape but the misfit strain energy will favor a disk or needle-like shape. For a 

semicoherent or coherent interface, a plate-like shape is usually formed with certain 

orientation relationship with the matrix. The strain energy will favor a spherical second 

phase if the second phase is harder otherwise a disc shape is preferred. In addition, elastic 

anisotropy will tend to produce disc perpendicular to the soft direction of the matrix. 

Since the coherence length of the oxide superconductor is very small, we should avoid 

grain boundary precipitation. To get strong flux pinning, dispersed and elongated 

precipitate is also desired. Therefore, low temperature coherent precipitation seems to 

offer the best possibility. 

The overall transformation kinetics can be described by a modified Avrami 

equation" 

f = 1-exp(-kt") 

where f is the fraction transformed 

k is related to the nucleation and growth mechanism 

n=1-4 and n is temperature dependent. 
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After the precipitation reaction, a high density of small precipitates will tend to 

coarsen into a low density of larger particles to minimize the surface energy. Larger 

particles tend to grow at the expense of small particles due to the Gibbs-Thomson effect. 

It has been shown that the rate of coarsening is related to the product of D$Y,,*’ where D 

is the diffusion coefficient, ythe interfacial energy and X ,  the equilibrium solubility of 

very large particles. 
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CHAPTER I11 EXPERIMENTAL PROCEDURES 

1. Precipitation in Gd123ss 

The phase stability range of Gd123 was first determined by DTA (differential 

thermal analysis) and XRD (X-ray diffraction) in different oxygen partial pressures. This 

will set the limits of the temperature and Po2 for thermal processing. Then DTA was 

used to determine the liquid formation temperatures. The precipitation reaction was 

conducted at lower temperatures to obtain fine precipitates. J, will be determined from 

the hysteresis measurement. This can be related to the size and distribution of second 

phases in different processing conditions. The microstructure will be observed by optical 

microscopy, SEM (scanning electron microscopy) and TEM (transmission electron 

microscopy). 

The equilibrium reaction is 

R1+xBa2-xC~307 = a R,+,Ba2-,Cu307 + p R,BaCuO, + y C u 0  

where a=( 1 -x)/( 1 -y) 

P=(x-y)/( 1 -Y> 

WX-Y)/( 1 -Y> 

The volume fraction of second phases can be calculated by 

’ ~ = ( P * ~ 2 1  l’P21 l+yMCudpCuO)’( aoM123ss/P 123ss+PoM21 l’P211’ y M C u d p C u O )  

where M and p are the molar mass and density of the corresponding phase. 

For Gd123ss with x = 0.2 and y = 0.05, we get Vs = 18%. 

Gd123ss with x = 0.2 was prepared by a solid state reaction method from Gd203, 
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BaC03 and CuO. After being calcined three times in CO?-free air at 890-900°C for 24 hr 

with intermediate grinding, the material was pressed into pellets of about 1 g each and was 

sintered at 980°C in oxygen for 24 hr. This temperature was chosen to avoid a liquid 

formation at 990°C determined by DTA for the precursor powder. The pellets are -87% 

dense and the grain size is around 5pm. Gd123 was prepared in a similar way except that 

a higher sintering temperature of 1025°C was used since the melting temperature of 

Gd123 is about 1067°C in oxygen. The sintered Gdl23ss samples were used for 

treatment in low oxygen partial pressures at the ambient total pressure. Nitrogen and 

oxygen were mixed in a calibrated flow controller to get the required Po?. The oxygen 

partial pressure was monitored by a zirconium oxide oxygen analyzer. The oxygen 

volume fraction (in percentage and ppm) and absolute oxygen partial pressure (in the unit 

of bar) are both used to describe the oxygen partial pressure. A specially designed sample 

holder was used for quick change of Po:! environment of the sample. 

Gd123ss (x = 0.2) samples were treated at 870"C, 850°C and 800°C in 300 ppm 

oxygen for 24hr and at 8OO0C, 750°C and 700°C in nitrogen (Po2 = 30 ppm) for 24hr, and 

followed by quenching in the same atmospheres. Then all the samples were subject to an 

oxygen annealing. The samples were held at 600°C for 2 hr, continuously cooled to 

450°C for 24 hr and then to 350°C for 24 hr, and held at 350°C for another 48 hr. 

Another two set of Gd123ss samples were treated at 800°C and 200 pprn oxygen 

and 750°C and 30 ppm oxygen for various periods of time to study the reaction kinetics. 

DTA was conducted using a Perkin-Elmer DTA 1700. A heating rate of 

10"C/min and sample size of about 40mg were usually used. For very low oxygen partial 
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pressures, DTA was also conducted at a heating rate of 5"C/min to minimize the 

influence of oxygen released from the sample. The DTA temperatures were calibrated 

with the 808°C phase transition of BaC03 and the 1064°C melting of Au in nitrogen. A 

calibrated flow controller provided the purging gas of the required oxygen partial 

pressures at a flow rate of 100ml/min. Oxygen partial pressure was monitored by a 

zirconium oxide oxygen analyzer at the exhaust. Powder XRD was used to identify the 

phases. T,'s and hysteresis curves were measured by DC magnetic measurement with a 

Quantum Design MPMS SQUID system. Both the zero-field cooled curve and field 

cooled curve were measured with an applied field of 10 Oe. TEM was performed in a 

Philips C30 operated at 300 KeV. 

2. Precipitation in Nd123ss 

The lower solubility limits of Nd123ss in different Po, (oxygen, air, 1% and 0.1% 

oxygen) and temperatures (900OC to 20°C below the melting temperatures) were first 

- 

determined by DTA and XRD lattice parameter measurement. The melt-texture growth 

of Nd123ss was conducted in a low Po, and then the samples were subjected to oxygen 

annealing to produce the precipitates. J, will be determined from the hysteresis 

measurement. Microstructure will be studied by SEM and TEM. 

Since our interest is the lower solubility limit, Nd,+xBa2-xCu307 with nominal 

compositions of -0.20 I x 5 0.10 was studied. Nd123ss samples were prepared by a 

solid state reaction method. Appropriate amount of Nd2O3 (99.99%), BaC03 (99.997%) 

and CuO (99.995%) were mixed and calcined at 890-900°C in purified CO2-free air 

flowing at 10 l/min for 24 hr three times with intermediate grindings. The grinding was 
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conducted in a micromill in a glovebox of dry nitrogen, which ensures a particle size of 

about 5 pm. 

DTA was conducted in 1 bar, 0.2 bar, 0.01 bar and 0.001 bar Po? for the Nd123ss 

samples to determine approximately the eutectic temperatures and peritectic melting 

temperatures in these Po2’s. As maximum solubility is reported at the eutectic 

temperature between Nd123 and BaCuO? (01 l), Nd123ss samples were sintered at their 

respective eutectic temperatures for 48 hr to reach equilibrium conditions in the different 

Poz’s and then quenched. Another set of DTA’s was then conducted for the sintered 

samples to better determine the thermal events in the different Po2’s. A Perkin-Elmer 

DTA 1700 was used for DTA measurements with a heating rate of 10”C/min, purging gas 

flow rate of 100 ml/min, and sample size of about 40 mg powder. 

