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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

Faculty of Engineering and Physical Sciences  

Institute of Cryogenics 

Doctor of Philosophy 

Electrical-thermal characteristics of HTS winding applications 

by Qingbo Zhang 

Superconductivity is considered as one of the great scientific discoveries of 20th century. With 

the advantages of the properties of superconducting materials with zero electrical resistance 

and perfect diamagnetism. There is a wide range of innovation and developing applications in 

the field such as large magnets for Nuclear Magnetic Resonance, Magnetic Resonance 

Imaging, and large scale accelerators for multiphysics. At the end of 1980s, the discovery of 

High Temperature Superconducting (HTS) materials such as Yttrium Barium Copper Oxide 

(YBCO) and Bismuth Strontium Calcium Copper Oxide (BSCCO) made it possible to use 

liquid nitrogen to cool down HTS windings for various electrical power systems, instead of 

using more expensive liquid helium. Other advantages for using HTS windings instead of 

copper windings include the ability to manufacture smaller and lighter devices with greater 

energy saving.  

In reference to designing an HTS winding from long lengths of superconducting wire, (which 

is presently unavoidable without including joints), the electrical contacts themselves must have 

similar performance. Since the electrical contact resistance of the HTS joint has a significant 

impact on the thermal stability of the entire system during the operation, a reproducible 

soldering methodology is required for manufacturing small electrical contacts between current 

leads and superconductor and or superconductor to superconductor.  

A potentially attractive nanobond technique was applied for the first time to HTS tapes at 

Oxford Instruments for making joints with very low contact resistance, and experimentally 

characterised at University of Southampton. The nanobond process that used a patented 

nanofoil offered a possible solution for making reliable and repeatable HTS joints. In parallel, 

a new methodology was developed for joining 2G-tapes joints in the construction of a long 

HTS coil. The contact resistance measurements from a series of nano-bonded soldered joints, 

demonstrated the potential to apply the same technique to make in-situ and reproducible joints 

of tapes that could be replicated for much longer scale HTS windings. 

The 2G YBCO Roebel cable is a promising option for high energy accelerator magnets and 

Tokamak devices due to its high current carrying capability and compactness. However, its 

structure and configuration complicate how its current shares, and therefore it is difficult to 

apply traditional superconductor quench measurement methodologies to characterise Roebel 

cables in an adiabatic condition. This work reports upon a new methodology developed to 

study quench of a 2G YBCO Roebel cable pancake coil. The geometrical design was such, 

that it could be fully immersed in liquid nitrogen (LN2) to perform the experimental 



IV 

measurements. The initial results from a series of trial quench measurements demonstrated the 

robustness of the Roebel pancake coil under quench conditions and good agreement between 

experimental and modelled results to assist in the understanding of current sharing.  

The full scope of work presented in this thesis carried out measurements to obtain the thermal, 

mechanical and electrical properties of nanofoil at cryogenics temperatures. The work 

progressed to study and developed a new method of formed HTS joints by nanobonds. Finally, 

the critical current, current injection electrical contacts, and quench characteristics of a Roebel 

cable were performed and investigated in LN2 at 77 K.  
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HTS REBCO tapes are proving to be a very attractive option for a number of applications [1]–

[5]. However, some electrical machines like those that require coils need kilometer-lengths of 2G 

HTS wires. Consequently, joints need to have the same mechanical and electrical robustness as 

the non-jointed regions of the wire. Generally, a soldered joint resistance consists of solder 

resistance, and interfacial stabiliser material resistance such as copper or silver. In an experimental 

setup, contact resistance can be estimated by the 4-contact method to measure the voltage drop 

with an applied current across the joint. Voltage-current (VI) curves are used for the analysis of 

the HTS joints contact resistance. There is a linear slope existing in the curve before the HTS 

layer transfers to the normal state, which refers to the ‘contact resistance’ in units of nΩ. When 

the contact area is included in this type of resistive analysis, the contact resistance can be 

expressed in nΩ×cm2. In reference to the HTS-based applications, small contact resistances are 

expected for the applications. The effect of temperature, time to fabricate the joint, joint material, 

and the pressure applied to form and hold the joint are important manufacturing parameters and 

contribute to the joints electrical contact resistance [6]–[8].  

Joule heating by the current due to the large contact resistances may cause high thermal energy 

dissipation into the coil. This thermal energy has a high risk of developing into a quench of the 

superconducting winding. For instance, superconducting magnet systems are a key part of particle 

accelerators at CERN-The European Organization for Nuclear Research. The superconducting 

magnets and bus-bars utilise NbTi as the superconductor and they are cooled at 1.9 K by 

superfluid helium. The Large Hadron Collider (LHC) particle accelerator was turned on for the 

first time in September 2008. However, during a power test on 19 September 2008, a major 

accident was caused by an electrical fault of a soldered joint between two spliced cables of a bus-

bar linking two superconducting magnets. As soon as the temperature increased above the critical 

temperature of the connected superconductors, the connection melted and the current arced to 

other parts of the machine. The melting issue resulted in punching a hole through the vacuum 

vessel and the beam pipe, causing six tons of liquid helium to escape through the hole and cause 

further quenches of the nearby magnets. Finally, this accident resulted in a need for widespread 

repairs, and 53 magnets had to be replaced. Consequently, the robustness of the contacts has 

become very important for applied superconducting devices. 
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The electrical and thermal transport of the HTS joints, electrical resistivity and thermal 

conductivity of the contact has become an important parameter for the energy dissipaition that 

relates to the thermal and electrical stability. Besides the thermal and electrical performance, the 

current leads mounted in high magnetic field environment requires good mechanical strength. A 

novel nanobond technology was applied for the first time to HTS tapes by Oxford Instruments 

(OI), and characterised at University of Southampton (UoS). This nanobond technology provides 

a new in-situ methodology to make reproducible HTS soldered joints. In order to analyse the real 

soldering contact resistance and estimate current transfer characteristics within a 2G-tape 

soldering joint, an analytical model was developed to simulate the lap joint between two 

conductors. The current distribution within two conductors could be verified by a new contact 

voltage measurement technique. Consequently, a “nano-heater” method was also established and 

applied to solder the current injection contacts of a 2G tape pancake coil. 

With the advantages of high current carrying ability in long lengths, the second generation (2G) 

tapes show the potential for use in many applications in electrical power system devices, which 

need higher driven currents to reduce the number of coils for providing field with a smaller 

inductance. However, most of these devices are operated in an AC current mode, which is an issue 

for the superconducting applications that require low AC losses [9]. The technologies of low AC 

losses for high current conventional machine have been investigated for a long time. The first 

design of an assembled cable with insulated strands was developed by Ludwig Roebel at ASEA 

Brown Boveri (ABB) Company in Mannheim (Germany), in order to limit AC losses from eddy 

currents and loops for high current transporting in copper conductors of the large scale of AC 

devices in 1914 [10]. Roebel bars have since become the standard conductor for stator windings 

of electrical machines [10], [11].  

Referring to the applied superconductivity industry, the first Roebel cable was made from 

transposed NbTi strands for one unit of superconducting fusion magnet, (EURATOM magnet) 

[12]. Because of the good ductility of NbTi, the conductors were allowed to bend at quite sharp 

angles with a short transposition length (280 mm). The Rutherford cable was assembled in a short 

height and wide board without high stacks of conductors, and applied to dipole magnets 

fabrication for accelerator at CERN [13]. However, such tight bending in the in-plane direction 

like those achived by the Rutherford cables are impossible for other HTS conductors assemblies. 

New solutions were developed for HTS Roebel cables assemblies with the development and the 

progress of long-scale REBCO coated conductor with homogeneous critical current and robust 

performance [9]. With the advantages of higher driven current to allow the reduction in the 

number of coils to provide field with a smaller inductance, Roebel cables were fabricated from  

meander-shaped 2G-tapes, and this cable optimisted for future high energy accelerators at CERN 

and Tokamak devices. 

