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ABSTRACT 
 

 

Ag-sheathed multifilamentary Bi2Sr2CaCu2Ox round wire is one of the leading high-

temperature superconductors that can generate a magnetic field exceeding the maximum of ~23 

T available in present Nb-based low-temperature superconducting magnet technology.  However, 

the magnet fabrication of power-in-tube (PIT) Ag-Bi2Sr2CaCu2Ox multifilamentary round wire to 

develop critical current density Jc > 10
5
 A/cm

2
 in magnetic fields up to 45 T is difficult, due to 

complicated material processing, as-yet incompletely understood microstructure, and the 

problem that Jc is sensitive to high-temperature reactions.  This thesis analyzed the critical steps 

of melt processing PIT Bi2Sr2CaCu2Ox multifilamentary wires, systematically investigating the 

relationships between processing, microstructure, and conductor&magnet performance. 

The phase transformation and microstructure development during the melt processing of 

Bi2Sr2CaCu2Ox wires were thoroughly examined using a brine-quench technique that preserves 

the high-temperature microstructures.  On heating to the maximum temperature (~890 °C), 

Bi2Sr2CaCu2Ox powder melts incongruently, producing a mixture of liquid and secondary solid 

phases.  On subsequent cooling, the liquid reacts with the solid phases and Bi2Sr2CaCu2Ox 

reforms.  The phase reaction to Bi2Sr2CaCu2Ox is often incomplete, leaving remnant non-

superconducting phases from the melt and the Bi2Sr2Cu1Ox phase and intergrowth in the 

superconducting matrix, all of which become current limiting mechanisms (CLMs) and block 

current flow.  Moreover, the gas between precursor powder grains accumulates into large pores 

upon melting, which divide the filament into segments.  The consequence of having large pores 

in the melt is that the pore regions may become bottlenecks for current flow in fully reacted 

wires.  The high population of CLMs strongly indicates that the fraction of oxide filament area 

that is effectively used for carrying current is low and increasing the connectivity is the key to 

improving Jc of Bi2Sr2CaCu2Ox wires. 

The formation mechanisms of filament bridges that populate melt processed PIT 

multifilamentary wires were studied.  Two types of filament bridges were found.  Type-A 

bridges are single-grain Bi2Sr2CaCu2Ox that couple multiple filaments.  Type-A bridges were 
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suggested to enable an inter-filament current flow that may be important for increasing the 

superconducting cross-section for effectively carrying current.  The Type-A bridges form 

because filaments can bond to adjacent filaments in the melt by Ag preferentially dissolving into 

liquid at Ag grain boundaries.  This discovery of filament bonding and Ag&liquid transport has 

general application to the design and optimization of multifilamentary Bi2Sr2CaCu2Ox wires. 

Jc development through the melt processing was examined.  Jc of wires doubled during the 

final cooling stage to room temperature.  The fundamental cause of this Jc increase was 

identified as oxygen overdoping, which reduces the superconducting transition temperature, but 

increases the flux pinning and most importantly, improves the grain boundary current transport 

and connectivity 

A critical limitation of Bi2Sr2CaCu2Ox for magnet fabrication is that melt processing yields 

an optimum Jc only within a narrow processing window (both maximum temperature Tmax and 

soaking time tmax need to be precisely controlled), which makes uniform heat treatment of large 

coils with large thermal mass difficult.  The systematics of this temperature and time dependence 

were probed by examining the microstructure evolution and Jc of wires prepared at various tmax 

and Tmax using different melt processing schedules.  The final Jc of wires was found to correlate 

weakly to Tmax or tmax, but it strongly correlates to tmelt, a hidden processing parameter that 

measures how long conductor spends in the melt state.  This strong correlation between Jc and 

tmelt suggests that the Jc of wires is dominantly controlled by tmelt, not by Tmax or tmax, and careful 

control of tmelt creates a wider processing window for coils. 

Raising tmelt above an optimum time caused a decrease in connectivity and Jc.  This Jc 

degradation was found to be associated with lower Bi2Sr2CaCu2Ox nucleation temperature and 

inhomogeneous Bi2Sr2CaCu2Ox nucleation.  The fundamental cause of Jc decreasing with 

extended tmelt appears to be the Cu loss from the Bi2Sr2CaCu2Ox melt.  There are three known 

ways of Cu loss in the literature; the new finding in the study is that Cu can be lost from wire by 

a fourth mechanism: Cu diffuses through the Ag from the filament to the surface of the wire 

where it evaporates as a copper oxide.  Cu loss is a pervasive process during melt processing that 

can explain why nearly all wind-and-react Bi2Sr2CaCu2Ox coils have Jc values much lower than 

those of bare, short samples of Bi2Sr2CaCu2Ox wires melt processed at the same time.  The study 

indicates that eliminating Cu loss would potentially raise the Jc of Bi2Sr2CaCu2Ox coils. 
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CHAPTER 1 

 

INTRODUCTION 
 

 

1.1  Superconducting Magnets 

High-field magnets have been - and continue to be - broadly applied to research in 

medicine, biology, chemistry, material science, and condensed-matter physics; they are also 

enabling for fields such as plasma science and high-energy physics.  Magnets are key 

components in Magnetic Resonance Imaging (MRI) machine, which visualizes detailed internal 

structure of human body to help physicians identify multiple sclerosis, tumors, tendonitis, strokes 

and many other conditions.  In addition, magnetic fields can be combined with synchrotron light 

sources and neutron scattering instruments for studying the fundamental properties of materials 

in high magnetic fields.  

Magnetic fields are produced by the flow of electrical current (Oersted effect).  Various 

electromagnets (e.g. solenoids, dipole and quadrupole magnets) are used to provide controlled 

magnetic fields to carry out certain functions (e.g. particle beam bending and focusing in particle 

accelerators).  The strength of the magnetic field achieved is limited by the enormous energy 

consumption and amount of heat generated when passing current through resistive conductors 

(e.g. Cu-based Florida-Bitter disk magnet).  Superconducting wires, which conduct current 

without electrical resistance, allow enormous current to flow.  Superconducting magnets are 

extensively used to generate strong magnetic fields above the ferromagnetic limit of 1.6 T [5].  

The entire present portfolio of superconducting magnet technology is made up by two 

niobium-based materials: NbTi with a transition temperature Tc of 9 K and upper critical 

magnetic field Hc2(4.2 K) of 12 T, and Nb3Sn with Tc~18 K and Hc2(4.2 K)~27 T.  The 

superconductivity boundary of these Nb-based materials limits the magnetic field reach below 

~18 T for dipoles and quadrupoles and less than ~22 T for solenoids, therefore constraining the 

energy reach of accelerators to several TeV and restricting nuclear magnetic resonance (NMR) 
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studies below 900 MHz.  The very-high-field magnets (22+ T), however, are suggested to be 

critical for >1 GHz NMR and for the next generation of accelerator technology, both of which 

will enable important new physics opportunities [6, 7].  The proposed muon collider (a physical 

accelerator beyond the large hardon collider in CERN, currently the world’s largest and highest-

energy particle accelerator), for example, would depend critically on the ability to construct 

strong focusing magnets (30+ T) for muon cooling and collecting.  The future accelerator 

technologies motivate the use of high-temperature superconductors (HTS) and innovative 

magnet fabrication strategies.  

The three available HTS conductors [Bi2Sr2CaCu2Ox, (Bi,Pb)2Sr2Ca2Cu3Ox, and 

YBa2Cu3Ox] all offer the possibility to generate magnetic fields far beyond the maximum of ~23 

T possible with Nb3Sn, since cuprates have critical fields at 4.2 K greater than 100 T, even in the 

inferior direction.  The applications of HTS conductors to magnet technology open up a rich new 

application space, by taking advantage of their nearly field-independent current density over a 

wide range of magnetic field at 4.2 K up to 50 T. 

Of the primary HTS conductors, the most promising one for high-field magnet applications 

is Bi2Sr2CaCu2Ox (2212), because it can be made with critical current density Jc of 10
5
 A/cm

2
 up 

to 45 T using a reliable fabrication route in round wire form, thus permitting access to the 

Rutherford cabling technique developed for low-temperature superconducting materials.  

However, the melt processing of powder-in-tube multifilamentary round wire 2212 to high Jc is 

complex.  This complexity makes difficult the wind-and-react 2212 magnet fabrication.  Jc of 

coils, for example, is only ~60% of those of the short sample produced in a corresponding 

processing [8-12].  This compromised Jc in coil as well as other observed phenomenon such as 

leakage are not surprising; they are just a consequence of not understanding the influence of 

many specific details of the thermal-mechanical process that are not precisely controlled, or even 

recognized as important. 

This thesis will address the fundamental processing of 2212, systematically revealing the 

microscopic processes and investigating the interactions between conductor, processing, and Jc.  

Understanding the melt processing opens up the opportunities to further optimize the conductor 

and processing and to develop novel magnet fabrication strategies, bringing 2212 magnets to 

their ultimate performance allowed by the fundamental limits of the material.  This chapter 

provides a basic introduction to the physical properties of superconductors, introduces the 
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general physics theory of critical current density derived from low-temperature superconducting 

(LTS) materials and YBa2Cu3Ox (YBCO) thin films, points out the grand challenges of a reliable 

2212 magnet technology, and ends with a presentation of the objective and scope of this thesis. 

1.2  2212 Round Wire for Very High Field Magnets 

Superconductivity occurs in many materials: simple elements like mercury and aluminum, 

various metallic alloys, some heavily-doped semiconductors, cuprate-perovskite ceramics 

materials, and iron-based oxypnictide [13, 14].  For magnet applications, it is desirable to have 

good magnetic field properties and a high Jc with negligible anisotropy.  Large applications also 

require the material be manufactured in long lengths (> 1 km).  Furthermore, material should 

have sufficient strength to withstand the fabrication process, device winding, cool-down and 

strong electromagnetic stresses, and be capable of being made or cabled to sufficient size to carry 

operating currents from hundreds to thousands of amperes [15, 16].  These requirements define a 

parameter set that restricts practical applications to only a handful of superconductors. 

Table 1.1 lists physical properties of major practical superconductors. The critical 

temperature Tc and upper critical field Hc2 represent boundaries
1
 where superconductivity will be 

destroyed.  In fact, applications are limited by a lower characteristic field, the irreversibility field 

Hirr at which Jc vanishes.  For NbTi and Nb3Sn with isotropic cubic structures, anisotropy is 

negligible, and Hirr is about 0.85Hc2(T), but their intrinsic low critical fields limit their 

application to below 22 T (higher field may be possible at temperatures less than 4.2 K).  At 4.2 

K, HTS materials are able to provide Hirr greater than 100 T, although their Hirr(T) are far below 

the Hc2(T), due to their highly anisotropic layered crystal structures and strong thermally 

activated flux creep.  The physics of superconductors in magnetic fields will be discussed latter 

in this chapter.  At higher temperatures, the anisotropies in 2212 and 2223 are so large that their 

Hirr are less than 2 T and their electric applications are restricted to below 30 K.  

Figure 1.1 shows the field-temperature (H-T) diagram of major superconductors.  Although 

the irreversibility field for 2212 is relatively low above 20 K, the field increases to a value 

greater than 100 T at 4.2 K.  Very high engineering critical current density JE 
2
 and Jc of 10

5
 A/ 

                                                 
1 Superconductivity exists under three limitations, Hc2, Tc, and Jc, among which Jc is strongly sensitive to material processing 

methods and microstructures at the μm or even nm scales.  
2 JE is defined as Ic/A while Jc is Ic/As, where Ic is the critical current a superconducting wire can transport, A is the cross-section 

of the entire wire that contains the superconductor cross section As and other area filled with normal metals. 



4 

 

cm
2
 are available in above 22 T and even 45 T, and thus attractive for high field magnet 

applications (Figure 1.2).  Furthermore, 2212 can be made in the round wire conductor form, 

allowing manufacture of high current Rutherford cables
3
, from which virtually all accelerator 

magnets have been made.  Comparable Je and irreversibility field is available in the YBCO 

coated conductor at 4.2 K, but the conductor form of thin film poses significant challenges to 

magnet technology and currently no cabling technique is available for YBCO high-energy 

physics applications. 

 

 
Table 1.1: Properties of practical superconductors. Tc is the critical temperature below which 

superconductivity occurs.  Hc2 is the upper critical magnetic field, up to which buck superconductivity 

exists, whereas Hirr is where superconducting Jc vanishes.  High-Tc compounds have anisotropic layered 

structures, which result in significant anisotropy in transport properties and the upper critical 

fields c2c2 ( ) / ( )H T H Tη ⊥= , parallel and perpendicular to the superconducting layers.  Data is compiled 

from [15-20]. 

 

Material Tc 

(K) 

Jc  and Je 

(A/cm2) 

4.2 K 

Hirr 

(4.2 K) 

T 

Hc2 

(4.2 K) 

T 

Comments 

NbTi 9 54 10cJ = ×  at 5 T 10.5 12 Round wire; 

a workhouse material 

for the superconductor industry 

Nb3Sn 18 53 10cJ = × for 

non-copper region 

at 12 T 

24 27 Round wire; 

large-scale magnet applications for 

LHC luminosity upgrade and ITER 

MgB2 39 45 10wire
cJ ⊥ = ×  

at 8 T 

16 32 Round wire 

Anisotropy ~2 

Bi2Sr2Ca2Cu3

Ox 

110 // 43.5 10= ×ab
eJ  

42.2 10⊥ = ×ab
eJ  

at 12 T 

>100 >100 Tape, anisotropy ~100; 

1st generation of high-temperature 

superconductor 

for large-scale electric 

power applications at 30-77 K 

YBa2Cu3Ox 92 / / 69.2 10ab
cJ = ×  

61.2 10ab
cJ ⊥ = ×  

/ / 49.2 10ab
eJ = ×  

41.2 10ab
eJ ⊥ = ×  

, all at 30 T 

>100 >100 Thin film, anisotropy ~7 

2nd generation of high-temperature 

superconductor 

(coated conductors) 

for large-scale electric 

power applications at 77 K. 

It also shows promise in 4.2 K high-

field applications. 

In demonstration stages. 

                                                 
3 A flat cable composed of fully transposed twisted wires that can carry very high current density. It is used to obtain a low 

inductance magnet system for high-energy physics applications. 
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Table 1.1 - continued  

Material Tc 

(K) 

Jc  and Je 

(A/cm2) 

4.2 K 

Hirr 

(4.2 K) 

T 

Hc2 

(4.2 K) 

T 

Comments 

Bi2Sr2CaCu2O

x 

92 At 25 T: 
51.4 10wire

cJ ⊥ = × , 

44.0 10wire
eJ ⊥ = × . 

At 45 T: 
51.0 10wire

cJ ⊥ = × , 

42.7 10wire
eJ ⊥ = × . 

>100 >100 Anisotropy ~50-100. 

Commercially available in 

Tape and round wire. 

It has superior Jc at low temperatures 

and high fields. 

In development. 
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Figure 1.1: Irreversibility fields Hirr(T) for superconducting wires.  At 4.2 K, high irreversibility 

fields of 2212 round wires and YBCO coated conductors mean that 22+ T superconducting magnet 

technologies, or even a 50+ T magnet, are possible. (Data compiled by P.J. Lee and J. Jiang; the 

YBCO data is courtesy of Z. Chen and D.C. Larbalestier.) 



6 

 

 

 

 

 

 

The National High Magnetic Field Laboratory (NHMFL) in Tallahassee, FL has been 

pursuing 22+ T solenoid magnets using 2212 conductors since 1994.  A series of Bi-2212 insert 

coils have been made (1 T in a background of 19 T in 1997; 3 T in a background of 19 T in 1999 

[8]). In particular, in 2003, NHMFL in collaboration with Oxford Superconducting Technology 

(OST) in New Jersey, achieved a record field of 25 T in a solenoid insert made of 2212 [21, 22].  

All of these coils were fabricated from flat 2212 tapes.  Since 2003, great advances have been 

achieved in the fabrication of 2212 round-wire conductors.  In 2008, OST created a 22 T (20 T 

generated by low temperature superconducting magnets, and additional 2 T by a 2212 insert) 

[23]  and NHMFL achieved a 32 T (1 T in a background of 31 T) using the 2212 round-wire 

conductor [24].  These successes provide the proof-of-principle for next-generation high field 

superconducting magnets made from 2212.  However, significant challenges remain, which will 

be detailed in the rest of this chapter. 
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Figure 1.2: A comparison of engineering superconducting current density, JE, of major 

superconductors at 4.2 K.  Data compiled by P.J. Lee and an updated version is maintained at  

http://magnet.fsu.edu/~lee/plot/plot.htm. 
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1.3  Factors That Affect Superconducting Current-carrying 

Capacity 

 

 

 

 

 

Large Jc is essential to many proposed applications of superconducting materials.  

Although the physics and theoretical aspects of critical current in superconductors are 

complicated, current flow in superconductors may be summarized using the simple diagram 

shown in Figure 1.3.  Global Jc in practical conductors is often much less than int ragrain

cJ , which is 

the intrinsic current flow within superconducting grains.  int ragrain

cJ  is controlled by flux pinning, 

which is sensitive to nanoscale microscopic details and therefore it can be boosted by improved 

processing and microstructures.  Since all superconductors are inevitably polycrystalline in long 

lengths, the effects of the polycrystalline nature on electromagnetic properties must be 

considered; usually large angle grain boundaries block current flow in HTS materials.  

Furthermore, Jc is proportional to the superconducting cross-section that can be used for 

Grain boundaries

Jc
intragrain

Jc
gb

Jc
global

Grain boundaries

Jc
intragrain

Jc
gb

Jc
global

 
Figure 1.3: Current flow in polycrystalline superconductors.  Current exists at many length scales: 

intragrain current loop 
int ragrain
cJ  circulating on scales where the whole path is superconducting, current 

transport across grain boundary
gb
cJ , and a global current

global
cJ .  

int ragrain
cJ  is dominated by flux 

pinning.  For NbTi and Nb3Sn, 
global
cJ

 may be very close to 
int ragrain
cJ

.  For HTS materials,
global
cJ

is 

much lower than 
int ragrain
cJ , due to weak electromagnetic coupling between grains or current-blocking 

effects of secondary phase inclusions, pores, and cracks that are endemic in these multiphase systems. 
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effectively carrying current.  This superconducting current-carrying cross-section sometimes 

dictates the long-range connectivity in superconductors, and it can be reduced by large-sized 

defects – pores, secondary inclusions, and cracks – that are endemic in HTS conductors and one 

important reason why Jc in practical superconductors is much lower than their upper Jc limits set 

by the fundamental flux pinning property.  

1.3.1 Flux pinning 

The property that determines the ability of a superconductor to carry supercurrent is 

referred to as ‘flux pinning’.  Many articles, and indeed books [25], have been written on this 

complex subject, but the basic concept can be explained simply: In the interior of Type II 

superconductor
4
 such as 2212, the magnetic field exists as a triangular lattice of quantized line 

vortices or fluxons.  Each fluxon is a tube with a radius equal to the London penetration depth 

λ(T), in which superconducting screening currents circulate around a small nonsuperconducting 

core of radius ξ(T), where ξ(T) is the superconducting coherence length.  The flux carried by the 

screening current in each fluxon equals the flux quantum ø0=2x10
-15

 Wb.  The application of an 

electric current to the superconductor generates a lateral force on the vortices known as the 

Lorentz force FL=JxB, and the resulting vortex motion dissipates energy and causes electrical 

resistance to appear in the superconductor. Only if vortices can be immobilized by a 

counteracting ‘pinning force’ can a superconductor sustain high current density.  The higher the 

current density (or the magnetic field), the greater the Lorentz force acting on the vortices – the 

critical current density is essentially the point at which the Lorentz force begins to exceed the 

maximum available pinning force.  

What is the origin of the pinning force?  It arises from the presence of localized material 

defects or crystalline imperfections
5
 that reduce the vortex energy such that vortices tend to 

remain pinned at the bottom of these potential energy wells (pinning energy).  To maximize Jc it 

is necessary to engineer the optimum vortex-pinning landscape, as well as the size, shape and 

density of pinning sites.  The challenge is uncovering which of these material defects are most 

effective at pinning vortices, and how we can produce 2212 round wire with more of them.  

                                                 
4 Superconductors can be classified as Type I superconductor, in which superconducting current flows only at the surface and 

superconductivity is destroyed by weak fields, and Type II superconductor that is capable of carrying bulk supercurrent at high 

fields. 
5 Similar to vortex cores, material defects are nonsuperconducting, having higher Gibbs free energy than that of superconducting 

matrix.  Therefore, magnetic vortices tend to overlap with defects to minimize the free energy of the material system.  By this 

means, vortices are pinned at material defects. 
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How can we maximize the flux pinning by tailoring the defect structure in 

superconductors?  The best flux pinning information we posses about practical superconductors 

is from NbTi, in which exceptionally strong pinning is generated by a dense, ~20-25-vol% 

lamellar structure of non-superconducting α-Ti ribbons, about 1 nm (0.2ξ) thick, and aligned 

parallel to the wire transport current [15, 26].  The success in NbTi reflects two basic principles 

to maximize flux-defect interaction in superconductors: the defect size should be in the range of 

the coherence length ξ(T), and defects should be arranged in a way to match the flux lattice 

matrix.  Since ξ(T) and the flux lattice change with temperature and field, defect structure should 

be optimized according to the temperature and magnetic field ranges where applications are at. 

A variety of material defects, both natural and artificial, can be effective pinning centers in 

superconductor.  For instance, the flux pinning in Nb3Sn is dominated by the magnetic 

interaction of the fluxon currents with grain boundaries [15, 27].  In this case, Jc(T, H) increases 

with decreasing grain size, thus requiring low-temperature-methods of phase formation that 

produce a fine grain size.  However, for medium Tc and high Tc compounds, which defect 

structure is the optimum one, and how to introduce the necessary defect structure are difficult 

questions.  In MgB2, grain boundaries act as pinning centers [28].  Although nanoscale 

precipitates in MgB2 can provide strong scattering that effectively enhances the Hirr, due to the 

nature of two-band superconductivity [29], they tend to stay at GBs so superconducting current-

carrying cross-section is significantly reduced.  In YBCO, the epitaxial YBCO films posses Jc 

that is 10-100 times higher than YBCO single crystals because of the large density of defects 

inherent in thin-film growth, among which are precipitates (for example Y2O3 and Ba-Cu-O), 

twin boundaries, threading dislocations, surface roughness, antiphase boundaries, in-plane and 

out-of-plane misorientation, misfit dislocations, planar defects, and point defects [30].  The task 

is to uncover which of these defects is the most effective at pinning vortices, and to find material 

processing methods to produce films with more of them [30].  Recently, nano-size BaZrO3 added 

to YBCO coated conductor improves Jc(B) by orders of magnitude, showing that even pinning of 

HTS materials can be improved in an artificial way through nano-engineering [31].  

1.3.2 Grain boundaries 

Grain boundaries are known to be strong barriers to current flow in HTS mateirals. The 

most unambiguous evidence came from detailed studies of the behavior of YBCO bicrystals on 
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SrTiO3 or Y2O3-stablized ZrO2 (YSZ) substrates.  Dimos et al. [32, 33] found that the critical 

current density across the grain boundary gb
cJ  drops exponentially below that of the grains 

int ragrain
cJ , int exp( )gb ragrain

c c cJ J θ θ= − , as a function of the misorientation angle between the 

neighboring crystallites, where θc =3~5º, depending on the value of the int ragrain
cJ . 

The negative role of grain boundaries dictates the necessity to texture polycrystalline high 

temperature superconductors.  For YBCO, long-length nearly single-crystalline coated-conductor 

tape has been achieved from two main technologies.  The bi-axial texture of the YBCO layer 

epitaxially extended from the crystalline texture of MgO developed by oxide ion-beam-assisted 

deposition (IBAD) on polycrystalline Ni-Cr alloy.  An alternative method is based on RABiTS 

(rolling-assisted biaxially textured substrate) technology [34], by which bi-axial texture is first 

induced in a Ni-W alloy by rolling deformation, on which the epitaxial buffer layers and YBCO 

are grown.  The grain network of YBCO is supposed to replicate that of substrate.  For 

(Bi,Pb)2Sr2Ca2Cu3Ox (Bi-2223), uni-axial (c-axis) texture of power in green tape
6
 is developed 

by a rolling deformation of the green wire into flat tape, in which mica-like grains of 2212 and 

other less aspected oxide are aligned, and maintained during the heat treatment.  The nature of 

grain boundary in 2212, however, is less clear.   

1.3.3 Material fabrication considerations 

Table 1.2 summarizes the current status of conductor development for major conductors.  

Despite much understanding of other superconductors, there is relatively little we know about the 

material science of 2212, so there are many questions that remain to be explored. 

Like Bi-2223, important pinning-defects interactions are unknown for 2212, especially at 

4.2 K where 2212 magnet operates.  In fact the magnitude of the int ragrain
cJ  of 2212 remains 

unknown.  Microstructures of 2212 thin films and tapes show many critical-current limiting 

features – pores, inhomogeneity, and secondary phases – but methods to remove them are 

unknown.  Microstructures also show that 2212 round wire does not have a macroscopic texture 

and it contains many grain boundaries with misorientation θ>10
o
.  Why the 2212 round wire can 

sustain high Jc of 10
5
 A/cm

2
 is an intriguing question and answering it may have global impacts 

on how to reduce the weak-linked behaviors of other HTS materials.  

 

                                                 
6 Green wire is an unreacted wire. 
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Table 1.2: State-of-the-arts of the research and industrial development for major superconductors. 

 

Material 
Conductor 

development 

Grain 

boundaries 

are 

weak 

links? 

Material understanding about how to achieve high Jc 

NbTi Mature technology No Flux pinning mechanism and physical metallurgy route 

to high pinning and Jc are well known. 

Grain boundaries are transparent to current. 

Nb3Sn In manufacturing, 

but there is room 

for improvement 

No Major flux pinning mechanism is identified as 

magnetic interaction of the flux with grain boundaries.  

A fine grain size and homogeneous Sn distribution 

close to stoichioimetry are the key to high Jc [35]. 

Grain boundaries are transparent to current. 

Heat treatment is straightforward (~650 ºC in air or 

vacuum, no serious chemical reactions occur between 

conductor and insulation materials/coil supporting 

structures). 

MgB2 km-length 

conductors 

commercially 

available. 

No Grain boundaries are transparent to current but they are 

prone for MgO segregation that blocks current flow 

between superconducting grains. 

2223 km-length 

conductors 

commercially 

available. 

Yes Flux pinning mechanism unknown; low connectivity is 

identified as major issue for 2223. Particularly, pores 

and cracks are known to be major current-limiting 

mechanisms and methods such as overpressure 

processing [36, 37] were developed and adopted by 

industry to improve conductor performance. 

Grain boundaries are believed to be current barriers, 

and the uniaxial c-axis texture is induced in flat tapes 

by rolling deformation. 

Thermo-mechanical processing is complicated, but 

knowledge of making high Jc conductor becomes 

increasingly clear. 

YBCO Pilot plant 

capabilities; length 

>km will be 

available soon. 

Yes Grain boundaries with misorientation angles θ>3-4o are 

strong current barriers. Biaxial texture between YBCO 

grains is developed to remove large-angle grain 

boundaries and methods to induce biaxial texture in 

km-length conductor have been successfully developed 

(RABiTS and IBAD coated conductor technology). 

Fabrication of YBCO magnets takes a react-and-wind 

approach; therefore, the magnet fabrication and heat 

treatment are decoupled. 
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Table 1.2 - continued 

Material 
Conductor 

development 

Grain 

boundaries 

are 

weak 

links? 

Material understanding about how to achieve high Jc 

2212 Pilot plant 

capabilities. 200-

300 m length 

conductor is 

commercially 

available. 

Yes7 Important flux-pinning interactions in conductor forms 

of 2212 are unknown, especially at 4.2 K where the 

coherence length ξ is so small that even atomic-sized 

point defects can pin fluxons. 

Major current limiting mechanisms and approaches to 

remove them are unknown. 

The true fraction of superconducting cross-section that 

can effectively carry current is unknown. How much 

residual Jc performance capability there is in the 

conductor is unknown. 

The role of grain boundaries is unknown; it is not clear 

why high Jc of 105 A/cm2 can be obtained in round 

wire conductor, which does not have a macroscopical 

texture. 

The melt processing of 2212 round wire is very 

complex, and most of knowledge about phase 

transformation was collected from thin films and flat 

tapes. 

Interactions between processing, microstructure, and 

large Jc are unknown and process optimization is 

empirical. 

Fabrication of magnet from 2212 round wire takes a 

wind-and-react method.  Thus 2212 magnet fabrication 

and its magnet performance are intimately tied to the 

complex melt processing; however, the Jc of coils can 

easily be degraded by complicated reactions and 

imperfect processing controls.  How to transfer high Jc 

reported in short sample to magnet winding without Jc 

loss is a challenge. 

 

 

1.4  Motivation and Outline of This Thesis 

Although 2212 is a brittle ceramic material and fabricating it into conductor form is hard, 

long-length 2212 wires are commercially available.  Typical 2212 round wire is a 

multifilamentary composite conductor, which contains several tens or several hundreds of 

                                                 
7 Although bicrystal transport study is scarce for 2212, we believed 2212 GBs are weak-linked because cuprate GBs weak link 

behavior is intrinsic to their small carrier density and proximity to a parent, antiferromagnetic insulating state. 
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filaments, with diameters ~10-40 μm, embedded in a normal metal matrix (Ag).  Each filament 

contains precursor powder with a composition of essentially nominal Bi2Sr2CaCu2Ox. In 

unreacted 2212 conductor, 2212 grains in precursor powder may be pure 2212 phase and carry 

large int ragrain

cJ  but grains are separated from each other that no useful global
cJ can flow.  This poor 

Jc conductor is transformed into a high Jc conductor by a partial melt processing [38], in which 

2212 powder is melted into a mixture of liquid and other phases above the peritectic temperature 

and a well-connected 2212 grain network reforms from this mixture upon cooling.  