To determine the lower solubility limits, Nd123ss samples were pressed into 

pellets of about 0.2 g each and processed simultaneously at 9OO0C, around the eutectic 

temperatures, and 20°C below the peritectic temperatures in 1 bar, 0.2 bar, 0.01 bar and 

0.001 bar Po*, followed by quenching in the same atmosphere. To check whether 

equilibrium conditions have been reached for these samples, both forward reaction 

(synthesis) and back reaction (decomposition) were conducted for Nd123 in 1 bar Po2 at 

900°C for 48 hr. For the back reaction, a single phase Nd123 sample prepared in 0.01 bar 

Po2 at 950°C was treated in 1 bar Po2 at 900°C for 48 hr. As BaCuO2 appears as a second 

phase from both directions, the equilibrium condition has been obtained. Since diffusion 

is faster in lower  PO^,^'*' the holding time of 48 hr is adequate for the lower Po2’s. At 

higher temperatures, the holding time can be reduced. With a thermocouple attached to 
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the MgO single crystal substrate, the quench rate was measured at about 1000"C/min 

from the sintering temperature to 700°C and about 130"C/min from 700°C to 350°C. 

XRD analysis of the as-quenched samples showed scattering of lattice parameters due to 

differing amounts of oxygen uptake during quenching, depending on sample grain size 

and density. Therefore, it was necessary to anneal the samples in oxygen to obtain 

consistent oxygen content. However, the temperature of the oxygen annealing should be 

low enough to avoid second phase precipitation in the samples. It was shown that 

annealing at temperatures below 400°C for 100 hr will not affect the J,-H curve 

significantly. Therefore, a 350°C and 48 hr oxygen annealing was first used and 

consistent results in lattice parameters for the samples treated in 1 bar Po:! at 900°C were 

obtained. Unfortunately, this temperature is not high enough to fully oxygenate denser 

samples, even when the annealing time was increased to 100 hr. A 400"C, 48 hr oxygen 

annealing was used for all the other samples (Table 8). 

XRD was conducted with a step size of 0.05", collection time of 3 s, and 20 from 

20" to 120" for most samples. XRD was repeated for some samples with a step size of 

0.02" and collection time of 8 s. The lattice parameters of the samples were obtained by a 

Rietveld refinement program (GSAS). The weighted residuals of the refinement are 

around 0.10-0.12, and the goodness of fit (x2) are around 2.0-4.0. Longer scans do give 

better precision, but the lattice parameters are unchanged. 

For the melt-texture growth process, Nd123 precursor was pressed into a pellet of 

-9.5 mm in diameter and -10 mm in thickness. The pellet was placed on a flat single 
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Table 8 Experimental conditions and XRD results of Ndl+xBaz-xCu307 

Composition x a (A) b (A> c (A> v (A3> Second phases 

Treated at 1070°C in 1 bar Po2 for 24 hr, annealed in 1 bar Po2 at 350°C for lOOhr 
-0.10 3.85886(11) 3.91469 (14) 11.75933 (49) 177.639 (11) 011 
-0.05 3.85832(11) 3.91415 (14) 11.75882 (47) 177.582 (11) 011 
0.00 3.85833 (10) 3.91494 (14) 11.75668 (49) 177.587 (10) 
0.05 3.85752 (11) 3.91394 (16) 11.74944(43) 177.394 ( IO)  
0.10 3.85790 (10) 3.91040 (14) 11.74304(48) 177.155 ( IO)  

-0.20 3.85974(13) 3.91393 (17) 11.76179 (58) 177.682 (14) 011 
-0.15 3.85932(13) 3.91374(17) 11.76000(58) 177.627 (14) 011 
-0.10 3.85902 (13) 3.91350 (16) 11.76235 (52) 177.638 (13) 011 
-0.05 3.85823 (10) 3.91415 (12) 11.75882 (44) 177.578 ( IO)  011 
0.00 3.85843 (11) 3.91426 (14) 11.76014(49) 177.612 (11) 
0.05 3.85743 (15) 3.91470 (24) 11.74962 (56) 177.427 (13) 
0.10 3.85878 (13) 3.90776 (16) 11.74703 (54) 177.136 (14) 

-0.20 3.86146 (8) 3.91033 (9) 11.75692 (31) 177.524 (8) 01 1 

Treated at 1030°C in 1 bar Po2 for 36 hr, annealed in 1 bar Po2 at 400°C for 48hr 

Treated at 900°C in 1 bar Po2 for 48 hr, annealed in 1 bar Po2 at 350°C for 48hr 

-0.15 3.86079 (13) 3.91074 (16) 11.75706 (53) 177.514 (14) 01 1 
-0.10 3.86050 (12) 3.91093 (15) 11.75756 (51) 177.517 (13) 01 1 
-0.05 3.85974(14) 3.91107 (17) 11.75955 (58) 177.519 (15) 011 
0.00 3.85957 (8) 3.91 131 (9) 11.75832 (31) 177.503 (8) 01 1 
0.05 3.85977 (14) 3.91060 (16) 11.76046 (56) 177.513 (14) 
0.10 3.86161 (14) 3.90801 (17) 11.75624 (57) 177.416 (15) 

Treated at 1050°C in 0.2 bar Po2 for 24 hr, annealed in 1 bar Po2 at 400°C for 48hr 
-0.20 3.86067 (13) 3.91450 (16) 11.76257 (53) 177.763 (13) 01 1 
-0.15 3.85979 (12) 3.91436 (15) 11.76070 (51) 177.687 (12) 01 1 
-0.10 3.85947 (11) 3.91394 (15) 11.76167 (49) 177.669 (12) 01 1 
-0.05 3.85913 (6) 3.91403 (8) 1 1.76277 (26) 177.674 (6) 01 1 
0.00 3.85862 (6) 3.91396 (8) 1 1.7633 1 (26) 177.655 (7) 
0.05 3.85738 (11) 3.91391 (15) 11.75173 ( 5 5 )  177.421 (11) 
0.10 3.85784 ( IO)  3.91102 (14) 11.74367 (48) 177.190 ( IO)  

-0.20 3.85863 (13) 3.91319 (15) 11.76131 (52) 177.591 (13) 011 
-0.15 3.85900(11) 3.91358 (14) 11.75968 (49) 177.601 (12) 011 
-0.10 3.85863(11) 3.91322(14) 11.75943 (48) 177.564(12) 011 
-0.05 3.85860 (12) 3.91323 (14) 11.76078 (49) 177.583 (12) 01 1 
0.00 3.85838 ( I O )  3.91391 (13) 11.76001 (45) 177.592 (10) 
0.05 3.85707 (15) 3.91358 (21) 11.74880 (47) 177.347 (14) 
0.10 3.85977 (12) 3.90759 (15) 11.74809 (51) 177.189 (13) 

-0.20 3.86124 (14) 3.91035 (17) 11.75813 (57) 177.533 (15) 011 
-0.15 3.86153 (12) 3.91119(15) 11.75722(50) 177.572(13) 011 
-0.10 3.86064 (12) 3.91085 (14) 11.75955 (50) 177.550 (13) 01 1 
-0.05 3.85928 (12) 3.91118 (15) 11.75885 (49) 177.492 (13) 011 
0.00 3.85988 (12) 3.91 138 (15) 11.76063 (49) 177.555 (13) 01 1 
0.05 3.85908 (13) 3.91048 (15) 11.75953 (46) 177.461 (13) 
0.10 3.85977 (13) 3.90743 (15) 11.75416 (50) 177.274 (13) 

Treated at 998°C in 0.2 bar Po2 for 48 hr, annealed in 1 bar Po2 at 400°C for 48hr 

Treated at 900°C in 0.2 bar Po2 for 48hr, annealed in 1 bar Po2 at 350°C for 48hr 
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Table 8 (continued) 