However, a complex current sharing and normal zone propagation is expected for Roebel cables 

due to the non-continuous touch contacts among the assembled strands, which makes it difficult 

to investigate quench studies on a Roebel cable with long current sharing length like adiabatic 

short conductors. Consequently, one 2G YBCO Roebel cable was wound into a pancake coil in 

order to incorporate a cable length to study the full development of current sharing among strands. 
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The preparation of this pancake coil, localised heater, and instrumentation setup of voltage taps 

and thermocouples are presented in this work, and the current injection contacts, the critical 

current and quench characteristics of this pancake coil have been investigated at 77 K in LN2. 

The performance and quench characteristics of this Roebel pancake coil are more relevant to real 

applications, and these experimental results can be used to add more details for the developing 

computer modelling. 

 

Nanofoil, a nanotechnology reactive multi-layer foil material manufactured by Indium 

Corporation, can provide repeatable and reliable bonds via the reaction to deliver an instantaneous 

thermal energy in a controlled and precise manner for soldering components with uniform and 

significant amount of heat energy across the entire area. In addition, this foil can performs as a 

heat source [14]. Only local heating of the surface of the substrate can eliminate any heat exposure 

to the component, with no need for expensive reflow ovens, which are normally used for 

temperature sensitive components in semiconductor, aerospace, electronics and biomedical 

applications [15]. Figure 1.1 shows the pictures for the cross-section structure before and after 

reaction [16]. The reactive multi-layer foil is fabricated by vapor-depositing thousands of 

alternating nanoscale layers of Aluminum (Al) and Nickel (Ni), and each layer is typically 30-50 

nm thick. The outer layer at each side is 1 µm thick alloy of indium, copper and silver [14], [17]. 

This foil material can be activated by a small pulse of local energy such as electrical, optical or 

thermal sources, which reacts exothermically to heat up localised temperature to 1500 °C in 

fractions of a second. After the reaction, there is a nickel aluminide intermetallic with an ordered 

cubic B2 crystal structure formed [17]. Nanofoil has a standard sheet size of 100 mm × 240 mm, 

and produced in different thicknesses of 40 μm, 60 μm and 80 μm. The standard nanofoil can be 

used to join two materials together with solder performing or a solder-coated surface (< 450 ºC), 

and the thicker nanofoil can be used to join materials in the brazing range of 450 - 700 °C [18]. 

Nanofoil can be supplied, with an optional 10 μm thick electroplated layer of tin, which is called 

solder-plated nanofoil as shown in Figure 1.2. [17].  

a) b) 

  

Figure 1.1: The cross-section structure of nanofoil. a) Unreacted nanofoil and b) Reacted nanofoil [16]. 
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Figure 1.2: A schematic structure diagram for standard nanofoil and solder-plated nanofoil [17]. 

 Pre-condition for successful joints 

In order to prepare for successful joining, flat bonding surfaces are required to ensure better 

contact with the nanofoil and prevent voiding or uneven bonding. OI recommend that to achieve 

high quality bonds with > 98 % coverage, machined solder layer should be deployed, and a 

planarity of the surface of around 10 μm/10 mm is suggested [16]. Figure 1.3 shows a schematic 

drawing for the nanobond reaction preparation. In order to make the sandwich sample surfaces 

for joining the contact, it is necessary to ensure the pressure to have an alignment with the joint 

area [16]. A spacer is approached to apply the pressure to the size of parts being joined, and there 

is a compliant layer such as rubber to spread the load as pressure is applied. Under the compliant 

layer, a piece of Kapton tape is applied to reduce the heat exchange during the reaction. 

Furthermore, the constant feedback pressure needs to be maintained during the reaction.  

 

Figure 1.3: A schematic drawing for the nanobond reaction preparation. 

The reaction of the nanofoil is initiated at an edge of the foil by using a laser, a heat torch or a 9-

volt battery [16], [17]. The principle of the rapid exothermic reaction of the foil is the exothermic 

reaction produces an intense localised heat that enables adjacent metallic material melting. Then 

the foil disintegrates into microscopic reaction products and a reaction front propagates through 

the foil within a few milliseconds. During this process, the two layers of pre-plated solder melt at 

the surface of foil and fuse with the adjacent material to form a metallic joint.  
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 NiAl films from the reaction of Ni/Al multilayers 

A series of studies of the phase-formation of Ni-Al intermetallics from the reaction of Ni/Al 

multilayers have been published [19]–[23]. According to the phase diagram in Figure 1.4, four 

intermetallic phases involving NiAl3, Ni2Al3, NiAl and Ni3Al can be formed [19], [20]. The study 

of early stages of intermetallic formation by Colgan in 1990 shows that NiAl3 was the first phase 

to form [24]. Howell et al also stated that the film formation starts with the more aluminum rich 

phases, and the intermetallic formation develops towards more nickel rich phases (NiAl3 → 

Ni2Al3 → NiAl…) during the reaction of Ni/Al multilayers [19]. When the annealing temperature 

is increasing and the reaction is continuing, the final phase formation depends on the composition 

on the Ni/Al multilayers [19], [20]. With more investigations into the differences in Ni/Al bi-

layer thickness, it is found that NiAl3 is not always the first phase formation from the reaction of 

Ni/Al multilayers, but the reaction starts to form Al-rich phase first [19].  

 

Figure 1.4: Phase diagram of Ni-Al system [25]. 

Figure 1.5 shows the concept of Ni/Al bi-layer thickness, and a summary of phase formation from 

the reaction of Ni/Al multilayer is shown in Table 1.1 [19]. When the Ni/Al bi-layer thickness 

was 10 nm or less, NiAl is the first and only phase to form during the reaction [21]–[23]. When 

the bi-layer thickness increases to 12.5 nm, NiAl3 became the first phase to form [23], [26], [27]. 

Ni2Al9 was the first intermetallic formation for the bi-layer thickness, ranging between 25 nm and 

200 nm [27], [28], and the first to form in the Ni-Al intermetallic when the reaction was rapidly 

quenched during the melting stage [29]. Furthermore, not only the phase formation depends on 

the Ni/Al bi-layer thickness, but the transformation temperature also changes when the Ni/Al bi-

layer thickness increases [19], [22]. Nanofoil can be ignited by many concentrated energy source, 

and it is suggested that the ignition is processed under heating up to 200 ºC, at a heating rate of 

200 ºC/min, using any heating method, but nanofoil will tend to lose the ablility to self-sustain 

the reaction, if the nanofoil anneals with a very slow heating rate [17].  
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Figure 1.5: Schematic drawing of a Ni/Al multilayer foil structure [19]. 

Table 1.1: A summary of phase fomation of Ni/Al multilayer films and their transformation temperatures [19]. 

Wavelength 

(nm) 

First intermetallic 

formation 
NiAl 

form 

(°C) 

Reaction 

complete 

temperature 

(°C) 

Annealing 

time 

(min, °C) 

Reference 
Temperature 

(°C) 
Formation 

5 150 NiAl 150 275 10 min [23] 

10 175 NiAl   20 °C/min [22] 

10 80-90 
63% Al 

NiAl 
  40 °C/min [21] 

20 ~100 
63% Al 

NiAl 
307  40 °C/min [21] 

27.6 230 
NiAl3 

(Ni2Al9) 

275-

362 
362 20 °C/min [30] 

30 125 NiAl3 175 225 10 min [23] 

50.3 160 NiAl3 250 330 45 min [31] 

80 250 Ni2Al9 >370  20 °C/min [22] 

140 150 NiAl3 
325-

425 
500 10 min [23] 

500 270 NiAl3 500 600 50 °C/min [32] 

 Physical properties of NiAl 

It has mentioned that the reacted nanofoil is a nickel aluminide (Ni50Al50) intermetallic with an 

ordered cubic B2 crystal structure formation, from the reaction of a multi-layer foil, fabricated of 

Al and Ni [14], [16]. According to the phase diagram of Ni-Al system as shown in Figure 1.4 [25], 

there is a composition range for NiAl, and the stable intermetallic range of NiAl at room 

temperature is from 41 % to 55 % atmoic Al [33]. The melting temperature of the stoichiometric 

alloy is 1683 °C, and some physical properties data of NiAl compared with some pure metals is 

shown in Table 1.2 [19]. For an intermetallic compound of NiAl, a prosmising material with low 

density, good thermal and electrical conductivity, high melt temperature and a high fracture 

touughness, and could be applied to electronic metallisation and surface coatings for turbine 

blades, propulsion systems and aerospace system [19], [33].  
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Table 1.2: A summary of physical properties data of NiAl compared with some pure metals [19]. 

