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Overview 

• What is overpressure (OP) processing and why 
do we need it? 

• Research-scale OP studies 
• Large-scale OP studies 
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Drawbacks of 2212 
• 2212 can only be 
used up to 10 – 15 K 

• Much higher Jc in 
2212 flat tape 

• 2223 and REBCO 
are better HTS flat 
tapes and can be 
used at 77 K 

 

•1989 – first Bi-2212 round wire 
• Why the renewed interest in Bi-2212? 

APL 55 (1989) 2441 
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Presentation Notes
Earliest successful HTS wires were made from Bi-2212 just shortly after it was discovered.Early results showed that its Jc flattened off with a significant Jc at high field, indicating it would be a useful material for high field applications.In short samples, RW Bi-2212 had high Jc, but in long lengths it did not.Studies shifted to Bi-2212 conductor forms that were flat, Ag-sheathed tapes or doctor bladed thick films.These flat Bi-2212 conductor forms carried higher Jc than round wire in long lengths, but they were not competitive against Bi-2223 and REBCO flat conductors.



P. Chen, WAMHTS-2 - Nov 14 2014 - Kyoto, Japan 

Why Bi-2212 now? 
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• Round wire has versatile application 
potentials for high-field NMR magnets and 
accelerator magnets etc. 
 

• Multifilamentary and does not have 
macroscopic electromagnetic anisotropy. 
 

• Twisted wire with significant reduction of 
hysteretic losses. 
 

• A high irreversibility field - above 100 T at 
4.2 K. 
 

• Overpressure (OP) processing makes JE of 
Bi-2212 very competitive. 

D. Larbalestier et al,  
Nature Materials,  
Mar 13(4) (2014) 375–381 

D. Larbalestier et al,  
Nature Materials,  
Mar 13(4) (2014) 375–381 
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There is a recent renewed interest in Bi-2212 round wire because it is the only HTS conductor that can be made as a round wire, or as a slightly aspected wire, which is the geometry that magnet designers and builders prefer.20 T dipole magnets require the wire to have Je of at least 600A/mm^2 at 4.2 K at 20 T fields.  Bi-2212 round wire that is heat treated using overpressure (OP) processing can achieve this Je.There are still a lot of challenges for Bi-2212 magnets, such as insulation, quench detection and protection, and stress management, which are being investigated.



Round wire is preferred conductor 
geometry to build magnets 

1.1 T in 31 T - first HTS 
wire-wound coil to go 
beyond 30 T 

Myers, Trociewitz 
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Cables for very-high- 
current applications 

Godeke 

Rutherford 

Shen 

6-on-1 
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Example of a solenoid coil made using Bi-2212 round wire.  This coil showed that Bi-2212 could be used in magnets generating over 30 T.Examples of two methods to make cable from Bi-2212.  Cables are needed for large, high-field magnets. Bi-2212 can be cabled with cabling techniques used for LTS conductors.



2212 powder in 2212 wire is ~60% dense - 
bubbles form in 2212 RW during heat treatment 

200 µm 200 µm 

b 

OST 

Ag(Mg) 
Sheath 

Pure Ag between 
filaments (white) 

2212 
powder 
(black) 
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Before 

X-ray tomography 
Scheuerlein, Di Michiel, Scheel 

After 

Bubbles 
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Before heat treatment (HT), Bi-2212 wire is very uniform and each filament in the bundles is discrete.After HT with 1 bar total pressure, the filaments in each bundle bond together and bubbles develop in the microstructure. 1 bar total pressure was the processing pressure that was used for Bi-2212 until recently, when OP processing was adopted.As described below, the bubbles form because the Bi-2212 powder is only 60-70 % dense in the as-drawn Bi-2212 wire.  The 30-40 % of void space in the powder agglomerates into the bubbles.Scheuerlein et al. did x-ray tomography of Bi-2212 wires that showed the bubbles in the microstructure.
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Removing bubbles with overpressure (OP) 
processing more than doubles JE   
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Closed-end wire @ 1 bar OP = long coil 

Closed-end wire  
@ 100 bar OP 

~2.5x 
~6-7x 

Short open-end wire 

JE = 725 A/mm2 @ 20 T 

Direct observation of gas-filled 
bubbles due to powder  
being only 60-70% dense OP processing squeezes 

wire with gas pressure to 
remove bubbles 

Kametani, Jiang, Matras, Craig 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2015. 
Invited presentation M3OrC-01 given at CEC-ICMC 2015, Tucson, USA, June 28 – July 2, 2015.