Composition x a (A) b (A) c (A) v (A3) Second phases 

Treated at 1010°C in 0.01 bar Po2 for 36hr, annealed in 1 bar Po2 at 400°C for 48hr 
-0.20 3.85993 (12) 3.91462 (16) 1 1.76071 (5 1) 177.707 (1 3) 
-0.15 3.85908 (12) 3.91402 (16) 11.76110 (53) 177.646 (13) 
-0.10 3.85952 (1 1) 3.91443 (14) 11.75933 (49) 177.658 (11) 
-0.05 3.85877 (14) 3.91417 (17) 11.76160 (61) 177.646 (14) 
0.00 3.85829 (IO) 3.91410 (12) 11.76119 (42) 177.614 ( IO)  
0.05 3.85679 (9) 3.91375 (13) 11.75107 (47) 177.377 (IO) 
0.10 3.85672 (12) 3.91312 (17) 11.74882 (45) 177.311 (12) 

Treated at 937°C in 0.01 bar Po2 for 48hr, annealed in 1 bar Po? at 400°C for 48hr 
-0.20 3.86006 (13) 3.91208 (16) 11.76378 (53) 177.643 (14) 
-0.15 3.85995 (13) 3.91252 (16) 11.76295 (52) 177.645 (13) 
-0.10 3.85979 (12) 3.91335 (15) 11.76151 (50) 177.654 (12) 
-0.05 3.85942 (IO) 3.91362 (13) 11.76236 (43) 177.663 (11) 
0.00 3.85873 (IO) 3.91317 (12) 1 1.76485 (42) 177.647 (1 1 ) 
0.05 3.85743 (9) 3.91363 (15) 11.74933 (52) 177.374 (10) 
0.10 3.85947 (IO) 3.90888 (13) 11.74447 (43) 177.179 ( I O )  

Treated at 900°C in 0.01 bar Po2 for 48hr, annealed in 1 bar Po2 at 400°C for 48hr 
-0.20 3.86073 (15) 3.91471 (22) 11.75842 (70) 177.713 (16) 
-0.15 3.85974(11) 3.91376 (14) 1 1.76003 (49) 177.648 (1 2) 
-0.10 3.86001 (IO) 3.91437 (14) 1 1.75879 (47) 177.670 (1 1) 
-0.05 3.85971 (IO) 3.91416 (13) 11.76064(45) 177.674(11) 
0.00 3.85873 (10 3.91360 (12) 11.76089 (43) 177.607 ( I O )  
0.05 3.85753 (IO) 3.91350 (15) 1 1.74976 (53) 177.380 ( 1  1) 
0.10 3.86029 (12) 3.90823 (15) 11.74761 (50) 177.235 (12) 

Treated at 990°C in 0.001 bar Po2 for 48hr, annealed in 1 bar Po2 at 400°C for 48hr 
-0.20 3.85950 (22) 3.91444 (28) 1 1.7595 1 (97) 177.660 (22) 
-0.15 3.85903 (17) 3.91444 (22) 11.76060 (76) 177.655 (18) 
-0.10 3.85926 (17) 3.91384 (22) 11.76185 (72) 177.657 (18) 
-0.05 3.85926 (17) 3.91324 (20) 11.76162 (61) 177.627 (16) 
0.00 3.85808 (11) 3.91360 (14) 1 1.76085 (49) 177.576 (1 2) 
0.05 3.85663 (13) 3.91363 (17) 11.75650 (61) 177.446 (14) 
0.10 3.85682 (17) 3.91228 (22) 11.75727 (61) 177.405 (16) 

Treated at 915°C in 0.001 bar Po2 for 48hr, annealed in 1 bar Po2 at 400°C for 48hr 
-0.20 3.85999 (7) 3.91416 (9) 1 1.75978 (29) 177.674 (7) 
-0.15 3.85959 (1 1) 3.91404 (15) 11.75940 (49) 177.644 (12) 
-0.10 3.85966 (1 1) 3.91452 (15) 11.75810 (52) 177.650 (12) 
-0.05 3.85901 (IO) 3.91418 (13) 11.75993 (44) 177.632 ( I O )  
0.00 3.85888 (11) 3.91359 (13) 11.76251 (44) 177.638 (1 1) 
0.05 3.85717 (9) 3.91326 (13) 11.75141 (44) 177.377 (9) 
0.10 3.85803 (12) 3.90867 (14) 11.75026 (47) 177.191 (12) 

Treated at 900°C in 0.001 bar Po2 for 48hr, annealed in 1 bar Po2 at 400°C for 48hr 
-0.20 3.86055 (16) 3.91285 (19) 11.76244 (65) 177.681 (16) 
-0.15 3.85980 (14) 3.91302 (18) 11.76331 (59) 177.667 (15) 
-0.10 3.85995 (13) 3.91371 (16) 1 1.75924 (53) 177.644 (13) 
-0.05 3.85948 (12) 3.91391 (15) 11.76041 (51) 177.649 (12) 
0.00 3.85896 (12) 3.91361 (15) 11.76264 (52) 177.645 (13) 
0.05 3.85752 (10) 3.91354 (14) 11.75170(49) 177.410(10) 

01 1 
01 1 

422 

01 1 
01 1 
01 1 

01 1 
01 1 
01 I 
01 1 

422, unidentified 
422, unidentified 
422, unidentified 
422, unidentified 

422 
422, unidentified 

422, 011 
01 1 

01 1 
01 1 

0.10 3.85950 (14) 3.90736 (17) 11.74777 (51) 177.162 (14) 
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crystal MgO for melt processing. A purging gas of 500 ppm oxygen in nitrogen, at a total 

pressure of 1 bar, was chosen to alleviate the substrate reaction. The sample was heated 

to 1015°C at a heating rate of 10"C/min, held at that temperature for 0.5 h, cooled down 

to 920°C at O.Ol"C/min, then furnace cooled. The prepared sample consists of well- 

textured domains of Nd123. Powder XRD revealed that the sample is composed of 

Nd123 with a minor amount of Nd422. Microprobe analysis with a sintered Nd123 

standard verified that the Nd123 phase has the stoichiometric composition within an 

experimental error of 3%. The sample was crushed into small pieces with the cleaved 

shining surface of a-b plane as the broad surface. These small pieces (side 0.2-1.5 mm, 

thickness 0.1-0.3 mm) were subject to three different oxygen annealing: 350°C for 96 hr, 

500°C for 96 hr followed by 350°C for 96 hr, 900°C for 48 hr followed by 350°C for 96 

hr. 

A sample with a starting composition of x = -0.1 was also prepared in the same 

way. 

SEM was performed in a Cambridge 200 SEM machine. For TEM, a sample was 

crushed in a mortar into small crystals suspended in ethanol. These small crystals were 

floated onto a gold mesh for TEM observation in a Philips C30 operated at 300 KeV. 
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CHAPTER IV RESULTS AND DISCUSSION 

1. Precipitation in Gd123ss 

A. Choice of processing parameters 

Figure 13 shows the stability range of Gd123 determined by DTA and XRD. In 

order to maintain superconductivity, Gd123ss can only be treated within the stability 

range of Gd123. Since extra oxygen is required in Gd123ss than in Gd123, the Gibbs 

free energy curve of the solid solution may become steeper in lower Po,. Depending on 

the change of the Gibbs free energies of other phases, a lower Po, may provide a higher 

driving force for decomposition of the solid solution. However, as the Po? decreases, the 

temperature limit for stable Gd123 phase also decreases. At very low oxygen partial 

pressure, the allowable processing temperature may be so low that the kinetics for 

precipitation may also be very slow. Therefore, oxygen partial pressures of 300 ppm and 

30 ppm (Commercial nitrogen gas) were chosen for the processing of Gd123ss. 