Material 

Melt 

temperature 

(ºC) 

Resistivity* (μΩ×cm) Thermal 

expansion 

(10-6/ ºC) 

Fracture 

toughness 

(MPa×m1/2) 

Young’s 

modules 

(GPa) Bulk** Thin film 

Al 660 2.65 2.9-3.1 23.1  71 

Ni 1455 6.84 12.0-19.0 13.4  200 

Cu 1080 1.67 2.0 16.5  117 

NiAl 1638 10.0-11.0 24.0-60.0 11.9-15.1 6.0-14.0 194-237 

*Room temperture 

**The material is a single crystal 

 

The electrical resistivity of bulk NiAl has been measured at room temperature by several groups, 

and summary of their data is shown in Figure 1.6 [19], [34]–[37]. The stoichiometric bulk NiAl 

or slight Al-rich (~ 49.6% atomic Ni) compound has a resistivity value range around 8~11 µΩ×cm 

at room temperature [34]–[40], and around 3 µΩ×cm at 77 K [35], [38], [39], and above 1 µΩ×cm 

at 4.2 K [35], [36], [38]. The resistivity of NiAl phase in each group of measured data increases 

when the deviations increases from the stoichiometric composition, and there are obvious 

differences in the slope of resistivity against composition on each side of minimum resistivity 

value, except for the data of Butler et al [34].  

 

Figure 1.6: A summary of bulk resistivity of NiAl depends on nickel concentration (at. %) at room 

temperature [19], [34]–[37]. 

Figure 1.7 shows the resistivity of the bulk NiAl from 4.2 K to 300 K measured by Caskey et al 

[36], which displays that slightly Al-rich (49.6% atomic Ni) has the lowest resistivity at all 

temperatures. The temperature dependent part of the resistivity ρel-ph(T) of NiAl varies from 13.91 

to 16.1 μΩ×cm for the Ni-rich phase between 52.1 and 57.4 at. % Ni, and it varies from 9.1 to 

10.1 μΩ×cm for the Al-rich phase between 46.4 and 49.6 at. % Ni [36]. The similar results were 

observed by Yamaguchi et al, which the results show the resistivity ρel-ph(T) has a constant around 

14 μΩcm for Ni-rich phase between 52 and 50 at. % Ni and a constant around 11.2 μΩ×cm for 
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Al-rich phase between 45 and 49 at. % Ni. The resistivity ρel-ph (300 K) for NiAl with different 

nickel percentages, shows a difference in almost 10 μΩ×cm compared with the residual resistivity 

ρ0 difference in almost 18 μΩ×cm.  

 

Figure 1.7: Electrical resistivity of the NiAl in different nickel concentration (at. %) versus the temperature from 4.2 

K to 300 K [36]. 

Compared with the measured resistivity of bulk NiAl, the resistivity (24-60 µΩ×cm) of thin film 

NiAl are larger and more variable, which depends on the order and grain size of crystal structures 

[19]. Y. P. Lee et al mentioned that NiAl remains ordered up to the melting temperature, and the 

disordered films could be produced by the deposition onto the substrate with a fast cooling from 

507 °C to -123 °C by liquid nitrogen, and the NiAl grain size reduced from 50 nm to 20 nm during 

the cooling process. Due to the disordered grain growth and reduction of the grain size in the 

fabrication process, the resistivity of thin film NiAl increased from 31.9 to 53.9 µΩ×cm [19], [41]. 

Referring to NiAl made by as-deposited sputtering, the products are formed from a compound 

target onto the substrates at room temperature, which has a resistivity value around 45 µΩ×cm 

[42]. Referring to NiAl made by co-deposited method, 2-100 nm thick films are formed from an 

Al effusion cell and Ni electron beam evaporation in a molecular beam epitaxy (MBE) system at 

600 °C. For co-deposited method, the resistivity of NiAl film decreased significantly when the 

thickness of the NiAl films increased, which has a resistivity value around 24 µΩ×cm with a 100 

nm thickness [43]. X. Qin et al has investigated the resistivity of nanostructured NiAl (grain size 

of 5~6 nm) that has a larger variation from ~100 to 50000 µΩ×cm with decreasing of density at 

room temperature. The reason for this is considered as the defects like porous [44]. Referring to 

the formation of NiAl from multilayers of Al and Ni, J. Howell investigate the resistivity of 

sputtered multilayers samples and e-beam multilayers samples with different layer thickness, and 

a summary of the resistivity for the Ni-Al films after 4 hours anneal at 400 °C and further anneal 

at higher temperatures in a few minutes is shown in Table 1.3 [19]. It can be seen that resistivity 

of all the samples decreases when the layer thickness increases. Furthermore, the resistivity of 

both nickel rich phase and aluminium rich phase of NiAl films are higher than the resistivity of 
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stoichiometric NiAl film. For instance, the resistivity of Ni2Al3 that is around 50.5 µΩ×cm, and 

it is almost two times larger than that of NiAl with the same thickness [19].  

Table 1.3: A summary for the resistivity of the Ni-Al films after 4 hours anneal at 400 °C [19].  

Material 

description 

Layer 

thickness 

(nm)* 

Annealing 

conditions Resistivity 

(µΩcm) 

Best annealing 

conditions 
Lowest 

Resistivity 

(µΩ×cm) ** 
Temperature 

(ºC) 
Time 

(h) 

Temperature 

(ºC) 

Time 

(min) 

E-beam 
multilayer 

20.0 (21.4) 400 ºC 4  1000 0.5 16.2 

25.0 (24.0) 400 ºC 4 18.3 700 10 13.3 

33.3 (32.6) 400 ºC 4 24.2 1000 0.5 14.2 

E-beam 

multilayer 

50.5% Ni 

25.0 (24.0) 400 ºC 4 37.6    

E-beam 

multilayer 

50.5% Al 

33.3 (32.6) 400 ºC 4 23.5    

E-beam 

multilayer 

Ni2Al3 

25.0 (23.7) 400 ºC 4 50.5    

Sputtered 

multilayer 

15.4 (15.1) 400 ºC 4  1000 1 16.3 

20.0 (19.3) 400 ºC 4  1000 0.5 14.6 

25.0 (24.1) 400 ºC 4  1000 0.5 15.3 

30.0 (29.8) 400 ºC 4 15.5 800 20 11.0 

Sputtered 
multilayer 

0.5% Ag 

30.0 (28.7) 400 ºC 4 15.7 800 0.5 12.8 

*Values are the expected value for a given deposited. Numbers in parentheses are the actual values 

calculated from the measured thickness and numbers of layers. 

