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Introduction

1

Potentials of MgB2 wires

- Tc is relatively high (~40 K)

- Manufacturing cost is low

- Round shape is producible

MgB2 applications

MgB2 wires

- In situ and ex situ wires are commercially available

from  Hyper Tech and Columbus, respectively

- 0.5 T OpenSky MRI was launched by Paramed

- R & D phase: 1.5−3.0 T MRI, SMES, motor, generator, cable, and so on

- R & D phase: internal Mg diffusion (IMD),

high pressure treatment (CHPD, HIP),

and so on

Promising for helium-free superconducting applications
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ノート注釈
MgB2 wires are promising for helium-free superconducting applications because Tc is relatively high, manufacturing cost is low, and round shape is producible. As an MgB2 application, 0.5 T OpenSky MRI was launched by Paramed. In the R & D phase, these applications have been developed. Regarding MgB2 wires, in situ and ex situ wires are commercially available from Hyper Tech and Columbus, respectively. In the R & D phase, IMD and high pressure treatment have been developed.
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Hitachi’s R&D activity on MgB2 wire

Step 1 Step 2 Step 3

Enhance Jc Multicore
Elongate (~km)

Tune up

PIT
Typical In situ

Dense PIT

Mechanical 

milling

Thin film
EB deposition

Introduction

Kusunoki T et al 
IEEE Trans. Appl. Supercond. 27 (2017) 6200204
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At Hitachi, we have been developing three types of wires, PIT, Dense PIT, Thin film. The wire development proceeds through different steps: We chose in situ as a process to fabricate PIT wire. We can manufacture multicore PIT wires, and now, we elongate the wire length and tune up the cross-section in response to needs of users. Dense PIT wire and thin films are the next-generation wire, which has higher Jc. For dense PIT wires, a mechanical milling process is used. For thin films, electron beam deposition is used.
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1. Tuning of in situ PIT process

Contents
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2. Multicore in situ PIT wire

3. Next generation dense PIT wire
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3. Next generation dense PIT wire
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As factors to determine Jc of MgB2, the following is especially important.

Electrical connectivity

Effective cross-sectional area ratio for current

K = ΔρG / Δρ Δρ = ρ(300 K) − ρ(40 K)

ΔρG = 6.32 Ω cm

Jc should be proportional to K

Intrinsic residual resistivity

Degree of dirtiness as a superconductor

ρ0 = K×ρ(40 K)

The Increase in ρ0 leads to the enhancement of the flux pinning strength 
by grain boundaries and Bc2

Rowell J M Supercond. Sci. Technol. 16 (2003) R17

1−1 Background  Tuning of in situ PIT process

Yamamoto A et al Supercond. Sci. Technol. 20 (2007) 658

Matsushita T et al Supercond. Sci. Technol. 21 (2008) 015008
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ノート注釈
As factors to determine Jc of MgB2, the following is especially important. One is electrical connectivity, K, which is estimated from the resistivity of the MgB2 core following Rowell’s definition. K represents the effective cross-sectional area ratio for the current and Jc should be proportional to K. Another is the intrinsic residual resistivity, ρ0, which is estimated following Matsushita’s way. ρ0 represents the degree of dirtiness as a superconductor, and the increase in ρ0 leads to both enhanced grain boundary flux pinning strength as well as Bc2.
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In in situ PIT wires, it is well known that 

these manufacturing conditions crucially affect Jc.

(a) The area reduction ratio of cold work

(c) Heat treatment condition

(b) The choice of starting boron powder

(d) Carbon addition

1−2 Background  Tuning of in situ PIT process

Chen S K et al Supercond. Sci. Technol. 18 (2008) 1473

Mahmud M A A et al IEEE Trans. Appl. Supercond. 19 (2009) 2756

Dou S X et al Appl. Phys. Lett. 81 (2002) 3419

Kumakura H et al Appl. Phys. Lett. 84 (2004) 3669

Tanaka K et al IEEE Trans. Appl. Supercond. 15 (2005) 3180

Matsumoto A et al Appl. Phys. Lett. 89 (2006) 132508

Yamamoto A et al Appl. Phys. Lett. 86 (2005) 212502
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In in situ PIT wire, it is well known that the manufacturing conditions crucially affect Jc: The area reduction ratio of cold work, the choice of starting boron powder, heat treatment condition, and carbon addition.
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To improve Jc in in situ process