Presenter
Presentation Notes
The community had been aware of bubbles in Ag-sheathed Bi-2212 conductors since the first work by Heine et al. There was growing evidence that bubbles were a major current limiting mechanism in Bi-2212 RW, but the work of Kametani et al. demonstrated unequivocally that bubbles that developed during the heat treatment did not disappear during cooling.  Bi-2212 bridged the bubbles cutting the large bubbles into smaller bubbles, but did not remove the bubbles.  OP processing, which is a specialized form of hot isostatic pressing and was originally developed to heal cracks in Bi-2223, was found to remove bubbles in Bi-2212 and significantly increase Jc  The plot shows how OP helped sort out what happens with different types of samples leading to the different Je values.Most studies are done with short sections of Bi-2212 wires, typically up to about 10 cm in length, that had their ends sealed shut using mechanical means such as hammering. These wires were HTed at 1 bar pressure.  The ends of the wires prevented liquid from flowing out during the HT, but the seal was not hermetic, so CO2 ad H2O, which could be present in the wires, could escape out the ends.  This gave the Je values for Short Open-End Wires.For OP processing the ends of the wires need to be hermetically sealed.  When hermetically sealed short samples are HTed at 1 bar pressure, CO2 and H2O cannot escape, and as Shen has recently quantified, pressure exerted by these gases can cause the wire to creep, increasing the wire diameter, increasing the size of the bubbles in the wire, and in the worst cases, causing the wire to leak.  The Closed-End Wire at 1 bar shows what happens in long coils made with Bi-2212 round wire, where the CO2 and H2O cannot escape out the ends of the wire. Using different total OP pressures decreases the bubble volume in the Bi-2212, which increases Je (and Jc) in the wire. 
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Overpressure processing is a form of Hot 
Isostatic Pressing (HIP) 

OP processing – gas 
pressure squeezes wire to 
remove bubbles 
• Flow-through mixture of 
Ar and O2 

• Total OP pressure ≤ 100 
bar 

• Wire or tape must be 
hermetically sealed 

• Ag sheath provides 
the seal  

 

• Ar – presses on Ag 
sheath – removes 
bubbles 

• O2 – diffuses through Ag - 
sets thermodynamic 
condition needed to form 
Bi-2212 

• Use an Ar/O2 gas mixture 
that sets pO2 = 1 bar in 
the OP system 
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OP processing was developed by the Applied Superconductivity Center and American Superconductor to heal cracks in Bi-2223 wire.  It is now used very successfully by Sumitomo Electric to make their commercial Bi-2223.  We will see this in a later slide.OP processing is a variant of hot isostatic pressing that uses a flow system, and a mixture of Ar and O2 gases.Ar, which cannot diffuse through Ag , applies the external pressure that compresses the Ag.O2, which can diffuse through Ag, sets the thermodynamic state needed to form the Bi-2212 phase.We can use different total pressures for Bi-2212 OP processing.  We have used pressures up to 100 bar total pressure.  But the partial pressure of O2 is always set at 1 bar.  We do this so the thermodynamic state in the wire during OP processing is the same as what we can achieve HTing Bi-2212 in 1 bar of flowing O2 without OP processing.  We only have a few OP furnaces but we have many 1 bar furnaces, so this allows us to do studies at 1 bar total pressure that we can transfer to the OP HTs. 