**The best annealing conditions for those that results in the lowest resistivity are achieved.  

 

The thermal conductivity of NiAl depending on Al concentration (at. %) at room temperature has 

been investigated by several groups [45]–[48], and the results are shown in Figure 1.8. Compared 

with the resistivity variation of the NiAl phase with Al composition range from 35 to 55 at. %, 

the thermal conductivity data measured by Terada et al and Zhao et al implies a mirror profile 

[46], [48]. It can be seen that thermal conductivity of the NiAl phase exhibits a very strong 

singularity with a sharp maximum at the stoichiometric, which the thermal conductivity of the 

stoichiometric NiAl measured by Darolia et al and Walston et al was around 75 W/(m×K) [45], 

[47]. Referring to the rapid reduction of the thermal conductivity for NiAl that the composition 

deviates from the stoichiometric, is considered a resultant of the large amount point defects 

existing in the off-stoichiometric NiAl phase, such as the vacancies of the nickel in aluminium 

rich phase and the occupancies of the nickel in the nickel rich phase [48], [49].  

Walston et al has measured the thermal conductivity of well-ordered stoichiometric NiAl at the 

temperature from 300 K to 1000 K as shown in Figure 1.9 [45], which implies a slow increasing 

from 74 to 80 W/(m×K) with the temperature rising up. Tong et al has investigated the thermal 

conductivity by the analytical calculation via considering phonon-phonon and electron-phonon 
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scattering with a temperature range from 100 to 1000 K [50]. According to the calculated results, 

the estimated sum thermal conductivity of NiAl has a reduction from 76 to 68.7 W/K×m with the 

temperature decreasing from 800 K to 100 K. Furthermore, the thermal conductivity calculated 

by Tong et al has predicted the electron thermal conductivity (κe) is the main contribution to the 

thermal conductivity with the temperature from 100 K to 1000 K, and the phonon thermal 

conductivity (κph) increase to 40% of the total thermal conductivity for NiAl when the temperature 

decreases to 100 K [50]. 

 

Figure 1.8: The plot for a summary of thermal conductivity of NiAl depending on Al concentration (at. %) [45]–[48]. 

 

Figure 1.9: The plot for calculated electron thermal conductivity, phonon thermal conductivity and sum thermal 

conductivity of NiAl [139] versus the temperature from 100 K to 1000 K compared with experimental results [137].  
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Figure 1.10 shows the temperature dependent heat capacity of NiAl from several research groups 

[45], [51]–[55]. As shown in Figure 1.10, the heat capacity data at room temperature for 

stoichiometric single crystal NiAl measured by Walston et al [45], alloy powders of NiAl (Ni, 

17.4 at. %) measured by Raj et al [51], NiAl film (Ni, 49.3 at. %) measured by Alexander et al 

[52], and ordered NiAl (Ni, 50.0 at. %) measured by Sandakova et al and reported in [54] are 

around 58.7 J/(mol×K), 19.6 J/(mol×K), 48.5 J/(mol×K) and 24.0 J/(mol×K) respectively. 

Sandakova et al has investigated specific heat of ordered NiAl (Ni, 50.0 at. %) at temperature 

from 60 K to room temperature, which shows a reduction trend of specific heat with the 

decreasing of the temperature [54]. The specific heat of NiAl3 (Ni, 25.0 at. %), NiAl (Ni, 49.3 

at. %) and Ni3Al (Ni, 75.0 %) have been investigated at low temperatures (< 20 K) by Dunlop et 

al and reported in [54], Alexander et al [52] and Dood et al [55] respectively, which the results 

are shown in the same figure. 

 

Figure 1.10: The plot of specific heat Cp for NiAl with different Ni concentration (at. %) versus the temperature 

between 1.4 K and 300 K [45], [51]–[55]. 

Figure 1.11 shows the plots in a conventional CV/T versus T2 at temperatures between 1 K and 10 

K from several research groups [52], [53], [56], where CV is the heat capacity in unit of J/(mol×K) 

and T is the temperature. Referring to many metals at low temperatures, a plot is a linear function 

as shown in Equation 1.1. β and α are electronic heat capacity coefficient and lattice heat capacity 

coefficient respectively, and these two values reflect their contribution on the total heat capacity. 

But for heat capacity measurements of NiAl as shown in Figure 1.11, Ho et al (black squares) [53] 

and Alexander et al (green circles) [52] found significant nonlinearity in the plot blow 4 K, 

however, the results could be fitted by adding a constant term A as shown below: 

𝐶𝑉 = 𝐴 + 𝛽𝑇 + 𝛼𝑇
2 1.1 

A plot of (CV – A)/T versus T2 is also given in Figure 1.11, where the modified plot implies the 

new linear fitting curve for the data measured by Alexander et al (blue cicles) [52]. Then 
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electronic heat capacity coefficient β and lattice heat capacity coefficient α are 1.406e-3 

J/(mol×K2) and 2.056e-5 J/(mol×K4) for NiAl (Ni, 49.3 at. %) from the data measured by 

Alexander et al [52] respectively. The data measured by Alexander et al implies the value of βNiAl 

is close to that of aluminium, βAl = 1.35e-3 J/(mol×K2); The heat capacity for NiAl (Ni, 48 or 50 

at. %) measured by Seitchik et al [56] does not exhibit an upturn at low temperatures, and a very 

low electronic heat capacity coefficient is obtained: βNiAl = 1.26e-3 J/(mol×K2), which is almost 

87% of the pure aluminium. The electronic heat capacity coefficient for NiAl (Ni, 50.5 at. %) 

measured by Begot et al is 2.64e-3 J/(mol×K2) [57], which is slightly higher than previous 

measured results. Ho et al didn’t provide the data of the electronic heat capacity coefficient for 

their results, but it is estimated as a higher value (black squares) in accordance with the plot of 

CV/T as shown in Figure 1.11 even the composition of their sample was in Al rich phase. 

 

Figure 1.11: The plot of low temperature specific heat CV in CV/T for NiAl with different nickel concentration (at. %) 

versus T2 compared with the modified specific heat in (CV-A)/T (that was moved constant A, as described in texts) and 

the linear curve fitting of each curve profile [52], [53], [56]. 

 

Two research groups have reviewed and demonstrated the effect of solder thickness, applied 

pressure and ambient temperatures during manufacture of reliable and strong nanobond joints 

[58]–[60].  

Wang et al has investigated the mechanic characterisations of stainless steel-stainless steel (StSt-

StSt) nanobond joints and Aluminum-Aluminum (Al-Al) nanobond joints. The thickness of AuSn 

solder applied to StSt-StSt joints and Al-Al joints is around 25 µm thick, and the thickness of the 

applied Ni/Al foils varies from 23 µm to 260 µm [58], [59]. Figure 1.12 shows a summary of 

shear strengths of the nanobond StSt-StSt joints and Al-Al joints as a function of the increasing 

Ni/Al foil thickness. The results show that the shear strengths of the StSt-StSt joints and Al-Al 

joints increase with the increasing of the foil thickness until the foil thickness to reach a constant 

[59]. Referring to the critical value of the foil thickness for the StSt-StSt joints is around 40 µm, 
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and average values of shear strength for the higher thickness foil joints is 48 ±3 MPa; referring to 

the critical value of the foil thickness for the Al-Al joints is around 80 µm, and shear strength of 

Al-Al joints with the applied Ni/Al foil above this thickness (80 µm) is around 32 ±5 MPa [59]. 

Furthermore, J. Wang mentioned that the increasing thickness of reactive foils make the AuSn 

solder melt for longer durations, so that there is more solder wetting of the surfaces. Furthermore, 

when the thickness of Ni/Al foils increases to above 40 µm, Au and Sn were found to be the 

dominating elements on the stainless steel fracture surface; for Au coated Al-Al joints, when the 

thickness of Ni/Al foils increases to 120 µm, the fracture surface shows the good wetting between 

Al and solder [58], [59].  

 

Figure 1.12: The plot of shear strength of stainless joints and Al joints vs. thickness of Ni/Al multilayer foils [59]. 