Partial-melt processing is vital to high Jc in 2212.  Although there are many studies on 

phase assemblage in the melt and phase transformations during processing [39, 40], physical, 

chemical, and microstructural details that occur through processing are largely unknown. 

Furthermore, the interactions between processing, microstructure, and large Jc are unknown and 

process optimization is rather empirical.  A fundamental understanding of microscopic processes 

and current-limiting mechanisms is essential to developing strategies for raising Jc by improved 

processing, alternative processing routes, new powder compositions, and better wire 

architectures. 

A clear understanding of partial melt processing is also critical to improve current methods 

of making 2212 Rutherford cables and 2212 magnets.  Bi-2212 round wires are turned into high 

Jc coil using a wind-and-react approach, which refers to the procedure of winding conductor into 

coils first and then melt processing it.  The melt processing of conductor with insulation and coil 

construction materials at a high-temperature of ~890 °C in pure oxygen is a complicated issue.  

The melt processed 2212 coils experience serious problems like leakage, which occurs when 

liquid flows through the Ag sheath at high-temperature and reacts with the ceramic insulation 

that covers the wire.  Leakage decreases the amount of 2212 in the filaments and degrades the 

wire performance.  Elimination of leakage requires understanding of how Ag sheath would open 

up in the partial-melt processing.  Therefore, development of ceramic insulation and construction 

becomes a serious challenge.  Furthermore, all recent 2212 wind-and-react coils made only show 

60% of Jc of the short (~4 cm) witness samples that are heat treated side-by-side with the coil [8, 

9].  These issues are testaments to the importance of understanding the melt processing to 2212 

technology. 

This thesis specifically targets building a fundamental understanding of partial-melt 

processing, establishing key microstructure-property-process relationships.  To achieve this goal, 
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this thesis work will study the physical, chemical, and microstructural events that occur during 

partial-melt processing, and observed how these processes are affected by conductor design and 

processing routes, with the hope that such knowledge will lead to improved methods of making 

2212 conductors and magnets. 

Chapter two provides a brief literature review, illustrating the state-of-the-art of the 

research and development on the melt processing and high Jc 2212 conductor.  This leads to the 

key experimental approaches used in this thesis in Chapter three.  Chapter four addresses the 

issue of whether connectivity or pinning is the primary factor we should focus on to achieve high 

Jc.  Chapter five provides the evolution of microstructures and electromagnetic properties 

occurring during the melt processing of multifilamentary round wire 2212.  Chapter six discusses 

how filament to filament bridging occurs in the processing, how they may change current flow, 

and their influences in raising Jc.  Chapter six also identifies the Ag&liquid transport in the melt, 

due to which filaments bond together and change their morphology at high temperatures.  

Chapter seven identifies the role of oxygen overdoping during the final stage of processing, and 

gives the first interpretation why high Jc can be maintained in 2212 round wire despite the fact 

that it does not have macroscopic texture.  Chapter eight discusses the details of melting and how 

it affects Jc.  Chapter nine discusses the possibility of Cu loss during partial-melt processing and 

the reaction between Cu cation and insulation materials.  Chapter 10 summarizes the work and 

discusses the implications for the technology. 
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CHAPTER 2 

 

FABRICATION AND PROCESSING OF 2212 CONDUCTOR AND 

MAGNET 
 

 

In order to understand why the melt processing is vital for obtaining high Jc in 2212 

conductor, and for establishing magnet fabrication protocols as argued in Chapter 1, one must 

look at the details of fabrication of 2212 conductor and its heat treatment, and at the wind-and-

react magnet fabrication.  This chapter provides a literature review to summarize the previous 

results of making 2212 conductor for high-field superconducting magnets, with an emphasis on 

the partial-melt solidification process.  The purpose of this chapter is to provide a focused 

description of the field by discussing the findings presented in recent research papers, to create 

an understanding of the topic, and to further identify the questions and challenges remaining in 

the area, setting the stage for the research presented in the following chapters. 

2.1  Oxide Powder-in-tube Method 

In spite of the metallurgical complexity of the multi-component system Bi-Sr-Ca-Cu-O, 

2212 has been fabricated into many conductor forms (e.g. bulk, thin films, tapes, rectangular and 

round wire) using many approaches (e.g. doctor-blade [41], dip-coating [42], powder-in-tube 

[18, 43], electrophoretic coating [44], and spray coating [45]).  Dip coated 2212 tapes, for 

example, can be simply fabricated by dipping a Ag-substrate into a slurry, which is formed by 

mixing the fine 2212 powder with the organic solvent (e.g. trichloroethylene), binder (e.g. 

polyvinyl butyral) and dispersant (sorbitan trioleate).  The formed tape is heated to ~600 °C to 

remove organic materials and then melt processed to form highly textured 2212 grain structures 

that conducts high Jc [46].  Nevertheless, the main, large scale approach adopted by the 2212 

industry is an oxide-powder-in-tube (OPIT) method, which is a conventional composite metal-

working technique that has been successfully used to fabricate large-scale, long-length (>1 km) 

Nb3Sn wire, MgB2 tape/wire, and Bi-2223 tape, all of which are brittle compounds.  
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Figure 2.1 shows the schematic diagram of a typical OPIT process.  The process starts with 

packing the precursor powder, which is essentially a mixture of single 2212 phase with a 

nominal composition of Bi2Sr2CaCu2Ox, into a commercial metal (Ag for 2212) tube, which is 

sealed and cold drawn through a series of dies with gradually decreasing diameters (hex and 

restack technique using drawing alone without extrusion).  A number of monocore elements may 

be bundled and stacked into another silver tube to form a multifilamentary green wire.  The 

formed wire may be re-stacked into metal-alloy tube (e.g Ag-Mg) [47] and cold drawn down.  

Each wire contains hundreds of filaments, each of which has a diameter ranging from 10-50 μm. 

 

 

 

 

 

 

Although the specifics of fabrication process are beyond the scope of this thesis, certain 

points are discussed below to emphasize the importance of getting a clear understanding of the 

interactions between fabrication and basic material issues that will be addressed in the following 

chapters. 
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Figure 2.1: Schematic diagram of the oxide-powder-in-tube (OPIT) method used by superconducting 

wire industry to fabricate long-length 2212 round wires.  An additional cold rolling can deform the 

wires into flat tapes. 
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PIT process appears to be a simple fabrication route.  However, what is not so simple is 

that how the conductor design (e.g. filament diameter, filament spacing, filament shapes, 

2212/Ag ratio, and filament mass density) and deformation will affect the final microstructure 

and Jc of the conductor.  Although PIT has been used to fabricate Nb3Sn and MgB2 wires and Bi-

2223 tapes and has been well studied, the 2212 PIT is transformed to high Jc conductor using the 

melt processing during which filaments contains substantial amount of liquid, which is very 

different from the solid-state reaction using for Nb3Sn and MgB2 and the liquid-assisted reaction 

used for Bi-2223.  The combination of melt processing with PIT wires yields a unique material 

system in which many new material phenomenons become important, such as filament to 

filament bridges, which will be discussed in Chapter 6. 

The mechanical deformation of the Ag/oxide powder composite is an important step in 

fabricating OPIT conductors.  It significantly affects the diameter uniformity of filaments, and 

also the smoothness of the Ag-ceramic interface.  In PIT 2212 tapes, the periodic thickness 

variation, so called ‘sausaging’, was suggested to result in recrystallized grain orientations that 

follow the interface undulations, resulting in two reasons for reduced Jc: significant grain 

misorientation and the current “bottlenecks” created by the necked ceramic [48, 49].  For melt 

processing of 2212 PIT round wires, this issue is even more complicated, because, as will be 

shown in chapter 6, deformed filaments will change their morphologies at high temperatures, and 

planar Ag/oxide interface can become undulated at high temperatures.   

An optimum set of metallurgical parameters is therefore not yet available.  The powder 

should contain a single phase and small particles so that each grain has the same mechanical 

properties and the powder deform uniformly.  But what about issues like: How densely should 

the powder be packed? What is the optimum wire drawing area reduction per pass? What are the 

optimum composite design parameters (e.g. wire architecture, number of filaments, ceramic/Ag 

ratio, filament size, and filament morphology)?  Industry usually relies on trial-and-error 

approaches to optimize these metalworking parameters.  Answering these questions requires 

deciphering the complexity of the 2212 microstructure, how this microstructure would change 

with the conductor design, and which microstructure is good for high Jc, all will be discussed in 

the following chapters. 

Figure 2.2 shows a representative commercial as-drawn, unreacted OPIT Ag-2212 

composite round wire conductor fabricated by OST.  It has a diameter of 1.06 mm and a 
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configuration of 85x7 filaments, whose average diameter is ~20 μm. It has a ceramic volume 

ratio around 28%. The longitudinal section shows that filaments are uniform and well separated 

and the cold working didn’t yield obvious sausaging. 

 

 

 

 

 

2.2  Melt Processing 

The as-drawn OPIT wire is then subjected to a partial-melt and solidification processing 

pioneered by Heine et al. [38] (see the typical multistep process in Figure 2.3.  In this thesis, it is 

called melt processing.) to realize high Jc.  The purpose of melt processing is to convert 2212 

precursor powder of low connectivity to a well-connected 2212 grain network.  The as-drawn 

 
 

 
 
Figure 2.2: A representative OPIT Ag-2212 round wire after initial mechanical deformation steps 

shown in Figure 2.1.  It was fabricated by OST.  The wire (1.06 mm in diameter) consists of 7 

bundles, each of which contains 85 filaments. 
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conductor whose filament powder starts as essentially single-phase 2212 is heated above the 

2212 peritectic temperature (~880 ºC) to melt the filaments, producing a liquid phase and several 

solid phases whose stoichiometries depend on the oxygen partial pressure and the absolute 

temperature.  A subsequent slow cooling solidifies this mixture and 2212 grains nucleate and 

grow from the liquid.  

 

 

 

 

 

The melt-processing of powder-in-tube Ag-Bi2212 multifilamentary round wire to develop 

critical current density > 10
5
 A/cm

2
 in magnetic fields up to 45 T is complex.  Much of the 

knowledge about this topic was obtained from investigations of phase transformation and grain 

growth during the melt processing of Ag-sheathed 2212 monocore tapes and tape cast 2212 thick 

films on Ag-substrates.  Due to a clear difference in wire architecture and filament morphology, 

this knowledge may not be directly applied to PIT Ag-sheathed 2212 multifilamentary round 

wire.  Nevertheless, data obtained from tapes and films are the most important information we 

have known about this complex, multi-component oxide system.  Here we will review the phase 

                       

Tmax

2212 
melted

2212 
formed

1 2 3

Tmax

2212 
melted

2212 
formed

1 2 3

 
Figure 2.3: A generic melt processing schedule.  It shows the maximum temperature, Tmax, and has been 

divided into three regions.  Region 1: The conductor is in precursor powder state.  Region 1 ends when 

2212 powder melts incongruently around the 2212 peritectic temperature.  Region 2: The conductor is in 

the melt state, containing a mixture of liquid, alkaline earth cuprates (AEC) and Cu-free (CF) phases.  

Region 2 ends when 2212 started to nucleate from the melt.  Region 3: Liquid reacts with AEC and CF 

phases to form 2212.  
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transformation, nucleation, and influence of critical heat treatment steps, which we believe 

should also apply to PIT Ag-sheathed 2212 multifilamentary round wire. 

2.2.1 Stability of 2212 and phase transformation 

Phase transformation during melt processing has been observed in quenched films/tapes or 

in films using in-situ high-temperature x-ray diffraction.  In summary, partial-melt processing is 

governed by two reactions: 

Upon heating, solid state phase decomposition of 2212 precursor power produces a 

multiphase assemblage: 

2212+Ag          Liquid (+Ag) +AEC+CF+O2 

Where AEC represents alkaline earth cuprates (Sr, Ca)x-Cuy-Oz and CF represents Cu-free 

phase Bix(Sr,Ca)yOz.  The stochiometry of both AEC and CF depend on the processing 

temperature and the oxygen partial pressure (Table 2.1) 

Upon cooling, phase pure 2212 forms in the liquid and grows by a reverse peritectic 

reaction between liquid, AEC, and CF phases: 

Liquid (+Ag) +AEC+CF+O2              2212 

The incongruent melting temperature strongly depends on oxygen partial pressure, 
2OP  [50, 

51].  The melting temperature is ~880 ºC in 1 atm O2, and the melting occurs at a lower 

temperature when processed in reduced oxygen partial pressure (e.g. in air the melting point 

decreases to ~865 ºC) [39, 52].  The phase assemblage in the melt also changes with oxygen 

partial pressure, shown in Table 2.1 

 

 
Table 2.1: The influence of oxygen partial pressure on 2212 melting temperature and phase assemblage 

in the melt.  Data is summarized from [39, 40]. 

 

O2 partial pressure Melting temperature (ºC) Phase assemblage in melt (upon melting)

100% ~885 Liq, 14:24 AECa, 2:4 CFb 

50% ~875 Liq, 14:24 AEC, 2:4 CF 

21% (air) ~866 Liq, 1:1 AECc, 2:4 CF 

7.5% ~865 Liq, 1:1 AEC, 2:1 AEC, 2:4 CF 

1% ~845 Liq, 1:1 AEC, 2:1 AEC, 2:3 CFd 

0.1% ~815 Liq, 2:1 AEC, 2:3 CF, (Sr,Ca)O 
a14:24 AEC=(Sr, Ca)14Cu24Ox         

b2:4 CF= Bi2(Sr,Ca)4Oz      
c1:1 AEC=(Sr, Ca)CuOx 

d2:3 CF=Bi2(Sr,Ca)3Oz 
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The phase equilibria and crystal chemistry of BSCCO systems have been extensively 

studied [53-58].  The 2212 phase exhibits an extended single-phase region (650-890 ºC in the 

air) with variable Sr, Ca, and Bi content.  This may suggest that phase-pure 2212 can be easily 

achieved.  However, when 2212 conductors are melt processed, kinetic factors dominate and the 

system does not come to equilibrium, so the reaction to form 2212 often does not go to 

completion, leaving remnant grains of AEC and CF phases in the fully-processed conductor.  

These nonsuperconducting particles were observed to be μm in size, therefore blocking current 

flow in superconducting 2212 matrix and reducing macroscopic Jc in polycrystalline filaments.  

The negative influence of remnant AEC and CF may extend to atomic-scales, since they may 

hold up the cations that are necessary to form 2212 during cooling and change the 2212 

composition locally or even the entire superconducting matrix. The change in composition is 

very subtle and hard to measure; it is also expected that if this composition modification occurs, 

it would depend on the conductor heat treatment and wire architecture, making Jc of PIT 2212 

wires a complicated balance between many factors. 

It is well accepted that phase purity is an important component that determines the Jc of the 

multiphase superconducting system.  One of the key strategies used to improve the Jc in 

multilayer dip-coated tapes and tape-casting films is to control the phase transformation process.  

Much discussion on this aspect deals with manipulating the melt phase assemblages to reduce the 

size of the AEC and CF phases and to optimize the conditions for optimum nucleation and 

growth of the Bi-2212 phase on cooling [59-61].  Indeed, switching the ambient atmosphere 

from 1 bar air to 1 bar O2 changes the AEC phase in the melt from 1:1 AEC in air to 14:24 AEC 

in 100% O2 [62]. (See Table 2.1)  Because the 14:24 AEC phase grows more slowly than 1:1 

AEC in the melt and reacts faster to form 2212 during cooling, using 100% O2 significantly 

enhances Jc in PIT 2212 tapes and thick films [52], which should also apply to the 2212 round 

wire [63].  Except as otherwise stated, the samples presented latter in this thesis are processed in 

1 bar flowing O2. 

2.2.2 Influence of critical heat treatment steps 

The generic melt processing in Figure 2.3 contains four crucial steps: partial-melting at a 

maximum temperature, a subsequent cooling to ~830 ºC where 2212 nucleation and grain growth 

occur, an isothermal annealing at ~830 ºC which further improves microstructure homogeneity, 
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and a final cooling to room temperature.  Many processing parameters are important to 

superconducting properties of final conductor: maximum processing temperature, soaking time 

at maximum processing temperature, solidification cooling rate, annealing temperature, and 

annealing time.  These parameters, coupled with atmosphere applied and conductor parameters, 

form a set of complicated parameters that are usually optimized in an empirical manner. 

A generic behavior of Jc vs. maximum temperature Tmax is shown in Figure 2.4, 

demonstrating a strong dependence of Jc on Tmax.  The critical current density is almost zero for 

heat treatment temperatures below the melting temperature, while it increases dramatically just 

above this temperature.  Heat treating at a temperature much above the melting point gradually 

reduces Jc.  A similar behavior has been observed in many conductor forms (e.g. 2212 thick 

films, PIT tapes, PIT round wires).  This issue of narrow processing window has been widely 

seen as one of the major limitation of the 2212 magnet technology, because a small temperature 

change over a large heat treated coil volume may significantly drop the Jc of coil below the 

optimum. 

 

 

 

 

 

The mechanism responsible for decreased Jc when processed at increasingly higher 

temperature is unknown.  It has been suggested that the solid phases in the melt would change 

 
Figure 2.4: Jc as a function of the maximum processing temperature at 77 K, 0 T (1 μV/cm criterion) 

in a tape-cast, partial-melt processed, 130 μm thick film [4]. The samples were melt processed 

according to the generic schedule shown in Figure 2.3.  
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their compositions and their reaction kinetics to form 2212 become low, decreasing Jc; however, 

this may not be the case.  Table 2.2 shows the phase assemblages in the oil-quenched tapes in 

100% O2 at varying maximum temperature.  The melt has the same phase chemistry between 880 

°C and 910 °C, so that small changes in Tmax (e.g. from 880 to 882 °C in Figure 2.4) may 

indirectly induce other changes in the processing that is responsible for the Jc drop when 

processed above optimum Tmax; this issue will be discussed in Chapter 8. 

 

 
Table 2.2: Phase assemblages observed in oil-quenched tapes melt processed in 100% O2 [39, 40].  The 

tapes were held 30 min at the quench temperature before being oil-quenched.  For cooling, Tmax was 910 

°C and the cooling rate was 10 °C/h.  X=phase present on heating; O=phase present on cooling. 

 

T (°C) 2212 Liquid 14:24 AEC 2:1 AEC 2:4 CF (Sr, Ca)O 

925  X  X  X 

920  X X X  X 

910  X X  X X 

900  X; O X; O  X; O  

890  X; O X; O  X; O  

880 X X; O X; O  O  

870 X O X; O  O  

860 X; O O X; O  O  

850 X; O O X; O  O  

840 X; O O X; O  O  

 

 

The influence of cooling rate and annealing time on Jc were investigated.  Decreasing 

cooling rate significantly increased the Jc of melt processed 2212, as demonstrated in Figure 2.5.  

It was suggested that the slow cooing rate promoted the grain alignment in 2212 tapes and films, 

thereby increasing the intergranular coupling and Jc [64].  We will investigate this cooling rate 

on the microstructure of the multifilamentary PIT round wires, and will show in Chapter 6 that 

slow cooling induces more filament to filament bridging and a coarse 2212 grain structure.  The 

increase of Jc with extended annealing, demonstrated in Figure 2.6, has received relative little 

attention and mechanisms for high Jc remain unknown.  Our results on PIT multifilamentary 

round wires will be discussed in Appendix A. 
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Figure 2.6: Jc exponentially increases with annealing time at 850 °C at 77 K, 0 T (1 μV/cm criterion) in 

a tape-cast, partial-melt processed, 130 μm thick film [4]. The samples were melt processed according to 

the generic schedule shown in Figure 2.3.  

 
Figure 2.5: Jc as a function of the cooling rate from a partially molten liquid at 77 K, 0 T (1 μV/cm 

criterion) in a tape-cast, partial-melt processed, 130 μm thick film [4]. The samples were melt processed 

according to the generic schedule shown in Figure 2.3.  
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2.2.3 Microstructure 

Figure 2.7 presents a representative microstructure of high Jc, fully-processed 2212 

multifilamentary round wire.  The wire is melt processed according to an actual melt processing 

schedule (shown in figure 5.1) that is slightly different from the general processing shown in 

Figure 2.3.  In contrast to the uniform and well-separated filaments of unreacted wire, the reacted 

filaments are very inhomogeneous and interconnected, with many filament bridges running 

between them.  The filaments contain many phases, including 2212, Bi2Sr2Ca0Cu1Ox [a low Tc 

Bi-Sr-Ca-Cu-O compound (Tc~20 K), thereafter called 2201], remnant AEC and CF phases as 

well as pores. Unlike the c-axis uniaxial grain alignment in flat tapes, no azimuthal texture is 

found, although the c-axis of grains is perpendicular to wire axis.  

 

 

 

 
 

Figure 2.7: A representative microstructure of OPIT 2212 multifilamentary round wire (transverse 

cross-section) after a partial-melt processing in flowing 1 bar O2.  The image is a backscatter electron 

scanning electron microscope (SEM) image in which different contrast means different phases.  It 

shows the heterogeneous microstructure of fully processed 2212 wires which contain remnant 

secondary phases from 2212 melt (AEC and Cu-free), 2201 low-Tc superconducting phases, and pores.  

In backscattering electron SEM images like this one shown above, 2212 is grey, 2201 white, AEC 

black and CF light grey), and pores black.  In secondary electron SEM images, phases might have a 

different color or contrast. 
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The low Tc superconducting Bi2Sr2CuOx (2201) phase is present in the fully-reacted wire 

because the chemical reaction transforming the multiphase phase assemblage in the melt back to 

phase pure 2212 rarely goes completion.  2201 can be found as secondary grains or intergrowths 

within 2212 grains [65].  2201 is generally regarded as current limiting mechanisms but their 

contents in 2212 system are hard to characterize and remain unknown.  

2.3  Critical Current Density 

Table 2.3 summarizes the critical current density achieved in 2212 thin films, tape, and PIT 

round wires, all demonstrating the potential of becoming a reliable conductor for 22+ T magnet 

technology.  However, magnet applications require that the material be manufactured in long-

lengths (>1 km), and that those long lengths retain much of the quality of laboratory length 

samples in coil shape.  This requirement has been one of the greatest obstacles to 2212 very 

high-field wire and magnet technology. 

 

 

Table 2.3: The Jc of 2212 thin films, dip-coated multifilamentary tapes, and PIT multifilamentary round 

wires at 4.2 K, with their fabrication methods, and the corresponding references. 

 

Wire architecture Jc as 

reported 

(A/mm2) 

Jc(4.2 K, 5 T) 

as derived 

(A/mm2) 

Fabrication 

approach 

Comments Ref.

Epitaxial film on 

(100) 

SrTiO3 

2x104 

at self field 

- Pulsed laser 

deposition 

- [66]

Multilayer tape 5000 

at 10 T 

~6000 Dip-coating, pre-

annealing and 

intermediate 

rolling (PAIR), 

and partial-melt 

process 

Tapes are dense due 

to PAIR; 

They have c-axis 

uniaxial texture. 

[46]

85x7 filaments, 

multifilamentary 

round wire 

1600 

at 25 T 

~2880 PIT and  

partial-melt 

process 

[18]

91x7 filaments, 

multifilamentary 

round wire 

5000 

at self-field 

~2500 PIT and  

partial-melt 

process 

Wires are porous, 

containing pores 

whose volume 

fraction ranges from 

10-30%. 

Jc of long-length 

billets varies from 

1100-2800 at 4.2 K, 5 

T while coil Jc can be 

further reduced. 

 

[67]
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2.4  The Influence of Precursor Powder 

The precursor powder plays an important role in determining the final microstructure and 

superconducting properties of the material.  The main characteristics in the starting powder 

include cation stochiometry, impurity levels, starting phase assemblage, and particle size 

distribution.  All these factors are expected to affect the melt processing (e.g. melting point, 

high-temperature microstructure, nucleation, and growth kinetics of 2212 formation) and the 

superconducting properties of the final conductor (e.g. Tc, Hirr and Jc).  As a result, a particular 

difficulty encountered when fabricating 2212 wires resides in the fact that the optimizations of Jc 

of 2212 wires as a function of reaction temperature, reaction time, and wire architecture are only 

valid for an individual powder precursor.  Slight changes of the precursor type, of the nominal 

composition or in the handling of the powders lead to a shift of all parameters.      

Precursor powder can be synthesized using many methods, such as simple solid-state 

reaction, aerosol spray pyrolysis and melt casting process.  During its synthesis, it is crucial that 

the water and carbon contents are stringently minimized.  Zhang et al. [68] concluded that 

excessive carbon is detrimental because carbon would react with O2 to form CO or CO2, which 

can not diffuse through Ag sheath and result in high internal gas pressures (
2COP ) within the 

conductor.  High internal gas pressure would cause bubbles to form during the reaction of long-

length conductor, so that end-to-end Jc is limited by a few defected sections where bubbling 

occurred during melt processing.  Generally, carbon content should be minimized to be less than 

250 ppm in wt% to eliminate bubbling in the tapes and wires [69, 70].  This requires powder heat 

treatment prior to packaging and subsequent careful control of the atmospheric conditions to 

which the powder is exposed.  The carbon content in the precursor powder can be monitored 

using a combination of X-ray diffraction (XRD), inductively coupled plasma (ICP), X-ray 

fluorescence analysis (XFA) or high-temperature combustion infrared detection.   

Powder composition should also be carefully controlled as it strongly affects the melting 

temperature, the phase assemblage in the melt, the Tc of final conductor, the flux pinning 

property, and thus the Jc in the conductor [3, 71].  The Tc of 2212 varies between 54 K and 95 K, 

and it decreases with increasing Ca and Bi contents [53].  Holesinger et al. [65] showed that the 

composition of final 2212 phase tend to lie close to the starting composition of the precursor 

powder.  However, a clear understanding of relationships between power composition, high-
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temperature microstructures, and properties of the final conductor remains unknown.  The 

optimum composition is yet known.  

Therefore, despite many efforts made, what the ideal powder to make Bi-2212 conductor 

remains a very important question to be answered.  Issues as what is the best phase assemblage 

for the powder, the grain size and shape of the powder, and the chemical purity of the powder 

and how may these affect the high-temperature microstructures and final Jc are largely unknown.   

2.5  Influence of Wire Architecture 

Many 2212 conductor architectures have been demonstrated to carry high Jc.  High current 

carrying capability in melt cast 2212 bulk enables development of resistive fault current limiter 

[72].  Dip-coated multilayer tapes have been demonstrated to carry a high Jc of 5000 A/mm
2
 at 

4.2 K, 5 T potentially due to a high-degree of favorable c-axis uni-axis texture in thin, highly 

aspected filaments or due to high mass density.  For magnet applications, multifilamentary wire 

architecture is preferred. Very-high-Jc PIT 2212 round wire was demonstrated to carry a high Jc 

at 4.2 K, 1425 A/mm
2
 at 25 T and 950 A/mm

2
.  Many wire architectures have been tested in OST 

and Showa to find the best conductor design (e.g. 85x7 or 37x18; Ag/oxide ratio; filament 

diameter).  Supercon, Shrewsbury, MA, has been developing a single-restack, high 2212:Ag 

ratio 2212 wires [73].  A systematic comparison in physical properties and wire performance in 

magnets between single-restack and double-restack wires is not yet available.  It is therefore 

unclear to what extent experimentally observed differences between various conductors can be 

attributed to variations in wire architecture.  Findings in this thesis will help on shedding lights 

on the possible difference in microstructure and final Jc between different conductor designs. 

2212 Jc was demonstrated to strongly increase with decreasing filament diameter [67, 74, 

75].  Mechanisms why filament size matters are uncertain.  It has been postulated that increasing 

the Ag/2212 area due to smaller filament size is beneficial [76].  But this hypothesis is doubtful 

since although it is true that Bi-2223 grains preferentially grow along the Ag/oxide interface so 

increasing Ag/oxide interface promotes grain growth, there is no evidence showing this is also 

the case for partial-melting of 2212.  It is expected that the high-temperature microstructure may 

change with varying filament diameters; however, a systematic study into this aspect is not yet 

available.  
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2.6  Flux Pinning in 2212 Conductors 

2212 has intrinsically poor vortex pinning due to large electronic anisotropy.  There are 

reports showing Jc and Hirr can be significantly improved by incorporating MgO nanorods [77, 

78] or MgO nanoparticles [79] into 2212 superconducting matrix, which serve as strong pinning 

centers.  However, the inclusions tend to destroy superconductivity or segregate at grain 

boundaries of polycrystalline conductors, so it is difficult to integrate such artificial nano-pinning 

centers into the long length polycrystalline wire.  Moreover, pinning scenarios at 4.2 K may be 

very different from those at 20-77 K.  As the coherence length of vortex is so small (~1 nm) at 

4.2 K, the dominant pinning centers may well be naturally grown point defects (e.g. cation 

disorders, oxygen vacancies), for which there are no known material processing methods to 

control their growths. 

2.7  Role of Ag 

The use of silver as the matrix material is necessary because pure Ag is chemically 

compatible with BSCCO (many other metals such as Cu and Fe react with oxide filaments 

during high-temperature reactions and destroy the superconductivity).  Ag remains noble during 

partial melting at ~900 °C in oxygen-rich atmospheres while allowing fast oxygen diffusion 

through the Ag.  Fast oxygen diffusion not only prevents the build-up of internal pressure during 

oxygen release occurring at melting, but also facilitates the oxygen uptake from the atmosphere 

that is necessary for 2212 formation. 

The melting point of Ag is around 960 °C in an inert atmosphere, and it decreases to ~930 

°C in O2.  Ag becomes very soft at ~890 °C, and some Ag dissolves into the liquid upon the 

melting of 2212 powder.  Ag was traditionally added into the 2212 precursor powder.  