OP processing improves Jc by two mechanisms 

•Compresses wire so volume of Bi-
2212 matches filament cavity 
– Removes bubbles  
  

•Prevents gas from expanding 
– CO2, H2O 
– Eliminates dedensification and 

creep-induced leakage 
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The next set of slides show the interaction of void space, CO2 and H2O, and OP processing on Bi-2212 wires.  It shows that OP processing increases Jc by two mechanisms: eliminating bubbles, and preventing creep due to CO2 and H2O in the wires.It is important to understand that the Ar pressure in OP processing compressively deforms  the Ag.  This decreases the volume of the filament cavity so it matches the volume of 2212 that is in the cavity.  Often we talk about densifying the Bi-2212, which happens during OP processing, but we must also keep in mind that OP decreases the volume of the filament cavity.Leakage was a serious problem with long coils of Bi-2212 RW processed at 1 bar total pressure. As mentioned earlier, this is due to creep caused by CO2 and H2O gases in the wire.  Leakage has been eliminated by using OP processing.



What can happen to 2212 filaments 
during melt processing? 

Maximum packing density of 2212 
powder in filaments is 60-70% 
Focus on the 30-40 vol% of the filament 
that is gas-filled void space 

60% dense 2212 
powder in as-drawn 
wire 

10 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2015. 
Invited presentation M3OrC-01 given at CEC-ICMC 2015, Tucson, USA, June 28 – July 2, 2015.

Presenter
Presentation Notes
In the next few slides, we will focus on the 30-40 vol% of empty space in each filament in as-drawn Bi-2212 wire.  We describe what happens to this volume of empty space with different processing conditions.



Kametani 

1 bar – clean 
powder, no 
CO2, H2O 

Best case with 1 bar processing:           
30- 40 vol% gas bubbles in filament  

Scheuerlein 

60
%

 d
en

se
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Presentation Notes
This slide shows the best case for processing Bi-2212 RW at 1 bar total pressure.The best case is for a clean wire, which means that there is no CO2 or H2O present in the wire.  Also assume that the 30-40% void space is filled with O2 that can diffuse through the Ag.After the 1 bar HT, the wire has 30-40 vol% bubbles (black regions in the bundles) in its microstructure, as shown by x-ray tomography.



Real-time, in situ x-ray 
microtomography shows how bubbles 
form and grow during heat treatment 

Scheuerlein 

Video shows filaments in 2212 wire 
during heating and cooling in 1 bar air 
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1. Video, which is not included here, presents a series of x-ray tomograms taken in situ while heat treating a short open-end wire at 1 bar total pressure.  The video shows that small bubbles form when the 2212 melts, the bubbles agglomerate into larger bubbles in each filament with increasing time, the bubbles grow even larger as filaments bond and bubbles in adjacent filaments agglomerate into bubbles that span multiple filaments.  On cooling Bi-2212 forms across the bubbles, but the bubbles do not disappear.



1 bar – dirty 
powder: CO2, H2O 

Worst case with 1 bar processing:      
dedensification and leakage 

Scheuerlein • Malagoli 
• Shen 

Internal gas pressure 
expands filament hole 

60
%

 d
en

se
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The worst case for 1 bar processing is a long, dirty (i.e., contains CO2 and H2O) wire.The original 30-40 vol% of voids can increase in volume (here shown going to 75% of the filament volume) due to the CO2 and H2O pressure (shown as the orange arrows) causing the wire to creep.X-ray tomography shows bubbles in individual filaments and regions where the Ag-sheath has ruptured allowing leakage to occur.



100 bar – dirty 
or clean powder 

Best processing: apply overpressure to 
squeeze Ag so filament hole matches 

2212 volume ⇒ 100% dense 

Scheuerlein 

External overpressure 
decreases filament hole 

60
%

 d
en

se
 

OP decreases wire 
diameter  
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Presentation Notes
With OP processing, the Ar pressure (shown as the orange arrows) decreases the volume of the Ag filament cavity so it matches the volume of Bi-2212 present in the filament.In addition, the Ar pressure is greater than the internal CO2 and H2O pressure, so CO2- and H2O-driven creep cannot occur, which eliminates leakage X-ray tomography shows that the filaments are very dense.  There are still some very small bubbles in the wire (black regions in the bundles), but in general, the bubble volume is < ~ 5 vol% with 100 bar OP processing.
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This slide summarizes the previous slides.