Zhu et al has investigated the effect of the solder thickness, ambient temperature and applied 

loading pressure on the shear strength of the copper to copper nanobond joints, which the results 

are shown Figure 1.13 [60]. Figure 1.13a shows a parabolic relationship between the shear 

strength and thickness of the solder layer, the increasing of the shear strength is due to the amount 

of liquid solder that could fill in the defects and gaps in the solder layer and nanofoil between two 

bonding components [60]. The following drop of shear strength with the continuous increasing 

of solder layer thickness above 30 μm exhibits the heat sink due to the reduction of the 

temperature and duration of the solder melting phase. Figure 1.13b shows that nanobond sample 

has a higher shear strength with higher ambient temperatures. Furthermore, Figure 1.13c displays 

a better mechanical performance with higher applied pressure [60]. For instance, the shear 

strength of sample that was made at room temperature with low loading pressures was less than 

10 MPa, but for a sample was made at 100 ºC with a 2 MPa pressure, a strong interconnected 

nanobond sample can attain around 37 MPa shear strength [60]. Consequently, the shear strength 

of metallic nanobond joint measurements by Zhu et al and Wang et al show that higher ambient 

temperature, heavier pressure, and carefully selected solder layer with Ni/Al foil thickness can 

provide sufficient melting and wetting of the solder for fabricating a nanobond joint with shear 

strengths above 35 MPa [58]–[60].  

The National Institute of Standards and Technology (NIST) solder database published the shear 
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strengths of Sn-37Pb (wt. %) and Sn-3.8Ag-0.7Cu (wt. %) are 45.5 MPa and 63.8 MPa 

respectively [61], Pan et al reported that the shear strength of Sn-37Pb solder joints and Sn-3.0Ag-

0.5Cu (wt. %) are 69 MPa and 59 MPa [62]. This shows that the conventional soldering method 

will normally achieve stronger joint compared with nanobond joints. However, the traditional 

soldering method needs expensive reflow processes, and high operating temperature in the reflow 

process can damage the components with sensitive temperature limits. For nanobond process, 

rapid flux free soldering at room temperature with instantaneous reaction can provide a simple 

and economical way to bond components with no need for reflow equipment. This demonstration 

shows that it is possible to eliminate any heat exposure to the component being joined with the 

only local heating on the surface of the substrate [15], and this is very important for 2G-tape 

soldered joints. 

 

a) 

 

b) 

 

c) 

Figure 1.13: The plot of the shear strength for copper to copper nanobond fabricated with different a) thickness of 

solder at 25 ºC and 100 ºC respectively, b) temperatures under pressure of 0.5 MPa and 2 MPa respectively, c) applied 

pressure at 25 ºC and 100 ºC respectively [60]. 

 Background of Aliminum Oxide/Alumina (Al2O3)  

Alumina is a widely used material in engineering ceramics with a combination of excellent 

properties such as [63]–[65]: 

• Good thermal conductivity (20 to 30 W/(m×K)). 

• Excellent dielectric properties (1×1014 to 1×1015 Ω×cm) from DC to AC (GHz 

frequencies).  

• High hardness (15 to 19 GPa), and very high compressive strength (2000 to 4000 MPa). 

• High corrosion for both strong acid and alkali, wear resistance with good gliding 

properties. 
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• Low density (3.75 to 3.95 g/cm3), excellent size and shape capability. 

• Available in purity range from 94% (for metallic composition) to 99.8% (for applications 

at high temperatures operating.  

As the excellent physical and chemical properties mentioned above, alumina plays an important 

role in the application of the power electronic substrates. These electronics substrates can provide 

a good electrical and thermal interconnection pathway for electric or semiconductor components 

mounting upon them, which the alumina layer also can provide the electrical insulation according 

to the requirement within the power module system [64], [66].  

Strong bonding of metals to ceramics generally does exist in the application unless an 

intermediary is presented or formed from the reaction or diffusion, but it needs to be noted that 

an intermediary layer is not desirable for many applications, since it reduces the thermal 

conductivity or electrical conductivity performance, or higher resistive bonding than with metal 

and less corrosion resistant of this layer could cause a premature failure [67]. Solder bonding is 

not a good option for metal and ceramic bonding, since the large interfacial energy between the 

lead tin solder and ceramic, the liquid solder would not wet the surface of the ceramic for the 

bonding formation [68]. Researchers found that the interfacial energy between the molten copper 

and ceramic decrease dramatically with a small amount of oxygen, and this mechanism for the 

energy reduction is the formation of the bonding between the ceramic and the Cu2O [68], [69]. 

Later the direct bonded copper substrate (DBC) was first developed by Y. S. Sun et al and J. F. 

Burgess et al [67], [68]. The basic principle of the DBC is to form a liquid metal oxidation skin 

around the copper interface to the ceramic at high temperatures, where the temperature and 

pressure require careful control of the melting point of the liquid layer close to the melting point 

of the copper, so that the soft copper can be shaped easily following the surface of the ceramic 

[66]–[68]. At this temperature, a copper to oxygen eutectic layer is formed to bond the copper 

and the ceramic. In the meantime, this layer can maintain the electrical and thermal conductivity 

compared with the copper, and a thinner thickness of the liquid layer is suggested so that the 

integral structure of the copper can be maintained [66]–[68]. DBC Al2O3 is developing in 

cryogenics applications such as electrical insulation for current leads in this project.  

 

Siemens Corporate Technology group designed the first HTS Roebel cables that using BSCCO 

(Bi-2223) tapes as strands [70]. This cable consisted of 13 strands, with a long transposition length 

over 2 m due to the limitation of in-plane bending ability of the material. This Roebel cable 

exhibited a transport current around 400 A at 77 K and demonstrated the ability to reduce AC 

losses for the motivation of this cable that was for the application in a HTS transformer [71]. The 

idea of using REBCO tape for Roebel cable structure was developed by Martin Wilson in 1997 

at CEC-ICMC conference, but a way to bend the strand, shape of the strand and assemble them 

was still unknown [9], [72]. A solution was found by Wilfried Goldacker, and he presented a 

meander-like geometry of the conductor achieved by a precision punching technique that was 

developed at Karlsruhe Institute of Technology (KIT), which the first cable was fabricated from 
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16 punched strands from DyBCO (THEVA GmbH) tapes and presented in 2006 [73]. The first 

Roebel cable could carry around self-field current of 500 A at 77 K, but this cable had no copper 

stabilising layer and was burned due to not having any quench protection [73]. Later the second 

Roebel cable was fabricated from 16 punched strands of SuperPower 12 mm wide with copper 

stabilised tape, and the current carrying ability of this cable achieved 1020 A at 77 K in self-field 

[74]. Another group at Industrial Research Limited (IRL) have started to investigated the design 

of long length scale Roebel cable with an automated manufacturing process for industry 

applications in the meantime [75].  

 The design and preparation of Roebel cable 

For meander-shaped 2G-tape for the Roebel cable fabrication, there are fundamental geometrical 

parameters were introduced by IRL [9], [76], which the parameters were shown in the schematic 

drawing of Figure 1.14a. The geometrical parameters w1 is the strand width, and w2 is the cross-

over width, and w3 is the original tape width, and wg is the strand-edge clearance in the middle of 

the cable, and LT is the transposition length (one pitch of the meander), and LISG is the inter-strand 

gap, and θ is the cross-over angle, and r is the cut-out fillet radius that is not shown in Figure 

1.14a, and transposition and straight sections of the strands are highlighted in the same figure. 

Figure 1.14b is the picture showing the section of a 2 m Roebel cable applied to this project, 

which was fabricated with 15 strands of 2G YBCO tapes (Bruker GmbH). The strand width and 

cross-over width is w1 = w2 = 5.5 mm, and the transposition length is LT = 226 mm, and the cross-

over angle θ = 30º. The performance and quench characteristics of this Roebel cable will be 

discussed in Chapter 5. 