Differential thermal analysis (DTA) shows that Ag addition reduces the partial-melting point Tm 

(this rule only applies when the oxygen partial pressure is above 7.1x10
-2

 atm. [50]).  Although 

Ag addition was suggested to reduce the oxygen release upon melting of 2212 powder [80], there 

is no concrete evidence that adding Ag is advantageous to the Jc of PIT 2212 conductor.  On the 

other hand, Cu, for example, is soluble in Ag at the usual melt processing conditions.  The 

influence of the Ag matrix on the 2212 formation reaction is thus uncertain and it was suggested 

that Cu loss to Ag matrix may occur [81, 82].  Cu loss to matrix could shift the filament 
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composition and reduce reaction kinetics of 2212, decreasing the grain quality and intergranular 

connectivity and therefore Jc.  

Although pure Ag is a good sheath material, it has a relatively low elastic modulus (71 GPa 

vs. 115 GPa for Cu used for NbTi and Nb3Sn) and a low tensile strength, particular after 

undergoing the melt processing.  Due to the stiffness of the oxide, the sheath must have sufficient 

strength to withstand drawing and rolling stresses.  Moreover, the composite conductor needs to 

sustain the considerable strain due to coil winding, cooling cycles, and large Lorentz forces in 

high-magnetic fields.  If the conductor is not adequately supported by the sheath, the resulting 

strain may irreversibly degrade the superconducting properties.  Binary or ternary Ag-alloy is 

often used as the outer sheath of 2212 instead of pure Ag to improve mechanical performance.  

For example, Ag with 0.2-0.5at% of Mg can improve strain tolerance of this composite 

conductor, as Mg can be internally oxidized to precipitation harden
8
 the Ag [8].  Although Mg 

addition only slightly improves the modulus, the tensile strength of Ag-0.2at%Mg alloy sheathed 

2212 tape is ~60 MPa twice that of a pure Ag sheathed tape [83].  However, some elements 

doped into the Ag matrix can diffuse into the superconducting filaments during the high-

temperature reaction, and then react with 2212, degrading the superconducting properties of the 

composite conductor, such as nickel [47].  

2.8  2212 Coil Fabrication and Rutherford Cables 

The potential and feasibility of establishing a high-field 2212 magnet technology to surpass 

the Nb-based magnet systems have been demonstrated by the successful fabrication and test of 

more than a dozen of 2212 coils worldwide that generated magnetic fields beyond 20 T.  The 

National High Magnetic Field Laboratory (NHMFL) has, for example, fabricated and tested a 

series of high-field superconducting solenoid inserts from 2212 flat tapes (double pancake coil 

technology) that generated 1 T, 3 T, and 5 T in a background of 20 T using the react-and-wind 

technology [8, 22].  In 2009 NHMFL successfully fabricated a 2212 insert magnet using PIT 

2212 round wires, adding 1 T in a background of 31 T using the wind-and-react technology.  

These magnets reached world record magnetic fields and clearly demonstrate the potential of 

modern high current 2212 wires.  A react-wind-sinter magnet fabrication strategy was explored 

                                                 
8 Precipitation hardening strengthens an alloy by precipitating finely dispersed precipitates of the solute in a supersaturated 

matrix. 
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and demonstrated as a realistic option for both solenoid and accelerator magnet technology [1, 2, 

84, 85].  Being a round-wire conductor, 2212 has been successfully cabled and the first series of 

sub-scale prototype coils are being manufactured and tested at Lawrence Berkeley National 

Laboratory for future accelerator magnet use using the wind-and-react approach [10-12], 

showing the potential to carry 1.7 kA at 15 T and to be a realistic option for accelerator magnets.   

The wind-and-react approach is chosen for the round wire conductor, as the react-and-wind 

method would lead to irreversible reduction of conductor Jc due to strains caused by bending, 

handling, and thermal stresses during operation.  For wind-and-react approach, the as-wound, 

tightly packed coil is melt processed at ~890 °C in 100% O2 with insulation materials and other 

construction materials (e.g. coil former).  This intimacy between coil fabrication and high-

temperature heat treatment presents several technical challenges.  

First, coil with large thermal mass may not follow the fast temperature changes, and 

inevitably there are small local temperature variations at the critical maximum temperature 

region.  A major uncertainty of coil processing is how this temperature inhomogeneity would 

affect the melting behavior and coil performance, given that there is only narrow temperature 

window where optimum Jc can be achieved.  Possible solution is to give coils more aggressive 

heat treatment at elevated maximum temperatures or longer soaking at the medium maximum 

temperature, to homogenize the temperature distribution and melting events in the coil; however 

raising both temperature and time may degrade the conductor Jc.   

Second, 2212 liquid is very reactive at high temperatures.  This makes the selection of the 

insulation and construction materials difficult as 2212 is likely to react with insulation materials 

or coil former, degrading coil performance.  2212 liquid may come out through cracks or 

pinholes in sheath materials and react with the insulation materials, resulting serious leakage.  

After cracks and pinholes formed during PIT wire fabrication were reduced, leakage became 

marginal in 2212 coils.  Although INCONEL alloy 600 and fiber based Al2O3-SiO2 sleeve 

insulation seem to provide a workable system, coil Jc is still only ~60% of Jc values of short 

sample [10-12], raising many critical questions about the complicated interplay of high-

temperature reactions, leakage, cabling, magnet fabrication, and mechanical stability that require 

further investigation. 
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2.9  Alternative Processing Routes 

Isothermal melt processing (IMP) is one partial-melt process by which 2212 conductors 

(thin films, bulk, tape, and round wires) are melt processed at a constant temperature as low as 

780°C [86-89], which can be very helpful in the perspective of reducing leakage and reactions 

between conductor and insulation materials during partial melting.  It uses the dependence of the 

melting point of 2212 on the oxygen partial pressure.  2212 is melted at a fixed temperature by 

decreasing 
2OP  and reformed by increasing

2OP .  High self field Jc (4.2 K) values up to 2500 

A/mm
2
 has been achieved using this approach and small test coils have been produced with Jc 

values up to 1500 A/mm
2
.  Process control of IMP, however, is more difficult than the 

conventional melt processing. 

2.10 Summary 

The state-of-the-art of 2212 conductor and high-field magnets before this thesis study can 

be summarized: 

(1) Silver-sheathed 2212 conductor is commercially available, with acceptable mechanical 

properties, and practical current densities.  High Jc at 4.2 K, 1425 A/mm
2
 at 25 T and 950 

A/mm
2
 at 45 T was demonstrated in PIT multifilamentary round wires but property of long-

length conductor varies strongly due to a lack of understanding of what controls Jc in 2212 

wires. 

(2) The fabrication protocol of coils was established, but coils suffered from issues such as 

leakage, reactions between wires and insulation/construction materials, and a narrow 

optimum processing window.  Coil Jc is only ~60% of that expected from the short sample 

performance. 

(3) Material processing of 2212 is complicated and many factors can affect the wire 

performance.  Understanding melt processing is a key step towards optimizing wire and coil 

performances to the ultimate performances allowed by the fundamental material properties. 
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CHAPTER 3 

 

EXPERIMENTAL APPROACHES 
 

 

The goals of this thesis are to establish a scientific basis to increase the current-carrying 

capability of PIT multifilamentary 2212 round wires, and to guide the fabrication of 2212 

superconducting wires, cables, and magnets.  To establish a microscopic understanding of 2212 

Jc, this thesis relies critically on a quench-in technique to freeze the high-temperature 

microstructural and chemical states under various melt processing conditions, and on extensive 

experimental work to analyze the electromagnetic properties of quenched wires and fully 

processed wires.  This chapter introduces these measurement approaches and points out how 

brine-quenching, instead of oil-quenching, enables accurate investigation of high-temperature 

microstructures and electromagnetic properties in multifilamentary 2212 round wires.  

3.1  Transport Properties Measurement 

Figure 3.1 illustrates the standard four-probe method used to determine the Ic of Ag-

sheathed 2212 conductors, following protocols recommended by the International 

Electrotechnical Commission (IEC).  The sample is mounted on the flat surface of a 

measurement holder and two ends of the specimen are soldered to the Cu current contact blocks.  

For the tests in magnetic fields, a low-temperature adhesive (such as epoxy or wax) is used to 

bond the specimen to the measurement holder to reduce specimen motion against the Lorentz 

force.  After sample mounting, sample is cooled from room temperature to 4.2 K slowly to 

minimize the total strain induced in the specimen at the measurement temperature to be within 

±0.1%.  I-V characteristics of the specimen are then measured by applying an increasing current 

(I) to the superconductor specimen using a DC power supply and then measuring the voltage (U) 

generated along a section of the specimen.  During testing, the test specimen is immersed in a 

liquid helium bath.  The Ic is determined using an electrical field criterion of 10
-6

 V/cm at 4.2 K 

with the magnetic field applied perpendicular to the wire axis. 
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The transport critical current density Jc is the main physical parameter used to determine 

the quality of superconductor.  It was determined from Ic using the 2212 cross-section of the 

unreacted wire as the normalizing area
9
.  Je is another important parameter to indicate conductor 

performance in magnets of 2212 conductor, and it is calculated by dividing Ic by the entire wire 

cross-section.  Jc at 4.2 K, 5 T (rather than self-field Jc) is used throughout the thesis to evaluate 

current-carrying capacity of conductor to suppress any Josephson currents flowing between 

weakly coupled grains that appear in the self-field Jc.  As the 2212 irreversibility field (i.e. flux 

pinning limit) at 4.2 K is many times the field range of measurement, comparison of sample Jc 

                                                 
9 2212 cross-section in unreacted wire is analyzed from SEM-SE2 images using ImageJ. 
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Figure 3.1: Illustration of the transport Ic measurement configuration for a short 2212 specimen.  It 

was adapted from IEC DC critical current measurement standard for Ag-sheathed 2212 oxide 

superconductor of a few hundred A class conductor (dimensions in millimeters).  
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values at 5 T yields a reliable estimation of relative conductor performances at high magnetic 

fields where high-field magnets are expected to work at (e.g. 25 T).  

The macroscopic Jc averaged from the Ic flowing in the entire conductor cross-section 

contains little fundamental information of the attainable current densities in 2212 grains, since 

the cross-section that is actually carrying critical current is a continuously varying and in general 

unknown quantity, due to the fact that the microstructure of commercial wires is very 

inhomogeneous, and that the supercurrent percolates in polycrystalline 2212 filaments around 

many obstacles on multiple length scales.  A more meaningful, but more difficult, measurement 

is to compare the single filament Jc, or local current density passing across only a few strongly 

coupled 2212 grains that will give proper gb

cJ or intragrain

cJ approximation.  This would involve a 

combination of quantitative microscopy with local transport or electromagnetic measurement at 

the length scales of ~5 μm, which is complicated and no established measurement procedures or 

instruments are available.  In modern high Jc 2212 round wire, filaments are interconnected with 

bridges and single filaments are thus not easily extracted.  Although macroscopic Jc 

measurements described above results in loss of vital information in understanding the attainable 

current densities in PIT multifilamentary round wire form, it is still the most reliable approach 

that gives a quick, reliable estimation of conductor quality.  

3.2  Quenching to Preserve High-temperature Microstructures and 

Properties 

Quench studies are commonly used in materials science to freeze-in high-temperature 

microstructures for study at ambient temperature.  A quench refers a rapid cooling, whose 

purpose is to prevent potential phase transformation from occurring so that high-temperature 

properties of the quenched sample are preserved.  For BSCCO material system, quench also 

allows study of high-temperature electromagnetic properties.  The preserved microstructures can 

be examined using X-ray diffraction, optical and electron microscopy, energy dispersive 

spectroscopy on an SEM, and wavelength dispersive spectroscopy with an electron probe 

microanalyzer, while the electromagnetic properties can be measured using vibrating sample 

magnetometer (VSM) and SQUID and correlated to the microstructural states.  It may be seen as 

an “in-situ” characterization tool, providing insights into the chemical, physical, and 
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microstructural states that occur during the partial-melt processing.  Being able to observe the 

phase transformation and grain growth is very important, since the resulting knowledge may help 

explain the complicated microstructure of fully processed 2212 conductor and establish the key 

process-microstructure-property relationships.  

Fast quenching is needed to preserve the high-temperature phase assemblage.  The phase 

assemblage of 2212 at high temperature has been observed in oil-quenched doctor-bladed film 

and flat tape [40, 62] and in films using high-temperature X-ray diffraction [90] (which is a 

difficult experiment, and it doesn’t provide local or microstructural data; nevertheless it provides 

valuable statistical data on phase chemistry and phase fraction).  Oil was used in previous studies 

because the exposed doctor-bladed films did not react with the oil during the quench, and the 

quench rate in oil was sufficiently fast to preserve the high-temperature microstructure in these 

conductor geometries.  For this thesis work, we shifted the quench media from oil to brine to 

eliminate the mess and potential fire hazard associated with using oil, and more importantly we 

had indications that oil did not provide a fast enough quench for the round wire, for which the 

heat diffusion path is larger than that in films or tapes.  We note that we did not have any fires in 

our oil quenching studies, but we chose brine because it has a faster cooling rate than pure water 

or oil (Table 3.1).  

 

 
                         Table 3.1: Property and Average Cooling Abilities of Quench Media [91] 

 

Quenching medium Cooling rate 

compared to water

Flash point 

(ºF) 

Fire Point 

(ºF) 

Brine (10%) at 65 ºF 1.96   

Water at 65 ºF 1   

Machine oil 0.22 405 464 

Fish oil 0.31 401 446 

Air 0.0152   

 

 

Figure 3.2 shows the microstructure of PIT 2212 multifilamentary round wire quenched 

into brine, oil and air from a maximum temperature of 894°C.  We included air as a quench 

medium because it has a much slower cooling rate than oil or brine so it exaggerates 

microstructural changes that take place during a slow quench.  The brine-quenched sample 

(Figure 3.2a) shows the simplest microstructure consisting of the crystalline AEC and CF phases 
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plus liquid regions that were frozen during the quench.  There are very small, white rings around 

the CF particles that may have formed as the CF grew during the brine quench.  This is the same 

microstructure seen in flat tapes and doctor bladed films that were previously quenched into oil.
8
  

The microstructures of the oil- and air-quenched samples are more complicated than the brine-

quenched sample.  The oil-quenched sample (Figure 3.2b) shows large, white rings around the 

AEC grains, not seen in brine-quenched samples, which are presumably due to the AEC growing 

in size as the sample cooled more slowly during the oil quench.  The oil-quenched sample also 

has small black whiskers in the ring structure around the CF grains and thicker black lines that 

also have Bi-rich liquid around them.  The air-quenched sample (Figure 3.3c) shows many gray 

regions that are Bi-deficient liquid and other microstructural features not seen in the brine- and 

oil-quenched samples.  The additional microstructural features in the oil- and air-quenched 

samples formed and grew as the sample cooled to room temperature, which indicates brine is the 

best of the quench media tested for freezing-in the high-temperature microstructure of 2212 

round wires. 

Figure 3.3 shows the experimental setup for quenching.  The quenching was done in a 

vertical furnace for which the temperature uniformity was carefully calibrated and monitored 

over the time period of experiments.  4 cm wires were placed at the homogeneous temperature 

zone with both ends mechanically sealed to prevent 2212 liquid leak out at high temperatures 

and to prevent brine leak into the conductor during quenching.  Samples were hung by Al2O3-

SiO2 insulation onto an Ni-Cr wire (Omega Chromega).  The sample was dropped from high-

temperature into room-temperature brine by electrically cutting the Ni-Cr wire; the whole 

process was done in 100% oxygen without exposing the sample to air or other substance that 

may induce phase transformation during quenching.  

The wires were 4 cm long.  All wires are from the same long-length spool (OST, PMM-

050629-2) that was fabricated in OST using OPIT method so that data provided in this thesis can 

be properly compared.  During the heat treatment, wires were suspended in a vertical furnace 

within quartz tubes to avoid samples touch together.  .  The conductor is ~1.06 mm in diameter.  

It has a double restack architecture of 85 filaments in 7 bundles (85x7), which are ~20 μm in 

diameter and spaced ~15 μm apart.  Its outer sheath is a Ag-Mg alloy and its volume fraction of 

superconducting material is ~0.28.  The overall composition of the precursor powder is 

Bi2.17Sr1.94Ca0.89Cu2.00Ox [3].   
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Figure 3.2: Backscatter electron SEM micrographs of a transverse cross section of 2212 PIT 

multifilamentary round wire quenched from the maximum temperature of 894 ºC into different 

quenching medium held at room temperature: (a) brine, (b) oil, and (c) air. C=CF, A=AEC, and 

L=Liquid. 
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Figure 3.3: Schematics of the vertical furnace for quench studies.  The furnace temperature is 

controlled using Yokogawa Model UP25 temperature controller, which controlled the temperature to 

±1°C.  The sample temperature is monitored by a K-type thermal couple (Omega, Nickel-Chromium-

Aluminum), which measures temperature up to 1250 °C.  A calibrated thermal couple has a precision 

of ±1 °C but may have a temperature drift of several degrees after long-time high-temperature heat 

treatment in oxygen atmosphere (both N-type and K-type thermocouples tend to give a measured 

value higher than the actual temperature.).  The thermocouple signal is sent to computer to monitor 

the real-time actual temperature and saved as a ASCII file to monitor long-term temperature stability 

of the furnace.   In our setup, multiple samples can be heat treated simultaneously to ensure a proper 

comparison between samples.  Samples are dropped into water without exposure to air, by passing an 

electrical current to cut the CHROMEGA® (Omega engineering, Inc.) wire loops where the samples 

are hung.  The wire loops were burned closed to the top flange of the furnace so the heat generated 

during burning would not affect the sample temperature.  The homogeneity zone for the furnace is ±1 

°C within 5 cm.  The sample is dropped (50-60 cm in less than 0.5 s) into room temperature medium 

to freeze the microstructure and phases present at high-temperatures.  
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3.3  Magnetic Characterizations 

3.3.1  Kramer irreversibility field 

 

 

 

 

Figure 3.4 presents a typical magnetic hysteresis M-H of 2212 wire, as performed with an 

Oxford Instruments 14 T Vibrating Sample Magnetometer (VSM) on a 5 mm long, OST PIT 

wire (φ 1.06 mm).  The field is applied perpendicular to the wire axis so that currents propagate 

along the wire axis across many grain boundaries.  Such a plot is obtained by measuring the 

magnetic moment at a fixed temperature with applied field ramp using a 0 aHμ sequence of 

2 14 2− → → −  T.  ∆M is the hysteretic magnetization, which is proportional to Jc.  The 
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Figure 3.4: Magnetic moment as a function of magnetic field, measured using a Vibrating Sample 

Magnetometer (VSM) on a melt processed PIT multifilamentary 2212 round wire at 4.2 K and 20 K.  

Dashed arrows mark the sequence of applying magnetic fields.  The applied field direction is 

perpendicular to wire axis. mΔ  is used to derive a Kramer extrapolated critical field shown in Figure 

3.5. 
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irreversibility field Hirr was then approximated by linear extrapolation of the Kramer function
10

 

∆M
0.5

H
0.25

 to 0mΔ = , defining HK (Figure3.5).  Kramer extrapolation represents an irreversibility 

field where the field value at which bulk pinning disappears and critical current ceases to flow 

inside superconductor. 

 

 

 

 

 

DC resistivity transitions as a function of magnetic field (ρ vs. H sweeps at small current) 

at constant temperature can be used to simultaneously determine the upper critical field Hc2(T) 

and the irreversibility field Hirr(T).  Further discussion of the resistive characterization technique 

can be found elsewhere [92].  For measuring a highly inhomogeneous superconductor sample 

like 2212 wire, small-current evaluation of Hc2 and Hirr tend to measure the highest Hc2 and Hirr 

in the superconducting filaments.  In contrast, the Kramer function and its extrapolation provide 

a weighted mean of the contributions of many superconducting grains in the filament.  

                                                 
10 Kramer=

0.5 0.25 0.5 0.25( )cJ B k m B≈ Δ , where k is a constant depending on the sample geometry. 
2 ( )cJ k m≈ Δ  is derived 

from the Bean model of critical current distribution in Type-II superconductor. 
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Figure 3.5: A Kramer plot ∆M0.5H0.25 versus μ0Ha, which can be linearly extrapolated to 
. . 0M HΔ =0 5 0 25

 

to derive a Kramer extrapolated critical field HK above which Jc=0. 
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3.3.2  Superconducting transition 

The normalized magnetic moment versus temperature plot in Figure 3.6, measured in a 5.5 

T Quantum Design SQUID magnetometer, demonstrates the specific ability of this instrument to 

reveal the critical temperatures and inhomogeneity of 2212 wires.  The magnetic moment versus 

temperature was obtained through zero-field cooling of the samples to 5 K, applying a 10 Oe 

field parallel or perpendicular to the wire axis to introduce shielding currents, and raising the 

temperature while measuring the magnetic moment.  At 5 K full flux exclusion from the whole 

2212 filament cross-section can be observed, and the flux increasingly penetrates into weak 

superconductivity regions with increasing magnetic field.  Magnetic flux penetration occurs 

more readily with the applied field parallel to the wire axis, in contrast to the perpendicular field 

case where magnetic shielding results from preferential circulating current flow along 

superconducting ab planes of 2212 grains.  The broad superconducting transition window 

measured using a small applied magnetic field of 10 Oe strongly indicates that the present melt-

processed 2212 multifilamentary wires are highly inhomogeneous in 2212 grain properties or the 

coupling between them, which is consistent with the microstructure observation of porosity, 

secondary phases, and high-angle grain boundaries in this conductor.  
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Figure 3.6: Normalized magnetic moment versus temperature data, measured with a SQUID 

magnetometer on a melt processed PIT multifilamentary 2212 round wire.  The lines depict 

intersection at 10%, 50% and 90% of the normal states.  These lines, together with the arrow, 

represent criteria that will be used to derive
50%

cT ,
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cT , and superconducting transition width TΔ .
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3.3.3  Remnant field analysis 
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Figure 3.7: Remnant field analysis for measuring the intergranular coupling.  The remnant moment 

(b) comprises of contribution from macroscopic currents circulating over the whole sample, and 

smaller, local current loops that circulating across grains that are strongly coupled.  The derivative 

of remnant moment against field (c) reveals two distinct two peaks, the first one corresponding to 

the global current loop and the second one correlating to small current loops that may treated as 

intra-grain flow. 
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The inter- and intra-grain contributions to the hysteretic moment ∆M were deduced from 

the remnant moment mR(Ha), determined in the SQUID magnetometer by exposing sample to 

incrementally increasing magnetic field Ha followed by removal of the field and measurement of 

the remnant moment mR.  Magnetic flux first enter at regions of weakened superconductivity 

such as GBs and finally into the grains, mR(Ha) in each case being given by the product of the 

screening currents Ic and the length scale of these currents [93, 94].  Differentiation of mR(Ha) 

often shows two distinct peaks corresponding at low fields to intergrain currents circulating 

across GBs, while the higher field peak corresponds to a combination of intragrain currents of 

high Jc and/or well connected current paths with long length scales. 

3.4  Microstructure Assessment 

Scanning electron microscopy (SEM) provides topographical and elemental information of 

the surface of a sample at magnifications of 10x to 100,000x with very large depth of field.  It 

can produce high-resolution images of polished and etched sample surface, revealing details 

about grain size, secondary phase distribution, porosity, and material homogeneity as small as 1 

to 5 nm in size.  It works by scanning a finely focused electron beam across the surface of 

sample.  The impinging electron interacts with the surface atoms, generating secondary 

electrons, backscattered electrons, and characteristic X-rays.  These signals are collected by 

detectors to form images of the sample displayed on a computer screen.  Features seen in the 

SEM image may then be analyzed for elemental composition using EDS or WDS. 

Secondary electron (SE2) imaging shows the topography of surface features a few nm 

across.  Secondary electron signals result from interactions of the electron beam with atoms at or 

near the surface of the sample.  SE2 micrographs have a large depth of field yielding a 

characteristic three-dimensional appearance useful for understanding the surface structure of a 

sample.  Back-scattered electrons (BSE) are beam electrons that are reflected from the sample by 

elastic scattering.  The intensity of BSE signals is strongly related to the atomic number (Z) of 

the specimen, so BSE images can shows the spatial distribution of elements or compounds 

within the top micron of the sample.   

Energy dispersive X-ray detector (EDS) uses the characteristic X-rays that are emitted when 

the electron beam removes an inner shell electron from the sample, causing a higher energy 
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electron to fill the shell and release energy.  These characteristic X-rays are used to identify the 

composition and measure the abundance of elements in the sample. 

Field emission scanning electron microscopy (FESEM, Carl Zeiss 1540 EsB and XB) is 

used in this thesis to observe the microstructures of 2212.  FESEM uses a field-emission cathode, 

instead of the tungsten filament cathode used in the conventional SEM.  Due to the narrower 

probing beams, FESEM produces clearer, less electrostatically distorted images with spatial 

resolution down to 1.5 nm, 3 to 6 times better than conventional SEM.  The chemical 

composition of the phases in wire samples was analyzed quantitatively using non-standard EDS. 

SEM samples were prepared in this way: wires were mounted in an electrically conductive 

mounting material (carbon conducting compound, Extec) and were polished through using SiC 

paper.  The final polishing was conducted with a 0.05 μm alumina suspension in ethanol using a 

vibratory polisher (Vibromet
®

, Buehler) to remove the debris and the smeared Ag in the pores.  

This vibratory polisher utilizes a drive mechanism that produces nearly 100% horizontal 

vibratory motion with virtually no vertical motion.  The samples were gently polished using 

amplitude no higher than 20%, so this horizontal motion produces a gentle yet very effective 

polishing action with superior quality results and exceptional flatness for SEM samples. 

3.5  Conclusion 

Characterization of Ag-sheathed, fine filament 2212 round wire is difficult.  Many 

characterization approaches that are popular for other ceramic superconductors, such as X-ray 

diffraction (SRD) and Magneto-optical imaging (MOI), are not used in this study.  XRD 

measurement is hindered by large Ag:2212 ratio.  The prominent Ag signal covers the weak 

2212 signals so that normal phase assembly identification and texture measurements are difficult.  

Magneto-optical imaging is a method of visualization of magnetic flux.  It has been a powerful 

characterization tool in discovering and identifying inhomogeneities in many types of 

superconducting samples.  For PIT Bi-2223 tapes, for which it helps map the local current 

densities distribution and make possible the correlation between local superconducting properties 

and microstructural information[15].  For YBCO thin film and coated conductor, it is also very 

useful because it can help visualize the local grain boundary nature of the conductor, which is a 

great concern in YBCO conductor.  However, it only has a resolution approximately ~5 μm.  

Therefore, the same technology and measurement protocol won’t work on Bi-2212 conductor, 
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due to very small filaments (~20 μm).  The discussion here is to emphasize the powerful role of 

quenching in bringing microstructural details that are hard to acquire using other measurement 

techniques. 
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CHAPTER 4 
 

CONNECTIVITY IS THE KEY TO HIGH Jc  
 

 

4.1  Introduction 

To correlate transport Jc with microscopic processes and grain morphology, we need to 

answer a broader question first: Is connectivity or pinning the dominant factor in controlling Jc of 

present 2212 PIT multifilamentary wires at 4.2 K?  This chapter focuses on a detailed 

investigation of this issue.   

4.2  Selected Sample Materials 

We have selected a large and representative set of present PIT multifilamentary 2212 wires 

with Jc ranging from 880 A/mm
2
 to 2880 A/mm

2
 at 4.2 K, 5 T, for pinning and connectivity 

evaluation (Table 4.1).  The sample set includes a laboratory sample (W521-3) which has the 

highest Jc among all 2212 batches OST has fabricated.  It was produced for research purposes so 

only ~10 m was fabricated and no W521 green wire was available for studies in this thesis (e.g. 

split melt processing, quench study to reveal high-temperature microstructures).  Other samples 

include coil samples (TC2007-12-coil, RWS85-coil, and RWS70-coil) cut from actual wind-and-

react coils, and samples (RWS70-witness and TC2007-12-witness) that received a heat treatment 

identical to corresponding coils but were heat treated in 4.0 cm without insulation materials, all 

of which are from a commercially made OST wire batch (~200 m long).  RWS70-witness and 

TC2007-012-witness show Jc(4.2 K, 5 T) of ~1500 A/mm
2
, a standard Jc level that can be 

achieved in commercial wires using the melt-processing schedule suggested by the wire 

manufacturer.  W521-3 shows a Jc value of 2880 A/mm
2
, a Jc value two-times that of standard 

wires.  All wires have a design of 85x7 filaments, and were fabricated from the same precursor 

powder.  As the W521-3 has a smaller wire diameter, its filament diameter is expected to be 

smaller than other samples. 
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Coil sections exhibit Jc values that are only about half of those in witness samples, and 

roughly one third of Jc value in W521-3.  The large Jc discrepancy raises the need to understand 

the underlying mechanisms for Jc loss.  The sample set also covers a split melt processed witness 

(RWS85-witness), which represents an alternative heat treatment route that was experimentally 

shown to increase the Jc of commercial 2212 wires by 50%.   Surprisingly, this Jc increase is not 

retained in a split-melt processed coil.  Investigation of their connectivity and pinning would 

help shed some light on the possible Jc enhancement mechanisms. 

 
 

Table 4.1: Overview of the investigated samples.  W521-3 is a laboratory sample that was produced in 

2003; it has the highest Jc till now but unfortunately, no green wire of the same batch is available for new 

investigations like split melt processing.  All other samples are long length, commercial PIT 

multifilamentary wires fabricated by OST, sharing the same wire architecture (85x7), precursor powder, 

and wire fabrication route.  Short, so called witness, samples are heat treated on pure alumina paper 

without being in contact with other foreign materials, while measured coil sections were cut and taken 

from leakage free, wind-and-react coils manufactured at National High Magnetic Field Laboratory using 

Inconel mandrels and a mullite (Al2O3:SiO2=2:3) fiber braided insulation material developed by OST. 