Demonstrated that OP processing works 
for Bi-2212 with small-bore OP system 
• Small OP system originally designed, built, 

and used for Bi-2223 
Sumitomo Electric’s 4-
story-tall OP system for 
commercial Bi-2223 tape 

ASC’s 2.5-cm bore 
research OP system  
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OP processing was originally developed with a small OP system.  It has been commercialized by Sumitomo ElectricNote the size of the person on the left side of Sumitomo Electric’s OP system



• Closed ends 1 atm: gas trapped 
 <60% dense 

Overpressure (OP) densifies 2212 wires 

Courtesy Dr C. Scheuerlein 

• Closed ends 100 atm OP:   

0.8 mm diameter  
closed ends 8 cm long samples 

Courtesy Dr C. Scheuerlein 

Assumption: closed ends short samples behave the 
same as long coil length 

100 atm closed ends 

Densification  

1 atm closed ends 

expansion  

As-drawn 60% dense 

17 
Matras 
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Presentation Notes
This slide shows quantitative data for wire diameters plus x-ray tomograms for wires with different heat treatments that have been described above.



Dense filaments are the key for high JE 

Experiment done on short wires (8 cm long) 

• JC is calculated using the as-drawn wire filament cross sectional 
area (60% dense filaments) 

• JC increases (actually it triples) with decreasing wire diameter as 
full physical connectivity occurs. 

Cross section       
as-drawn 37x18 

(0.8mm diameter) 

[4.2K, 5T] 
[4.2K, 5T] 

𝑱𝑱𝑬𝑬 =
𝑰𝑰𝑪𝑪

𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝑶𝑶𝑶𝑶 𝒘𝒘𝒘𝒘𝒂𝒂𝒂𝒂
 𝑱𝑱𝑪𝑪 =

𝑰𝑰𝑪𝑪
𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒇𝒇𝒘𝒘𝒇𝒇𝒂𝒂𝒇𝒇𝒂𝒂𝒇𝒇𝒇𝒇 𝒂𝒂𝒂𝒂 − 𝒅𝒅𝒂𝒂𝒂𝒂𝒘𝒘𝒇𝒇 𝒘𝒘𝒘𝒘𝒂𝒂𝒂𝒂
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Presentation Notes
This slide shows that Je and Jc both increase with decreasing wire diameter, corresponding to increasing density of the Bi-2212 filaments (i.e., decreasing the vol% of bubbles) 
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OPed 2212 coil at 10 bar - generated 2.6 
T in 31.2 T background = 33.8 T 

Coil Terminal

15 µm TiO2
Dielectric coating

71.2 mm
36

.3
 m

m

Wire Diameter = 1.4 mm

10 bar OP processing 
• Pressure was only high enough to prevent wire 

from expanding 
• Did not compress Ag sheath and remove bubbles 
• Insulation - ~15 µm thick TiO2    

Trociewitz 

   
Wire dia. (mm): 1.40   
nGimat Insulation (mm): 0.015  
Turn-turn non-tightness (mm): 0.085  
layer-layer tightness (mm): -0.065  
Inner Radius (a1) (mm): 7.25   
Outer Radius (a2) (mm): 18.17  
Height (2b) (mm): 71.21    
Radial Layers (-): 8
Turnss/Layer (-): 47
Total turns (-): 376
Conductor Length (m): 30.03
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We OP processed a Bi-2212 coil in an early OP system at 10 bar total pressure.10 bar was enough to prevent the wire from expanding in diameter due to creep, but it was not high enough to compress the Ag and densify the filaments.  This gave Je and Jc that corresponded to those expected for a short, open-end sample.The performance of the coil was limited by lower Jc in the leads, which were slightly out of the ideal hot zone.