 

a) 

 

b) 

Figure 1.14: a) Schematic drawing of the detailed geometry of two strands for a Roebel cable [77], [78], and b) the 

picture showing the assembled 15/5.5 (15 strands with 5.5 mm width) Robel cable. 

 The performance of Roebel cable 

Goldacker et al has compared some properties and performance of several Roebel cables 

manufactured by KIT and General Cable Corporation (GCS) compared with Siemens Bi-2223, 
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and the data is shown in Table 1.4 [9], [76]. All the Roebel cable samples have been measured 

with transport currents in LN2 in a self-field, and some of them have been compared the critical 

current with the original tape and single isolated strand by applying 1 μV/cm criterion [9], [76]. 

Referring to THEVA tapes without no copper stabilised layer beside the silver cap layer, an 

external copper foil as a shunt was applied to the critical current measurements. Since the 

advantage of observing the bypass current in the shunt is helpful for the correction of critical 

current in the measurement [76]. 

According to in Table 1.4, except Roebel cable of KIT-3 and GCS-3, other samples’ original tapes 

have exhibited a good current homogeneity with critical current deviation within 10 A. Some 

cables imply the significant progress with high-reached critical current of KIT-5 (2628 A) and 

GCS-2 (1420 A), and long length of KIT-6 (5 m) and GCS-3 (21 m), and narrow width (~ 2mm) 

strands of KIT-4 and GCS-1. It needs to be noted that the decrease of the measured transport 

current of all the Roebel cable samples reached ~30%, compared with the designed critical current 

from the sum of the critical current of all the individual strands. For KIT-5 Roebel cable with 

three-fold together with 15 strands of each, the highest transport current measured among these 

samples is around 2600 A, but the reduction of the designed critical current was even beyond 

60 %. This is considered as the strong effect of the self-field by the transport current.  



 

 

1
8
 

 

 

Table 1.4: Properties of some Roebel cable samples [9], [76]. 

Cables BSSCO KIT-1 KIT-2 KIT-3 KIT-4 KIT-5 KIT-6 GCS-1 GCS-2 GCS-3 

Strand 

data 

Tape company Siemens THEVA Superpower THEVA Superpower Superpower    Superpower 

Type of strand/tape Bi-2223 DyBCO YBCO DyBCO REBCO YBCO REBCO YBCO YBCO YBCO 

Substrate Ag/AgMg Hastelloy  Hastelloy  Hastelloy  Hastelloy Hastelloy Hastelloy Hastelloy Hastelloy Hastelloy 

Stabilisation Ag sheath  Cu (20 μm)  
Cu (40 

μm) 

Cu (20 

μm) 
Cu Cu Cu Cu 

Strand width  4 3.8 5 3.8 1.78-1.82 5 5.4-5.6 2 5 5 

Original Ic (A) 

@77K 
 232 189 315 156 188 348    

Strand Ic (A) @77K 135 A 63±7.56 91.7±1.47 91.5±19.86 62.7±8.4 149.5** 140**  123±1 105.5,125,180.4 

Cable 

data 

Cable length (m)  0.36 0.36 0.36 1 1.1 5 0.54 5 21 

Cable cross-section 

(mm2) 
22.5 10 9 6.2 2 27.6 6 2.5 9.6 9.6 

Transposition length 

(mm) 
2457 180 190 123 115.7 188 90 90 300 300 

Number of strands 13 16 16 11 10 3×15* 10 9 15 15 

Calculated Ic, Nstr× 

Ic (strand) (A) @77K 
1750 1008 1467 1006 640 6727 1400 427 1950 2093.5 

Measured Ic (A) 

@77K 
1180 500 1020  447 2628 936 309 1100 1420 

Ic reduction from 
self-field (%) 

33% 50% 30%  30% 61% 33% 28% 44% 32% 

Engineering current 
density (A mm-2) 

5244 5000 11300  223.5 95.2 156 123.6 114.6 147.9 

Reference [70], [71] [73] [74] [76] [79] [80] [81] [82] [82] [83] 

  *15 stacks of three folds each. 

**Estimated value. 
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Besides the performance of the Roebel cables samples, the methodology of punching process and 

laser cutting for manufacturing the meander-like tape has been compared in [76], which the 

punching process was preferred for several advantages. For instance, a good punching can provide 

sharp cutting at the edge of the tapes to minimize the damage of the coated layer, but laser cutting 

may cause a rough edge and melting zone at the edge of the superconducting layer. Furthermore, 

the researchers start to focus on the Roebel cable structure design and modifying to increase the 

current carrying ability, thermal and mechanical stability. For instance, the multi-stacking with 

three to five-fold of Roebel cable stacking is applied to achieve higher current carrying ability; 

and applying higher pressure during the Roebel cable fabrication or including a soldering shunt 

layer of copper between strands to reduce inter-strand resistance can improve the ability of current 

sharing among the strands [84]. 

 Roebel cable current injection soldering joints 

Goldacker et al has investigated the contact resistance of two current injection joint for KIT-5 

Roebel cable, two cable ends were tinned with low temperature solder (Sn50In50, wt. %) and 

soldered into copper pieces, with a groove matching to cable cross-sectional dimensions, and the 

resistance measured at 2500 A for selected strand were 0.2 and 0.12 μΩ respectively [80]. 

However, some research groups reported that an unusual VI characteristics were observed among 

the strands to exhibit some degree of current percolation, which the VI profiles of some strands 

are different from each other [76], [80]. This was considered as the inhomogeneous current 

injection among the strands of the Roebel cable with the short length (about half of the 

transposition length) that was overlapped the contact [76], [80]. Consequently, Goldacker et al 

suggested that the soldering contact length over one transposition of the strand could avoid 

problems of inhomogeneous current distribution among different strands, and VI characteristics 

looks very similar to each other [9]. Furthermore, the optimum low contact resistance feed-in path 

is suggested with a section of direct soldering contact between the top superconducting side and 

current lead [9], and this is a good guideline for our Roebel cable sample current injection contact 

manufacturing. 

 Thermal stability of Roebel cable 

The current sharing of a Roebel cable during the quench process would become more complex 

compared with single 2G-tape [9], [85]. Besides current sharing with metal matrix, there would 

be current redistribution among different strands. The local disturbance of one strand causes the 

temperature increase of this hot spot by joule heating, and current sharing will occur in this strand. 

When the temperature of the hot spot is higher than the current sharing temperature (T > Tshare), 

the current of this strand starts to decrease and redistributes towards the neighboring strands, 

which the Joule heat propagates towards the further strands in the meantime. Consequently, 

Goldacker et al suggests that all the strands could be measured in parallel for voltage-current (VI) 

characteristics, which gives more information about the scattering of the properties of the strands 

in the quench investigation experiments. 
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Generally, the ideal state of superconducting materials has the property of zero resistance for the 

electric current flow at low temperatures closed to absolute zero [1]. A superconducting material 

is both a perfect conductor and a perfect diamagnet. The superconductivity was discovered by 

Heike Kamerlingh Onnes on 8th April [86]. Superconductivity depends upon the temperature, 

applied magnetic field and current, which these variables are interdependent factors to limit on 

the superconducting state of the material [86]. Perfect electrical conductivity is considered as a 

current flowing without resistance under direct current conditions. However, superconductors 

have small, non-negligible, resistive losses because of the flux vortices, hysteresis and eddy 

currents under alternating current conditions [87]. Then Meissner and Ochsenfeld discovered that 

a superconductor can expel applied magnetic fields form its interior side in 1933 [86], which is 

an important step that finds out how and why superconductivity works. Figure 2.1 shows the 

Meissner effect in a superconductor below the lower critical field, as well as the applied field is 

between the lower critical field and the upper critical field, and above the upper critical current 

[86]. 

 

Figure 2.1: Effect of an applied magnetic field on a superconductor. Magnetic field lines are represented as arrows. 