The size of the second phase is an important consideration for the enhancement of 

J,. In order to obtain a fine second phase, solid state decomposition is desired. As 

Gd2BaCuOs (211) and CuO precipitate from Gd123ss, a liquid is formed at high 

temperature. It is necessary to treat the material below the liquid formation temperature 

to avoid excess coarsening of the second phases. Therefore, the liquid formation 

temperatures were further determined by DTA, as shown in Figure 14. As a result, 800- 

870°C were used in 300 ppm Po, and lower temperatures of 700-800°C were used in 30 

ppm Po,. 



41 

0 

-1 

n n 
2 -2 e 
3 
c\1 
0 

hD -3 
0 
-.1 

Temperature, "C 
1100 1000 900 

Gd123 stable 
region \ 

211+L 

-4 

-5 
7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 

lOOOO/"(K) 

Figure 13 Stability range of Gd123.& 

A 
X 

0 
V 
8 

v" 

300ppm02 

30ppm02 
-950 

865 

I I I I I I I 

700 800 900 1000 1100 

Terrperature. "C 

Figure 14 Liquid formation temperature of Gdl23ss (x=0.2) by DTA.& 
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B. Effects of decomposition of Gd123ss 

Figure 15 compares the XRD patterns of Gc 23ss before and after fferent 

decomposition treatments. Except for the sample treated at 700°C in 30ppm 0 2 ,  all the 

samples show 21 1 phase precipitated from the single phase starting material. The line 

broadening of the 21 1 phase for the lower temperatures indicates the small size of this 

phase. The peak for CuO at 28 = 35.6 is not that obvious for all samples except the 

sample treated at 870°C. However, there should be a Cu-rich phase in order to maintain 

mass balance. 

+211 

800°C, 3 0 0 p p m 0 2  

850"C, 3 0 0 p p m 0 2  

87OoC, 3 0 0 p p m 0 2  

Starting Material 

28 30 32 34 36 
Two-theta 

Figure 15 XRD of Gd123ss starting material and after decomposition for 24 hr.44 
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As shown in Figure 16, T, increases as a result of the decomposition of the solid 

solution. For all the samples treated at 750°C or above, T, onsets have reached the value 

of Gd123. This suggests that equilibrium composition for these conditions will be very 

close to Gd123. The broad transitions show the progress of the decomposition process. 

Given enough time, more precipitation will occur. Even the sample treated at 700°C in 

30ppm 0 2  show increase in T, due to decomposition although XRD cannot detect any 

second phases. The small values of field cooled magnetization indicate flux pinning in 

the samples. 

700"C, 30ppm02 

750"C, 30ppm 02 

0 20 40 60 80 100 120 
Teqerature, K 

1 800°C. 300ppm02 

/ 850°C 300ppm02 

870°C. 300ppm 02 

_/------ 

I I 1 I I 

Figure 16 T, of Gd123ss before and after decomposition treatment.u 



44 

Figure 17 is the magnetization hysteresis (AM) measured at 10K for Gd123ss 

samples after decomposition. For the same P02, AM increases with the processing 

temperature. For the same temperature, AM increases with decreasing Po?. As SEM 

shows certain grain growth only for the sample treated at 870°C in 300ppm 0 2 ,  other 

samples have similar grain size' as the starting material. The increase in the 

magnetization hysteresis indicates enhancement of J, due to second phases. With an 

average grain size of 5 pm, the peak value can be estimated at about 5x106 Ncm'. 

However, the enhancement of J, is not optimal in the current processing condition. On 

one hand, the decomposition is not complete, especially for the samples treated at lower 

temperatures, therefore, the full potential of dispersed second phases has not been 

reached. On the other hand, the small grain size makes it difficult to assess the flux 

pinning performance at high temperature of 77 K as the background magnetization of 

Gd3+ is strong. It was suspected that the low density and small grain size would make 

surface and grain boundary decomposition substantial. Such surface precipitation is not 

beneficial to flux pinning, and even worse, it creates grain boundary weaklink. Later, 

TEM shows that surface and grain boundary are not preferential nucleation sites in this 

system. 

Figure 18 shows the change of T, for Gd123ss (x = 0.2) samples treated at 800°C 

in 200 ppm 0 2  and 750°C in 30 ppm 0 2  for different periods of time. There is a slow 

transformation period at the beginning. This may be caused partially by the time required 

to obtain the low oxygen content inside the grains. The transformation is much faster at 

800" in 200 ppm 0 2  than at 750°C in 30 ppm 0 2 .  Therefore, temperature is a more 
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effective parameter to control the transformation kinetics. There seem to be two plateaus 

in the magnetization curves, indicating two superconducting phases. However, the 

amount of second phases cannot be accurately determined and quantitative analysis was 

not conducted. 

1200 I 

0 20 40 60 

Magnetic field, KOe 

8 8 7 0 ° C  300ppm02 +85OoC 300ppm02 &8OO0C 300ppm02 

~ 8 0 0 O C  30ppm02 e 7 5 0 ° C  30ppm02 

Figure 17 Magnetization hysteresis of Gd123ss at 10 K after decomposition in low 
oxygen partial pressures for 24 hr.@ 
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Figure 18 Tc of Gdl23ss treated at (a) 800°C in 200 ppm 0 2  and (b) 750°C in 30 ppm 0 2  

for different periods of time. T 0.9, T0.5, and To.1 are the temperatures for 90%, 50% and 
10% of the magnetization values at 10K respectively. 
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C. Microstructure 

To understand the precipitation mechanism, microstructure analysis was 

conducted for the samples. Figure 19 is the optical micrograph of a sample treated at 

800°C in 200 ppm oxygen for 24 hr. The tiny black spots in the micrograph are of blue 

color under polarized light. These are particles of Gd211 precipitate with a size less than 

0.5 pm. They seem to nucleate both inside the grain and along the grain boundary. 

Therefore, grain boundaries are not the preferential nucleation sites. However, the 

particle density is very low, only about one to three Gd211 particles in the cross section of 

each grain. With the precipitation of Gd211, CuO or some other Cu-rich phase should 

also exist as required by mass balance. However, no such phase was observed in the 

optical micrography. 

Figure 19 Optical micrography of Gd123ss under polarized light. Second phase is seen as 
tiny dark spots. The different shades of gray are caused by the orientation of the Gd123ss 
phase. The black regions are pores filled with epoxy in order to retain possible 
precipitates on surfaces. 
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TEM was conducted to further identify the precipitates. Figure 20 shows a 

spherical Gd211 particle inside the grain. No other second phases are detected 

immediately around this precipitate. The selected area diffraction pattern does not show 

any special orientation relationship between the precipitate and the matrix (Figure 2 1). 

Whether there is an orientation relationship during the nucleation stage requires further 

research. 

Lots of stacking faults are observed in the matrix (Figure.22). It is common to 

observe some 124-type stacking faults in Y123 samples, where an extra CuO layer is 

inserted between the123 unit cells. In the precipitation process of Gd123ss, there must be 

some CuO-rich phase along with the formation of Gd211. Therefore, it is very likely that 

the stacking faults are of 124 type. 