Deltech built a large OP furnace for Bi-2212 
coils - custom built, first of its kind 

ASC’s 2.5-cm bore 
research OP system  

Deltech 100 bar OP furnace 
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Presentation Notes
The same small OP system that was developed for Bi-2223 was used to OP process Bi-2212.  For Bi-2212 the compression of the Ag that occurs in the OP process removes the bubbles that form in the filaments, whereas in Bi-2223 tape, the pressure in the OP process mainly heals cracks that form during the intermediate rolling step.  The pressure also helped increase the Bi-2223 density.We had Deltech build a custom OP furnace. The person holding the wrench is over 2 m tall.  The hot zone is approximately 14 cm in diameter and 50 cm long.



50 bar processing is adequate for NMR 
demonstration coil 

Experiment done on short wires (8 cm long) (37x18) 

• 35 m long 10 bar coil fell on the curve 

Matras 

Pressure (bar) 

[4.2K, 5T] 
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Presentation Notes
From a research point of view, we want the OP pressure to be as high as possible to achieve the most densification possible.  However, from an industrial point of view, we want the OP pressure to be as low as possible, which will reduce the cost of the OP furnace and allow larger furnaces to be built.  The plot shows that 100 bar gives the highest Je, but reducing the OP pressure to 50 bar only reduces Je by about 15%, which is still adequate for high-field applications.



After 100 bar 821°C-12h 

The wire diameter decreases by 4.2 % at 100 bar 

4.2 ± 0.3%  

100 bar OP significantly decreases the 
wire diameter. 

Issue: 
For magnet construction, this change 
in diameter poses an interesting 
challenge. 

As-drawn 

100 bar full heat treatment 

Matras 
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4.2 % decrease in wire diameter at 100 atm 
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Presentation Notes
This slide shows that change in diameter of a ~0.8 mm diameter wire decreases by about 4.2 % after 100 bar OP processing.This change in wire diameter needs to be accounted for when processing coils.



OP furnace and coil being developed together 
for high-field NMR project 

240 mm 

Mockup of coil for NMR 
demonstration project 

High field coil + shim coils for 1 GHz 
(24 T) NMR demonstration magnet 

• 6.6 T 
• 240 mm high 
• 92 mm OD 
• 44 mm ID 
• 0.7 km wire 
• 179 turns 
• 18 layers 

23 Platypus team 
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Presentation Notes
We are working on a demonstration Bi-2212 insert coil for a 1 GHz NMR.  The Bi-2212 insert coil is designed to generate 7 T in a 17 T background field for a total field of 24 T. The coil is relatively large in diameter resulting in a stress on the Bi-2212 coil is relatively large in the high magnetic field.  The Ag sheath on the Bi-2212 wire is quite weak.  The stress-strain behavior and the strain-Jc relations of Bi-2212 RW are important for the overall performance of the Bi-2212 coil. 



CORC lead 
extensions 

Lead extension 
support 

LTS-magnet 

Insert magnet 

VTI 

Termination 
point 

“Platypus”: A Bi-2212 NMR Demo-Magnet 
Goals: 
• MagSci Goal: 30 T NMR 

magnet using HTS 
• NMR demo magnet of ~ 1 

GHz (24 T) with ppm field 
homogeneity and stability  

• Hybrid LTS/HTS coil with all 
conductors twisted, round 
and multifilament (16 T Nb-
Ti/Nb3Sn + 8 T Bi-2212) 

Status: 
• Novel 2212 HTS technology 

has been led by NHMFL 
• All sub-systems 

demonstrated 
• Platypus test planned for 

summer 2015 
• Strong DOE-HEP and CERN 

support for conductor 
development with industrial 
partner OST 

 Bismuth Strand and Cable Collaboration  BSCCo 
24 

Bi-2212 
solenoid 

24
2.

3 
m

m
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Presentation Notes
The 24 T Bi-2212 coil is a stepping stone towards developing 30 T HTS NMR magnets.This slide shows the 7 T Bi-2212 insert and shim coils and how they fit into the LTS outsert coil.“Platypus” is the project name for the 24 T demonstration magnet.