The Meissner Effect occurs below the lower critical field (Hc1) and is the expulsion of an applied magnetic field upon 

transition from the normal to superconducting state. Between the lower critical field and the upper critical field (Hc2) 

the flux can enter the superconductors as regularly spaced quantized flux vortices.  
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Bardeen-Cooper-Schrieffer (BCS) theory was formulated in 1957, and this microscopic theory 

firstly explain the origin of superconductivity phenomenon [88]. For a material in the 

superconducting state, there are a lot of pairs of electrons with same velocity but which move in 

opposite spin. These pairs form a very strong and highly collective condensate. The energy 

required to break any single pair is related to the energy to break all of the pair. Consequently 

these entire pairs of electrons flow through the material as a whole without experiencing 

resistance [88]. However, the BCS theory still cannot fully explain the phenomenon and effects 

of high temperature superconductivity [89]. 

It is known that the cooling of the superconductor is needed to be below its transition temperature. 

However, such rigorous low temperature environment has limited the large scales and wide range 

of applications of the superconductors into the industry for a long time. In 1986, Bednorz and 

Müller discovered superconductivity in ceramic material at 35 K [90]. Later, the critical 

temperature for superconductivity increased nearly 100 K from 1986 to 1987, especially the 

discovery of yttrium barium copper oxide (YBCO) by Dr. Paul Chu in 1987 that made the 

superconducting material working at high temperature become possible [91]. This progress can 

make use of liquid nitrogen (LN2) as a refrigerant to replace liquid helium. This led to a fast 

development of superconductors and its application with large current carrying ability at higher 

critical temperatures. Due to the perfect conductivity and diamagnetism performance, 

superconductors have been a various applications in power transmission cables, magnets, medical 

imaging devices, generators and levitating trains [92]–[95]. 

Superconductors come in two types in accordance with temperature, low-temperature 

superconductors (LTS) and high-temperature superconductors (HTS), which depends on the 

transition temperature that defines the level of the conductors materials need to be cooled to 

achieve superconducting state [96]. Table 2.1 shows a comparison among the LTS material, 1G 

HTS material and MetOx 2G HTS material [97], [98]. Figure 2.2 shows the schematic drawing 

showing the resistivity of a low temperature superconductor (LTS) and a high temperature 

superconductor (HTS) and the copper [99]. 

Table 2.1: Comparison among the LTS material, 1G HTS material and 2G HTS material [97], [98]. 

Feature LTS 1G HTS MetOx 2G HTS 

Operating Temperature 4 K 77 K 77 K 

Performance 300 kA/cm2 30000 kA/cm2 2000 kA/cm2 

Coolant Liquid Helium Liquid Nitrogen Liquid Nitrogen 

Carrier/Substrate Copper matrix Silver matrix Alloy 

Active Layer NbTi BSCCO YBCO 

Own operate cost Extremely High Moderate Approach the copper 

Superconductors are called low temperature superconductors (LTS) with such low critical 

temperature, which these materials are usually operated in liquid helium at 4.2 K [87]. The metal 

alloy LTS such as Niobium-titanium (critical temperature: 10 K) currently being used in magnetic 

resonance imaging (MRI) magnets, which was the first major commercial application of LTS 

material and remains as the major market today [96]. 
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Figure 2.2: A schematic drawing showing the resistivity of a low temperature superconductor (LTS) and a high 

temperature superconductor (HTS) and the copper [99]. 

Superconductors are called high temperature superconductors (HTS) when they have the ability 

to achieve the superconducting state using inexpensive cryogen liquid nitrogen at a temperature 

of 77 K [96]. The higher operating temperature allows cryogenic savings for the cooling system 

and the reduced cooling needs of HTS applications can provide better performance advantages 

for electric power devices like HTS motors and transformers compared with those built with LTS 

[96]. 

 

 First generation high temperature superconductors (1G HTS) 

The first generation of HTS material was based on bismuth strontium calcium copper oxide or 

BSCCO [96], [97]. There are two common types of BSCCO tapes, Bi-2212 with critical 

temperature at 85 K and Bi-2223 with critical temperature at 110 K [100]. Bi-2223 has good 

performance in HTS applications especially in electric power devices. Bi-2212 can be operated 

below 20 K and performs much better than Bi-2223. Bi-2212 can also tolerate higher external 

fields therefore outweighing the performance of Nb3Sn that is used in most LTS applications 

[101]. Figure 2.3 shows the schematic drawing of Bi-2223 and a picture of the cross-section of a 

BSSCO HTS tape [102].  

As shown in Figure 2.3a, the main characteristics of the Bi-2223 unit cell are the presence of 

CuO2 layers that are separated by a Ca layer without oxygen, and the group of CuO2 are bonded 

by the layers of BiO and SrO [103]. The distance between the adjacent CuO2 layers is referred to 

the critical temperature, observed in bismuth compounds [103]. Moreover, the distance between 

adjacent copper-oxygen planes has an impact on the way that flux vortices pinned into these 

compound [104].  
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a) 

 

b) 

Figure 2.3: a) The Schematic drawing of Bi-2223 crystal unit and b) the picture showing the cross-section of a BSCCO 

HTS tape [102]. 

1G superconducting material has a relatively high price and low efficiency that the manufacturing 

method relies on a power tube utilising an expensive silver matrix. Figure 2.4 shows a schematic 

drawing for the BSCCO material manufacturing process called Oxide Power In Tube (OPIT) 

[105]. Ceramic BSCCO powders were filled into silver tubes and compressed into bars 

isostatically [105]. Later these BSCCO bars were placed into new tubes again and drawn into a 

mono-filament wire that can be rolled into a final form of tape, and the tapes are heated-treated at 

temperatures of around 830 °C [105]. Silver has been chosen to apply to manufacturing process 

due to its high chemical stability and because it has no reaction with superconducting material 

during the heating treatment and the good oxygen diffusion properties [101]. 

 

Figure 2.4: Production of Ag/BSCCO tape by OPIT method [105]. 

A new design superconducting tape with critical current values around 200 A was produced by 

Sumitomo Electric. An innovative process called “Controlled Over Pressure (CT-OP)” was 

applied to produce high quality of Bi-based HTS tapes [96], [106]. Figure 2.5 shows the 
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superconducting critical current as a function of flux density depending on different temperatures 

for one type of Bi-2223 tape produced by Sumitomo Electric [106], which this type has been 

chosen to apply to the HTS motor project at University of Southampton [107]–[109]. 

 

a) 

 

b) 

Figure 2.5: Superconducting critical current of BSCCO tape as a function of applied flux density at different 

temperatures: a) field perpendicular to the tape and b) field parallel to the tape [106]. 

However, due to high production costs of manufacturing techniques based on the complex 

stranded architecture and high silver content, there is still no widespread commercial application 

for BSCCO tapes. But there have been many HTS power device demonstrations, such as 

transmission cable, transformers, faults current controller and generators. 

 Second generation high temperature superconductors (2G HTS) 

The second generation of HTS material is considerably more effective to carry higher current per 

unit volume, and 2G HTS conductors retain the performance both operating currents at high 

temperature and background magnetic field. Figure 2.6 shows the crystal structure of YBCO unit 

cell and cross-section of one 2G HTS conductor [110]. Moreover, the 2G HTS materials have the 

potential to reduce the manufacturing complexity with the lower cost. Rare earth elements based 

HTS materials such as Yttrium, Samarium and Gadolinium have been developed to produce 2G 

HTS materials [96].  



CHAPTER 2 BACKGROUND OF SUPERCONDUCTIVITY  

26 

 

a) 

 

b) 

Figure 2.6: a) Schematic drawing of YBCO crystal unit, and b) the picture showing the cross-section of a YBCO HTS 

tape [110]. 