MgB2 coreFe

Core

Heat treatmentPowder packing

・
・・
・・・・・・

Iron pile

Cold work

DieMagnesium

Boron

Carbon additive

In argon

99.98% area reduction

600−900oC

3−60 h

1−3 Purpose & Method  Tuning of in situ PIT process

Remove 
iron sheath

Purpose

We prepared monocore wires and investigated the relation between 

manufacturing conditions and Jc determination factors (K & ρ0).

Method

200 μm

Measure the resistivity

of only MgB2 core

(estimate K & ρ0)

(0.5 mm in diameter)
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The purpose in this section is to improve Jc in the in situ process. For this purpose, we prepared monocore wires and investigated the relation between manufacturing conditions and Jc determination factors. We especially focused on the starting boron and carbon additive, the area reduction of cold work, and heat treatment conditions. The merit of a monocore wire is that it is possible to remove its iron sheath, measure the resistivity of only the MgB2 core, and estimate K and ρ0.
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The cold work with the large area reduction is essential to enhance 

the packing factor and connectivity.

Theoretical curve

In situ bulks

Diffusion-based 
bulks

In situ wire
(99.98% area reduction)

● heat-treated at 600−700oC

○ heat-treated at 800−900oC

Yamamoto A et al 
Supercond. Sci. Technol. 20 (2007) 658

Kodama M et al 
Supercond. Sci. Technol. 27 (2014) 055003

(a) Cold work

1−4 Result (1)  Tuning of in situ PIT process
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Firstly, I discuss the effect of the cold work. This shows the dependence of the electrical connectivity on the packing factor in MgB2 bulk samples, reported by Yamamoto. The electrical connectivity, K, is an increasing function of the packing factor, P. This trend is consistent with the theoretical site percolation model. In in situ bulk, P is 0.4 to 0.5, and K is about 0.1. Very low packing factors and connectivity of in situ bulks cause low Jc. So a diffusion process is needed to improve the packing factor. These symbols depict results of in situ wires prepared by cold work with a 99.98% area reduction. These samples have a much higher packing factor and connectivity than in situ bulk samples. Therefore, the cold work with large area reduction is essential to enhance MgB2 packing factor and connectivity. Note that, a heat treatment at higher temperatures is also preferred to improve the connectivity.
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red: very fine (25.4 m2 g−1)

Boron size (specific surface area)

blue: fine (12.8 m2 g−1)
green: normal (8.4 m2 g−1)

Heat treatment

solid: 600−700oC
open: 800−900oC

The use of finer boron powder and lower-temperature heat-treatment make 

MgB2 dirtier, resulting in the improvement of flux pinning strength and Bc2.

(b) Boron size, (c) Heat treatment condition

1−5 Result (2)  Tuning of in situ PIT process
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Kodama M et al 
Supercond. Sci. Technol. 29 (2016) 105016

Magnetic Jc Transport, 0.9ρ(40 K)

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM, April 2018. 
Invited presentation WB3-2-INV was given at ISS 2017, December 13-15, 2017, Tokyo, Japan.

sora
ノート注釈
Secondly, I discuss the effect of boron size and heat treatment condition. This shows the dependence of Jc over K on ρ0. Here, Jc over K represents the flux pinning strength. This trend is consistent with the flux pinning theory based on an electron scattering mechanism by grain boundaries. This shows the dependence of Bc2 on ρ0. Bc2 is also an increasing function of ρ0. The values of ρ0 are widely different depending on boron size and heat treatment conditions. When finer boron powder was used and the wire was heat-treated at a lower temperature, a higher value of ρ0 is obtained. Therefore, the use of a finer boron powder and lower-temperature heat-treatment makes MgB2 dirtier, resulting in the improvement of flux pinning strength and Bc2.
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As proposed by Ye et al (Kumakura group), we confirmed that coronene

(C24H12) is a good carbon additive.
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(d) Carbon addition