Long-length insulation developed in-
house – now SBIR partner with nGimat 

In-house coated 
test-coil 

Baking 
furnace 

Draft 
shield 
tube 

Dip 
tank 

Coating system 

• TiO2 particles suspended 
in organic binder 

• ~ 30 µm thick adherent 
coating 

• Burn out before OP heat 
treatment 

Insulation coat 
32 µm 

29 mm 
30 mm 

30 mm 
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The Bi-2212 wire needs to be coated with a ceramic insulation that can withstand the OP processing temperature of nearly 900 C and be electrically insulating at 4.2 K.A successful TiO2 insulation has been developed at nGimat and also in-house at the NHMFL.  An organic mixture containing TiO2 particles is coated on the wire, the wire is wound into a coil, the organic mixture is burned off leaving the TiO2 nanoparticles, and then the coil is OP processed.  During the higher temperatures in the OP process, the TiO2 particles sinter together.  This results in a uniform ~30 m thick TiO2 layer on the wire.



Platypus test coils 2015 (“Platypups”) 
• Test coils demonstrated: 

– Thermally homogeneous 
processing of long, thick coils 

– Reasonable correlation of coil and 
finite element analysis models 

– Viable terminal design 
– 4% wire densification being dealt 

with 
– Successful epoxy impregnation 

• Some coils have been tested in 17 T 
background at the NHMFL 

• Some coils have been dissected for 
further analysis of the winding pack 
and transport characterization of 
extracted coil segments  

• Two additional Platypup test coils 
done in June 2015 

Test coil at 
mid zone  

gap 

“Platylong” 

26 

“Platypup” Coil support 

Platypus team 
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Presentation Notes
We are making several small test coils, which we call Platypup coils, to test various aspects needed to build the full-size Platypus coil.The right-most images shows the gap that occurs in the coil (the overall height of coils decreases) due to the ~4.2% reduction in wire diameter during OP processing.  



Platypus test coils  

27 Platypus team 

Platypus test coils 
• Platylong – full length, 3 

layer  
Evaluate sag from 4% wire 
shrinkage, furnace 
uniformity 

• Platypup 1 – 1/10 length, full 
thickness  

Impregnation, leads, 
insulation, 17 T test 

• Platypup 2 – 2/10 length, full 
thickness (smaller diameter 
wire) 

Impregnation, 
overbanding, confirm FEA 
modelling, 17 T test 

• Platypup 3 – 1/10 length, full 
thickness 

Impregnation, variations 
in coil winding, 17 T test 
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This is a list of the test coils for Platypus and what they were designed to test.



Pluses  
Round, multifilament and twisted 

Small magnetization and small field errors 
Highest JE of any present HTS 
Isotropic electromagnetic properties 

Flexible architecture 
Not one-size-fits-all, like REBCO and Bi-2223 

Minuses 
Must be wound in unreacted form and taken 
through complex HT by magnet builder under 
20-100 bar pressure (1 bar O2) at up to 890 °C 
Must be insulated prior to heat treatment – 
done! 
4% densification under pressure needs 
compensation – being addressed! 
Wire is mechanically weak 

The pluses and minuses of 2212 

100 bar, 900 °C Deltech 
furnace with 14 cm diam. X 50 

cm long hot zone 
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There are advantages and disadvantages to Bi-2212.  Most of the plusses and minuses have been mentioned in earlier slides.A plus that was not specifically mentioned earlier is the versatility of the wire architecture, which includes being able to change the number of filaments, number of bundles, filament size, and twist pitch.There are two minuses that have not been specifically mentioned before.  One is that Bi-2212 has to be OP processed, which requires a special furnace and causes the wire diameter to decrease.  The second is that, at present, only wind-and-react Bi-2212 coils can be made.



• OP processing makes Bi-2212 round wire a viable conductor 
for high-field magnets – single strand or cables 

• Round wire geometry – or wire with small aspect ratio – is 
preferred geometry to build magnets 

• Bi-2212 being used in 1 GHz (24 T all SC) demonstration 
NMR magnet 

• Subscale coils are being tested on path to full-scale NMR 
demonstration coils 

Summary 
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OP processing has made Bi-2212 RW a viable material for high-field magnet applications.The problems with 2212 have been identified and we are working to solve them.
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