From the T,plateau around 80 K in Figure 18, it is even possible that some Gd124 

phase is formed during the treatment at 800°C in 200 ppm oxygen. In Y-Ba-Cu-0 

system, Y124 is stable at ambient pressure below some 850°C.'9 It has a nearly constant 

oxygen content as YBa2Cu408 and a transition temperature around 80 K. As oxygen is 

released during its decomposition into 123, its thermal stability is decreased in low 

oxygen partial pressures. The stability of Gd124 is perhaps similar to that of Y124. Most 

of the work on the 124 phase deals with the phase stability and phase relations in high 

oxygen partial pressures. The stability data of 124 phase in low Po2 is not available. If 

Gd124 is not a stable phase at the processing condition, it may be formed as a metastable 

phase due to the lower interface energy. It is also not known whether a solid solution is 

formed between Gd and Ba in the 124 phase. 
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Figure 20 TEM shows the spherical Gd211 phase. 

. *  

Figure 21 Selected area diffraction pattern of Gd123ss and Gd211. 
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Figure 22 TEM of stacking faults. Twins and a grain boundary are also shown. 

The nucleation density of Gd211 phase is very low while the size of the 

precipitate is big. At present, we do not have enough data for the calculation of the 

nucleation rate but we can do a rough estimate of the diffusion distance for the sample 

treated at 800°C in 200 ppm 0 2  for 24 hr. Suppose the precipitation has proceeded to the 

matrix composition of x - 0.08, we will have -10% volume of Gd211 phase. For the 

formation of a particle of 0.5 pm, the diameter of the original Gd123ss phase should be 

-1.5 pm. Therefore, the diffusion distance is around 0.5 pm from the particle surface. 

Suppose the diffusion coefficient of Gd is around cm2s-l,'" we will get a diffusion 

distance of & = 4 6 .  .24.3600 = 7 ~ 1 0 - ~  cm = 0.007 pm. The actual diffusion 

distance is about two orders of magnitude higher. That is equivalent to a diffusion 
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coefficient that is four orders of magnitude higher. 

associated partial dislocations provide a short cut of diffusion. 

Perhaps the stacking faults and the 

Another concern is that whether the precipitation takes place preferentially along 

the grain boundaries. TEM shows that the grain boundaries are clean (Figure 23). 

Therefore, it is possible to obtain the enhanced flux pinning from precipitates and 

maintain the grain boundaries free of weaklinks. 

In comparison with the decomposition of Y124, Gd123ss has the potential to be 

prepared by existing processing methods that can overcome the grain boundary 

weaklinks. The 124 phase will decompose into 123 plus CuO at high temperature. It is 

Figure 23 Lattice image of grain boundaries in Gd123ss treated at 800°C in 200 ppm 0 2 .  

The grain at the upper right corner is Gd2 1 1. 
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not possible to use the melt-texture process or other liquid assisted processing methods to 

make textured 124 phase. As for Gd123ss (x = 0.2), it may be prepared by the melt- 

texture growth process. Since the highest melting temperature in Gd123ss is around the 

stoichiometric composition, the usual melt-texture process of continuous slow cooling 

will produce a Gd123ss very close to the stoichiometric composition. A special process 

needs to be developed to obtain a textured supersaturated Gd123ss in order to carry out 

the precipitation reaction. One way is to conduct the melt-texture process at a lower 

temperature so that Gd123ss with larger x can also have a chance of formation. High 

temperature sintering near the melting point of Gd123ss (say x = 0.2) may be another 

option. 

2. Precipitation in Nd123ss 

A. Lower solubility limit of Nd123ss 

Figure 24 shows the DTA curves of Nd123ss in 1 bar, 0.2 bar, 0.01 bar and 0.001 

bar P02. The large endothermic peaks at high temperatures correspond to the peritectic 

melting of Nd123ss while small endothermic peaks appear at lower temperatures for 

compositions beyond the lower solubility limits. For compositions within the solid 

solution range, the large endothermic peaks are the peritectic melting temperatures of the 

corresponding solid solutions in the specified P02’s. The measured decomposition 

temperatures for x = 0 are 510°C higher than the results of Lindemer et a1.86 in 0.01 bar 

and 0.001 bar P02, but about 10°C lower in 1 bar Po*. The decomposition temperatures 

in 0.2 bar Po2 for x 2 0 are about 10°C higher than those reported by Osamura and 
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Zhang33 and are in good agreement with the predictions of Lindemer et a1..86 For 

compositions beyond the solid solubility limits, Nd123ss of these compositions do not 

exist and the peaks are the peritectic melting of the solid phases in equilibrium with these 

compositions. The small shoulder on these peaks may be due to the formation of the 

Nd422 phase at high temperatures. 

The small endothermic peaks at low temperatures are considered by Osamura and 

Zhang as the results of the peritectic reaction between 123 and 01 1 to form Nd422 phase 

and liquid (Figure 8).33 However, Nd422 phase is not observed for the samples quenched 

from these temperatures in 0.01 to 1 bar Po2 (Table 8). Unlike the 01 1 phase which may 

melt at high temperature and obtain a fine size during quench, Nd422 phase formed at the 

peritectic temperature must have a big grain size and thus is easy to detect by XRD. The 

lack of Nd422 phase suggests that a eutectic reaction is responsible for the small peaks 

and the peritectic reaction happens at higher temperatures at which the Nd422 phase is 

formed. 

The appearance of small endothermic peaks at lower temperature indicates that 

the composition is beyond the solid solubility limit in the particular P02. In 1 bar and 0.2 

bar  PO^, the DTA curves show double peaks for x < -0.05 (Figure 24 a and b). The first 

peak is believed to be caused by the solubility change with temperature, and the second 

peak, much larger, is the eutectic reaction between Nd123ss and BaCuO:! to form a liquid 

phase. In 0.01 bar and 0.001 bar Po:! (Figure 24 c and d), the first peak disappears, 

consistent with little solubility change in lower POZ’S as determined by the XRD results 

below. 
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In Figure 25, we normalize the melting temperatures of Nd123ss samples against 

the maximum melting temperatures in each Po*. As stated above, the data points for 

compositions beyond the solid solubility limits are not the melting temperatures of the 

solid solution of that composition, but they may reveal the slope of the solubility curve in 

the phase diagram. In 0.001 bar Po:!, there is little change of the melting temperatures for 

x e 0.05, implying a relatively sharp slope of the solid solubility curve below the melting 

temperature. However, the melting temperature cannot be measured very accurately as 

the shoulder peak of 422 formation will affect the measurement of the onset position of 

the peak. For compositions on the solid solution side, the melting temperatures represent 

the relative stability of the corresponding solid solutions. We can see that in 1 bar Po:! the 

stability changes slowly with x while the stability drops faster with decreasing Po:!. 