 

Sample name Wire Heat treatment Wire 

diameter 

(mm) 

Jc 
a 

4.2 K, 

5 T 

(A/mm2) 

HK (20 K)

T 

H ⊥Wire 

W521-3 Super-batch NHMFL-standard b 

4 cm, bare 

0.8 2880 8.3 

RWS70-witness PMM050629-2 NHMFL-standard 

4 cm, bare 

1.06 1520 8.6 

TC2007-12-witness PMM050629-2 NHMFL-standard 

4 cm, bare 

1.06 1280 8.3 

TC2007-12-coil PMM050629-2 NHMFL-standard 

Coil section 

1.06 1190 8.4 

RWS70-coil PMM050629-2 NHMFL-standard 

Coil section 

1.06 880 8.7 

RWS85-witness PMM050629-2 Split melt processing c 

4 cm, bare 

1.06 2150 8.4 

RWS85-coil PMM050629-2 Split melt processing 

Coil section 

1.06 980 8.5 

 aAt a voltage criterion of 1 μV/cm. 
bA melt-processing schedule only slightly different from generic melt-processing schedule introduced in Figure 

2.3.  See Figure 5.1 for details. 
cA two-step melt-processing schedule devised at the National High Magnetic Field Laboratory.  Split melt 

processing can improve Jc of 2212 wires up to 50% compared to the Jc of optimized melt processing.  This Jc 

enhancement has been verified on all 2212 wires tested, so it is expected that it can improve the Jc(4.2 K, 5 T) to 

~4200 A/mm2 if W521 is available for heat treatment, a Jc level that is competitive for magnet applications.  Its 

details will be discussed in Appendix B. 
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4.3  Results 

Table 4.1 shows that, despite a large Jc scatter, all samples have similar HK at 20 K, 

indicating similar vortex pinning properties.  Figure 4.1 presents the HK as a function of 

temperature for W521-3, TC2007-012 witness, and TC2007-012 coil.  Despite a nearly three-

fold Jc difference, the samples have nearly identical HK-T trends, indicating that the vortex 

pinning properties are nearly the same in these three wires. 

 

 

 
 

 

 

 

 

 

 

 

 

 
Figure 4.1: Temperature dependence of HK for W521-3, TC2007-012 witness and TC2007-012 coil.  
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Figure 4.2: Representative micrograph of (a) W521-3; (b) TC2007-012 witness; (c) coil section from 

TC2007-012 coil.  Courtesy of J. Jiang. 
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Figure 4.2 shows the backscatter electron FESEM micrographs of W521-3, TC2007-012 

witness, and TC2007-012-coil.  The microstructures for all samples are very similar.  They are 

very inhomogeneous and complex.  Nonsuperconducting AEC/CF, pores, and 2201 are visible, 

even in highest Jc sample.  No distinguishable features are identified to be apparent that would 

explain the large Jc variation shown in Table 4.1, indicating that the microstructural features 

apparent at the μm scale do not necessarily control the macroscopic Jc.   

4.4  Discussion 

The Hk of all investigated wires are remarkably similar, despite the large variation in Jc and 

heat treatment (Table 4.1 and Figure 4.1).  The clear implication of this result is that the Jc of 

present PIT 2212 multifilamentary wires is mainly controlled by the connectivity, rather than 

vortex pinning.  Due to the very small coherence length ξ at 4.2 K, vortex pinning of 2212 wires 

at 4.2 K seems to be largely controlled by naturally occurred atomic point defects such as 

vacancies and interstitials that are very hard to control.  However, the connectivity, and therefore 

the Jc, can be easily degraded, depending on the heat treatment details.  The compromised Jc in 

coils may be due to (1) ceramic leakages, (2) temperature or oxygen diffusion inhomogeneities at 

maximum temperature, (3) reactions between Ag-2212 composite with insulation materials and 

construction material, (4) long length effect, namely Jc of 2212 wires decreases as the length of 

wire heat treated increases, possibly due to gas expansion that results from excessive carbon or 

oxygen release during melting.   

The connectivity, fortunately, can also be improved through optimization of the heat 

treatment, as demonstrated by strong Jc enhancement in split-melt processing, or through 

optimizing wire architecture, filament sizes, and processing atmosphere [63].  The reason for 

high Jc of split melt processed wires is still the connectivity, emphasizing the need to properly 

understand the interactions between heat treatment, microscopic processes, and the connectivity.  

However, the microstructures of 2212 conductors are extremely complicated, and 

microstructures in Figure 4.2 neither explain the large scatter in macroscopic Jc measured in 

polycrystalline oxide wires nor suggest any practical approaches to reproducibly yield high Jc.  

This represented the level of understanding of 2212 microstructures when I began this thesis.  

The complexity arises from an intricate combination of multiple phases, random grain 

orientation, unclear grain boundaries properties, and some other unappreciated factors (e.g. 
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filament bridges) that may have critical influences on Jc in melt-processed multifilamentary PIT 

wires.  No set of rules has been established to identify high Jc microstructure, so optimization of 

2212 conductor fabrication remains rather empirical.  The focus of this thesis work is to decipher 

the standard and split-form of melt processing, to identify key microscopic factors that control 

connectivity and Jc in present PIT 2212 multifilamentary wires, and to correlate the microscopic 

events with heat treatment details and parameters. 

4.5  Summary 

We have examined the Kramer irreversibility fields of a large and representative set of 

present PIT multifilamentary 2212 wires with Jc varying between 880 A/mm
2
 and 2880 A/mm

2
 

at 4.2 K, 5 T.  Despite a three-fold Jc difference and heat treatment differences, all wires show 

nearly the same HK, indicating they have similar vortex pinning.  The connectivity is therefore 

identified as the key factor to raise the 4.2 K Jc of melt-processed PIT 2212 multifilamentary 

wires.  However, the origin of high connectivity is not immediately known from examining the 

2212 microstructures.  

A number of questions then arise: What are the key connectivity limiting factors in 

microstructure of present multifilamentary 2212 round wire?  How to eliminate these features 

through modification in conductor design or melt-solidification parameters?  What are the 

critical stages in complex melt solidification processing leading to high 2212 Jc?  How does 

current flow in 2212 conductor?  How does the split melt processing enhance the connectivity?  

Why connectivity is easily lost in wind-and-react coils?  These questions are interrelated, and 

answering them requires a clear understanding of 2212 microstructure and its relationships with 

processing and properties, which will be focus of the rest of this thesis. 
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CHAPTER 5 

 

PHASE TRANSFORMATIONS: DEVELOPMENT OF 

MICROSTRUCTURE AND ELECTROMAGNETIC 

PROPERTIES 
 

 

Partial-melt processing is generally regarded as the most promising route to a reliable, high 

Jc 2212 conductor that can generate a magnetic field exceeding the maximum of ~23 T available 

with the present Nb3Sn technology [38].  Detailed understanding of this high Jc processing route, 

however, is very limited, and process optimization is rather empirical, due to complicated phase 

changes involving, as-yet incompletely understood microstructure, and unclear grain boundary 

physics.  This chapter deconstructs the partial-melt processing of a PIT, Ag-sheathed 

multifilamentary round wire in 100% O2, analyzing the phase transformation, nucleation and 

grain morphology, and high-temperature microstructures frozen using a brine-quench technique.  

We found an incongruent melting occurs in a heterogeneous manner around 884 ºC on heating, 

producing a mix of liquid (with Ag), 14:24 AEC, 9:16 CF.  On the subsequent cooling at a rate 

of 2.5 ºC/h, nucleation of 2212 occurs at ~872 ºC, with grains randomly oriented.  This 2212 

formation in Ag-sheathed PIT filaments via peritectic reaction results in a very inhomogeneous 

microstructure which, in addition to the 2212 grains, contains many detrimental phases (e.g. 

2201 grains and intergrowths, residual crystalline AEC and CF phases) due to low reaction 

kinetics, and which is macroscopically untextured.  2212 grains form rapidly during cooling 

from 872 to 864 ºC, leading to large 2212 grains, and the reactions slow down at the reminder of 

the heat treatment, presumably due to cations being isolated by existing 2212 grains; the result of 

this two-step reaction is to produce a bi-modal grain morphology, with small grains distributed in 

the pockets of large grains that formed just below the 2212 nucleation temperature. 

We also measured the Jc of brine-quenched samples and correlated the development of Jc 

with microstructure evolution.  We found a significant Jc increase during cooling from 872 to 

864 ºC. We ascribe this Jc increase to rapid grain growth occurring just below the 2212 
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solidification temperature, which consumed a significant fraction of liquid, AEC and CF, and 

established the percolative 2212 grain network.  At 836 ºC, 2212 formation was nearly 

completed, but a 48 hour isothermal annealing continues to improve Jc, indicating subtle factors 

other than phase purity (e.g. local composition adjustment, crystallization of 2201 from remnant 

liquid in the pockets of 2212 grains or even at the 2212 grain boundaries, and oxygen 

overdoping) playing important roles in determining the Jc of melt processed 2212 conductor.  

Despite the microstructural inhomogeneity and being macroscopically untextured, our PIT 2212 

round wires carries a high Jc of 1600 A/mm
2
 at 4.2 K, 5 T, indicating that there is much room for 

improving the connectivity and Jc for this high-temperature superconducting round wires through 

process optimization and microstructure control. 

5.1  Introduction 

One important processing strategy for ceramic superconductors to achieve high Jc is to 

control the phase transformation.  Much information about phase changes in Bi2Sr2CaCu2Ox/Ag 

composite comes from the investigations of multilayer dip-coated tapes and tape-cast thin films 

on Ag substrate using high-temperature X-ray diffraction (HT-XRD) [95], micro-raman 

spectroscopy [96], and oil-quenching techniques [39, 59, 90, 97-99].  The results can be briefly 

summarized as: upon heating the 2212 precursor powder melts incongruently, producing a liquid 

phase plus the solid phases of (Sr, Ca)x-Cuy-O (alkaline earth cuprate, AEC) and Bix-(Sr,Ca)y-O 

(Cu-free phase, CF) at the partial melting temperature; during subsequent cooling from this 

partially molten state, the multiphase mixture reacts forming the 2212 phase.  The phase relations 

in the melt depend on both processing temperature and oxygen partial pressure [39, 40].   

Processing in 100% O2 leads to desirable phase assemblages in the partially molten state.  

We have found, as have others, that processing in 1 bar 100% O2 is more favorable for 

2212 formation than processing in air.  In this chapter a through-processing quench study on the 

melt processing of PIT Ag-2212 multifilamentary round wire in 100% O2 is summarized, and the 

phase transformation, microstructure evolution, and grain morphology are described.  In chapter 

4 it was shown that high Jc in present melt-processed round wires of 2212 is directly associated 

with good connectivity, and that connectivity is very sensitive to melt processing parameters and 

conditions (flux pinning stays the same).  This chapter further analyzes the various connectivity 
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limiting factors – pores, AEC and CF phases, liquid – and demonstrates how they evolve through 

the entire processing.  

Another important piece of knowledge for precise control of ceramic superconductor 

processing would come from understanding how electromagnetic properties, especially Jc, 

develop during melt solidification of 2212.  However, little work has been published on this 

topic.  One of the concerns is that quenching from high-temperature causes large, undesirable 

thermal strain, inducing microcracks and degrading the Jc of conductor so that the measured Jc 

cannot truly represent the high-temperature electromagnetic properties.  Recently, we showed 

that brine quenching technique is effective in preserving both the high-temperature 

microstructures and the electromagnetic properties of 2212 PIT round wire [100, 101], i.e. 

quenching doesn’t degrade superconducting properties in round wire 2212.  Here we will report 

the first data on electromagnetic property development during melt processing of Ag/2212 

conductor.  Its implications on process optimization and conductor development are discussed. 

5.2  Experimental Details 

The 2212 multifilament round wire used in this study, shown in Figure 2.2, was fabricated 

by Oxford Superconducting Technology using the PIT technique.  The conductor is ~1.06 mm in 

diameter.  It has a double restack architecture of 85 filaments in 7 bundles (85x7), which are ~20 

μm in diameter and spaced ~15 μm apart.  Its outer sheath is a Ag-Mg alloy and its volume 

fraction of superconducting material is ~0.28.  The overall composition of the precursor powder 

is Bi2.17Sr1.94Ca0.89Cu2.00Ox [3].   

4 cm long sections of wires were heat treated using a standard heat treatment schedule 

shown in Figure 5.1 and were quenched into room-temperature brine to freeze the high-

temperature microstructure.  Quenching was carried out in a vertical furnace in 1 bar flowing O2 

using the protocol established in Chapter 3.  The microstructure was then analyzed using a field 

emission scanning electron microscope (FESEM, Carl Zeiss 1540 EsB) in combination with 

energy dispersive X-ray microanalysis (EDS).  The grain size and spatial distribution of the 

14:24 AEC and 9:16 CF were quantitatively studied using digital image analysis (ImageJ, a 

public domain, Java-based image processing program developed at the National Institutes of 

Health [102]).  The transport Jc of brine-quenched and fully-processed wires was determined at 

4.2 K at an electric field criterion of 10
-6

 V/cm with the field perpendicular to the wire axis using 
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the Bi-2212 cross-section as the normalizing area.  The Tc was measured from a zero-field-

cooled magnetic moments measured in a SQUID magnetometer on 5 mm long samples with the 

wire axis parallel to H. The irreversibility field Hirr was approximated by HK, which is linearly 

extrapolated the Kramer function 0.5 0.25M BΔ to zero.  MΔ is the hysteresis magnetization, 

determined from 5 mm long samples in a 14 T VSM with the wire axis perpendicular to H so 

that currents propagate along the wire axis across many GBs. 

 

 

 

 

 

5.3  Results 

Table 5.1 summarizes the overall properties of brine-quenched Ag-2212 PIT 

multifilamentary round wires, revealing microstructure, Jc development, and HK evolution during 

the melt-solidification process given in Figure 5.1.  2212 powder was found to melt around ~884 

ºC, producing a multiphase mixture of liquid, 14:24 AEC, and 9:16 CF identical to those found 

in oil-quenched 2212 thin film and tapes processed in 1 bar pure oxygen [40, 61, 103-105].  The 

composition of AEC and CF did not change as the reaction proceeded.  On cooling, 2212 

nucleation occurs at ~872 ºC.  Significant Jc was measured for 864 ºC, 8 ºC below the nucleation 

temperature of 2212, showing the cooling range from 872 ºC to 864 ºC is critical for Jc 
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Figure 5.1: Schematic diagram of a standard melt-solidification process of 2212 round wires used at 

NHMFL.  Four crucial steps of the heat treatment are heating up to a maximum temperature above the 

solidus, cooling with a defined rate to 836 ºC, annealing at 836 ºC, and cooling to room temperature, 

all done in pure oxygen (p(O2)=1 bar).  The arrows mark the temperatures or the time at which 

samples were quenched for the studies in this chapter.  
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development.  AEC and CF continue to appear in samples as phase transformation to 2212 

continues, and are still present in fully processed 2212 round wires, indicating the difficulties 

with phase control during the melt processing of 2212.   

 

 
Table 5.1: Overview of properties of brine-quenched Ag-2212 PIT multifilamentary round wires melt 

processed according to the schedule shown in Figure 5.1.  Depicted are the sample names, the phase 

assemblages observed, heat treatment stage, Jc(4.2 K, 5 T), and Kramer irreversibility field HK(20 K) 

 

Sample name Phase presenta Heat treatment stage Jc 
a 

4.2 K, 

5 T 

(A/mm2)

Jc/Jc(FP) HK (20 K)

T 

H ⊥Wire 

Green wire 2212 Powder state    

Q864C-on heating b 2212 Powder state    

Q874C-on heating 2212, AEC, CF Powder state    

Q884C-on heating 2212, pore 

AEC, CF, liquid 

    

Q894C-a Pore, 

AEC, CF, liquid 

Melt state    

Q894C-b Pore, 

AEC, CF, liquid 

Melt state    

Q884C-on cooling Pore, 

AEC, CF, liquid 

Melt state    

Q874C-on cooling Pore, 

AEC, CF, liquid 

Melt state    

Q864C-on cooling 2212, pore 

AEC, CF, liquid 

2212 grain growth 720 0.48 7.6 

Q854C 2212, pore 

AEC, CF, liquid 

2212 grain growth 775 0.51 6.6 

Q836C-0h 2212,  

AEC, CF, liquid 

annealing 705 0.47 6.4 

Q836C-12h 2212,  

AEC, CF, liquid 

annealing 780 0.51 6.4 

Q836C-24h 2212,  

AEC, CF, liquid 

annealing 750 0.50 6 

Q836C-36h 2212,  

AEC, CF, liquid 

annealing 773 0.51 6.2 

Q836C-48h 2212,  

AEC, CF, liquid 

annealing 745 0.49 6.3 

Fully-processed 

(FP) 

2212, AEC, CF, 2201  1513 1 7.3 

       a Pore is treated as an individual phase when large-sizes pores are easily identified in SEM images. 

       b The sample name gives the quenching temperature.  For example, Q864C denotes the sample that was 

quenched at 864 ºC.  
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5.3.1 Heterogeneous melting 

 

 

   

   

   
Figure 5.2: Cross section of 2212 PIT multifilamentary wires quenched at (a-b) 864 ºC, (c-d) 874 ºC, 

and (e-f) 884 ºC on heating at 50 ºC/h to Tmax.  An outer bundle is shown.  In (a-d), most of the 

filaments contain precursor powder; a few contain large grains of AEC (black). In (e-f), some filaments 

still contain precursor powder, whereas others are completely filled with AEC or CF (white), together 

with frozen liquid (smooth light gray regions); a few filaments have collapsed in diameter and pores 

are beginning to appear. 
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The melting of PIT 2212 filaments in Ag matrix was examined, as shown in Figure 5.2, 

which shows the SEM microstructures of wires Q864C, Q874C, and Q884C quenched during the 

heating at 50 ºC/h to the maximum temperature.  The surprising result is the heterogeneous 

manner in which the filaments melt.  Both Q864C and Q874C contain powder and look rather 

uniform, though AEC is clearly visible in Q874C.  Sample Q884C, which is quenched only 12 

minutes after the wire in Figure 5.2b, is very heterogeneous.  For Q884C, some filaments still 

contain powder, while others are melted and completely filled with mixture of liquid, pore, and 

solid peritectic phases (14:24 AEC and 9:16 CF).  These images indicate that the entire powder 

does not decompose all at once in unison.  Rather one region starts ahead of others due to some 

favorable local composition, temperature, defect, variation, or bias in the system.  It is also worth 

noting that the large-sized pores, clearly not seen in Q864C and Q874C, appeared at 884 ºC and 

occupied a large fraction of the total filament cross-sections area. 

5.3.2 Microstructure in the melt 

We found that 2212 began to form at about 872 °C on cooling at 2.5 °C/h from 884 °C to 

836 °C.  Figure 5.3 shows the transverse and longitudinal cross sections of Q874C, which was 

quenched right before 2212 formation.  It presents a representative microstructure of 2212 round 

wire in the melt state.  The microstructure is quite inhomogeneous.  The filaments in Figure 5.3 

contain a phase assemblage similar to those in oil-quenched 2212 films and tapes: EDS detected 

14:24 AEC and 9:16 CF particles embedded in an amorphous liquid
11

 that contained about 5 at% 

Ag.  Quantitative digital image analysis of the transverse section gave the area factions of the 

AEC and CF grains normalized to the total area of the oxide core in the green wires as 

approximately 0.15 and 0.17, respectively.  The AEC and CF grains are not uniformly dispersed 

in the liquid.  Although their average grain size of ~8.5 μm in the transverse section is smaller 

than the average filament diameter, some AEC and CF grains are as large as ~20 μm and occupy 

a significant portion of the cross-section of a filament.  The longitudinal section (Figure 5.3b) 

shows that the AEC and CF grains are very long (>200 μm long) and their long axis is parallel to 

the filament axis.   

 

                                                 
11 The liquid is an amorphous material.  It can be identified in quenched samples because it contains Ag, whereas the crystalline 

oxides do not contain a detectable quantity of Ag by SEM/EDS. 
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Figure 5.3: Representative microstructure of brine-quenched PIT 2212 multifilamentary round wire 

in the melt, demonstrated by the (a) transverse  and (b) longitudinal cross-section of Q874C, which 

was quenched right before 2212 formation when cooled at 2.5 ºC/h.  Within each filament, EDS 

identified the black region as a pore or AEC, gray as liquid phase, and white as CF.  P=Pore; 

L=Liquid; A=AEC; C=CF.   
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The filament morphology in our round wire is rather different from that of films or tapes 

oil-quenched from the melt.  The filaments contained a substantial amount of filament-sized 

pores that were not often reported in tapes and films.  A 3D visualization of 2212 filament 

morphology in the melt will be given in Chapter 6, demonstrating that each individual 2212 

filament in the melt cycles from AEC, CF, liquid, to pore, and it might be divided by large pores 

into discrete segments.  A second substantial difference is the observed filament-filament 

bonding (adjacent filaments join together), whose formation mechanism and influence on 

superconducting properties will be carefully analyzed in Chapter 6. 

5.3.3 2212 grain growth 

Figure 5.4 illustrates 2212 grains at the early stage of solidification of molten 2212 in Ag-

sheathed round wire on cooling at 2.5 °C/h.  The 2212 grains were first observed at 872 °C, ~8 

°C below the equilibrium transformation temperature indicated by the phase diagram of 2212 

system
12

 [53].  The observed grain is a plate-like solid phase, with a large anisotropy ratio >300, 

as evidenced from the observation of c-axis grain thickness as t<300 nm and ab plane grain 

length (//wire axis) l>150 μm in Figure 5.4b.  Nucleation theory predicts the 2212 phase 

transformation takes place heterogeneously and solid surfaces are favored sites for nucleation 

due to a reduction in surface energy.  This may be true, but we observed no preferential grain 

growth along surfaces of AEC or CF or Ag-liquid interfaces.  Multiple grains were observed 

within an individual filament, indicating that nucleation rate is high in this case.  The c-axes of 

2212 grains are basically perpendicular to the wire axis but grains are randomly distributed 

without an azimuthal texture, in contrast to the uniaxial c-axis alignment in 2212 tapes or films.  

This grain morphology seems to suggest that no macroscopic bulk texture would be possible in 

latter grain growth stage.  It is also interesting to observe the bending of 2212 grains, which 

gradually changing its crystalline orientation during grain growth (Figure 5.4b).   

 

 

 

 

 

 

 

                                                 
12 A phenomenon termed as supercooling, which refers that the phase transformation shifts to lower temperatures than indicated 

by the phase diagram since equilibrium cooling is rarely achieved in multiphase systems. 
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Figure 5.5 shows secondary electron SEM micrographs for a partially transformed 2212 

multifilamentary round wire at 864 °C and 836 °C on cooling at 2.5 °C/h.  Comparing Q864C to 

Q874C indicates that a significant phase transformation occurs on cooling from 874 to 864 °C.  

The area fractions of the AEC and CF grains decreased to 0.05 and 0.04, respectively.  This is 

also evidenced by the changes in filament morphologies: significant filament-filament bridges 

are observed in Q864C while filament bridge density is relatively similar between Q864C and 

Q836C.  Although phase transformation to 2212 continues, the rate of phase transformation on 

cooling from 864 to 836 °C is relatively slow.   

  

 
 

Figure 5.4: 2212 formation on cooling at a rate of 2.5 °C/h after melt processed at a maximum 

temperature of 894 °C. The sample was quenched at 872 °C. (a) Transverse cross-section shows 

multiple plate-like 2212 grains within an individual filament. Their c-axes are perpendicular to wire 

axis, but grains are randomly oriented without an azimuthal texture.  (b) Longitudinal cross-section: It 

shows a bent Bi-2212 grain.  Cracks were induced during the mounting and polishing process, and are 

not an intrinsic microstructure. P=Pore; L=Liquid; C=CF; A=AEC. 
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Figure 5.5: Secondary electron SEM micrographs of a partially transformed 2212 multifilamentary 

round wire quenched at (a) 864 °C and (b) 836 °C on cooling at 2.5 °C/h after melt processing at 894 

°C.  Q864C and Q836C had 4.2 K, 5 T, 1 μV/cm Jc of 720 A/mm2 and 705 A/mm2, respectively, 

whereas their HK(20K) are 7.6 T and 6.4 T, respectively.  The circled filaments are filaments filled 

with rubble-like 2212.  P=Pore; L=Liquid; C=CF; A=AEC.
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The area fraction of the large pores decreased and their appearance changed on cooling as 

seen in Q874S through Q836S in Figures 5.3 and 5.5.  In Q874C (Figure 5.3) the pores in the 

filaments were distinct and easily identified.  On cooling, the pores became less obvious and we 

believe the sections of the filaments that contained pores at 874 °C were becoming filled with 

2212 as 2212 formed on cooling.  Figure 5.5 shows most of the filaments in Q836S appeared to 

be dense, but some of the pores contain 2212 that has a random, loose, rubble-like appearance.  

The area fraction of rubble-like 2212-filled region in Q836S is ~0.18, which is the same as the 

area fraction of pores in Q874C. 

 

 

 
 

 

    11 

  
 

Figure 5.6: Backscatter electron SEM micrographs of (a) Q864C, (b) Q836C-0h, (c) Q836C-30h, and 

(d) Q836C-48h, demonstrating the evolution of 2212 grain morphology.  L=Liquid; A=AEC.  2212 is 

visible as light gray platelets. 
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Figure 5.6 shows backscatter electron SEM microstructures of Q864C, Q836C-0h, Q836C-

30h, and Q836C-48h, demonstrating the evolution of grain morphology.  2212 is visible as light 

gray platelets, which are surrounded by a bright, Bi-rich liquid.  It is interesting to observe that at 

the edges of this Bi-rich liquid layer there are arrays of white spherical Ag particles that 

precipitate on cooling.  Fast grain growth on cooling from 874 to 864 °C results in large grains 

with thickness >1 μm.  Q864C still contains a large amount of liquid and some AEC and CF.  

Below 864 °C, 2212 content continues to increase, but only small grains form and they are 

located in the pockets between large grains that formed at high-temperature.  It is also very 

interesting to observe many filaments in Figure 5-6 c&d possess a local texture unlike the very 

random grain nucleation orientation shown in Figure 5.4a.  

5.3.4 Microstructure of fully-processed wire 

The high Jc, melt processed multifilamentary round wire of 2212 (transverse cross-sections 

illustrated in Figure 5.7 and longitudinal sections in Figure 5.8) has multiple sub-elements 

organized into bundles.  Filaments in each bundle have many bridges running between them.  

The superconducting nature of filament bridges in conducting inter-filament current will be 

examined in Chapter 6.  Since melt processing is a liquid-solid transformation, 2212 grains 

formed are quite large, as compared to Nb3Sn grains in PIT wires produced by solid-state 

reaction (Nb3Sn grains generally less than 150 nm in commercial high Jc wire receiving low 

temperature reactions (<675 °C).), and Bi-2223 grains in PIT tapes receiving a liquid-assisted 

solid-state reaction.  Grains in an individual filament exhibit a bimodal microstructure, with large 

and thick grains (thickness>2 μm) near the filament/Ag interfaces and smaller grains with 

thickness ranging from 500-1000 nm, which, together with 2201 grains, randomly distributed in 

the pockets between the large grains.  Besides 2212 and 2201 grains, some filaments contain 

remnant AEC and CF particles (~10 μm), pores, and rubber-like 2212.  Unlike the sample 

Q872C shown in Figure 5.4, many filaments appear to possess local uniaxial c-axis texture. 
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Figure 5.7: Backscatter electron SEM micrographs at increasing magnification of a fully processed 

PIT multifilamentary round wire of 2212 melt processed according to schedule in Figure 5.1.  This 

sample carries a Jc of 1600 A/mm2 at 4.2 K, 5 T with a HK(20 K) of 7.4 T, both measured in a 

perpendicular field.  The heat treatment was done in 5 cm length without the presence of mullite 

insulation. 
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5.3.5 Evolution of electromagnetic properties 

Figure 5.9 shows the Jc(4.2 K, 5 T) development during processing, starting from 2212 

grain growth.  In spite of the presence of numerous obstacles to current flow (e.g. liquid, AEC, 

CF, and pores) shown in Figure 5.5a and 5.6a, Jc for Q864C reaches 750 A/mm
2
, approaching 

half of the Jc of the fully-processed wire.  Surprisingly, on cooling from 864 to 836 °C and 

during the 48 hour annealing at 836 °C, Jc is essentially unchanged.  This is very intriguing 

because more 2212 forms did form in this region as shown by Figure 5.5 and 5.6.  Remarkably, a 

two-fold Jc increase occurs during the final cooling, indicating factors other than phase purity are 

playing an important role here in determining the Jc of 2212.  The flux pinning for these 

quenched samples is shown in Figure 5.10.   The fully processed wire showed a high HK value of 

7.3 T.  The HK was ~6.4 T for all quenched samples except Q864C, which showed HK value of 

7.6 T.  

 

 

 
 

Figure 5.8: Backscatter electron SEM micrograph of the longitudinal section of a PIT 

multifilamentary 2212 round wire melt processed according to schedule in Figure 5.1.  This sample 

carries a high Jc of 1600 A/mm2 at 4.2 K, 5 T with a HK(20 K) of 7.4 T, both measured in a 

perpendicular filed.  The heat treatment was done in 5 cm length without the presence of mullite 

insulation.  Note that only the section without massive filament bridges is shown. 
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Figure 5.10:  HK of samples quenched during solidification, the 48 hour annealing at 836 °C, and a 

fully processed sample.  The HK was derived from VSM hysteresis loop that was measured with the 

field perpendicular to the wire axis at 20 K. 
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Figure 5.9:  Transport Jc for samples quenched during the solidification and 48 hour annealing at 

836 °C and a fully processed (FP) sample.  The Jc of fully processed wire is also shown.  The field 

was applied perpendicular to wire axis.  Jc of Q872C is not a measured value; instead it is assumed to 

be zero based on the microstructural observation that no superconducting grains were present.  
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Figure 5.11 shows the temperature dependence of the zero-field cooled (ZFC) magnetic 

moment for samples quenched after 2212 formation and for a fully processed wire.  All samples 

                          

20 40 60 80

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

H//wire
ZFC
10 Oe

 

 

 Q864C-on cooling
 Q854C
 Q836C-0h
 Q836C-24h
 FP

m
/m

(5
 K

)

Temperature (K)  
                                

 

50 60 70 80 90
-0.6

-0.4

-0.2

0.0

 

 Q864C-on cooling
 Q854C
 Q836C-0h
 Q836C-24h
 FP

m
/m

(5
 K

)

Temperature (K)

H//wire
ZFC
10 Oe

 
 

Figure 5.11: Zero field cooled magnetic moment as a function of temperature for samples quenched 

after 2212 formation and a fully processed wire.  These data were obtained from measurements of 

the magnetic moment after cooling in zero field and warming in a field of 0.1 mT applied parallel to 

the wire axis.   
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quenched from high temperatures exhibit onset Tc values of 92 K and a shoulder at 65-80 K, 

whereas the fully processed sample showed an onset Tc of 83 K, and no shoulder.  This decrease 

in onset Tc indicates oxygen incorporated into the 2212 on cooling.  The role of oxygen 

overdoping will be discussed in Chapter 7.  The Q864C shows a strong diamagnetic signal and 

the highest Tc at 50% transition, consistent with its high Jc value.   