1−6 Result (3)  Tuning of in situ PIT process

Kodama M et al Supercond. Sci. Technol. 30 (2017) 044006

Ye S J et al Supercond. Sci. Technol. 27 (2014) 085012

Magnetic JcTransport, 0.9ρ(40 K)
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Thirdly, I discuss the effect of carbon addition. We used the coronene as a carbon additive. Coronene is proposed by Ye. It is solid at room temperature and it has a high reaction efficiency. The carbon in coronene substitutes boron sites and makes MgB2 dirty. The left graph shows the temperature dependence of Bc2. The coronene-added wire has a higher Bc2 by 3 T at 20 K. The right graph shows the dependence of Jc on the magnetic field. The coronene-added wire has a higher Jc in the high magnetic field region. Therefore, we confirmed that coronene is a good carbon additive and improve Jc as proposed by Ye.
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Jc property (optimum conditions)

1−7 Result (4)  Tuning of in situ PIT process
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20 K

15 K

10 K

5.4 T4.2 T2.8 T

Applicable field

Practical Jc

Cold work with large area 
reduction (99.8%) was conducted.

The very fine boron (PVZ 
NanoBoron, specific surface 
area: 25.4 m2 g−1) was used.

Coronene (3%) was added.

The wire was heat-treated 
at low temperature (600oC) 
for long duration (24 h).

Based on the clarified relation between manufacturing conditions and Jc

determination factors, we obtained sufficiently high Jc for typical in situ process. 

Kodama M et al 
Supercond. Sci. Technol. 30 (2017) 044006

Transport Jc, 1 μV cm−1
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The plot shows the Jc property of the wire prepared at optimum conditions. In general, the practical critical current density of the superconducting core is about 1000 A mm-2. Here, the applicable field is defined as a field where the Jc-B curve crosses the line at Jc = 1000 A mm-2. The applicable fields of this wire are 2.8, 4.2, and 5.4 T at 20, 15, and 10 K, respectively. This property is sufficiently high for a typical in situ wire. Here, the very fine boron was used, coronene was added, cold work with large area reduction was conducted, and the wire was heat-treated at low temperature for a long duration. In conclusion, based on the clarified relation between manufacturing conditions and Jc determination factors, we obtained a sufficiently high Jc property for a typical in situ wire.
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2. Multicore in situ PIT wire

3. Next generation dense PIT wire
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We fabricated a coil from 300-meter-long wire and compared its 

performance with that of the short sample.

2−1 Purpose & Method  Multicore in situ PIT wire

Powder packing

・
・・

・・・・・・
Magnesium

Boron

Carbon additive

Iron pipe

Cold work

Embedding

Die

Wire preparation

Cold work

Die

Coil fabrication and evaluation

Wind & React process

Resin impregnation

Conduction cooling

Braid insulation

To prove the homogeneity of in situ multicore wirePurpose

Method
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The purpose in this section is to prove the homogeneity of an in situ PIT multicore wire. For this purpose, we fabricated a coil from a 300-meter-long wire and compared its performance with that of the short sample. The procedures of wire preparation are as follows: Powders are packed into iron pipes, the pipes were cold-worked, the monocore wires were embedded, and the multi-billet was cold-worked. For coil fabrication and evaluation method we chose: braid insulation, a wind and react process, resin impregnation, and conduction cooling.
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Monel MgB2

Fe Cu

Traverse section Longitudinal sections

white: Mg
gray: B

500 μm

100 μm

MgB2 core
(including elongated voids)

The size of MgB2 cores is homogeneous and MgB2 is well connected.

Heat treatment

2−2 Result (1) Multicore in situ PIT wire

Kodama M et al 
Supercond. Sci. Technol. 30 (2017) 044006

Tanaka H et al 
IEEE Trans. Appl. Supercond. 27 (2017) 4600904
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This shows the traverse section of the wire. Ten MgB2 cores were embedded in the iron matrix. Center and outer materials are copper and Monel, respectively. The right side shows the longitudinal sections of the core. Before the heat treatment, the white area corresponds to magnesium which is extremely stretched by the cold work. Gray area is boron. During the heat treatment, magnesium moves to the boron region and MgB2 is formed. Thus, after the heat treatment, the boron regions become MgB2 and the magnesium regions create voids. These figures suggest that the size of the MgB2 cores is homogeneous and the MgB2 is well connected.
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Applicable field

The Jc of multicore wire is almost the same as that of monocore wire.