Therefore, sintering of Nd123 in a low Po:! tends to result in a sharp superconducting 

transition because Nd123ss’s with compositions of large x are much less stable. In 1 bar 

and 0.2 bar Po:!, a wide range of solid solutions is often encountered, giving a broad 

transition.28 In 1 bar and 0.2 bar Po:!, sharp transitions can only be achieved after long 

sintering time at high temperature. For the same reason, melt-texture growth of Nd123 in 

1 bar and 0.2 bar Po2 produces broad transitions while in 0.01 bar and 0.001 bar Po:! sharp 

transitions are 

It is also noticed that the maximum melting temperatures do not occur at the 

stoichiometric composition, instead they shift to larger x in higher P02’s. In 1 bar Po*, the 

maximum melting temperature corresponds to the composition of x = 0.10. In lower 

Po:!’s, the maximum melting temperatures occur at a lower value of x - 0.05. From the 
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Figure 25 Normalized melting temperatures of Nd123ss in 1 bar, 0.2 bar, 0.01 bar and 
0.001 bar  PO^.^' 

XRD measurement below, we can determine more precisely that the maximum melting 

temperature occurs at x = 0.00 in 0.001 bar Po2 since samples on both sides treated at 

990°C show second phases. The solid solubility of a compound may be treated by the 

sublattice model. For example, Li et successfully calculated the solid solution range 

of AlLi based on the sublattice model. It is found that the energy associated with one 

kind of atom substituted into another sublattice plays an important role. Not only is the 
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solid solution range biased towards the lower energy side, but also the most stable 

composition shifts in the same direction.” Nd123ss is much more complicated since 

more sublattices are involved. Nevertheless, as the energy for Nd3+ to substitute for Ba2+ 

is much lower than that for Ba2+ in the Nd3+ lattice, solid solution is predominantly in the 

Nd-rich side, and the most stable composition shifts accordingly. As Nd3’ substitution 

into the Ba2+ sublattice also introduces oxygen into the oxygen sublattice, lower Po2 will 

not favor such a substitution. Therefore, the most stable composition moves closer to the 

stoichiometric composition. However, in contrast to what is expected, the upper solid 

solubility is not affected much by the Extensive solid solution ranges also exist 

for other phases (Nd422, Nd201) in this The Gibbs free energy of these phases 

may also change with Po2 in such a way that the upper solubility limit of Nd123ss does 

not significantly change. 

The above analysis is verified by a recent result of Nd123ss single crystals 

fabricated by the top-seeded solution-growth method in oxygen, air and 1 % oxygen.” The 

same Ba-Cu-0 solvent with a BdCu ratio of 3:5 was used in a Nd203 crucible for all the 

samples. In such a growth condition, it is expected that the composition of the crystal will 

correspond to the most stable composition in that Po2. The compositions (Nd:Ba:Cu) of 

the single crystals are 1.10: 1.90:3.00 in oxygen, 1.07: 1.95:3.00 in air, and 1.01: 1.97:3.00 

in 1% oxygen. The superconducting transition temperatures are 88 K, 92 K and 96 K 

respectively. 

To determine the lower solubility limits more precisely, the changes in lattice 

parameters and unit cell volume with composition were measured. Figure 26-Figure 29 
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Figure 27 Lattice parameters and unit cell volume of Nd123ss treated in 0.2 bar Po:! at (a) 
1050"C, (b) 998°C and (c) 9OO0C.*' 
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Figure 28 Lattice parameters and unit cell volume of Nd123ss treated in 0.01 bar Po2 at 
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Poz, bar Temperature, "C 
1070 

1 1030 
900 

1050 

show the changes in lattice parameters and unit cell volume with composition at 900°, the 

Lower solubility limit x 
0 
0 
0.05 
0 

eutectic temperatures and 20°C below the peritectic temperatures of Nd123 in 1 bar, 0.2 

0.01 

bar, 0.01 bar and 0.001 bar Po*. The measurement errors are about the size of the 

900 0.05 
1010 0 
937 0 
900 0 
990 O* 

symbols in the figures. Some slight fluctuations of the data are caused by the variation of 

oxygen content due to differences in particle size and density, especially for the batches 

annealed at 350°C. It can be seen that the lattice parameters b and c are more affected by 

the composition than the lattice parameter a. Obviously, the unit cell volume is more 

sensitive in determining the lower solubility limits. For samples with x less than the 

solubility limit, no change in the unit cell volume is expected. As x enters the region of 

solid solution, a deviation in the unit cell volume will occur. In combination with the 

phase information in Table 8 and the DTA data in Figure 24, we can determine the lower 

solubility limits of Ndl23ss in the different Poz's, as shown in Table 9. 

87 Table 9 Lower Solubility limit for Ndl+xBaz-xC~307-y. 

0.2 I 998 I 0 I 

0.001 I 915 I 0 I 
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In 1 bar and 0.2 bar Poz, we see a decrease in solubility at lower temperatures. 

This confirms the trend observed by Osamura and Zhang in air.33 However, our data 

show that the solid solution never extends below x = 0. That means there is negligible 

net substitution of Ba2’ for Nd3’. The lower solubility limit of Nd123ss in air is perhaps 

overestimated in the study by Osamura and Zhang,33 which reaches x = --0.1 at the 

eutectic temperature. In 0.01 bar and 0.001 bar Poz, although the XRD peaks of BaCuO? 

may not be detected (Table 8), the unit cell volume data shows that the lower solubility 

limits remain at the stoichiometric composition of x = 0. Goodilin et al.” also reported a 

solid solution range to x = -0.1 at 850°C in nitrogen (The actual Po? is not well defined). 

In our laboratory commercial nitrogen has an Po? of about 3 ~ 1 0 ~ ~  bar. Our present study 

does not cover such a low P02. The difficulty with detection of the minor second phase 

may be due to the fine size formed during quenching or that it may simply exist as an 

amorphous phase. 

The solid solution range of the batch of samples treated at 990°C in 0.001 bar Po? 

deserves extra discussion. From the unit cell volume data in Figure 29.a, there is a small 

solid solution range from x = -0.05 to x = 0.05 as the unit cell volume continues to 

decrease with x. But the XRD patterns clearly indicate second phases for x = -0.05 and x 

= 0.05, as shown in Figure 30. The other 

unidentified peaks are presumably from phases formed from the liquid on quenching. 

One of the second phases is Nd422. 

The peak positions are close to those of BaZCu305 but the intensities do not agree well 

with the values reported in the JCPDS database. This is perhaps caused by the formation 

of a solid solution of this phase and/or the existence of other minor phases. The existence 
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of second phases implies that the solid solution is limited to a very narrow range of -0.05 

e x e 0.05 along the N ~ I + ~ B ~ ~ - ~ C U ~ O ~  composition line, otherwise no second phase will 

appear in the solid solution range between Nd and Ba. The decrease of unit cell volume 

may be caused by a slight change of oxygen content or it may indicate that the solid 

solution extends into the Cu-rich range as Cu2+ is smaller than Nd3+ and Ba2+. In 

h 
.t: 

Y $ 
E 
U 

* Nd422 
? Unidentified 

x=o. 10 - 
x a . 0 5  
d 

X=o.OO 

20 25 30 

Two theta, degree 
35 40 

Figure 30 XRD of Nd123ss treated at 990°C in 0.001 bar  PO^.'^ 
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consideration of the size difference, an increase in the Cu amount from 3 to 3.01-3.02 in 

Nd1+~Ba-,-~Cu307 is perhaps enough to cause such a change in the unit cell volume, 

which is difficult to measure experimentally in a phase mixture. The single crystal grown 

in 0.01 bar Po-, by Nakamura et al.93 has a composition of Nd:Ba:Cu = 1.01:1.97:3.00, 

which is slightly Cu-rich. However, definite conclusion cannot be drawn due to the limit 

of the experimental accuracy. 