5.4  Discussion 

Taken as a whole, the through-process quench experiment on the 2212 multifilamentary 

round wire visualizes the morphological and compositional transformations occurring in PIT 

2212 filaments during the melt processing that yields a high Jc of 1600 A/mm
2
 at 4.2 K, 5 T.  

The direct observation of the transformations of microstructure and Jc occurring in high-

temperature reactions allows us to give an unambiguous picture of the 2212 formation that can 

not be seen by other techniques such as high-temperature x-ray diffraction (XRD) [95, 97].   

5.4.1 Phase conversion reactions 

The phase conversion reaction during the melt processing of multifilamentary round wires 

followed a similar route to melt-processed 2212 thin film on Ag substrate [95, 97] and dip-coated 

multilayer tapes.  On heating at 50 °C/h to the maximum temperature, the fine, sub-micron-size 

2212 powder decomposes into a mixture of liquid (containing Ag), 14:24 AEC, and 9:16 CF in a 

heterogeneous, and nearly instantaneous manner around 884 °C.  On cooling at 2.5 °C/h, 2212 

nucleation occurs at 872 °C from the melt state.  

The importance of melting the 2212 filaments to obtain high Jc is apparent, as evidenced by 

the very low Jc values in not-fully-melted wires that are heat treated below the peritectic 

temperature.  However, how melting of 2212 filaments in Ag matrix takes place was rarely 

reported, and the results are ambiguous.  The quenching freezes the high-temperature 

microstructures, allowing us to directly observe the melting event.  2212 melting has been 

generally assumed to be a slow process that begins at the silver-filament interface and takes 

some time to spread into the filament, presumably because the dissolution of Ag lowers the 2212 

melting temperature at the filament/Ag interface [106].  Many wire development efforts have 

evolved from this assumption.  Miao et al. [106], for example, attempted to sharpen the melting 

event by dispersing Ag particles within the filament.  However, in our multifilament round wires 
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(without Ag addition into precursor powder), though some filaments melt before others, 

filaments never melted in a radially inward manner, indicating sharp and quick melting.  This 

may be partly because in modern PIT wires including ours the filament diameter is small (~10-

30 μm).  

We noted that the time in the melt, tmelt, is as long as 6.2 h, far exceeding the soaking time 

of 12 minutes at peak temperature.  Surprisingly, despite extensive studies trying to understand 

and optimize the melt processing, the importance of tmelt is rarely investigated.  We believe that 

the tmelt is a hidden processing parameter that is very important in determining the connectivity 

and Jc of 2212 wires.  What may occur in the melt?  The chemical compositions of AEC and CF 

seem to not change in the melt, but what about their volume fractions and distribution?  How 

would extending time in the melt affect the superconducting properties of 2212 wires?  Part of 

the answer will be given in Chapter 6, which illustrates the filament-to-filament bonding 

occurring in multifilamentary round wires during extended period in the melt.  A more detailed 

investigation of influence of tmelt on grain growth and Jc of 2212 will be given in Chapter 8. 

5.4.2 Pores, AEC and CF, and 2201 

In the previous chapter it was shown that high Jc in the present melt-processed round wires 

of 2212 is directly associated with good connectivity.  The microstructure development revealed 

in this chapter clearly indicated that the primary impediments to connectivity were porosity, solid 

peritectic phases, 2201 phases and intergrowths, and high-angle grain boundaries in this 

untextured high-temperature superconducting round wire conductor.   

High porosity is a key connectivity limitation in PIT Bi-2223 [15] tapes, MgB2 [20] wires, 

and 2212 round wire.  This chapter clearly demonstrates the morphological evolution of porosity 

during the heat treatment (Figures 5.3 and 5.5).  It is striking to see filaments are divided into 

discrete segments by large pores in the melt.  The large pores formed because the precursor 

powder in the unreacted wire can only be packed ~65-80% dense so there is 20-35% void space 

that is filled with gas between the grains of powder.  On melting, the gas agglomerates into large 

pores (~20 μm in diameter and ~100 μm long seen in Figures 5.3), which divide the melt within 

the filaments into discrete segments.   

Removing a pore from the melt requires removing gas from melt.  For this to happen, the 

gas inside the pore must diffuse through the liquid and the surrounding Ag sheath to the 
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atmosphere.  Oxygen can diffuse through the Ag sheath, so the pores must contain O2 rather than 

other gas (such as N2, Ar, or CO2) to able to be removed.  This requires that the PIT billet be 

filled with O2 before drawing and that subsequent processing steps retain the O2 in the core.  

Using this process, in Ag-sheathed 2212 flat tapes, Rikel et al. [107] pointed out that porosity is 

a function of filament geometry and the volume fraction of porosity is reduced from 35% to 5% 

as u/w decreases from 0.12 to 0.03, where u is the Ag sheath thickness and w is the filament 

width.  Due to the high u/w ratio of filaments, pores don’t disappear by this mechanism in round 

wires. 

Interestingly, the empty pores that are seen just before 2212 forms (Figures 5.3) disappear 

as 2212 forms on cooling and are replaced by filaments that contain rubble-like 2212 grains.  

This was confirmed by area analysis showing the area fraction of pores in the melt was the same 

as the area fraction of the rubble-filled filaments.  We believe that large pores disappear because 

2212 that forms in the melt can grow into these pores in the same way that 2212 outgrowths 

grow into Ag matrix, but we emphasize that porosity didn’t actually disappear, rather it was re-

distributed between superconducting grains.   

Figure 5.3 shows that often there is a thin layer of liquid between the pore and Ag in the 

melt state, which may transform into a thin layer of 2212 on the Ag.  However, the 2212 grains 

that grow into the pores do not appear to be as well oriented and as well connected as 2212 

grains that grow in the sections of the filament that contained melt.  In fully-processed samples, 

the regions that started as pores when 2212 began to form contain only a thin layer of well-

aligned 2212 plus many poorly aligned, loosely connected 2212 grains.  We believe these 

regions have lower Jc than those regions that were filled with melt and formed dense, better 

aligned 2212 grains on cooling.  Therefore, reducing porosity in PIT 2212 conductors is very 

important for the development of high Jc conductor. 

Many increases in the Jc of Ag-2212 composite tapes have come from improving the 

degree of 2212 phase purity.  We believe that increased phase purity should also lead to 

improved Jc in our PIT, multifilamentary 2212 round wire.  The AEC and CF grains are 

prominent in the melt (Figures 5.2c and 5.3) and are present as remnants in fully-processed wires 

(Figure 5.7).  Their area fractions are high in the melt in our round wire and in many other forms 

of 2212 conductor, such as melt-processed 60 μm thick 2212 film on Ag foil [61].  The grains of 

AEC and CF cause serious problems when forming 2212 from the melt.  They are obstacles that 
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2212 grains have to grow around or through, so they disrupt the 2212 texture.  The liquid, AEC, 

and CF react on cooling to form 2212, so the AEC and CF grains, which lock-up cations needed 

for the reaction, have to dissolve into the liquid to supply cations 2212 needs to grow.  On 

cooling, the reaction does not go to completion because the liquid and grains of AEC and CF 

become isolated from one another so the reaction virtually stops [65, 108].  This leaves remnant 

µm-sized grains of AEC and CF and grains of 2201 that formed from unreacted liquid in 

superconducting 2212 matrix of fully-processed samples (see Figures 5.7).  The µm-sized grains 

of AEC and CF and 2201 regions are too large to pin flux; they only block supercurrent flow.   

The importance of 2212 phase purity may extend to an even finer scale: it has been shown 

that intergrowths of even one or a few half-unit-cells of residual 2201 within 2223 grains can be 

detrimental to Jc [109].  How the fraction of 2201 intergrowths within the 2212 grains affects the 

superconducting properties of polycrystalline oxide core is a complex question.  At present, we 

do not yet know how the fraction of 2201 intergrowth would change with important processing 

variables.   

One of the keys to preparing PIT Bi-2212 composite conductor that exhibits high critical 

current density is to control the size and distribution of the nonsuperconducting peritectic phases 

remaining in the superconducting core matrix by controlling the phase distribution in the 

partially molten state.  It was generally thought that AEC and CF can grow to larger size with 

long tmelt, but Chapter 9 will show that this may not be the case.  The phase fraction of AEC and 

CF is determined by thermodynamic balance in phase diagrams, but the real question is how to 

get rid of those large AEC and CF particles?  

Another key idea of achieving high Jc in 2212 tape is to maximize the texturing of c-axis 

grain alignment, which results in enhanced intergrain coupling.  In fact, an important merit of 

partial-melting processing is its ability to promote texture in fully processed wires, without the 

mechanical deformation required for Bi-2223 or the epitaxial growth required for YBCO 

fabrication.  However, this idea may not apply in 2212 round wire, as demonstrated in this 

chapter that a long-ranged c-axis texture is not available in melt processed 2212 PIT round wire. 

The next connectivity limit to consider is the misaligned grains.  It is not clear how 

supercurrent transfers from one 2212 grain to the next in fully processed 2212 round wire.  The 

critical current density through cuprate grain boundaries Jgb(θ) is very sensitive to the orientation 

of adjacent crystallites and decreases exponentially with increasing misorientation angle θ if θ is 



74 

 

above 3-5° [110].
13

  Both Bi-2223 and YBCO have required years of microstructural engineering 

to develop sophisticated crystallographic texture fabrication processes to eliminate all but low-

angle grain boundaries in useful conductor forms.  Yet only simple melt processing is needed to 

achieve high Jc in 2212 round wire and the most striking observation is that this high Jc 2212 has 

little macroscopic texture.  A partial-melt processed 2212 round wire is typically composed of a 

myriad of ~100-200 µm long and ~0.1-0.3 µm thick plate-like Bi-2212 grains, often arranged in 

1-5 µm thick colonies that share a common c-axis with [001] twist boundaries.  Although the c-

axis is often aligned perpendicular to the wire axis, there is no azimuthal texture, so 2212 round 

wire does not have the ab plane alignment required to have the low-angle grain boundaries (<3-

5°) for supercurrent transport.  At present we do not know how axial current flows between 

grains of 2212 in round wires: Does most of the current actually cross at low-angle grain 

boundaries?  Do high-angle grain boundaries carry current in partial-melt-processed 2212?  Is c-

axis transport between grains important?  

The question of how such a poorly aligned microstructure can carry Jc of 10
5
 A/cm

2
 even at 

45 T and how to achieve higher Jc is very intriguing, since intergrain transport may be further 

blocked by the remnant liquid that wets grain boundaries and results in Superconductor-

Insulator-Superconductor Josephson weak-links, as well as by 2201 grains between the 2212 

grain colonies that formed from the unreacted liquid  and 2201 intergrowths within individual 

2212 grain colonies [65] that may reduce the c-axis transport, which was suggested to be 

important in Bi-cuprates in the brick-wall model for current flow in polycrystalline Bi-cuprates 

[111].  

It is seldom clear how much of an individual filament is actually carrying current, and how 

high 2212 Jc can go.  The best Jc(4.2 K, self field) values achieved so far in both 2212 flat tapes 

and round wires are far less than the upper critical limit of intragrain critical current set by the 

flux-pinning current density, which can not exceed the depairing current density Jd(T) = 

φ0/(3
3/2πμ0λ2ξ), where φ0 = 2×10

-15
 Wb is the magnetic flux quantum, λ is the London 

penetration depth, and ξ is the superconducting coherence length.  Taking λ and ξ  as 150 nm 

and 1.5 nm at 4.2 K, respectively, we obtain Jd(4.2 K)≈3x10
8
 A/cm

2
.  Jc in the best 2212 

conductor (5.6x10
5
 A/cm

2
 at 4.2 K, self field) is only about 10

-3
 of the depairing current.  This 

chapter further validates our conclusion that the connectivity is the key to high Jc in 2212.  A 

                                                 
13 Critical angle cθ  is ~4o for YBCO, but cθ  is unknown for 2212 and Bi-2223. 
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major origin of low connectivity in present 2212 wires is only a very small fraction of 

superconducting area effectively carries supercurrent, due to porosity, the presence of AEC and 

CF in fully processed wires, formation of 2201 phases and intergrowths, and possibly the high 

angle grain boundaries.  There is much room for Jc and connectivity improvement, which is 

likely found from densification of the oxide core, reduction in the phase fraction of AEC and CF 

in fully processed conductor, and better control over the processing. 

5.4.3 Correlation between microstructure development and Jc evolution 

Figure 5.12 summarized our findings on microstructure development and Jc progression 

during partial-melt processing of PIT Ag-sheathed multifilamentary round wire.  Our results 

identified two regions in which Jc increases sharply during melt processing: the slow cooling 

from 872 °C to 864 °C and the final cooling to room temperature.  This final cooling in O2 

produces a two-fold increase in Jc, together with an increase in the HK(20 K) from 6 T to 7.4 T.  

Chapter 7 shows that this two-fold Jc increase during the cooling is due to strong oxygen 

overdoping into the conductor that reduced electronic crystal anisotropy, increased the flux 

pinning, and particularly significantly increased the supercurrent transport across the grain 

boundaries (GBs), which suffer from low carrier density that strongly depresses the 

superconducting order parameters around GBs at high-temperatures [101].  

The cooling just below the nucleation (872 – 864 °C) produces a significant Jc increase.  

We think there are two reasons.  First, this Jc increase is associated with fast phase reaction to 

form 2212 that consumes most AEC and CF particles.  Second, it may be also because the grains 

forming during this region are large grains.  As 2212 grain growth is an opportunistic two-

dimensional growth in confined space, the large grains define the space for the following grain 

growths and help align these small grains.  We believe these large grains may serve as the 

“backbone” for current percolation in fully processed conductor.  This is consistent with the 

observation that Jc is high for Q864C despite the presence of large amount of liquid and AEC/CF 

and that adding small 2212 grains does not really actually increase Jc.  Therefore, our study 

indicates that the grain growth just below the nucleation is critical for Jc development. 
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5.5   Conclusion 

This chapter may be summarized as following: 

(1) Brine-quench experiments allowed us to visualize the growth of 2212 inside the filaments of 

PIT conductor and the phase reaction paths during partial melt processing. 

(2) Significant inhomogeneity in melt processed filaments appears to be inevitable, due to 

incongruent melting, and opportunistic grain growth that produces high density of large-

angle grain boundaries.  Therefore, only a small fraction of superconducting oxide core is 

effectively used for carrying current, consistent with the analysis in Chapter 4 that the long-

range connectivity is the key to improving Jc in 2212 wires. 

(3) The PIT 2212 filaments are segmented by the large pores in the melt.  Decreasing porosity is 

critical for future Jc improvement. 

(4) The grain growth just below the nucleation is critical for Jc development.  If this grain 

growth region can be properly controlled to grow large, well aligned grains, Jc of 2212 wires 

may be significantly increased. 

 

                         

Phase reaction to 2212  

continues but grain    
growth slows down
Small grains form in the   

pockets between large  
grains
Jc slowly increases

Filaments are  
melted
Filament  

cycles from   
liquid, AEC, 
CF, to pore.

Filaments are  
segmented by  
large pores

Phase reaction 

to form 2212 is 
fast 
Large grains 

form
AEC and CF 
are largely

consumed
It is a critical Jc

development

Phase reaction to 2212  

continues but grain    
growth slows down
Small grains form in the   

pockets between large  
grains
Jc slowly increases

Filaments are  
melted
Filament  

cycles from   
liquid, AEC, 
CF, to pore.

Filaments are  
segmented by  
large pores

Phase reaction 

to form 2212 is 
fast 
Large grains 

form
AEC and CF 
are largely

consumed
It is a critical Jc

development
  

Figure 5.12: Summary of phase transformation during partial melt processing of Ag-2212 

multifilamentary round wire.  
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CHAPTER 6 

 

FILAMENT TO FILAMENT BONDING AND BRIDGING 
 

 

Filament-to-filament bridges populate the PIT, Ag-sheathed multifilamentary 2212 round 

wire melt processed in 100% O2.  In this chapter, we continue to deconstruct the melt processing 

of Ag-2212 multifilamentary round wire in 100% O2 started in chapter 5, revealing how the 

microstructure develops and how filament bridging occurs.  We found that filaments can bond 

together in the melt state.  As 2212 starts to grow during cooling, we observed that two types of 

2212 bridges form.  One type, which we call Type-A bridges, forms within filaments that bonded 

in the melt; Type-A bridges are single-grains that span multiple bonded filaments.  The other 

type, called Type-B bridges, form between discrete filaments through 2212 outgrowths that 

penetrate into the Ag matrix and intersect with other 2212 outgrowths from adjacent filaments.  

We believe the ability of these two types of bridges to carry inter-filament current is intrinsically 

different: Type-A bridges are high-Jc inter-filament paths whereas Type-B bridges contain high-

angle grain boundaries and are typically weak linked.  Slow cooling leads to more filament 

bonding, more Type-A bridges, and a doubling of Jc without changing the flux pinning.  We 

suggest that Type-A bridges create a 3-D current flow that could be important for developing 

high Jc in multifilamentary 2212 round wire. 

6.1  Introduction 

The present PIT 2212 round wire contains hundreds of fine filaments of ~20 μm embedded 

in a Ag matrix.  Subdividing the superconductor provides intrinsic stability against flux jumps in 

transient magnetic field, which would lead to premature quenching and poor magnet 

performance [5].  This multifilamentary wire structure has thus been adopted for making 

composite NbTi wire, Nb3Sn wire, MgB2 wire and tape, Bi-2223 tape, and 2212 tape and round 

wire. 
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A unique characteristic of fully processed Ag-2212 multifilamentary round wire is the 

extensive bridges that run between its fine filaments, which were not observed in 

multifilamentary NbTi wire, Nb3Sn wire, MgB2 wire and tape, and Bi-2223 tape.  In unreacted 

2212 PIT round wire or tape, filaments are well separated as well.  Filament-to-filament bridges 

have been recognized in microstructure of melt processed 2212 round wire [18, 43, 63, 112-114].  

Motowidlo et al. [63] and Koizumi et al. [115] observed filament bridges populate round wires 

processed in 100% O2; on the other hand, they observed almost no bridges in wires processed in 

air.  They argued that such filament bridges are 2212 outgrowths that penetrate into the Ag 

matrix, and would inevitably contain high-angle grain boundary.  They further argued that these 

‘outgrowths’ would disrupt the local grain alignment and are therefore detrimental to Jc of the 

conductor, but the link between low Jc and high population of filament bridges was not 

established.  In fact, the wires containing higher number density of such ‘outgrowths’ usually 

carry higher Jc; Jc of wires processed in 100% O2 is more than three times that of wires 

processed in air.  This dilemma of high Jc associated with high density of ‘outgrowths’ frustrates 

our material understanding and attempts to optimize the microstructure of 2212 conductor to 

increase Jc. 

The questions therefore arose how filament-to-filament bridging occurs, how do filament 

bridges affect the superconducting properties of conductor, and whether the character and 

amount of filament-to-filament bridging can be changed by processing modification or conductor 

design?  Answering these questions requires a microstructural description of filament bridges 

and gaining a better insight into the melt processing and wire performance. 

To study the melt-solidification process of 2212 round wire, we systematically examined 

the role of each step.  We quickly discovered that the filament bridges density increases as 

decreasing the cooling rate during solidification which develops the 2212 grain structure.  Figure 

6.1 presents representative SEM micrographs of an unreacted wire, a slow-cooled, fully-reacted 

high Jc wire, and a fast-cooled, fully-reacted low Jc wire.  The microstructure of both fully-

processed wires is very inhomogeneous and complex.  The slow-cooled, high Jc wire has many 

filaments with 2212 bridges running between them (Figure 6.1b).  By contrast, there are few 

2212 bridges between the filaments in the low Jc, fast-cooled wire (Figure 6.1c).  One of the 

crucial issues for understanding 2212 round wire microstructure is whether or not these bridges 

are beneficial to Jc.  
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Figure 6.1: SEM micrographs of unreacted (a) and reacted (b-c) PIT multifilamentary Ag-

sheathed 2212 round wires.  (a) Transverse cross-section of an unreacted wire; transverse cross-

sections of (b) a fully-processed wire cooled at 2.5 °C/h with a Jc of 1.55x105 A/cm2 at 4.2 K, 5 T 

and (c) a fully-processed wire cooled at 20 °C/h with a Jc of 0.75x105 A/cm2 at 4.2 K,  5 T.  See 

figure 6.2 for heat treatment details.  In (b-c), the black and light gray regions are grains of AEC 

and CF, respectively, whereas the dark gray and white regions are 2212 and Bi2Sr2CuO6 (2201), 

respectively.  Black regions can also be pores.
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The primary focus of this chapter is thus to probe the phenomenology of the filament-to-

filament bridging in hopes of understanding its origin.  We also hope to shed some light on their 

effects on Jc, on better conductor design and on partial-melt processing in general.  The through-

process quench study is used to unravel how and when 2212 bridges form.  Prior to this study 

2212 bridges that span the Ag to connect filaments were thought to disrupt local grain alignment 

and were detrimental to Jc so the thinking was they needed to be eliminated.  In this study, 

however, we identified single-grain 2212 bridges that can grow between bonded filaments and 

demonstrated that there is correlation between higher densities of these single-grain bridges and 

increasing Jc in 2212 multifilamentary round wire.  The existence of single-grain bridges does 

not mean all filament bridges are beneficial to high Jc; it rather means that the superconducting 

nature of filament bridges acting as inter-filament current paths might be complex, depending 

critically on how they form. 

6.2  Experimental Details 

The 2212 multifilament round wire used in this study, shown in Figure 6.1a, was fabricated 

by Oxford Superconducting Technology using the PIT technique by extruding and drawing a 

mixture of 2212 precursor powder inside a pure Ag tube, then using a double restack to form 7 

bundles each with 85 filaments [18].  The conductor is ~1.06 mm in diameter, containing 

filaments that are ~20 μm in diameter and spaced ~15 μm apart.  Its outer sheath is a Ag-Mg 

alloy and the volume fraction of superconducting material is ~0.25.  The overall composition of 

the precursor powder is Bi2.17Sr1.94Ca0.89Cu2.00Ox [3].  Figures 6.1a shows that filaments in the 

unreacted wire are uniform, continuous and discrete with no sausaging, which stands in stark 

contrast to the interconnected filament network of the slow-cooled, fully-reacted high Jc wire in 

Figure 6.1c.  

4 cm long sections of wires were heat treated using a standard heat treatment schedule 

shown in figure 6.2 and then quenched into room-temperature brine to freeze the high-

temperature microstructure.  Quenching was carried out in a vertical furnace in 1 bar flowing O2.  

The ends of the wire sections were mechanically sealed to prevent BSCCO liquid from leaking 

out.  Cooling rates from 1 to 20 °C/h were used between 884 and 836 °C, but here we only 

include microstructural data for rates of 2.5 °C/h, called slow cooling, and 20 °C/h, called fast 

cooling.  The sample name gives the temperature from which the sample was quenched followed 
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by an S or F indicating slow-cooling or fast-cooling, respectively.  For instance, Q872S indicates 

a sample that was quenched from 872 °C while being slow cooled at 2.5 °C/h. 

 

 

 

 

 

After quenching, samples were mounted in a conducting Bakelite puck and carefully 

polished using SiC paper.  The final polishing was conducted with a 0.05 μm alumina suspension 

in ethanol using a vibratory polisher to remove the debris and the smeared Ag in the pores.  

Some polished cross-sections were lightly etched in a 2.5:1 (volume) mixture of NH4OH and 

H2O2 (30%) to reveal the Ag grain boundaries.  The microstructure was then examined using a 

field emission SEM (Carl Zeiss 1540 EsB) and the phase chemistry was measured using energy 

dispersive X-ray spectroscopy (EDS).  Hysteretic magnetization ∆M was measured with a 14 T 

Oxford vibrating sample magnetometer (VSM) with the applied field perpendicular to the wire 

axis.  The transport critical current Ic was determined by the standard four-probe method using 

an electrical field criterion of 10
-6

 V/cm at 4.2 K with the magnetic field applied perpendicular to 

the wire axis.  Ic was converted to Jc using the 2212 cross-section of the unreacted wire as the 

normalizing area.  
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Figure 6.2: Schematic diagram of a standard melt-solidification process of 2212 round wire.  In this 

chapter, we examine the crucial step of the heat treatment – slow cooling from 884 °C to 836 °C – 

which develops the grain structure. The cooling rate was varied between 1 °C/h to 20 °C/h. The arrows 

mark the temperatures at which samples were quenched for studies in this chapter. The quenching, 

together with the heat treatment, was done in 1 bar pure oxygen atmosphere. 
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6.3  Results 

6.3.1 Influence of cooling rate 

 

 

 

 

 

Figure 6.3 plots the transport Jc(4.2 K, 5 T) and the Kramer irreversibility field HK(20 K) 

of fully-processed 2212 round wires as a function of cooling rate between 884 and 836 °C.  

Jc(4.2 K, 5 T) increased dramatically with decreasing cooling rate by more than a factor of 2, 

from 0.75x10
5
 A/cm

2
 at 20 °C/h to 1.55x10

5
 A/cm

2
 at 2.5 °C/h, while HK(20K) is essentially the 

same for all these samples.  Since ∆M measured by the VSM is proportional to Jc, the Kramer 

field HK is defined by linearly extrapolating the Kramer function ∆M
0.5

H
0.25

 plotted as a function 

of applied field to zero; HK is defined as the irreversibility field Hirr above which Jc is essentially 

zero within the superconducting grains [116].  The size of all the samples tested in the VSM was 

 
 
Figure 6.3: Jc(4.2 K, 5 T) and HK(20 K) of fully-processed samples as a function of the cooling rate 

(see figure 6.2 for details).  The inset shows the region where the cooling rate was varied.  Jc 

increases with decreasing cooling rate but HK is essentially constant.  We determined HK at several 

temperatures between 12.5 K and 40 K and found that HK at each temperature was essentially the 

same for all the samples cooled at different rates.   
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the same.  Although Figure 6.3 only shows HK at 20 K, we measured HK at temperatures 

between 12.5 K and 40 K and at each temperature HK was essentially the same for all samples, 

so we conclude that all our samples have similar pinning properties in this temperature range and 

also at 4.2 K, despite significant differences in both Jc and microstructures. 

6.3.2 Microstructure evolution during slow cooling (2.5 °C/h) 

We quenched samples from 884 °C to 836 °C while cooling at 2.5 °C/h.  SEM images 

showed that 2212 began to form at ~872 °C when cooling at 2.5 °C/h.  Figure 6.4 shows the 

SEM cross-sections of Q872S, which is still in the melt state.  Bonded filaments are seen in both 

the transverse and longitudinal cross sections (Figure 6.4).  Bonded filaments are filaments 

where the Ag that separated two adjacent filaments has been redistributed, so these two filaments 

join together at this point and the liquid is continuous between the filaments.  In the transverse 

cross section, two bonded filaments typically are shaped like a dumbbell.  Two or more filaments 

can bond together.  The transverse cross section of Q872S (Figure 6.4a) shows 15 sets of two 

bonded filaments, 1 set of three bonded filaments and 3 sets of four bonded filaments in one 85-

filament bundle. 

Figure 6.5 shows serial transverse cross sections of Q872S taken at ~60 μm intervals into 

the wire.  These images amplify what is seen in the longitudinal cross section in Figure 6.4b, 

namely that the microstructural features present in each filament - pores, grains of AEC and CF, 

liquid, and filament bonding - cycle with position along each filament.  Figures 6.4b and 6.5 

illustrate that in wire cooled at 2.5 °C/h, the 2212 forms from a heterogeneous, interconnected 3-

D network of filaments.  

Figure 6.6 shows SEM micrographs of Q868S, which was quenched just after 2212 grains 

started to form.  The 2212 grains are highly aspected plates, with dimensions ~0.5 to 5 μm thick 

by ~10 to 60 μm wide.  The 2212 ab planes appear to be randomly oriented along the filaments 

with the c-axis radially aligned perpendicular to the filament axis.  Another interesting 

observation is the 2212 grains can bend as they grow. 
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Figure 6.4: Representative SEM micrographs of (a) transverse and (b) longitudinal cross-sections of 

sample Q872S, which was quenched just before 2212 begins to form when cooling at 2.5°C/h. 