Jc property of short sample

Practical Jc

2−3 Result (2) Multicore in situ PIT wire

Transport Jc, 1 μV cm−1

Tanaka H et al 
IEEE Trans. Appl. Supercond. 27 (2017) 4600904
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This shows the Jc property of the short samples. The Jc of the multicore wire is almost the same as that of the monocore wire. In the case of multicore wires, the practical Jc corresponds to the engineering critical current density of 250 A mm-2.
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The specification of wire

Diameter 1.5 mm

Length 300 m

The specification of coil

Inner diameter 120 mm

Outer diameter 190 mm

Height 41 mm

Inductance 55 mH
0

100

200

300

400

500

0 1 2 3 4

I c
/ 
A

B / T

Coil 
(27K)

Short sample
(27K)

The result of coil evaluation

The coil was successfully driven in I = 286 A and Bmax = 2.3 T at 24 K.

The coil Ic is nearly equal to the value expected from the short sample. 

Short sample
(24K)

Coil 
(24K)

2−4 Result (3) Multicore in situ PIT wire

Transport Jc, 1 μV cm−1

Tanaka H et al 
IEEE Trans. Appl. Supercond. 27 (2017) 4600904
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This shows the result of the coil evaluation. The coil is fabricated from a multicore wire, 1.5 mm in diameter and 300 m in length. The specification of coil: This coil was successfully driven with a current of 286 A up to a maximum magnetic field of 2.3 T at 24 K. The coil Ic is nearly equal to the value expected from the short sample.
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Cold work
Heat
treatment

MgB
Metallic sheath

Void MgB2

Heat
treatmentCold work

Spaces between boron

PIT (typical in situ)

Dense PIT

Planetary mill

3−1 Concept Next generation dense PIT wire

Kodama M et al Supercond. Sci. Technol. 30 (2017) 044006

Volume reduction

Metal-matrix-composite structure (Mechanical milling)

Häßler W et al Supercond. Sci. Technol. 26 (2013) 025005

Takahashi M et al Supercond. Sci. Technol. 26 (2013) 075007

Partial generation of MgB2 (Mechanical alloying)

No spaces between boron Volume reduction
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This illustrates the problem of the typical in situ process. Magnesium and boron particles are mixed gently. Through cold work, particles are packed densely. However, because boron particles are very hard, empty spaces are left between them. Furthermore, during heat treatment, a volume reduction occurs. As a result, the packing factor of the MgB2 core is not high. To overcome this problem, we mixed the powder vigorously with a planetary mill. Hassler's group reported the partial generation of MgB2 by the use of a planetary mill. This process is called mechanical alloying. In our previous study, we reported metal-matrix-composite structure, in which boron particles are dispersed in a magnesium matrix. We call this process mechanical milling. We focused on this structure. The metal-matrix-composite particles are possible to be packed densely if deformed by cold work. As a result, the packing factor of MgB2 increases. I emphasize that the formation of the metal-matrix-composite particles by mechanical milling and its deformation by cold work are essential for the concept of the dense PIT wire.
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3−2 Issue Next generation dense PIT wire

100 μm

Metal-matrix-composite particles are 

difficult to be deformed.

Heat 
treatment

Longitudinal sections

(fabricated from mechanically milled powder)

2 μm

MgB2 core is not connected well.
white: Mg
gray: B
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However, the mechanically milled powders are difficult to deal with. The slide shows the longitudinal sections of the wire fabricated from mechanically milled powder. The metal-matrix-composite particles were successfully generated. But, because they are difficult to deform, as a result, after heat treatment, the MgB2 core is not connected well.
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To find the way to deform the metal-matrix-composite particles

To prove the concept of dense PIT wire (high packing factor & Jc)

Purpose

Heat treatmentPowder packing

・
・・

・・・・・・

Mechanical milling

Pot

Ball

・
・・

・・
・・・・

Magnesium

Boron

(Coronene)

Cold work

Roll
Die

Drawing

In argon

Cassette rolling
Mixture

600oC 3 h

3−3 Purpose & Method Next generation dense PIT wire

Iron pipe

Method We investigated the influence of powder composition and cold 

work method.