The change in lower solubility limits with Po-, can be used to produce flux pinning 

centers. As Nd123 processed in low Po-, is annealed in oxygen, second phases will be 

precipitated out. We can sketch a phase diagram of Nd-Ba-Cu-0 in 1 bar Po-, (Figure 

3 1). At high temperature, the equilibrium second phase BaCuO-, is formed. According to 

the thermodynamic calculation of Voronin and D e g t e r ~ v , ~ ~  BaCuO-, will decompose into 

Ba2Cu03.3 and Ba2C~305+~ at low temperature: 

8 BaCuO-, + (0.3+y) 0 2  = 2 BazCu03.3 + 2 Ba2C~305+~ 

log [ Po-, (atm)] = 8.1400 - 7172.1lT (K) 

This gives us the decomposition temperature of 608°C in 1 bar Po-,. To verify this 

reaction, a sample of BaCuO-, and a sample of Nd123ss (x = -0.1) with BaCuO-, as a 

minor phase were annealed in 1 bar Po2 with continuous cooling from 600°C to 400°C 

for seven days. The BaCu02 sample showed partial decomposition according to the 

above reaction but no other second phases were detected in the Nd123ss sample. This 

indicates that the reaction is kinetically sluggish. As a result, the equilibrium second 

phases may not form during the low temperature oxygen annealing of Nd123 and it is 

likely that some metastable transition phase may precipitate out. 
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Figure 31 Phase diagram of Nd123 in 1 bar  PO^." 

B. Precipitation in Nd123ss 

To verify the precipitation process, melt-texture growth was conducted in 500 

ppm oxygen. Typical fracture surfaces of the as-grown samples are shown in Figure 32. 

The broad surface is the a-b plane of the sample. It can be seen that the grains are well 

aligned in the c-axis. 
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Figure 33 DC magnetization normalized to the zero field cooled (ZFC) values at 1 OK. 95 
The inset is the normalized field cooled (FC) data. The field of 10 Oe is applied parallel 
to the c-axis. Close symbols are for ZFC data and open symbols are for FC data. The 
annealing temperatures are 350°C (square), 500°C (triangle) and 900°C (diamond) 
respectively. 

DC magnetization of the oxygen annealed samples shows that all the samples 

have sharp superconducting transitions with the onset T, of about 95 K (Figure 33). T, 

(midpoint) changes slightly with the oxygen annealing treatments. There is a slight 

increase in T, with the increase of the annealing temperature from 350°C to 500"C, but T, 

is lowered by about 1 K when the annealing temperature is increased to 900°C. With the 

same final oxygen annealing at 350°C for 96 hr, the change in T, is not caused by the 
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oxygen contents of the samples, rather it is due to the gradual shift of the matrix 

composition to larger x in Ndl+xBa2-xCu307-6 as a result of narrowing of the solid solution 

range during the annealing process. The matrix composition should be in the range of x = 

0.05-0.08 as we compare the effect of composition on T, in the literature.” 

2000 

1000 

0 

-2000 ’ I I I I I I 

-3000 I I I I I I 

-500 

-1000 
I I I I I I 

0 20 40 60 
Magnetic field, kOe 

Figure 34 Hysteresis loops with H // c at 50 K (square) and 77 K (diamond) of samples 
oxygen annealed at (a) 350°C for 96 hr, (b) 500°C for 96 hr plus 350°C for 96 hr, and (c) 
900°C for 48 hr plus 350°C for 96 hr.95 The Jc’s are estimated by Bean’s model to be 70, 
120, 70 kA/cm2 at 50 K and 44 kOe respectively, and 0.5, 9.2, 12.5 kA/cm’ at 77 K and 
20 kOe respectively. 
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The peak effect in the hysteresis loops for the applied field parallel to the c axis is 

clearly seen at 50 K for all the samples with the maximum beyond the measurement range 

of 50 kOe (Figure 34). At 77 K the peak effect is not seen for the sample annealed at 

350°C. While there is room for optimizing the process to improve flux pinning, the 

purpose is to clarify the flux pinning mechanism. 

TEM was performed on a sample annealed at 500°C for 96 hr and 350°C for 96 

hr. The sample was crushed in a mortar into small crystals suspended in ethanol. These 

small crystals were floated onto a gold mesh for TEM observation in a Philips C30 

operated at 300 KeV. Figure 35 shows the existence of stacking faults and a high density 

of dislocations in addition to the twin structure. A lattice image taken with the beam 

parallel to [loo] or [OlO] direction shows extra layers of atoms (stacking faults) with a 

spacing of 3-8c (c = 1.176 nm) between them (Figure 36). The size of the extra layer is 

about one third of c. The defect is coherent with the matrix. It is also observed that the 

presence of this defect causes a slight deformation of the planes on either side of the 

defect, suggesting some mismatch strain as indicated by the streaking along c* in the 

selected area diffraction pattern. Based upon mass balance and structure, this defect is 

most consistent with an extra perovskite layer of BaCuOz as shown in Figure 37. 

Computer simulation of the image matches well with this model. With an overall 

stoichiometric composition, the precipitation of BaCuO:! with an average spacing of 5c 

will give a matrix composition of x = 0.06 which matches well with the lower solubility 

of x = 0.05 in oxygen. Similar extra perovskite layer has also been observed in 

YBa2Cu307-s system, which is explained as a response to the stoichiometry constraint of 
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the line In the Nd123ss system, the planar defect is formed as an 

intermediate structure in the precipitation process due to the change of the lower 

solubility limit. This coherent structure has a very low interfacial energy, and thus 

significantly decreases the nucleation barrier. Therefore, it forms as the first precipitate. 

Given enough time, the equilibrium precipitates will eventually form. 

Figure 35 TEM image shows twin structure, dislocations, and stacking  fault^.^' The 
stacking faults (center) are out of contrast but the associated dislocations are in contrast. 
The arrow indicates g200. 
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Figure 36 Lattice image of the defect structure. Extra layers of atoms appear with a 
spacing of 3-8c. 
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Figure 37 Lattice image of the defect struct~re.~' The inset in the TEM image is the 
computer simulation of the proposed structure model, in which an extra layer of BaCuOZ 
is inserted between Nd123ss unit cells. The selected area diffraction pattern shows 
streaking in c* due to lattice distortion consistent with the model proposed. 
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We believe that the planar defect and a high density of dislocations caused by 

precipitation are responsible for the enhanced flux pinning. The amount of precipitates is 

determined by the compositional difference of the as-grown sample and the lower 

solubility limit at the oxygen annealing temperature as well as kinetic factors. During 

melt-texture growth, the composition of the solid Nd123ss phase will follow the solidus 

line. For low Po:! the slope of the solidus with respect to temperature is relatively steep, 

so the solid is very close to the stoichiometric composition independent of the starting 

composition of the sample. Since the lower solubility limit for Nd123ss in oxygen is 

around x = 0.05, precipitation will occur for x < 0.05 and no precipitation will occur for 

Nd123ss with an actual composition of larger x. This prediction is in agreement with 

recent J, The peak effect is observed for Nd123ss with an actual composition 

of x = 09' but not for Nd123ss with x = 0.06 98 or 0.08-0.1 l.97 While high T, and 

enhanced pinning have been observed for starting compositions of x = 0. 1599 and x = 

O.2,lM) the processing conditions were such that the actual composition of the 

superconducting phase should be near stoichiometric Nd123. In fact, the overall 

composition for the x = 0.2 sample processed in this fashion wa: 

Ba/Nd ratio of 1 .88).Io0 

The presence of the peak effect of Nd123ss prepared in 

of enhanced pinning but does not provide much insight 

measured at x = 0.04 (or 

ow Po2 is clear evidence 

into the origin of the 

Such a peak effect has been produced by vortex and defect interaction 

in Y123 with columnar defects.'04 From the pinning point of view, the assumption that 

as-grown Nd123ss is decomposed into a high T, Nd123 phase and a Nd123ss (x > 0) 

pinning .9,37.88,97,99-103 
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with a lower T,, perhaps about 70 K'O' or a nonsuperconducting Nd123ss (x = 0.8),'03 is 

reasonable. This assumption attributes the peak effect to field induced quenching of the 

low T, phase at high temperature and high field.37788797,99-103 However, there are a number 

of problems with this idea. The phase separation is attributed to a spinodal 

decomposition of the Nd123ss. In the case where the two end points are x = 0 and x = 