Within each filament, EDS identified the black region as a pore or AEC, gray as liquid phase, and 

white as CF.  P=Pore; L=Liquid; A=AEC; C=CF.  Two filaments that have bonded together are 

circled in (a). In (a) there are 15 2-bonded, 1 3-bonded, and 3 4-bonded filaments.  Regions in (b) 

have been circled showing where filaments have bonded together. 
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Figure 6.6 also shows two types of 2212 bridges.  One, which we call Type-A bridges, 

grows in the liquid region shared by two or more bonded filaments.  These are generally 3-5 μm 

thick and can be several tens of μm wide, spanning the entire length of the bonded filaments.  

The other bridges, which we call Type-B bridges, cut through the Ag between the filaments.  

They are what we usually identify as bridges in fully-processed 2212 round wire.  Type-B 

bridges are typically much thinner, <2 μm thick, than Type-A bridges, and often have a high-

angle grain boundary where they touch one another in the Ag between filaments, or where they 

grow into an adjoining filament.  

    
 

    
 

Figure 6.5: Transverse cross sections of Q872S taken at ~60 µm intervals into the sample.  This was 

done by a combination of serial sectioning and SEM imaging.  Material was removed gradually 

through gentle metallographic polishing and the microstructure was imaged using SEM at (a) 0 μm, (b) 

60 μm, (c) 120 μm, and (d) 180 μm into the sample.  It shows that filaments bond with adjacent 

filaments, forming a 3-D interconnected network. 
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Figure 6.6: SEM micrographs of Q868S, which was quenched just after 2212 begins to form when 

cooling at 2.5 °C/h.  (a) and (b) are secondary-electron and backscattered electron images, 

respectively, of the same area, showing which regions are pores and which are non-superconducting 

phases.  (c) is a higher magnification image showing random 2212 orientation around the wire axis, 

2212 grain bending, and Type-A and Type-B bridges.  Type-A bridges grow mainly within the region 

where two or more filaments are joined.  Type-B bridges run through the Ag between discrete 

filaments.  P=Pore; L=Liquid; C=CF; A=AEC. 
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6.3.3 Microstructure evolution during fast cooling (20 °C/h) 

 

 
 

 
 

Figure 6.7: SEM micrographs of fast cooled samples (20 °C/h): (a) Q864F which was quenched before 

2212 begins to form when cooling at 20 °C/h and (b) Q854F, which was quenched just after 2212 

begins to form.  There are few bonded filaments in this fast-cooled sample, and very few 2212 bridges.  

P=Pore; L=Liquid; C=CF; A=AEC. 
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We quenched samples from 884 to 836 °C while cooling at 20 °C/h.  SEM images showed 

that 2212 began to form at ~854 °C when cooling at 20 °C/h, which is ~18 °C below where 2212 

formed during slow cooling (2.5 °C/h).  Figure 6.7 shows microstructures of samples Q864F and 

Q854F, which were quenched before and after 2212 formed on cooling, respectively.  These 

microstructures exhibit the same phase assemblage as that in slow cooled samples.  However, 

there are two essential differences.  First, Q864F (Figure 6.7a) contains fewer bonded filaments 

than Q872S.  Second, Q854F (Figure 6.7b) has essentially no Type-A bridges and only a few 

Type-B bridges; the 2212 grains in Q854F are confined to the individual filaments.  Moreover, 

the grains in Q854F are much thinner than those in Q868S (Figure 6.7b) and more randomly 

oriented.   

6.3.4 Filaments 

Filaments in unreacted wire have irregular Ag/oxide interfaces (Figure 6.8a).  In contrast, 

the filament shape in the melt state consists of several smooth arcs that join at pointed corners 

(Figures 6.4 and 6.8).  To understand this change in filament shape, we lightly etched the silver 

on an unreacted wire and a Q884S sample.  Figure 6.8b shows that the pointed corners in Q884S 

correspond to triple points where a Ag grain boundary intersects the filament.  Two filaments 

usually share a common Ag grain boundary, so typically there are corresponding points on 

adjacent filaments (Figure 6.8c).  

6.4  Discussion 

We observe filament morphology and grain growth at two cooling rates of 2.5 °C/h and 20 

°C/h, which yields a two-fold difference in Jc values.  We can see that filament-to-filament 

bridging is associated either with filament-filament bonding or 2212 grain growth penetrating 

into Ag matrix.  In the following sections, we will discuss the formation mechanisms of 

filament-filament bonding and the superconducting nature of two types of filament bridges.  

These discussions will be used to derive a model illustrating how bridges may change the current 

flow in present 2212 multifilamentary wires.  We believe that the higher density of inter-filament 

current flow provided by Type-A bridges partly accounts for the high Jc in slow-cooled samples. 
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6.4.1 Filament-filament bonding mechanism 

 

 

 

Figure 6.8 illustrates schematically how filament-filament bonding occurs.  The Ag/2212 

interface is rough in green wire (Figure 6.8a) and becomes smooth after the 2212 melts and Ag 

dissolves into the liquid (Figure 6.8b).  The curvature of the Ag/liquid interface varies along the 

Ag/liquid interface in Figure 6.8b.  As a result, the Ag is more soluble at the triple point where 

  

 
 
Figure 6.8: SEM micrographs of transverse cross-sections of 2212 multifilamentary wires showing 

changes in filament shapes upon melting of 2212 filaments.  (a) An unreacted wire showing the 

Ag/filament interface is rough before melting.  (b) An etched cross section of Q884S shows the Ag 

grain boundaries, which intersect the filaments forming triple points.  (c) A cross section of Q884S 

showing many triple points on the filaments where filament bonding may occur.  (d) Schematic 

diagram showing the mechanism that enables Ag to dissolve into the liquid at triple points and diffuse 

to the neighboring smooth Ag/liquid interface where it is deposited.  The filaments move along the 

grain boundary so filaments on opposite ends of the grain boundary move towards one another and 

when they intersect, they bond together. P=Pore; L=Liquid; C=CF; A=AEC; GB=Grain boundaries. 
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the local radius of curvature is smaller than it is at the smooth arcs that are away from the triple 

point, so more Ag dissolves into the liquid at the triple point, as given by the Thompson-

Freundlich equation [117].  As shown schematically in Figure 6.8d, this excess Ag diffuses away 

from the triple point and precipitates on the Ag/liquid arcs away from the triple point.  This 

dissolution/precipitation process causes the filaments (liquid) to move along the Ag grain 

boundary, so filaments (liquid) on opposite ends of a Ag grain boundary can bond together.  The 

Ag activity is greater and Ag diffuses faster at higher temperatures, plus longer time allows more 

diffusion to occur, which explains why the slow-cooled wire, which was in the melt state for 6.1 

h before 2212 began to form, has many more bonded filaments (Figure 6.4) than the fast-cooled 

sample, which was only in the melt state for 3.8 h before the 2212 began to form (Figure 6.7a).  

6.4.2 Maximizing Ag/2212 interface to increase Jc? 

It is widely believed in 2212 community that maximizing Ag/2212 surface is an effective 

method to improve the phase conversion to 2212 and increase Jc.  This belief assumes that the 

2212 preferentially grows along the Ag/filament or Ag/liquid interface so 2212 grains closed to 

Ag are dense and well textured and the inner filament consists porous and randomly aligned 

2212.  A conclusion derived from this picture is that supercurrent mainly flows between grains at 

the Ag/filament interfaces while the large inner filament area is not effectively used for current 

transport.  However, new data in this chapter show this picture of grain growth and current flow 

might not be correct. 

Although it was observed that the reaction to Bi-2223 inside a Ag-sheathed 

multifilamentary tape occurs preferentially at the Ag interface [118], the through-process quench 

study in chapter 5 shows little evidence that this is true for the melt processing of Ag-sheathed 

multifilamentary 2212 round wires in which liquid is more abundant than the liquid-assisted 

processing of Bi-2223.  Moreover, as discussed in the previous section, 2212 filaments can 

change their shapes upon melting.  Even a smooth, as drawn Ag-oxide interface can become 

undulated at high-temperatures in the melt, since Ag preferentially dissolves into the 2212 liquid 

at Ag GBs and precipitates to filament walls at high temperatures.  Figure 6.9 confirms this point 

by comparing the longitudinal section of as-drawn Ag-sheathed multifilamentary 2212 wires to 

that of the same wire quenched in the melt at the 872 °C.  If 2212 preferentially grows along Ag-

liquid interfaces, the 2212 filaments would inevitably remain undulated; the longitudinal sections 
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of fully-reacted 2212 wires (Figure 5.8) clearly show that this is not true.  Note that 2212 liquid 

has a high capillarity force and it can flow within an individual filament or between filaments.  

Therefore, it is expected that the liquid at the sharp points can be transported to other filament 

sections during grain growth, so 2212 filaments may again change their shapes as 2212 grows.  

Therefore, though it may be true that a highly-aligned, dense colony grain structure can be 

observed near the silver interface in fully processed wires [87], this doesn’t mean that 2212 

preferentially grows along Ag/oxide interface and maximizing Ag/oxide will increase 2212 Jc.  

 

 

 

 

 
 

 
 

Figure 6.9: Longitudinal cross-sections of Ag-sheathed 2212 multifilamentary round wires (a) green 

wire, and (b) the wire quenched in the melt at 872 °C on cooling from maximum temperature (See 

Figure 6.2 on where sample was quenched).  The comparison demonstrates that the Ag-oxide interfaces 

in as-drawn wires are smooth without obvious sausaging while in the melt, Ag-oxide interfaces become 

non-planar, with the sharp points correlating to the Ag grain boundaries (GBs) in the Ag matrix.  Ag in 

both wires are lightly etched using a 2.5:1 mixture of NH4OH and H2O2 (30%) to expose the Ag grain 

boundaries. 
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6.4.3 The nature of filament bridges and their influence on current flow 

The presence of numerous bridges between filaments of fully-processed 2212 round wire 

leads one to ask whether these bridges are high-Jc inter-filament paths.  Our key observation is 

that single-grains of 2212 are able to grow across the liquid joining bonded filaments (Figure 

6.10a), resulting in previously unidentified Type-A bridges that are intrinsically different from 

Type-B bridges that form by outgrowths.  Type-B bridges are predominantly weak-linked with 

low Jc
16,17

 because they usually contain high-angle grain boundaries where they intersect another 

outgrowth in the Ag matrix, or where they impinge on another filament (Figure 6.10b).  They are 

also thinner and narrower than Type-A bridges so they have less current carrying capacity.  In 

contrast, we believe the large Type-A bridges that are within bonded filaments permit 

supercurrent to transfer from one filament to an adjacent filament.  

 

 

 

 
 

Figure 6.10: Schematic diagrams showing possible growth mechanisms for the two types of bridges.  

(a) Type-A bridges form in the liquid between filaments that bonded together before 2212 formed on 

cooling.  (b) Type-B bridges form from 2212 outgrowths growing into the Ag.  For Type-B bridges, two 

intergrowths can intersect in the Ag, or a single intergrowth can impinge onto an adjacent discrete 

filament.
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The fact that slow cooling produces a more than 2-fold enhancement of the in-field Jc 

without any changes in HK(T) strongly indicates that the Jc improvement in these 2212 round 

wires is mostly determined by differences in the long-range connectivity rather than differences 

in flux pinning.  The filament bridge content clearly does not influence the flux pinning property 

of 2212 round wire. 

Slow cooling increases the long-range connectivity of multifilamentary 2212 round wire.  

The high connectivity mechanisms can be complicated.  The coarse 2212 grain structure and 

better grain alignment, evident from comparing Q868S in Figure 6.6c to Q854F in Figure 6.7b, 

may be beneficial, while other microstructural and chemical factors, such as higher 2212 

conversion and fewer 2201 intergrowths, might also play a role.  But we emphasize that there are 

significant differences in filament bonding and the number of filament bridges when 2212 is 

cooled at two different rates.  We believe that Jc enhancement observed in slow-cooled samples 

may especially benefit from improved connectivity provided by the Type-A bridges.  When the 

current flow along an isolated 2212 filament is blocked by one of the many current blocking 

factors discussed in chapter 5, Type-A bridges provide high-Jc, inter-filament pathways around 

the obstacles and facilitate current flow, increase active current-carrying cross-section, and 

enhance the long-range connectivity.  We argue that the doubling in Jc going from fast- to slow-

cooled samples in Figure 6.1 is at least partially due to a transition from dominant Type-B 

bridges in the low-Jc, fast-cooled samples to dominant Type-A bridges in the high-Jc, slow-

cooled samples.  

6.5  Conclusion 

We showed a remarkable enhancement of 2212 Jc when we cooled round 2212 wires at a 

slow cooling rate of 2.5 °C/h from 884 °C to 836 °C, compared to a fast cooling rate of 20 °C/h.  

We have carefully evaluated the contribution of connectivity and flux pinning to this Jc 

enhancement; the results clearly show the flux pinning is the same in all the samples, so it is the 

connectivity that plays the dominant role.  A very important conclusion is that the key to high Jc 

in 2212 is to improve the connectivity.  
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We have also carried out a through-process quench study to observe how the 

microstructure, particularly the filament-to-filament bridging, develops in 2212 multifilamentary 

round wire for two cooling rates (2.5 °C/h and 20 °C/h). We observed 2212 filaments can bond 

together in the melt, creating a 3-D interconnected filament network, in which single-grain Type-

A bridges form within bonded filaments.  Our results make it clear that at least some of these 

Type-A bridges in a fully-processed wire are potential high-Jc, inter-filament current paths. 

These 3-D current percolation paths facilitate current flow, increase the effective cross-sectional 

area of the wires that carry current, and contribute to the two-fold Jc increase in the slow-cooled 

sample.  In contrast Type-B bridges, which run through the Ag and connect discrete filaments, 

are typically weak linked and do not carry much current.  These observations and correlations 

suggest that new wire architectures and thermal processes that exploit filament bonding and 

growth of Type-A filaments will further increase Jc in this high-field superconductor.  
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CHAPTER 7 

 

EFFECTS OF STRONG OXYGEN OVERDOPING 
 

 

2212 is the only cuprate superconductor that can be made into a round-wire conductor form 

with a high enough critical current density Jc for applications.  Here we show that the Jc(5 T,4.2 

K) of such Ag-sheathed filamentary wires can be doubled compared to Jc of samples quenched 

from 836 °C by low temperature oxygenation.  Careful analysis shows that the improved 

performance is associated with a 12 K reduction in transition temperature Tc to 80 K and a 

significant enhancement in intergranular connectivity.  In spite of the macroscopically untextured 

nature of the wire, overdoping is highly effective in producing high Jc values. 

7.1  Introduction 

Perhaps the most pressing wish of the large scale superconducting applications community 

is to develop a round wire multifilamentary conductor from a 100 K class superconductor, which 

could viably replace the two Nb-based materials, Nb-Ti and Nb3Sn with Tc of 9 and 18 K, from 

which virtually all superconducting applications are presently made [119].  For more than 20 

years the dream of using cuprate high temperature superconductors (HTS) with Tc in the 90 to 

110 K range has fueled a conviction that helium-free magnets operating at much higher 

temperatures are possible.  The three available HTS conductors all offer the possibility to 

generate magnetic fields far beyond the maximum of ~22 T possible with Nb3Sn, since cuprates 

have critical fields at 4.2 K greater than 100 T, even in the inferior direction.  But the major 

obstacle to their use is the tendency of cuprate grain boundaries (GBs) with misorientation angle 

θ>3-4º to have depressed Jc due to local GB suppression of the carrier density and the 

superconducting order parameter [110, 120].  Thus Bi-2223 conductors have never achieved 

their full potential because only a partial uniaxial texture with FWHM ~10-12º can be developed 

[121], while coated conductors of YBCO show much higher Jc because a strong biaxial texture 
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with FWHM<5º can be developed by epitaxial or seeded growth [15, 30, 122].  But large aspect 

ratio tapes, ~20:1 for Bi-2223 or typically 4000:1 for YBCO, are far from optimum, because it is 

hard to cable flat tape conductors and tapes have large hysteretic losses in perpendicular 

magnetic field H.  Since the cuprate GB problem is widely believed to be intrinsic to their small 

carrier density and proximity to a parent, antiferromagnetic insulating state, understanding the 

remarkable properties of round-wire, Ag-sheathed 2212 conductor has quite general importance.  

Unlike any other cuprate, 2212 can attain high Jc in round wires which lack long-range texture.  

This chapter addresses the important final process step, cooling to room temperature, which 

greatly enhances Jc in 2212 and ties it to oxygenation treatments that overdope the 2212 phase in 

ways that are generally not possible in Bi-2223 or YBCO.   

2212 round wire is composed of a myriad of ~100-200 µm long and ~0.1-0.3 µm thick 

plate-like 2212 grains, often arranged in 1-5 μm thick colonies that share a common c-axis with 

(001) twist boundaries [123].  Although the c-axis is often aligned perpendicular to the wire axis, 

there is no azimuthal texture, thus causing high-angle GBs of no simple type to connect the 

individual grains.  Despite this absence of long-range texture, powder-in-tube (PIT) 2212 round 

wire can carry remarkably high Jc (~1 × 10
5
 A/cm

2
 at 45 T and 4.2 K) [124].  Although multiple 

types of current-blocking microstructural features such as insulating second phases and cracks 

are present, the combination of high Jc and poor texture suggests that GB transport in 2212 round 

wire is much easier than in Bi-2223 and YBCO.  

Partial-melt processing (see the typical multistep process in Figure 7-1) is vital to develop 

high Jc [38].  The 2212 conductor whose filament powder starts as essentially single phase 2212 

is heated above the 2212 peritectic temperature in order to melt the filaments, producing a liquid 

containing all the elements including Ag, alkaline earth cuprate ((Sr,Ca)14Cu24Ox, 14: 24 AEC), 

and copper-free phase (Bi9(Sr,Ca)16Ox, 9:16 CF).  Slow cooling, in this case 2.5 °C/hr, solidifies 

this mixture and below ~872 °C Bi-2212 grains nucleate.  Much discussion on improving 

conductor Jc deals with manipulating the melt phase assemblages to reduce the size of the AEC 

and CF phases and to optimize the conditions for nucleation and growth of the Bi-2212 phase on 

cooling [52].  Indeed, changing the melt atmosphere from air to 100% O2 significantly improves 

the kinetics of Bi-2212 reformation [52].  Here, however, we concentrate on the final portion of 

the heat treatment which occurs after forming the Bi-2212 network where we enhance the 

superconducting connectivity by slow cooling in an O2-rich atmosphere.  
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7.2  Experimental Details 

We quenched 4 cm long sections of a Ag-sheathed Bi-2212 multifilament round wire 

containing 7 bundles of 85 2212 filaments fabricated by Oxford Superconducting Technology 

[43, 124] at multiple points (Q836C means quenching from 836 °C) in the process into room 

temperature brine.  Thus we could directly correlate the microstructure and superconducting 

properties to the high temperature state.  The wire had sealed ends to prevent liquid from leakage 

or entry during heat treatment and quenching.  

Microstructures were carefully examined and phase chemistry was determined using a field 

emission scanning electron microscope.  The important point is that no observable change in the 

phase state occurred below the highest temperature examined here, 836 °C.  Tc was evaluated 

from zero-field-cooled magnetic moments measured in a SQUID magnetometer on 5 mm long 

samples with the wire axis parallel to H.  The irreversibility field Hirr was approximated by linear 

extrapolation of the Kramer function ∆M
0.5

H
0.25

 to zero, defining HK.  ∆M is the hysteretic 

magnetization, which is proportional to Jc.  5 mm long samples were measured in a 14 T 

vibrating sample magnetometer with the wire axis perpendicular to H so that currents propagate 

along the wire axis across many GBs.  The inter- and intra-grain contributions to the hysteretic 

moment ∆M were deduced from the remanent moment mR(Ha), determined in the SQUID 

magnetometer by exposing samples to incrementally increasing magnetic field Ha followed by 

removal of the field and measurement of the remanent moment mR.  Magnetic flux first enters at 

regions of weakened superconductivity such as GBs and finally into the grains, mR(Ha) in each 

case being given by the product of the screening currents Ic and the length scale of these currents 

[93, 94].  Differentiation of mR(Ha) often shows two distinct peaks with low-field peak 

corresponding to intergrain currents circulating across GBs, while the high-field peak 

corresponds to a combination of intragrain currents of high Jc and/or well connected current 

paths with long length scales.  The transport Jc was determined by the standard four-probe 

method using an electric field criterion of 10
-6

 V/cm with the field perpendicular to the wire axis 

at 4.2 K using the 2212 cross-section before reaction as the normalizing area.   
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7.3  Results and Discussion 

 

 

 

Figure 7.1 compares the transport Jc at self field and 5 T at 4.2 K for each of the 3 

quenched samples (836, 650, and 330 °C, see inset in Figure 7.1), together with a fully processed 

sample (FP) and a sample that was quenched from 836 °C and then given a final low temperature 

post-anneal (400 °C, 30 hr) in 1 bar flowing O2 (Q836C+PA).  We emphasize that there was no 

visible difference in the phase state and grain structure of these samples, since the 2212 

conversion process was complete at 855 ºC, before any quenching.  As the wire is cooled at 170 

°C/hr to room temperature in 1 bar flowing O2, considerable oxygen is taken up by the 2212 

 
 

Figure 7.1:  Significant increases occur in the self field and 5 T, 4.2 K transport Jc of Bi-2212 round 

wire in the final stage of the partial-melt process (inset).  In a flowing 1 bar O2, samples were melted 

at a maximum temperature of 894 ºC and slowly cooled at 2.5 ºC/hr to 836 ºC, where they were 

annealed for 48 hr before being cooled at 170 ºC/hr to room temperature and quenched at 836 ºC, 650 

ºC, and 330 ºC.  A fully processed (FP) wire and an oxygen-rich sample, which was quenched at 836 

ºC  then post annealed at 400 ºC for 30 hr in 1 bar flowing O2, are also shown. These samples are 

referred to Q836C, Q650C, Q330C, FP, and Q836C+PA. The dashed lines are given to guide the eye. 
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phase.  Figure 7.1 shows that this slow cool from 836 °C dramatically enhanced Jc (4.2 K, 5 T) 

from 0.7 to 1.4 × 10
5
 A/cm

2
.  Self field and 5 T Jc are raised similarly.  

 

 

 

 

 

Figure 7.2 presents the Tc transitions. As the quench temperature decreases, the transition 

loses its onset kink and Tc monotonically decreases from ~92 K (836 ºC) to ~83 K (< 480 ºC), 

indicating strong oxygen pickup, since Tc of cuprates is a parabolic function of hole 

concentration that increases with oxygen content δ in Bi2Sr2CaCu2O8+δ [53].  δ strongly depends 

on temperature, increasing from 0.2 at 830 ºC to 0.25 at 300 ºC in 1 bar oxygen [53].  However, 

all transitions are broad, partly due to small filament dimensions (~20 μm), as well perhaps due 

to residual compositional inhomogeneities, preferential flux penetration at high angle grain 

boundaries, 2201 intergrowths, or other secondary phases, and pores.  The post anneal (PA) 

 
 

Figure 7.2:  Zero-field-cooled magnetic moments of Ag-sheathed Bi-2212 multifilament round wire 

Q836C, Q650C, Q330C, FP, and Q836C+PA induced by warming in a field of 1 mT applied parallel 

to the wire axis, indicates that significant oxygen overdoping occurs during the final cooling to room 

temperature. The disconnection in data at 60 K is caused by a change in data acquisition rate. 
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sample has the lowest Tc with an onset of 80 K, indicating that it has the highest oxygen 

concentration. 

Figure 7.3 plots HK(T) which exhibits the usual behavior of Hirr(T), increasing steeply 

around 20 K [125].  At 20 K, Hirr(T) increased from ~5.6 T for Q836C to 7.4 T for fully 

processed wire, while the PA sample shows the highest HK(20 K) of 8.1 T.  This enhancement is 

explained by a reduction in the intra-grain electronic anisotropy brought on by the increased 

carrier density in the overdoped state, as seen in single crystals [126, 127].  

 

 

 

 

 

Figure 7.4 shows that the remanent current flow paths tend to produce two well separated 

peaks in dmR/dlogHa.  It is particularly striking that low temperature oxygenation preferentially 

enhances the first peak in which intergrain paths dominate, rather than the second, even though it 

too is raised and shifted to higher fields.  The clear implication is that both vortex pinning, a 

 
 

Figure 7.3: Kramer irreversibility field as a function of temperature for Q836C, Q650C, Q330C, FP, 

and Q836C+PA.  Inset shows our method of determining HK. 
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consequence of reduced anisotropy, and longer range current flow across GBs are enhanced by 

oxygenation.  The best sample is again the PA sample, which, despite its decreased Tc, showed 

the strongest pinning and greatest connectivity.  

 

 

 

 

 

Our central result is that low temperature oxygenation of a macroscopically untextured, 

round-wire multifilamentary Bi-2212 conductor produces a more than 2 fold enhancement of the 

in-field Jc (Figure 7.1).  These treatments enable the high Jc values needed for very high field 

magnets, as demonstrated by the generation of 2.5 T in a 20 T background field [23] and 1 T in a 

31 T background field [24], 32 T being a field more than 50% higher than can be generated with 

any Nb-based magnet.  This oxygen pick up overdopes the Bi-2212 phase, decreasing Tc from 92 

 
 

Figure 7.4: Dependence of the remanent magnetic moment mR (inset) and its derivative for the 2212 

round wires as measured for increasingly fields applied parallel to the wire axis at 5 K.  Note that the 

greatest connectivity is shown by the sample Q836C+PA. 
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to 80 K (Figure 7.2), but in all other respects enhancing the superconducting properties (Figure 

7.1 to 7.4).  Especially valuable to Jc may be the connectivity enhancement shown in Figure 7.4. 

Overdoping is well known to enhance the vortex pinning properties of the Bi cuprates [126, 

127] because it reduces the electronic mass anisotropy, making vortices less two dimensional and 

vortex pinning more effective.  This is clearly an important contributing factor to the property 

enhancements seen here, especially to the increase in Hirr(T) seen in Figure 7.3 and to the high 

field peak in the dmR/dlogHa plot of Figure 7-4.  But the result of most general significance is 

that higher Jc (4 K) values are now possible in untextured, polycrystalline Bi-2212 round wires 

than in the best textured Bi-2223 tape conductors [121] in which a uniaxial texture with FWHM 

of ~12-14º can be developed.  The most important reason that cuprate high Tc conductors have 

been so hard to apply is that GBs with θ> 3-4º block current transport, thus imposing the biaxial 

texture that underpins all modern YBCO coated conductors [15, 16].  The striking present result 

is that high Jc values suitable for applications at 4.2 K can be attained without long-range texture 

using overdoping treatments that must improve grain boundary transport, as well as the 

electronic anisotropy. 

The mechanisms of decreased current transport through planar cuprate GBs have been 

extensively studied [15, 110, 120].  Cuprate GBs develop an increasingly suppressed 

superconducting order parameter (OP) and Jc as θ increases [120].  This OP suppression is 

amplified by the extra ionic charge, electronic band bending, and strain-driven O2 depletion in 

the vicinity of the GB, all of which lead to the GB being underdoped with respect to the grains 

and closer to the parent non-superconducting state.  Neither Bi-2223 nor YBCO can be more 

than lightly overdoped, thus their GBs are underdoped.  The benefits of overdoped GBs are seen 

in the properties of Ca-doped YBCO, because Ca addition allows carrier overdoping of the GB 

[128-130], and also in some bulk 2212 bicrystal studies [131].  The striking present result is that 

overdoping an untextured 2212 wire significantly increases Jc.  The poorly oxygenated Q836C 

and Q650C wires show a characteristic shoulder at 60-82 K in the m-T curves (Figure 7.2), 

suggesting a decreased Tc at hole-deficient Bi-2212 grain boundaries.  Low temperature 

oxygenation removes this shoulder and sharpens the Tc transition, while reducing the Tc onset, as 

one would expect for a process that drives down Tc in the grains but may actually enhance the 

GB Tc.  We emphasize that the resulting Jc values of 10
5
 A/cm

2
 or more are practical values that 

now enable the generation of very high field magnets [23, 24] which shows that the overdoping 



103 

 

occurring in cooling of 2212 round wire conductor to room temperature is very important for 

developing Jc, flux pinning, and connectivity.  
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CHAPTER 8 

 

IMPORTANCE OF TIME IN THE MELT: EXPLAINING THE 

STRONG DEPENDENCE OF Jc OF 2212 ON HIGH 

TEMPERATURE REACTIONS 
 

 

Since Heine et al. [38] developed the first high Jc PIT Ag/2212 wires using melt 

processing, melt processing has been the major method used to process Ag/2212 composite 

conductor.  Jc of nearly all melt processed 2212 wires has been observed to strongly vary with 

the maximum temperature Tmax, leading to the common belief that raising temperature would 

inevitably decrease Jc and only small temperature window can produce high Jc in 2212 since 

processing conductor below 2212 melting temperature Tm results in Jc~0.  When processed 

above the Tm, the 2212 filaments are in melt state, containing a mixture of liquid, secondary solid 

phases, and pores.  Many mechanisms have been proposed to explain the origins for Jc 

decreasing when raising Tmax above above the optimum.  For example, raising Tmax was 

suggested to induce the phases in the melt to change their compositions, or result in excessive 

grain growth of the solid phases [108, 132] that need to be as small as possible, or produce 

massive pores [133, 134].  All these explanations point to temperature as the primary source of 

problem.  However, these arguments are biased because for the popular melt processing 

schedules used, raising Tmax often involves an increase in another major processing parameter 

tmelt, the time in the melt, which measures how long conductors are in the melt state.  Although 

increase in Tmax has been recognized to increase tmelt in literature [138], the importance of tmelt as 

a processing variable has not been explicitly investigated. 

This chapter explicitly investigates which processing parameters (Tmax or tmelt) dominantly 

controls Jc by studying a wide variety of PIT 2212 wires that were melt processed at various 

soaking times tmax at various maximum temperatures Tmax using various processing schedules.  