Specimen Powder composition Cold work method

Wire-1 (normal) Undoped Drawing

Wire-2 Undoped Drawing + Cassette rolling

Wire-3 Coronene doped (2%) Drawing + Cassette rolling

0.5 mm in diameter

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM, April 2018. 
Invited presentation WB3-2-INV was given at ISS 2017, December 13-15, 2017, Tokyo, Japan.

sora
ノート注釈
The purpose of this section is to find the way to deform the metal-matrix-composite particles and to prove the concept of a dense PIT wire. For this purpose, we investigated the influence of powder composition and cold work method. The procedures of wire preparation are as follows: Powders were mixed by a planetary mill, the mixture was packed into iron pipes, the pipes were cold-worked, and the wire was heat-treated. We thought that the lubricant effect of coronene would improve the deformability of the particles and that the cassette rolling would have a compression effect on the particles. We prepared three wires. Wire 1 was undoped and cold-worked by only drawing. Wire 2 was undoped and cold-worked by the combination of drawing and cassette rolling. Wire 3 was coronene-doped and cold-worked by the combination of drawing and cassette rolling.
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Coronene addition and cassette rolling are effective to obtain a well-connected core.

PCT International Publication No. WO 2017/130672, WO 2017/179349

Undoped

Only drawing

Longitudinal sections (after cold work)

3−4 Result (1) Next generation dense PIT wire

100 μm

Coronene-doped (2%)

+ Cassette rolling

Undoped

+ Cassette rolling

Wire-1 (normal) Wire-2 Wire-3

100 μm 100 μm
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This shows the longitudinal sections of the three wires. In wire-1, the precursor particles are not deformed and spaces are left. In wire-2, the precursor particles are deformed and adhere to each other. But, some cracks are left. In wire-3, both spaces and cracks disappear. Therefore, coronene addition and cassette rolling are effective to obtain a well-connected core.
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50 μm

Mg

MgB2

B

2 μm 50 μm 2 μm

50 μm 2 μm 50 μm 2 μm

Heat 
treatment

Heat 
treatment

We confirmed higher packing factor and higher connectivity for the dense PIT wire. 

process. 

PIT wire (Typical in situ)

Dense PIT wire (Mechanical milling)

Longitudinal sections

P ~ 0.6, K ~ 0.2

P = 0.82, K = 0.35

3−5 Result (2) Next generation dense PIT wire

Kodama M et al Supercond. Sci. Technol. 30 (2017) 044006
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Here, we compare the microstructure of a dense PIT wire with that one of a PIT wire. In the PIT wire after cold work, spaces are left between boron particles, and after heat treatment, elongated voids are generated in the MgB2 core. The typical values of packing factor and connectivity are 0.6 and 0.2, respectively. In the dense PIT wire after cold work, particles are deformed well and packed with no spaces. The particles have a metal-matrix-composite structure. After heat treatment, a dense MgB2 core is formed. We confirmed the higher packing factor and higher connectivity for dense PIT wire.
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3−6 Result (3) Next generation dense PIT wire

Kodama M et al Supercond. Sci. Technol. 30 (2017) 044006

Transport Jc, 1 μV cm−1
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Here we compared the Jc property of a dense PIT wire with that of a PIT wire. The applicable fields of the dense PIT wire are 3.3, 4.8, and 6.1 T at 20, 15, and 10 K, respectively. Therefore, the dense PIT wire has higher applicable fields than a PIT wire.
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Conclusions

Using accumulated knowledge and accurate evaluation, we optimized 

the manufacturing conditions (cold work, boron choice, carbon addition, 

and heat treatment) and improved Jc of the in situ PIT wire.

We prove the homogeneity of a 300-meter-long multicore in situ PIT 

wire from the evaluation as a coil.

We demonstrated that the wire fabricated from mechanically milled 

powder had denser MgB2 core and higher Jc than typical in situ PIT 

wires.
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