0.12, a sample with x = 0.06 should phase separate into approximately equal fractions of 

material with Tc > 90 K and Tc -70 K. In fact, for x = 0.05 we observe a sharp transition 

with an inductive onset of 95 K and no indication of a second phase. For the case where 

the end points are x = 0 and x = 0.8,'03 a sample with x = 0.3-0.4 should be expected to 

have a significant superconducting fraction which is not the case. In addition, strong flux 

pinning should be seen in samples with an overall composition around x = 0.1. So far, 

well characterized samples with overall composition of x = 0.1 give neither high T, 

(-951Q9' nor peak effect.97 Therefore, the phase separation assumption contradicts the 

continuous solid solution range observed in this system. It should be pointed out that 

composition variation during the solidification of a solid solution is expected. This may 

cause misleading interpretation as flux pinning centers. The scanning tunneling 

microscopy and spectroscopy results of Ting et al."' are not rigorously quantitative so that 

the second phase can also be interpreted as Ba-rich precipitates. 

Melt-texture growth was performed in the same way for a starting composition of 

Nd123ss (x = -0.1) to see whether the lower solubility limit is extended in 500 ppm 

oxygen. XRD results of the as-grown sample show Nd123 phase and minor Nd422 phase 

which are similar to the XRD results for Nd123 samples. Tc and hysteresis 
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measurements also give similar results. Figure 38 shows the hysteresis loops for a 

Nd123ss sample with a starting composition of x = -0.1 annealed at 900°C for 48 hr and 

350°C for 96 hr. We can see the loop is still open even at 85 K. For samples with a 

starting composition of x < 0, the composition of the formed phase will change along the 

left side of the composition with the maximum melting temperature (refer to Figure 25). 

This will facilitate the formation of Ndl23ss close to the stoichiometric composition. On 

the other hand, the composition with the maximum melting temperature shifts to lower x 

value with decreasing P02. At a sufficiently low Po?, it may reach a value of negative x. 

The solubility limit at Po2 < 0.001 bar deserves further study. 

At present, systematic study of the effects of precipitation has not been conducted. 

At temperature around 500"C, the coherent intermediate perovskite structure with a 

composition of BaCu02 is observed during the precipitation process along with a high 

density of dislocations. At high temperature of 900°C, it is believed that the equilibrium 

BaCuO2 phase is formed. Nakamura et al.93 performed oxygen annealing of Nd123 at 

340°C, 4OO0C, 500°C and 600°C for 200 hr. It is found that annealing at low 

temperatures of 340°C and 400°C and the intermediate temperature of 600°C does not 

show enhanced flux pinning. Therefore, we can sketch the precipitation processes as 

shown in Figure 39. The actual temperature and time range will depend on the 

composition of the Nd123ss obtained in the melt-texture process. The flux pinning 

ability is related to the amount, size, shape, and distribution of the precipitates, which are 

controlled by the melt-texture growth process and the precipitation process. 
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Figure 38 Hysteresis loops for Nd123ss with a starting composition of x = -0.1 annealed 
at 900°C for 48 hr and 350°C for 96 hr with (a) H I c-axis and (b) H // c-axis. Sample 
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Figure 39 Schematic diagram illustrating the precipitation processes in Nd 123ss. 
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CHAPTER V CONCLUSIONS 

1. Summary 

Precipitation processes were developed to introduce second phases as flux pinning 

centers in Gd-Ba-Cu-0 and Nd-Ba-Cu-0 superconductors. In Gd-Ba-Cu-0, precipitation 

is caused by the decrease of the upper solubility limit of Gd123ss in low Po,. In Nd-Ba- 

Cu-0 it is caused by the decrease of the lower solubility limit of Nd123ss in oxygen. 

Processing of supersaturated Gdl.2Ba1.8Cu307 in low Po? can produce dispersed 

second phases. It is found that Gd211 is formed as a separate phase while extensive 

stacking fault is formed instead of a separate CuO phase. It is believed that the stacking 

fault is of the 124 type with a CuO layer between the 123 unit cells. As a result of the 

precipitation reaction, T, can be increased to that of Gd123. The size and distribution of 

the second phases need to be optimized for better enhancement of J,. The process can be 

adapted to existing processing methods to obtain strong flux pinning while avoiding grain 

boundary weak links. 

The lower solubility limits of Nd123ss in 1 bar, 0.2 bar, 0.01 bar and 0.001 bar 

Po2 were studied by DTA and XRD. The DTA results reveal the relative stability of 

Nd123ss in different Po2’s. In 1 bar Poz, Nd123ss with x = 0.1 is the most stable phase. 

In lower Poz’s, the most stable composition shifts towards the stoichiometric 

composition. The relative stability changes faster with decreasing Po*. Therefore, 

processing in oxygen and air tends to produce broad superconducting transitions but 

sharp transitions can be achieved in 0.01 bar and 0.001 bar Pop While the lower 
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solubility limits in 0.01 bar and 0.001 bar Po, remain at x = 0.00, the solubility limits in 1 

bar and 0.2 bar Po, show a narrowing with decreasing temperature. Because of the 

narrowing of the solubility range in 1 bar Po,, oxygen annealing of Nd123 initially 

processed in low Po, will result in precipitation of second phases. The equilibrium 

second phase is BaCu0, for temperature above 608"C, and at lower temperatures the 

equilibrium second phases are Ba2Cu03.3 and Ba,Cu305+,,. However, annealing at low 

temperatures produces a fine metastable transition phase. 

Melt-texture growth was conducted for Nd123 in 500 ppm oxygen at ambient 

pressure. A coherent intermediate perovskite structure with a composition of BaCu02 

(stacking fault) is observed along with a high density of dislocations during the oxygen 

annealing at 500°C for 96 hr. It is believed that oxygen annealing at 900°C produces the 

equilibrium BaCu02 phase. These precipitates are responsible for the strong flux pinning 

in Nd123 melt-textured in low Po,. 

2. Recommendations for future research 

This work opens a new direction to introduce flux pinning centers in R123 

superconductors. More work is needed to fully understand the precipitation processes and 

to optimize the processing conditions for better J,. 

Thermodynamic data of the solid solutions and related phases in different Po, is 

very useful information. On the one hand, the solubility limits at low temperatures 

cannot be determined by the method used in this research but they can be calculated from 

thermodynamic data. On the other hand, the driving force for precipitation can be 
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estimated from such data. 

In Gd123ss, the nucleation density of Gd211 phase seems to be very low. It is 

necessary to study the nucleation process in order to find a way to increase the nucleation 

rate of Gd211 and thus increase the precipitation kinetics. If dislocation is the 

heterogeneous nucleation center, perhaps pre-deformation will increase the nucleation 

rate and therefore further reduce the size of Gd211 phase. 

In Nd123ss, it is believed that vacancies may play an important role in the 

precipitation process. Therefore, the melt-texture temperature and quenching rate may 

have an effect on the precipitation process. The composition of the supersaturated solid 

solution, the annealing temperature and annealing time will affect the amount, shape, 

size, and distribution of the precipitates, which determine the effectiveness of flux 

pinning of the precipitates. More work is needed to determine the optimal processing 

conditions: temperature, Po*, cooling rate, oxygen annealing temperature and time. 

Both processes have the potential to be incorporated into a manufacturing process 

to produce superconductors with improved properties. Alternative processing method 

other than melt-texture growth method may also be developed. 
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