The results suggest that temperature may not be the primary cause as believed because only a 

weak correlation can be established between Jc and Tmax (when 885 ºC<Tmax<900 ºC); instead, Jc 
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was found to strongly correlate to tmelt, suggesting it is long tmelt, rather than high Tmax, that 

dominantly leads to low Jc.  Our results therefore suggest that high Jc can be achieved in a much 

wider temperature window than 2212 conductor was believed to have, and proper control of tmelt 

can widen the processing window to achieve the optimum conductor performance. 

8.1  Introduction 

Jc of Ag-2212 composite conductor has been long observed to strongly vary with Tmax.  

Figure 8.1 shows the behavior for recent PIT multifilamentary wires [18, 106, 113]: Jc is almost 

zero for heat treatment temperatures below the melting temperature, while it maximizes at a 

temperature a few degrees higher than the melting point; however, Jc quickly falls off when 

raising Tmax above optimum.  Similar Tmax dependence has been observed in a great variety of 

conductor forms: tape-cast 2212 films on Ag substrate [4, 52, 64, 132, 135], dip-coated 2212 

tapes on Ag substrate [3], Ag-sheathed PIT 2212 monocore [134] and multifilament tapes [49, 

136, 137], indicating that it is a universal behavior occurring in partial-melt processing of Ag/Bi-

2212 conductors.  This narrow temperature window makes the heat treatment of long-length 

wires or large-sized coils difficult, because small thermal gradient in furnace may lead to 

undesirable temperature variation across large coils with a large heated volume, resulting in parts 

of coils being heat treated outside the favored temperature window.  Therefore, the coil 

performance is easily degraded or destroyed by the inevitable large variation in Jc throughout 

large coil masses predicted from the universal Jc-Tmax behavior. 

The heat treatment of 2212 coils is further complicated by the fact that a short duration (tmax 

~0.2 hour) is allowed because long tmax at Tmax decreases Jc [8, 11].  This short tmax raises 

concerns that the internal coil temperature for large coils may not equilibrate according to the 

furnace temperature profile, leading to systematic errors in temperature sequences seen by coils, 

due to slow heat conduction in large thermal mass coils or furnace temperature overshoots.  As 

reliable temperature measurement data inside 2212 coils during partial melting is rare, heat 

treatment of 2212 coils somewhat becomes black magic requiring a certain amount of luck to hit 

the right combination of heat treatment parameters (Tmax, tmax, heating and cooling rates).  

Therefore, the tight processing window of 2212 has been widely considered to be a significant 

constraint for 2212 technology, highlighting the importance of understanding its origins and 

finding ways to overcome it.   
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To better understand how to heat treat 2212 coils, this chapter systematically studies the Jc 

as a function of Tmax and Jc as a function of tmax using a large combination of parameter sets with 

different melt processing schedules, focusing on studying why raising Tmax above optimum 

decreases Jc.  Careful analysis of the data reveals that Jc of 2212 is only weakly controlled by 

Tmax or tmax; rather it is dominantly controlled by the time in the melt, tmelt.  Using a through-

process quench study to freeze high-temperature microstructures and Jc of 2212 wires, we further 

show the effects of long tmelt on nucleation, grain growth, and Jc development of 2212 wires. 
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Figure 8.1: Critical current density Jc as a function of Tmax for melt processed PIT 2212 

multifilamentary round wires.  It displays a Jc maximum only within a small Tmax window (2-5 ºC, 

depending on conductor design, precursor powder composition, and conductor form.). (Courtesy of K. 

Marken at OST) For all 2212 wires, Jc is nearly zero when wires are processed below a threshold 

temperature Ton [3].  Ton is associated with the temperature of complete decomposition of the 2212 

phase, which can be approximately determined using a thermal analysis (Differential Temperature 

Analysis (DTA)).  The Jc below Ton is low presumably because 2212 precursor powder needs complete 

melting to generate sufficient liquid from which a well-connected 2212 grain network can form.  Jc-

Tmax can be dome-like or step-like, which may be related to the sharpness of the melting event of 2212 

precursor powder [3].   
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8.2  Experimental Details 

8.2.1 Definition of tmelt 

Figure 8.2 illustrates the definition of tmelt.  The partial melt region begins as conductors are 

heated above the melting temperature of 2212, where the 2212 powder melts incongruently, 

forming liquid and nonsuperconducting crystalline phases (AEC and Cu-free phase)
 
[96, 109].  

The partial melt region ends when 2212 begins to form from the melt on cooling.  
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Figure 8.2: Time in the melt tmelt as a processing parameter for the melt-solidification processing of Ag-

2212 composite conductors; it is defined as the time between the melting of 2212 powder on heating and 

the nucleation of 2212 grains on cooling.  The melting and solidification temperatures are determined by 

examining high-temperature microstructures using a brine-quench technique.  tmelt depends on Tmax, tmax, 

and the rates at which samples are cooled from the maximum temperature to the nucleation point.  

Therefore, we can reproducibly ‘tune’ the tmelt by a suitable choice of the cooling rates, Tmax and tmax.  

The melting temperature varies with the precursor powder composition, the existence of Ag, the heating 

rate, and the oxygen partial pressure; however, tmelt is relatively insensitive to the melting point as the 

heating rate is relatively high (~50 ºC/h).  By contrast, tmelt strongly varies with the 2212 nucleation 

temperature.  Since the cooling rate required for forming well-connected network is low (2.5 ºC/h in this 

study), the cooling time from Tmax to the temperature where 2212 forms can be a few hours, much longer 

than tmax.  According to this definition, tmelt can either vary strongly with Tmax or be independent of Tmax, 

depending on the melt processing schedules used.  
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8.2.2 Conductor 

The 2212 multifilament round wires used in this study were fabricated by Oxford 

Superconducting Technology using the PIT technique by extruding and drawing a mixture of 

2212 precursor powder inside a pure Ag tube, then using a double restack to form 7 bundles each 

with 85 filaments.  The conductor is ~1.06 mm in diameter, containing filaments that are ~20 μm 

in diameter and spaced ~15 μm apart.  Its outer sheath is a Ag-Mg alloy and its volume fraction 

of superconducting material is ~0.25.  The overall composition of the precursor powder is 

Bi2.17Sr1.94Ca0.89Cu2.00Ox.  

8.2.3 Heat treatments 

4 cm long samples were heat treated in a vertical furnace according to the melt processing 

schedules shown in Figure 8.3 in 1 bar flowing O2.  During heat treatments, the ends of wires 

were mechanically sealed to prevent 2212 liquid leaking out during reactions.   

Figure 8.3 presents three melt-processing schedules used for testing the Jc as a function of 

Tmax behavior.  They were selected as representative of processes that are currently in use [39].  

For all three heat treatment schedules shown in Figure 8.3, Jc as a function of Tmax was 

determined by varying Tmax from 887 ºC to 900 ºC while keeping other major parameters 

constant.  Note that tmelt may vary with Tmax, depending on the schedule used.  tmelt as a function 

of Tmax for these three melt processing schedules is given in Figure 8.4a.  The standard melt 

processing (STD) was recommended by the wire manufacturer (OST) and has been used 

throughout this thesis study, and it is currently used to heat treat 2212 coils at NHMFL.  The 

second schedule has been often used in literature (LIT).  For both STD and LIT, tmelt quickly 

increases with Tmax.  A third heat treatment schedule (CT) was designed to reduce the tmelt spread 

as a function of Tmax to isolate and better study the effect of Tmax on Jc.  The tmelt of CT is 

minimized by holding for a short time at the Tmax, then rapidly cooling (20 ºC/h) to just above the 

temperature where 2212 begins to form.  The tmelt of CT is ~2.0 hour, much less than those of 

STD and LIT for tmax=0.2 hour.  The three melt processing schedules in Figure 8.3 were also 

used to test Jc as a function of tmax behavior.  For this particular experiment, tmax was varied, 

while other major processing parameters were not changed except for tmelt, which linearly varied 

with tmax (Figure 8.4b) (in this case, the tmelt of CT is not constant anymore). 
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Figure 8.3: Schematic diagram of the temperature profiles examined: (a) standard melt processing 

(thereafter referred as STD) used at the NHMFL; (b) melt processing popular in the literature (LIT); 

and (c) controlled time in the melt (CT).  Note that for STD and LIT, tmelt varies with Tmax, whereas for 

CT, the tmelt is controlled to be rather independent of Tmax by fast cooling 2212 wires to a fixed 

temperature (874 ºC) just above the 2212 nucleation temperature (~872 ºC).   
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8.2.4 Quenching  

A brine-quench experiment was used to probe the high-temperature microstructures and Jc 

development under various Tmax and tmelt.  Samples were quenched on cooling at 2.5 ºC/h from 
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Figure 8.4: tmelt as a function of Tmax (a) and tmax (b) for the three melt processing schedules shown in 

Figure 8.3.  For experiment (a), tmax=0.2 hour, while for (b), Tmax= 887 ºC.  Here, tmelt is estimated using 

a melting temperature of ~884 ºC and a nucleation temperature of ~872 ºC, as determined by quench 

study in chapter 5 for a combined parameter set of Tmax=894 ºC and tmax=0.2 h using a standard NHMFL 

heat treatment.  This estimated tmelt may underestimate the real time in the melt since the 2212 

nucleation may occur at a lower temperature, depending on the melting history (Figure 8.7).  Moreover, 

even when the 2212 nucleation begins at 872 ºC, considerable liquid is still present in the system down 

to 864 ºC, where 2212 grain growth is largely competed.  But this approach of estimating tmelt as the 

time between 884 ºC on heating and 872 ºC on cooling gives a method to quantify how long conductor 

is in the melt.  
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874 ºC to 854 ºC into room temperature brine (check Chapter 3 for why brine is used instead of 

oil.).  The quenched samples were then examined using electron microscopy to determine the 

2212 nucleation temperature and grain growth behaviors. 

8.2.5 Transport properties and magnetization measurements 

Critical current Ic was measured on both brine-quenched and fully processed wires using a 

four-probe transport method with a 1 μVcm
-1

 criterion at 4.2 K in a magnetic field of 5 T applied 

perpendicular to the wire axis.  Jc was calculated using the oxide filament area determined from 

SEM cross-sections of unreacted wires using digital image analysis (ImageJ).  Wire sections ~5 

mm in length were cut from these wires for property characterization.  Magnetic properties were 

examined by SQUID and VSM in applied fields up to 14 T from 4.2 K up to 20 K.  

8.3  Results 

8.3.1 Dependence of Jc on Tmax and tmax 

Figure 8.5 shows the transport Jc of melt processed PIT multifilamentary 2212 round wire 

as a function of Tmax for the three melt processing schedules used.  Both STD and LIT Jc values 

quickly fell off with increasing Tmax.  Jc for CT is less temperature-dependent.  For CT, Jc 

increases from 1480 A/mm
2
 (at Tmax=887 ºC) to 1620 A/mm

2
 (at Tmax=894 ºC), instead of 

decreasing to 1230 A/mm
2
 and 900 A/mm

2
 for STD and LIT, respectively.  Although at 

Tmax=900 ºC, the Jc of CT decreases to 1170 A/mm
2
; it is still 50% higher than Jc for STD and 3 

times the Jc value for LIT.  Clearly, Jc is not solely determined by Tmax and Jc is only weakly 

correlated with Tmax, indicating Tmax is not the sole cause for the universally observed Jc-Tmax 

behavior of melt processed 2212 conductors.   

Figure 8.6 presents the transport Jc of melt processed PIT multifilamentary 2212 round 

wire as a function of tmax for the three melt processing schedules used.  Large tmax generally leads 

to low Jc, consistent with previous reports that tmax should be minimized to produce high Jc [39].  

However, Jc does not necessarily decrease with tmax at small tmax and Jc shows a maximum for 

both STD and CT.  The tmax at which Jc maximizes is different for STD and CT.  At the same 

tmax, Jc can vary from 1600 A/mm
2
 to 1200 A/mm

2
, showing that only a weak correlation can be 

established between Jc and tmax. 
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Figure 8.5: Jc (4.2 K, 5 T) as a function of maximum temperature Tmax for Ag-sheathed PIT 

multifilamentary 2212 round wires fully processed using STD, LIT, and CT.  Only the partial-melt 

region of the melt processing schedules used are shown on the right.  Note that only Tmax was varied the   

during heat treatments; other parameters, such as tmax and cooling rates during solidification, are 

essentially the same for all three schedules.  tmelt as a function of Tmax is given in Figure 8.4a. 
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Figure 8.6: Jc (4.2 K, 5 T) as a function of tmax for Ag-sheathed PIT multifilamentary 2212 round wires 

fully processed using STD, CT, and LIT.  Tmax used is 887 ºC.  Note that for all three melt processing 

schedules, tmelt varies with tmax.  tmelt as a function of tmax was given in Figure 8.4b. 
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8.3.2 Effects of long tmelt on 2212 nucleation and grain growth  
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Figure 8.7: (Continued on next page) 
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Figure 8.7 compares the high-temperature microstructures of Ag/2212 PIT wires during 

solidification for two heat treatments: STD-887C (heat treatment schedule is STD, Tmax=887 ºC, 

tmax=0.2 h, tmelt=3.8 h, Jc(4.2 K, 5 T)=1480 A/mm
2
) and STD-900C (STD, Tmax=900 ºC, tmax=0.2 

h, tmelt=8.7 h, Jc(4.2 K, 5 T)=790 A/mm
2
).  Samples were quenched between 872 ºC and 854 ºC, 

which has been shown to be a critical reaction region that develops 2212 grain network, to 

examine the potential influence of thermal history on 2212 nucleation and grain growth.  For 

STD-887C, a relatively uniform 2212 nucleation was found to occur at 870 ºC.  For STD-900C, 

the 2212 nucleation temperature dropped to 865 ºC and occurs in a rather inhomogeneous 

   
 

   
 

Figure 8.7: Scanning electron micrographs of Ag-sheathed multifilamentary 2212 wires quenched 

between 872-864 ºC on cooling at 2.5 ºC/h after staying in melt for 3.8 hour (STD887C) and 8.7 hour 

(STD900C).  The quenching diagram is shown in (a).  STD887C means a standard melt processing at 

Tmax=887 ºC and tmax=0.2 h, while STD900C means a standard melt processing at Tmax=887 ºC and 

tmax=0.2 h.  The grey platelets are 2212 grains. 
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manner, with extensive 2212 grains in the center bundle and the inner filaments of all six outer 

bundles, and with nearly no 2212 grains in outer filaments of the outer bundles (Figure 8.7i).   

8.3.3 Jc development at various tmelt 

 

 

 

 

 

Figure 8.8 shows the Jc development through the melt processing of Ag-sheathed 

multifilamentary 2212 round wires for STD887C-0.2h (STD melt processing schedule, Tmax=887 

ºC, tmax=0.2 h, tmelt=3.6 h), STD887C-3h (STD melt processing schedule, Tmax=887 ºC, tmax=3 h, 
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Figure 8.8: Evolution of Jc(4.2 K, 5 T) of PIT multifilamentary 2212 wires melt processed using 

STD887C-0.2h (Tmax=887 ºC, tmax=0.2 hour), STD887C-3h (Tmax=887 ºC, tmax=3 hour), and STD900C-

0.2h (Tmax=900 ºC, tmax=0.2 hour).  Heat treatment details are shown in (a).  The tmelt for these heat 

treatments is 3.8, 6.6, and 8.7 hour (tmelt=time from 884 ºC to 872 ºC).  Transport Jc development were 

reflected from Jc values of samples quenched at 854 ºC on cooling from liquid, a wire normally cooled 

but without 48 hour annealing at 836 ºC, and a fully processed wire. 
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tmelt=6.8 h), and STD900C-0.2h (STD melt processing schedule, Tmax=900 ºC, tmax=0.2 h, 

tmelt=8.7 h).  The resulting Jc are presented for sample Q854C, FP_no_annealing, and FP.  For all 

experiments, Jc increases as the heat treatment progresses.  Interestingly, Jc of these samples 

increases nearly at the same ratio.  Thus we see that the Jc of Q854C is a very good prediction of 

the final Jc and the grain growth between the 2212 nucleation temperature to 854 ºC seems to 

define the grain structure and the final Jc. 

8.4  Discussion 

We measured the Jc of 2212 wires for a series of wires melt processed at various tmax 

(0<tmax<3 hour) at various Tmax (887 ºC<Tmax<900 ºC) using three melt processing schedules.  

We found that although Jc of 2212 wires generally decreases when raising Tmax above optimum 

for all schedules tested, only a loose correlation between Jc and Tmax can be established.  Rather, 

at the same Tmax and tmax, Jc of 2212 wires can range from 400 A/mm
2
 to 1600 A/mm

2
 at 4.2 K, 5 

T, depending on how samples are cooled from Tmax to the temperature at which 2212 forms.  In 

the literature, although it was recognized that increasing Tmax can lead to longer time in the melt 

[113], the cause of Jc being only achieved in a narrow Tmax window is solely attributed to 

negative influences when conductors are heat treated at a Tmax higher than optimum, including 

Bi-loss due to evaporation [139], excessive growth of secondary phases in the melt [135], 

formation of macropores [133, 134], and microstructure inhomogeneity [132].  Although clearly 

Tmax is one of the causes, a clear message of our study is that the strong dependence of Jc on Tmax 

observed in our PIT wires (Figure 8.1) and other 2212 conductor forms is due to multiple causes. 

Plotting the transport Jc(4.2 K, 5 T) data in Figure 8.5 and 8.6 against the calculated tmelt 

(Figure 8.9), we find a strong correlation between Jc and tmelt: Jc exhibits a plateau or a maximum 

for tmelt<tmelt
*
~4 hrs; above tmelt

*
, a gradual transition to a linear decrease of Jc with increasing 

tmelt is found.  The present experimental results therefore exclude the Tmax and tmax as the main 

parameters for the universal observed Jc-Tmax behavior.  Instead, we believe that tmelt is an 

important hidden processing parameter that is the main processing variable that controls the final 

Jc of melt processed Ag/2212 wires.  As a result, controlling tmelt to be less than tmelt
* 

produces a 

high Jc at high Tmax, therefore allowing a wider Tmax window for melt processing.  Indeed, the CT 

heat treatment schedule yielded a high Jc(4.2 K, 5 T) (>1500 A/mm
2
) in a wide maximum 

temperature window (887 ºC<Tmax<897 ºC, 1.7 h<tmelt<2.4 h), as shown in Figure 8.5.  In 
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contrast, the same Jc level can only achieved in a ~3 ºC window (887 ºC<Tmax<890 ºC, 3.8 

hour<tmelt<5.0 hour) for STD. 

 

 

 

 

 

The strong correlation between tmelt and final Jc indicates a steady state diffusion process 

occurring during partial melting plays an important role in determining the final Jc of 2212 

conductor.  Figure 8.7 shows that long tmelt affects the 2212 nucleation and grain growth 

behavior.  Systematics of the 2212 nucleation temperature TN vs. tmelt is examined by a 

combination of brine quenching and SEM microstructure investigations.  Figure 8.10 plots the 

2212 nucleation temperature, TN, as a function of tmelt, demonstrating that a general trend of TN 

decreasing with increasing tmelt.  This decrease in TN indicates that the composition of 2212 melt 

changes with long tmelt.  Wesolowski et al. [82] showed that Cu cation in 2212 melt can diffuse 

from the oxide filaments through the Ag sheath during the high-temperature partial melting in 
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Figure 8.9: Jc(4.2 K, 5 T) as a function of tmelt for PIT Ag-sheathed multifilamentary 2212 round wires 

melt processed using various Tmax and tmax.  Jc data was taken from Figure 8.5 and 8.6.  Data are from 

experiments with variations in Tmax from 887 ºC to 900 ºC, variation in tmax from 0 to 3 hour, and with 

different schedules (STD, CT, and LIT).  tmelt was estimated using a melting temperature of ~884 ºC 

and a nucleation temperature of ~872 ºC.  Data collectively show a general trend: Jc decreases linearly 

with increasing tmelt. 
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O2, since Cu is soluble at the reaction temperature (~890 ºC) and Cu has high diffusivity in Ag 

matrix.  Wesolowski et al. [82] also suggested that the Cu diffusion can lead to Cu depletion in 

the oxide filaments, when wires are in close contact with the insulation materials that can react 

with the Cu cation and oxygen.  However, in our study, wires were heat treated without presence 

of any insulation material in close contact with the sample, so it is unclear if this Cu diffusion 

occurs in bare conductors.  Chapter 9 will investigate the Cu loss in bare conductors, concluding 

that Cu diffusion is a pervasive process that occurs naturally in Ag/2212 material systems, 

particularly at the elevated temperatures where 2212 filaments are melted, presumably because 

Cu dissolution into Ag is faster than at just slightly lower temperatures where oxide is still solid 

(Cu loss is limited by the slow cation transfer between solid 2212 and Ag interfaces).  This Cu 

loss explains all of our experimental findings: (1) Jc decreases with increasing tmelt; (2) long tmelt 

decreases the 2212 nucleation temperature.   
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Figure 8.10: 2212 nucleation temperature TN as a function of tmelt, showing raising tmelt above the 

optimum decreases TN.  TN was determined by examining the high-temperature microstructures of 

2212 wires quenched between 872 ºC and 854 ºC on cooling at a rate of 2.5 ºC/h.  The tmelt was 

estimated using a melting temperature of 884 ºC and a 2212 nucleation temperature of 872 ºC.  The 

uncertainty of nucleation temperature originates from an inhomogeneous nucleation similar to that 

shown in Figure 8.7, in which 2212 in the inner filaments and outer filaments nucleate at different 

temperatures.  
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The temperature dependence of diffusion coefficients is described by the Arrhenius 

equation 0

aE
kTD D e

−= , where D0 is a temperature-independent preexponential factor, Ea is the 

activation energy for diffusion (constant), k is the Boltzmann constant, and T is the absolute 

temperature.  Given the small temperature range (870-900 ºC) in which 2212 melt region exsists, 

D is essentially constant over this temperature range.  For example, the Cu diffusion coefficient 

in Ag is calculated as 3.21x10
-11

 cm
2
s

-1 
at 870 ºC and 4.77x10

-11
 cm

2
s

-1
 at 900 ºC [81].  While Cu 

diffusion at 900 ºC is more pronounded than at 870 ºC, it is reasonable to predict with only 2-3 

ºC deviation in Tmax, the change in D is negligible.  Again, this shows that Tmax should not be the 

primary factor that leads to strong variation in Jc of 2212 shown in Figure 8.1.  

The observed TN in Figure 8.10 is well below Tm, the thermodynamic melting temperature, 

resulting in large undercooling m NT T TΔ = − .  During solidification of undercooled melts, the 

amount of undercooling is an important factor in determining microstructural development since 

the microstructure is governed by nucleation and subsequent crystal growth, both of which can 

be affected by TΔ .  Large undercooling leads to a higher nucleation rate and a smaller grain 

size.  Figure 8.11 shows that large undercooling decreases the 2212 Jc.  It is interesting to 

observe that this rule can broadly be applied to many experimental scenarios, including a split 

melt processing sample that can yield high Jc and a fast cooled sample that was carefully studied 

in Chapter 6.  Quench studies in Chapter 6 revealed that the fast cooling between Tmax-10 and 

836 ºC at 20 ºC/h instead of 2.5 ºC/h reduced the 2212 nucleation temperature from 870 ºC to 

~856 ºC, resulting in a fine 2212 grain structure, random 2212 grain orientation and reduced Jc.   

Our study therefore indicates the general importance of nucleation control on improving Jc.  

Improving 2212 Jc by heat treatment optimization has been extensively studied.  But generally it 

has been done in an empirical manner (e.g.  using statistically designed experiment (SDE) 

[106]), due to large parameter spaces involved and complicated interdependency between 

important processing steps (for example, the melting history affects the nucleation and grain 

growth, as revealed in this Chapter.).  Figure 8.8 shows that the grain growth at the 10-15 ºC 

window just below the 2212 nucleation temperature is very important for improving Jc of 2212 

wires.  This may be because the large grains growing in this region define the 2212 network and 

act as the ‘backbones’ for current flow (as discussed in Chapter 5).   
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However, controlling the 2212 nucleation is not easy.  Usually an isothermal annealing at a 

temperature just below the solidus temperature or slowly cooling the 2212 melts (according to 

Time-Temperature-Transformation diagram, nucleation occurs at higher temperature when melts 

are cooled at a slower rate) can lead to a coarse grain structure.  However, this study reveals that 

long tmelt reduces TN, which means that a cooling much slower than 2.5 ºC/h can degrade Jc 

because of the long tmelt.  Therefore Jc of 2212 wires is a complicated balance between tmelt and 

cooling rates.  Nevertheless, crystallization can be initiated at a relatively small undercooling 

using a ‘seed-growth’ method, by which split melt processing introduced in Appendix B is able 

to improve Jc of 2212 wires by 50%.  

8.5  Conclusion 

This chapter provides a unique description of the physical origin of the strong Jc 

dependence on Tmax and tmax.  We identified the time in the melt tmelt as an important processing 

 
Figure 8.11: Correlation between the final Jc of 2212 wires and the nucleation temperature TN.  Fast 

cool sample is melt processed using the STD with the cooling rate during the solidification being 20 

ºC/h.  Split melt processing is documented in Appendix B. 
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parameter and an unambiguous relation that exists between the Jc of Ag-2212 wires and tmelt.  A 

careful control of tmelt during melt processing is expected to widen the processing window for Bi-

2212. 

The quench studies help identify a decrease in TN with increasing tmelt, indicating that 

increasing tmelt decreases Jc by critically influencing the 2212 nucleation and grain growth.  Jc of 

2212 is closely correlated to the 2212 nucleation temperature, consistent with the conclusion in 

chapter 5 that 2212 nucleation control is a promising route to achieve high Jc in 2212 wires. 
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CHAPTER 9  

 

Cu LOSS FROM 2212 FILAMENTS DURING PARTIAL-MELT 

PROCESSING 
 

 

9.1  Introduction 

High Jc Ag-sheathed 2212 wires are typically made by melt processing PIT green wires 

that contains hundreds of 2212 filaments embedded in a Ag matrix; each filament contains 2212 

precursor powder.  During the heat treatment, the 2212 precursor powder melts incongruently 

(850-890 ºC, depending on the cation stoichioimetry and oxygen partial pressure) on heating to a 

maximum temperature Tmax (882-900 ºC in 1 atm O2) and the superconducting 2212 phase forms 

on cooling.  Quench studies reveal that the melting of 2212 powder produces a complicated 

multiphase mixture that consists of liquid, alkaline earth cuprates (AEC), and copper-free phases 

(CF), whose cation stoichioimetry depend on the oxygen partial pressure and the reaction 

temperature.  Switching the oxygen partial pressure from 0.2 atm (air) to 1 atm (pure oxygen) 

results in changing the AEC in the 2212 melt from (Sr,Ca)CuOx, 1:1 AEC to (Sr,Ca)14Cu24Ox, 

14:24 AEC.  Wires processed in 100% O2 yield a Jc much higher than wires processed in air, 

since 14:24 AEC has smaller size than 1:1 AEC and it can be consumed much faster to form 

2212, pointing out the strategy of reducing the size of AEC and CF in the melt to achieve high Jc. 

In Chapter 8, it was shown that tmelt, the time the conductor spends in the melt state, matters 

and the final Jc is controlled by tmelt, rather than the maximum temperature Tmax as was believed.  

It was also observed that long tmelt depresses the 2212 nucleation temperature and affects the 

grain growth below the nucleation temperature.  The linear correlation between tmelt and Jc and 

the change in nucleation temperature suggest that Jc is controlled by a thermally controlled 

diffusion process that occurs in the partial-melt region.  

Wesolowski et al. [82] studied the chemical reactions between Ag-sheathed 2212 tapes and 

a variety of oxide insulation materials (Al2O3, CeO2, pure SiO2, Y2O3, ZrO2, CaZrO3, and 
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SrZrO3, Cr2O3 and SiO2-based Pyrex glass) that are heated in close contact with Ag-sheathed 

tapes.  They tested if the BSCCO cations can diffuse through the Ag sheath and if the BSCCO 

cations can react with the insulation materials in commonly used melt processing conditions (900 

°C, 1 bar O2).  Among the BSCCO cations, Cu was found to be the dominant species that 

diffuses through Ag since it has the highest solubility in Ag at 870-900 °C.  Due to this diffusion 

of Cu through Ag-sheath, many oxide insulation materials are not suitable for the wind-and-react 

fabrication of Bi-2212 coils for high-field magnets (Fe2O3, MgO, and NiO can react with Cu).  

They pointed out that the driving force for the diffusion and reaction is lowering the overall free 

energy of the system by forming a new binary, or higher, oxide compound, or a solid solution 

between the test oxide and one or more BSCCO cations.  

This chapter examines the high-temperature microstructures of bare Ag-sheathed 

multifilamentary round wires frozen at various tmelt at Tmax=887 ºC by brine-quenching (in pure 

O2) to determine the size of AEC and CF as a function of tmelt.  In literature, we expected the 

grain size of AEC and CF to increase with increasing tmelt.  However, we found that the volume 

fraction of 14:24 AEC in melted filaments decreased with increasing tmelt.  We postulate that this 

is due to Cu loss from 2212 oxide filaments in the partial-melting in bare Ag-sheathed 2212 

conductors.  We suggest that the Cu loss is a fundamental, pervasive process that can occur not 

only in insulated wires but also in bare conductors.  This Cu loss largely accounts for the Jc 

decrease from short, bare samples to 2212 coils.   

9.2  Experimental Details 

To probe the evolution of the phase assemblage in the melt as a function of tmelt, Ag-

sheathed 2212 multifilamentary round wire samples were melt processed at a maximum 

temperature of 887 °C for 0 to 48 hour and then quenched into room temperature brine to freeze 

the high-temperature microstructures following the quenching schedule shown in Figure 9.1.  

887 °C was used because this is in the usual Tmax region used to heat treat wire so the 2212 

filaments are in the melt state, consisting of a mixture of liquid, 14:24 AEC, and 9:16 CF.  The 

longer time of 48 hour was chosen to allow more time for Cu cations to diffuse through the Ag 

sheath compared to normal processing, so it exaggerates what may be occurring in the 2212 

melt.  Phase assemblage and chemistry in the frozen microstructures were analyzed using SEM 

and EDS; the captured SEM microstructures were then analyzed and processed using the particle 
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analyzer in ImageJ (a digital image processing tool) to count and measure the areas of the 

crystalline phases in the melt (14:24 AEC and 9:16 CF).  In this way, both phase fraction and 

size distribution of particles were determined as a function of tmelt.  In this experiment, tmelt is 

~tmax, the soaking time at 887 °C, as the filaments in our conductor melt at ~884 °C. 

 

 

 
 

 

Observing how AEC and CF develop with tmelt is important because it can shed light on the 

validity of a few common beliefs in the literature: (1) it was believed that AEC and CF will grow 

with tmelt and this excessive grain growth is responsible for depressed 2212 Jc with long tmax or 

tmelt [39]; (2) it was speculated that at tmax=0, materials are not initially in the thermal equilibrium 

state and AEC and CF are metastable phases; upon long tmelt, AEC and CF may transform to 

other phases.  Moreover, a study of how AEC and CF develop with tmelt is important to 

understand how to better control AEC and CF; minimizing AEC and CF has been used as an 

important strategy to develop phase-pure 2212 to achieve high Jc [39].  

The 2212 multifilament round wires used in this study were fabricated by Oxford 

Superconducting Technology using the PIT technique by extruding and drawing a mixture of 

2212 precursor powder inside a pure Ag tube, then using a double restack to form 7 bundles each 

with 85 filaments [18].  This is the same wire used in studies in previous chapters.  The 

0 h 6 h 12 h 24 h 48 h

Tmax=887 °C

0 h 6 h 12 h 24 h 48 h0 h 6 h 12 h 24 h 48 h

Tmax=887 °C

 
 

Figure 9.1: Schematic quenching diagram for investigating how the high-temperature microstructures 

of 2212 wires evolve with increasing tmelt.  Ag-sheathed multifilamentary 2212 round wire samples 

were melt processed at a maximum temperature of 887 °C for 0 to 48 hour and then quenched into 

room temperature brine to freeze-in the high-temperature microstructures.  The experiments, including 

quenching, were done in 1 bar flowing O2. 
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conductor is ~1.06 mm in diameter, containing filaments that are ~20 μm in diameter and spaced 

~15 μm apart.  Its outer sheath is a Ag-Mg alloy and its volume fraction of superconducting 

material is ~0.25.  The overall composition of the precursor powder is Bi2.17Sr1.94Ca0.89Cu2.00Ox.  

4 cm long samples were heat treated in a vertical furnace in 1 bar flowing O2.  The ends of wires 

were mechanically sealed prior to the heat treatment to prevent 2212 liquid leak out during 

reactions or water leak in during quenching.   

9.3  Results 

Figure 9.2 presents the high-temperature microstructures frozen from annealing at 887 °C 

for various tmelt.  With increasing tmelt, filaments bond together with adjacent filaments.  

Filaments bond together in the melt by Ag dissolving into liquid at Ag grain boundaries and 

precipitating on filament walls where the Ag solubility in liquid is low, as discussed in chapter 6.  

At small tmelt, although an individual filament cycled from liquid, AEC/CF, and pores, filament 

structure was relatively unchanged.  As seen in Figure 9.2, long tmelt above 12 hour results in 

excessive filament-to-filament bonding or accumulation which involves transport of 2212 liquid 

from one filament to another.  This results in major modification in filament structures and 

massive pores that may not be filled back with 2212 grains.  Consequently, the connectivity and 

Jc of 2212 decrease; this partially explained the low Jc with very long tmelt.  However, filament 

bonding should not change the composition of oxide filaments and can’t change 2212 nucleation 

behavior so there is definitely something else happening in the material system.   

Figure 9.2 shows a rather surprising result: the number and area of AEC decreases with 

increasing tmelt.  Figure 9.3 presents quantitative analysis of the AEC phase fractions as a 

function of tmelt.  The phase fraction was analyzed using digital image analysis software 

(ImageJ).  The analysis confirmed that the volume fraction of 14:24 AEC decreased with 

increasing tmelt.  On the other hand, the area fraction of CF seems not to change with tmelt. 
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Figure 9.2: Secondary electron images of Ag-sheathed multifilamentary round wires after 

annealing at 887 °C for 0, 12, and 48 h in a 100% O2 and then quenched as depicted in Figure 9.1.  

The grey matrix is Ag, the black regions are 14:24 AEC or pore, the grey regions in the filaments 

are liquid, and the white particles are the Cu-free phase.  A=AEC, C=Cu-free, P=pore, L=liquid.  

The contrast of Cu-free particles is probable due to the insulating properties which cause charging 

and increased secondary electron emission.   
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Figure 9.3: AEC phase volume fraction and size distribution for Ag-sheathed multifilamentary 

2212 round wire melt processed at Tmax for 0, 6, 12, 24, and 48 hours: (a) number of AEC phases 

per bundle averaged from six outer bundles, (b) total area of AEC particles per bundle and (c) 

histogram of particle size distributions of 14:24 AEC phase per bundle.  Samples used in this 

study were brine-quenched according to diagram in Figure 9.1 and their microstructures are 

shown in Figure 9.2.  
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9.4  Discussion 

We observed how the high-temperature microstructures of Ag-sheathed multifilamentary 

round wires evolved during a 48 hour annealing at 887 °C.  Our central observation is that the 

volume fraction of 14:24 AEC decreases with long tmelt, rather than growing with tmelt as it had 

been suggested in the literature.  Since the 14:24 AEC contains the highest Cu concentration 

among all phases in the melt, this decrease in 14:24 AEC indicates Cu loss from bare conductor 

with long tmelt.   

Cu has the highest solubility and diffusivity in Ag among any of the BSCCO cation [82]. 

Before these experiments, there are three known Cu loss mechanisms: (1) Cu dissolving into and 

saturating in the Ag sheath.  Majewski et al. [81, 140] found a concentration of ~0.5 at. % Cu in 

the Ag sheath at 860 ºC in equilibrium with 2212 in air measured in air-quenched samples using 

an electron probe micro-analyzer. (2) Cu reacting with the MgO (plus oxygen) in the AgMg 

outer sheath forming (Mg, Cu)O, and (3) Cu reacting with the surrounding alumino-silicate 

insulation [82].  The potential Cu loss from bare conductors in this experiment seems to imply a 

fourth mechanism, which is evaporation of Cu from the surface of the Ag wire at 887 °C as CuO 

or Cu2O, who have high vapor pressures and can readily evaporate at 890 °C in 1 atm flowing O2 

[141]. 

The Cu diffusion coefficient D in Ag varies only by a factor of one or two in the 

temperature range of 830-890 ºC, according to the Arrhenius relationship.  For example, D is 

estimated as 3.21 x 10
-11

 cm
2
s

-1 
at 870 ºC and 4.77 x 10

-11
 cm

2
s

-1
 at 900 ºC [81].  Therefore, Cu 

diffuses out of filament through the Ag at all temperatures.  Consequently, the solid-state 

diffusion of Cu may occur during the cooling to 836 ºC and the 48 hour isothermal annealing at 

836 ºC, when 2212 is in solid BSCCO state.  However, when BSCCO melts, the flux of Cu 

increases because the liquid wets the Ag.  We thus emphasize that Cu loss is much more 

pronounced when 2212 filaments are in the melt state because Cu dissolution rate at Ag-liquid 

interfaces is higher than the solid diffusion of Cu into Ag.   

Cu will saturate in Ag and (Mg,Cu)O, but the Cu loss to insulation will continue for a long 

time because of the total amount of the insulation in the system, and the Cu loss to vapor will go 

on for a long time.  Long-time Cu-loss process will lead to Cu depletion.  It therefore explains 

the observation in Chapter 8 that Jc correlates strongly with tmelt.  Cu loss from filaments shifts 
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composition, possibly decreasing 2212 nucleation temperature.  The Cu loss would presumably 

occur first from outer filaments and progress inward.  This explains the radial 2212 nucleation in 

sample STD900C (Figure 8.7) where many 2212 grains form in inner filaments while no 2212 is 

observed in outer filaments.   

 

 

 

 
 

 
 

Figure 9.4: Direct evidence that current mullite fiber glass insulation sleeve degrades Jc due to Cu loss.  

Sample tested was 12 cm long, with 3 cm sections alternating as being bare and insulated.  To simulate 

the intimacy between wire and insulation in coils, the Ag wire was wound around insulation so that 

insulation was in good contact with wire during the melt processing.  The Jc of insulated sections were 

found to ~20% lower than the bare sections.  The surface of insulated wire sections and the transverse 

cross sections were shown in (b), in which alumino-silicate fibers can be clearly seen.  Considerable Ag 

and Cu were identified by EDS in fibers, indicating that Cu diffusing through the Ag sheath and reacting 

with the alumino-silicate.  Courtesy of M. LoSchiavo and J. Jiang. 
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Nearly all wind-and-react 2212 coils have Jc values only 60% of that predicted from the 

short sample performance.  We believe that the Cu loss largely account for this degraded magnet 

performance.  Our in-house measurements demonstrated alumino-silicate insulation alone can 

decrease the Jc of 2212 wires by 9-25%, depending on how close the contact between conductor 

and insulation is.  LoSchiavo et al. [142] tested the Jc of short (4-12 cm), bare 2212 samples and 

short 2212 samples that wear braided mullite insulation sleeves (Al2O3:SiO2=2:1), and EDS 
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Figure 9.5: Cu loss in heat treated Bi-2212 coils.  (a) This coil is fabricated using the wind-and-react 

method on INCONEL 600 mandrel.  It shows a Jc of 1100 A/mm2 at 4.2 K, 5 T, representing a 40-

50% Jc loss from the witness sample (4.0 cm long, bare) heat treated besides the coil.  Wires were 

insulated using mullite fiber glass insulation sleeve during coil heat treatment.  (b) shows a SEM 

micrograph of the transverse cross of a coil section.  (c) shows a magnified SEM micrograph which 

only shows an outer bundle of a 2212 wire from the coil section shown in (b).  EDS detected ~1.5 

at.% Cu in fibers surrounding Ag-2212 wires and SEM reveals more CF particles in insulated coil 

section than in bare 2212 wires, both indicating that Cu loss from 2212 oxide filaments. 
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detected Cu in Al2O3:SiO2 insulation fibers, which can only come from the 2212 filaments.  This 

experiment is depicted in Figure 9.4.  The Cu loss in wind-and-react coils may be worse, since 

the conductor and insulation are in close contact in tightly-wound coils and the large amount of 

insulation is present.  Therefore, the Cu loss alone may cause up to 30% decrease in Jc.  The 

observation of Cu loss in wind-and-react coils is presented in Figure 9.5. 

Cu loss in coils is diffusion controlled.  It can be mitigated by reducing tmelt or, in theory, 

by modifying the conductor design.  For example, Cu loss may be mitigated by removing the Cu 

concentration gradient across the wire (the chemical potential of Cu inside and outside the 

conductor is the thermodynamic driving force of the diffusion activity) to stop diffusion.  This 

can be realized by using AgCu alloy as the conductor outer shell (however, Cu content should be 

carefully optimized and controlled since high Cu content may diffuse innards to filaments, 

thereby reducing Jc) or coating Cu or (Ag, Cu) on outside of wire by electroplating. 

9.5  Conclusion 

The totality of our data thus suggests that Cu loss is a pervasive process occurring during 

partial-melt processing of Ag-2212 composite conductor.  Cu may leave the 2212 conductor by 

four mechanisms: (1) Cu saturating in Ag sheath, (2) Cu reacting with the MgO (plus oxygen) 

forming (Mg, Cu)O, (3), Cu reacting with the surrounding alumino-silicate insulation, and (4) Cu 

evaporating from the surface of the Ag wire as CuO or Cu2O.  The first three mechanisms were 

known in literature and the fourth is suggested in this chapter (but we still need experiments that 

confirm Cu loss by CuO or Cu2O evaporation).  The Cu loss is responsible for Jc decrease with 

increasing tmelt, as Cu loss from filaments decreases 2212 nucleation temperature, connectivity, 

and Jc.  This Cu loss potentially explained why current coil Jc values are 40% lower than those of 

bare, short samples produced in a corresponding processing.  The observations of Cu loss are 

therefore critical to understand and mitigate Jc loss in coils. 
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CHAPTER 10 

 

 CONCLUSIONS 
 

 

The complexity of partial-melt processing and the sheer number of variables – precursor 

powder characteristics, conductor architecture, temperature, time, heating and cooling rates, 

processing atmosphere, and others – restrict our ability to understand the processing and material 

science of 2212 wires.  Yet this understanding plays an important role in guiding the design and 

fabrication of 2212 wires, cables, and magnets as well as in improving conductor and magnet 

performance.  This thesis analyzed the processing-microstructure-performance relationships of 

2212 and provided a detailed understanding of the melt processing of Ag-sheathed PIT 2212 

multifilamentary round wires.  This was done by studying wire properties, revealing how 

microstructure develops using a through-process quench study, examining the inter-dependencies 

between processing steps, and exploring the underlying performance-degrading mechanisms in 

coils.  The thesis has several discoveries that are important for conductor design, Jc improvement, 

and coil fabrication. 

Chapter 4 analyzed the contribution of flux pinning and connectivity to 2212 Jc, concluding 

that improving the connectivity is the key to improve Jc in present 2212 PIT wires.  Chapter 5 

demonstrated the morphological evolution of major connectivity-limiting factors during the melt 

processing.  Chapter 5 found that the 2212 filament cycles from liquid, AEC, CF, to pore in the 

melt.  The large pores formed because the precursor powder in the unreacted wire can only be 

packed ~65-80% dense so there is 20-35% void space that is filled with gas between the grains 

of powder.  On melting, the gas agglomerates into large pores, which divide the filaments into 

discrete segments.   

Reducing porosity and increasing the mass density of oxide cores are thus important to 

improve the conductor performance.  For MgB2 [143] and Bi-2223 [144], porosity can be 

reduced by a hot isostatic pressing (HIP) method, therefore increasing the connectivity between 

superconducting grains and Jc.  However, little success has been found applying HIP to PIT 2212 
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since at high temperatures the high gas pressure can push the soft Ag into the porous filaments 

[145].  A solid-state sintering just below 2212 melting temperature ( in the presence of a liquid 

phase) may densify filaments, and the densification takes places by mechanisms described in 

[146, 147].  The subsequent wire drawing (before melt processing the wire) can further densify 

the filaments.  As a result, this reduces the porosity from ~20% to ~10% and increases the Jc 

from 1800 to 2880 A/mm
2
 at 4.2 K, 5 T.  However, since the AgMg outer sheath hardens due to 

internal oxidation at high-temperatures, the cold drawing may add undesirable defects (e.g. 

cracks, pinholes) on wire surfaces that contribute to ceramic leakage at partial-melting.  Finding 

alternative approaches to eliminate the porosity in present PIT 2212 wires without causing 

leakages is an important path for further conductor optimization. 

Chapter 6 discovered that filaments change their shapes during partial melting.  The 

filaments in green wires (as-deformed) are uniform and well separated.  In contrast, filaments 

could bond together during partial melting.  Chapter 6 also revealed the filament bonding 

mechanisms.  Filaments bond to adjacent filaments if there is a Ag grain boundary running 

between them and the wire is in the melt for sufficient amount of time.  Liquid move along the 

Ag grain boundary and filaments bond, because Ag preferentially dissolves into liquid at the Ag 

grain boundaries and precipitates at the filament wall.  This understanding of filament-filament 

bonding and Ag activities is important for optimizing conductor architecture and understanding 

how the microstructure of 2212 wires develops during processing.  For example, if filaments 

merge in green wire, one could understand and predict massive pores would appear at high 

temperatures, therefore decreasing wire Jc.  Industry has been searching alternative 

filaments&conductor architectures (e.g. inserting a Ag island in 2212 filaments, or using two 

dimensional filaments instead of nearly-round filaments), this understanding allows predication 

of filament shapes at high-temperature microstructures and property assessment without 

performing complex and expensive experiments. 

The quench studies in Chapter 5 and 6 also visualized the 2212 grain growth in Ag-

sheathed PIT 2212 multifilamentary round wire.  2212 nucleates around ~870 ºC from the melt 

and 2212 grain growths can be separated into two stages.  The 2212 grain growth in a ~10-15 °C 

just below the temperature where 2212 begins to form on cooling is fast, leading to large grains 

and rapid consumption of AEC and CF.  As the heat treatment progress, cations that are 

necessary to form 2212 are becoming isolated.  Therefore, the latter 2212 grain growth slows 
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down and results in small grains forming between the pockets of large grains.  We suggest that 

the first grain growth stage is an important Jc development region, since large 2212 grains define 

the space in which smaller grains can align and largely determine the grain network for current 

flow.  Therefore, controlling grain growth just below the nucleation to form large and well-

connected grains (by slowing the cooling rate or inducing nucleation at smaller undercooling 

where nuclei density is low) is identified as an important strategy for increasing Jc.  Using this 

strategy, a split melt processing increased the Jc of 2212 wires by 50% compared to optimum 

melt processing (see Appendix B). 

  The final cooling step is identified as a second important Jc development region.  The 

final cooling step overdopes the conductor with oxygen and doubles the Jc, because overdoping 

reduces the electronic anisotropy, increases the flux pinning, and most importantly, increases the 

ability of supercurrent to cross grain boundaries (GBs).  This finding implies that Jc of 2212 

conductor may be further improved by annealing the sample in high pressure oxygen.  The 

principal barrier to applications of the cuprates has been the tendency of grain boundaries (GBs) 

to lose superconductivity.  This study shows that adding carriers to the cuprate GBs may improve 

the GB properties to allow supercurrent to transport across grain boundaries in long-length 

(polycrystalline), practical superconductors. 

A major concern for the wind-and-react 2212 magnet fabrication is how coils can be 

uniformly heat treated, given that optimum Jc is achieved only in a narrow processing window.  

Chapter 8 analyzed Jc a function of Tmax, tmax, and tmelt, demonstrating that Jc of 2212 wires is 

controlled not by Tmax or tmax, but by tmelt.  This study showed that when tmelt is properly 

controlled, the temperature space that yields optimum 2212 Jc is expanded.  This finding has 

important technological implications. 

Nearly all of the wind-and-react 2212 coils produced in the past decade showed a 

significant Jc reduction compared to expected short samples performance [8-11, 148-150].  Many 

issues have been considered as the source of this problem, including small local temperature 

gradient and oxygen diffusion inhomogeneity throughout large coil masses, gas pressure build-

up caused by excessive carbon content or oxygen release during melting of 2212 power for long-

length conductor (gas can diffuse through ends of short-length wires), leakage, or the thermal 

contraction mismatch between the 2212 and the coil former.  Even in recent wind-and-react coils 

where there is no bubbling effect from carbon and no leakage, Jc is still degraded by 30-40%.   
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Cu loss during partial melting was suggested as a major cause of low Jc in coils in Chapter 

9.  Before this study, three Cu loss mechanisms are known in the literature.  This work suggested 

a fourth mechanism (Cu loss into gas phase by evaporation).  This Cu loss hypothesis, if correct, 

is critical for understanding and mitigating the Jc loss in coils.  Future studies are needed to 

verify the Cu loss to vapor and study how to eliminate this Cu loss.  Further study of conductors 

using binary AgCu or ternary Ag-Cu-alloy sheath may be helpful to reduce the Cu loss to gas 

phase at the conductor level. 

To improve magnet performance, Cu loss to insulation should be reduced.  Studies in 

Chapter 9 showed that the wire insulation alone could degrade Jc of 2212 wires by 10-30%, by 

reacting with Cu cations diffusing out of 2212 filaments during the partial melting.  Moreover, 

the present fiber based alumino-silicate insulation is too thick (~130 μm), so it takes up much 

space that can be occupied by superconductor to carry supercurrent, reducing the packing density 

and Jc, winding of coils.  The development of proper insulation materials is therefore critical to 

establishing a high field 2212 magnet technology.  The technical challenge is to develop thinner 

insulation materials that do not cause leakage or react with Cu cations during the partial melting 

at ~890 °C in O2.  
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APPENDIX A 

 

ROLE OF THE 48 HOUR ANNEALING AT ~836 °C 
 

 

Many parameters must be controlled and optimized during the fabrication and melt 

processing of Ag-sheathed 2212 wires.  The effects of maximum temperature, melting time, 

cooling rate during solidification, and atmosphere on the phase transformation and Jc have been 

extensively studied in the literature and in this thesis.  One aspect that has received less attention 

is what occurs during the isothermal annealing at ~830 °C after the 2212 formation reactions.  

This study showed this annealing continues to improve the conductor performance.  It may be an 

important region for further Jc improvement.   

Figure A.1 compares Jc progression as a function of annealing time at 836°C for both 

quenched and control cooled samples.  Jc of control cooled samples exponentially increases with 

ta (Figure A.1b), whereas their flux pinning improves (Figure A.1c).  On the other hand, Figure 

A.1 also shows that Jc and HK of the quenched samples are constant, both of which are lower 

than the control cooled sample at the same ta, consistent with the finding in Chapter 6 that 

oxygen overdoping during the cooling to room temperature is important in raising flux pinning 

and intergranular connectivity. 

Quench studies in Chapter 5 showed that the phase conversion to 2212 is nearly finished at 

the beginning of the 48 hour annealing and microstructure appears to be the same with the fully 

reacted wires under SEM.  Therefore, the large Jc increase in control cooled samples shown in 

Figure A.1 is intriguing, especially considering that Jc and HK in quenched samples are 

unchanged.  Buhl et al. [4] argued that Jc increased in their tape-cast 350 μm thick 2212 tapes 

because annealing at 850 °C removes remnant liquid that coated 2212 grain boundaries (GBs).  

Buhl et al. [4] suggested that this clean-up of liquid around GBs results in higher intergranular 

connectivity and reduces the magnetic granular behavior.  In addition, Figure A.1 showed that 
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during this annealing, flux pinning of 2212 wires gradually increases, indicating that some subtle 

effects (e.g. composition change of 2212 grains) occurring are important in controlling Jc.   
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Figure A.1: Effects of annealing at 836 ºC on flux pinning and Jc of 2212 PIT wires: (a) the heat 

treatment; (b) transport Jc and (c) irreversibility field HK(20 K) as a function of ta at 836 ºC; and (d) 

superconducting transitions Tc traces of control cooled samples.  Samples included the wire that was 

quenched into room temperature brine at multiple points during the 48 hour annealing at 836 ºC, and 

the wire that received a control cooling to room temperature (~160 ºC/h).  The quenching preserves 

the high-temperature properties.  The wire tested is the PIT Ag-sheathed multifilamentary round wire 

that has been used for studies from Chapter 4 to Chapter 9.   
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Our results here therefore indicate the 48 hour annealing after 2212 formation may be a key 

processing region that increases Jc.  Sager et al. [151] found that reducing the oxygen partial 

pressure to 10% during annealing at 850 °C improves the critical current density by 50% 

compared to wires annealed in 1 bar flowing O2, possibly due to dissolution of residual 

secondary phases (AEC and CF).  Future studies (possibly using TEM) should examine the Jc 

enhancement mechanism of this post-annealing by investigating the microstructural progression 

and explore how we can take advantage of the new understanding to further increase Jc. 
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APPENDIX B 

 

SPLIT MELT PROCESSING 
 

 

Chapter 8 points out the possibility of improving Jc of 2212 wires by growing large and 

well aligned 2212 grain structures.  Large grain growth can be initiated at a small undercooling 

where small nucleation rates allow sufficient time for each individual grain to grow.  This may 

be accomplished using a split melt processing [1, 2].  This appendix will demonstrate the phase 

transformation of split melt processed conductors, showing how the nucleation was initiated at a 

temperature just below the 2212 solidus temperature.  

Figure B.1 shows the schematic diagrams of standard melt processing and split melt 

processing.  The standard melt processing has been studied carefully in Chapter 5, 6, 7, and 8.  

For the split melt processing, the partial-melting and solidification process was divided into two 

portions.  The first heat treatment of split melt processing melts the conductor at Tmax and 

quickly cools the conductor from Tmax-10 ºC to room temperature at ~160 ºC/h.  The second heat 

treatment heats the sample back to the Tp2 at 80 ºC/h, followed by a slow cooling at 2.5 °C/h to 

develop the grain structure.   

Table B.1 summarized the Jc of 2212 wires as a function of Tp2.  At Tp2=876 °C, the split-

melt processing increases Jc of 2212 wires for more than 40% compared to the standard melt 

processing.  We emphasized that although Jc values were given 5 T, a similar Jc enhancement 

was maintained over a wide field range up to 20 T [1] and this Jc enhancement was found on all 

2212 wires we have tested.  Unfortunately, Jc of split melt processed conductor strongly varies 

with Tp2.  When Tp2<874 °C, the Jc is low, whereas raising Tp2 above 876 °C yields a Jc that is 

similar to Jc values of melt processed conductors.  Despite strong dependence of Jc on Tp2, the 

irreversibility fields HK of all wires are nearly the same, amplifying the broad conclusion in 

Chapter 4 that it is the connectivity that controls the Jc in 2212.  Moreover, the onset Tc values of 

all samples are nearly identical, showing that oxygen doping is similar in all samples. 
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This strong Jc sensitivity means that the coil fabrication using split melt processing shown 

in Figure B.1b is difficult and transferring the high Jc of split melt processed short sample to coil 

is hard.  However, this strong Jc sensitivity enables the investigation the origins of high Jc of split 

melt processing.  To observe the microstructure development during split melt processing, 

samples were quenched at critical regions of the split melt processing (See Figure B.2a).  The 

results are shown in Figure B.2.  Sample A (see Figure B.2.b) shows a typical microstructure in 

the partially molten state.  Phases detected by EDS include liquid, 14:24 AEC and 9:16 CF.  
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Figure B.1: Schematic of (a) standard melt processing and (b) split-melt processing developed at 

NHMFL.  The split-melt processing shown in (b) is one of many forms of split melt processing we 

tested in our previous investigation [1, 2], which indicated that melt processing can be split at many 

different regions along the solidification and produces Jc better than or similar to that of standard melt 

processing.  The Tmax and tmax of split-melt processing were the same with optimum Tmax and tmax for 

melt processing.  Tp2 is very important in determining the final Jc; it was optimized by varying it in a 

temperature range from 874 to 882 °C and measuring the transport Jc of the samples.  
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During the fast cooling at 160 ºC/h from Tmax-10 to room temperature, 2212 grains form, as 

indicated in sample B (see Figure B.2.c).  There are still lots of 2212 grains present in sample C 

(see Figure B.2.d), while only few 2212 grains are present in sample D (see Figure B.2.e); all 

2212 grains are gone for sample E, whose microstructure is very similar to that of sample A (see 

Figure B.2.f).  These observations indicate that on heating, the 2212 grains forming during the 

cooling from Tmax-10 to room temperature re-melt.  The decomposition is sharp, occurring only 

in a ~2 ºC window.   

 

 
Table B.1: Jc of 2212 wires processed using melt processing and split melt processing shown in Figure 

B.1.  Tp2 was varied from 874 to 878 ºC.  The wire tested is the PIT Ag-sheathed multifilamentary round 

wire that has been used for studies from Chapter 4 to Chapter 9. 

 

Heat treatment Tmax 

(°C)

Tp2 

(°C)

Optimum Jc 

at 4.2 K, 5 T 

(A/mm2) 

HK
 
(20 K) (T) 

H⊥wire 

Tc
onset 

(K) 

Melt processing 892 - 1520 8.3 83 

Split melt processing 892 874 410 8.2 83 

Split melt processing 892 876 2200 8.3 83 

Split melt processing 892 878 1540 8.3 83 

 

 

The strong 2212 Jc dependence on Tp2 observed in Table B.1 is consistent with the sharp 

2212 decomposition event shown in Figure B.2.  The 2212 grains in sample B are small and 

randomly oriented.  During the second heat treatment, three cases could happen, depending on 

the Tp2: (1) If the Tp2 is lower than 2212 decomposition temperature, the poorly aligned 2212 

grains of sample B are still present in the system (sample C, Figure B.2.d).  A subsequent slow 

cooling at 2.5 °C/h would lead to an undesirable grain structure in which 2212 grains are small 

and poorly aligned.  This correlates to low Jc split melt processing (Tp2=874 °C) in Table B.1.  (2) 

If the returning temperature Tp2 is around 2212 decomposition temperature, most of 2212 grains 

are gone, but a few 2212 grains are still present in the system (sample D, Figure B.2.e).  Upon 

cooling, these small 2212 whiskers serve as seeds from which large 2212 grains grow, so that 

2212 grains can grow to large sizes and are aligned on cooling.  This correlates to high Jc split 

melt processing (Tp2=876 °C) in Table B.1.  (3) If the returning temperature Tp2 is higher than the 

2212 decomposition temperature, all 2212 grains are fully melted (sample E, Figure B.2.f).  On 

further cooling, new 2212 grains form just like the normal heat treatment (melt processing).  This 
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yields a processing similar to the standard melt processing for which 2212 nucleation will be 

initiated at larger undercooling (TN~870 °C). 
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Figure B.2: SEM micrographs of transverse cross-section of samples quenched during split melt 

processing.  The quenching diagram is shown in (a).  Samples A, B, C, D, E are shown in (b), (c), (d), 

(e), and (f), respectively.  Sample A was quenched at 882 °C, sample C at 874 °C, sample D at 876 °C, 

and sample E at 878 °C. 2212 grains form during the fast cooling from A to B and these 2212 grains 

re-melt upon heating.  Micrographs (b-e) are backscattering electron images while (f) is a secondary 

electron image.  L=Liquid, A=14:24 AEC, C=CF. 
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