For the YBCO crystal unit cell as shown in Figure 2.6a, oxygen and copper are bound in layers 

containing chains and planes. Yittrium acts as a spacer between two CuO2 planes Yittrium can be 

replaced by some other lanthanide series of rare-earth element in ReBCO that keeps 

superconducting properties without changes [103]. Both at the top and bottom of the crystal unit 

there is some oxygen missing in copper oxide chains. The oxygen vacancies have an effect on the 

critical temperature of the superconductors for ReBCO. Similar to BSCCO, CuO2 are know as 

the current conduction layer for YBCO superconductors [104]. There is a preferred current flow 

along CuO2 planes within YBCO material because of the structure of superconducting crystal, 

which the CuO2 planes are called the ab-plane. The axis orthogonal to the ab-plane is called c-

axis. It has mentioned that magnetic field has an effect on the current carrying capacity of one 

superconducting tape. In order to analyse the limiting directions of field in respect to the tape 

orientation, and Figure 2.7 shows that the field parallel to ab-planes is called parallel field (B‖‖), 

and the field perpendicular to ab-planes is called perpendicular field (B⊥) [111]. Hence, in order 

to achieve higher current carrying capacities, the rolling step in the production process of the HTS 

layer needs to be aligned in the ab-planes [105]. However, during the coil winding process, the 

coil will endure the tensile and bending stresses, which may cause the degradation of the 

superconductors. 

 

Figure 2.7: Tape orientation in respect to applied field. 
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2G HTS coated conductors is basing on REBCO such as YBCO with varying thickness of layers 

with silver and copper oxide elements plus optional insulation [96]. This 2G HTS fabrication 

process is automated and continues, which utilises the thin film deposition techniques that using 

in the semiconductor industry to apply the superconducting material on buffered metal substrate 

[96]. A manufacturing process applied to produce the 2G HTS conductors is called 

MOD/RABiTS (Metal Organic Deposition/Rolling Assisted Bi-axially Textured Substrate) [112]. 

Figure 2.8 shows the production of YBCO wire using MOD/RABiTS method that utilises reel-

to-reel process from the metal (Ni5 at. %W) alloy through the Ag layer deposition [112]. Epitaxial 

buffer layers with a stack of Y2O3/YSZ/CeO2 (Yttrium (III) oxide/ Yttria-stabilized-zirconia/ 

Cerium(IV) oxide) were also deposited in a reel-to-reel continuous process system that is 

compatible with wire length [112]. During the MOD process, the YBCO forms itself from 

solution-based precursor present in the buffered substrate [112]. Furthermore, there are several 

other techniques for approaching appropriate texture for substrate layers besides MOD/RABiTS 

process. For instance, Ion Beam Assisted Deposition (IBAD) can provide good quality of buffer 

layers that acts as a template layer to introduce the biaxial texture for the superconducting material 

[113]. Similar to MOD, Metal-organic-chemical vapor deposition (MOCVD) is an effective and 

cheap way for metal-organic deposition that can provide good base for YBCO. IBAD and 

MOCVD are applied to the 2G HTS wires produced by SuperPower [113].  

 

Figure 2.8: Production of YBCO tape by MOD/ MOD/RABiTS method [112]. 

Figure 2.9 shows the configuration of one 2G HTS tape produced by SuperPower [113], [114]. It 

can be seen that this 2G HTS conductor is surrounded with copper stabiliser so the conductor can 

be applied to high voltage applications, and the conductor terminal can be easily soldered for 

joints [113]. Due to the properties of non-magnetic and highly resistive, the Hastelloy substrate 

can make the conductor with lower AC losses, lower ferromagnetic losses and less eddy current 

loss [113]. Moreover, the high strength of Hastelloy substrate provides the conductor better 

mechanical properties such as the ability to be cut into narrow widths with small twist pitches. 

Buffer layer with MgO (Magnesium oxide) provide a diffusion barrier between YBCO and metal 

substrate. The excellent in-field performance at the intermediate temperature (540 A/cm at 40 K 

under 3 T B⊥) and low temperature (480 A/cm at 4.2 K under 10 T B⊥) is due to BZO (Barium 

zirconate) nanorods providing flux pinning sites [113], [115]–[117]. Figure 2.10 shows the 
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superconducting current capacity for YBCO and BSCCO superconductors as a function of flux 

density depending on different temperatures [111]. Due to higher energy efficient with loss-free 

electrical transmission process and the ability to produce stronger magnetic field, 2G HTS wire 

has a large potential for the application in high energy physics (accelerators and colliders), 

condensed matter physics (high-resolution NMR & EPR spectroscopy), biology and chemistry 

research, material sciences [115], [118]. 

 

Figure 2.9: Schematic drawing of SuperPower produced 2G HTS conductor architecture [113], [114]. 

 

a) 

 

b) 

Figure 2.10: The superconducting current capacity for YBCO and BSCCO superconductors as a function of flux 

density depending on different temperatures: a) field perpendicular to the tape and b) field parallel to the tape [111]. 
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 Theory of material physical properties 

 

Electrical resistivity is constant that represents in electrical resistance by Ohm’s law for a certain 

dimension to evaluate electrical transport performance of the electrical conductors such as metals 

and alloys. According to Matthiessen’s rule, the total electrical resistivity can be written as: 

𝜌(𝑇) = 𝜌0 + 𝜌𝑒𝑙−𝑝ℎ(𝑇) 2.1 

Where ρ0 and ρel-ph(T) are residual resistivity and temperature dependent resistivity respectively. 

The residual resistivity ρ0 is the resistivity that temperature approaches to zero, and the increasing 

of ρ0 is contributed by impurity and lattice defects. The temperature dependent resistivity ρel-ph(T), 

called lattice resistivity, is related to the electron-phonon scattering, which the temperature-

dependent part of the resistivity is proportional to the rate at which an electron collides with the 

thermal phonons and thermal electrons [119], and it is not dependent significant upon small 

composition changes for a given metal and alloy [120]. Furthermore, the residual resistance ratio 

(RRR) variation of a material especially for metals can demonstrate clearly amount of the purity 

and crystal defects [121], which is expressed as: 

𝑅𝑅𝑅 =
𝜌300𝐾
𝜌0

 2.2 

Where ρ300K and ρ0K are resistivity at 300 K and 0 K respectively.  

The electrical resistivity of nanoscale metal increases with their thickness reduces, and this size 

effect is due to the electron scattering at external surface and grain boundaries [122]–[127] when 

the grain size is smaller than the mean free path length ℓ of free electrons [127]. The relevant 

expression is shown below: 

ℓ =
𝑚𝑒𝜈𝑓

𝑛𝑒𝑒2𝜌
 2.3 

Where me is the mass of the electrons, and νf is the Fermi velocity, and ne is the electrons 

concentration, and e is the elementary charge, and ρ is the material resistivity. It is expected that 

the free mean length of the metal would increase with the reduction of the resistivity at lower 

temperatures [119]. 

 

Thermal conductivity is a constant in accordance with Fourier’s law to measure the heat flux 

transport of a conductor with certain dimensions as a function of temperature gradient. Referring 

to good thermal conducting materials such as metals, both electrons and phonons contribute to 

the thermal transfer within the material, which the sum conductivity κsum is expressed as [119], 

[128]: 

𝜅𝑠𝑢𝑚 = 𝜅𝑒𝑙 + 𝜅𝑝ℎ 2.4 
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Where κel is the conductivity contributed by electrons, and κph is the conductivity contributed by 

phonons. In pure metals, the thermal conductivity is dominant by electrons at all temperatures. 

According to the kinetic theory of gases the expression for the thermal conductivity κ is given by: 

𝜅 =
1

3
𝐶𝜈𝜈𝑓ℓ 2.5 

Where CV is the specific heat per volume, and νf is the electron fermi velocity, and ℓ is the mean 

free path. For the impure metals or in disordered alloys, the electron mean free path is reduced by 

electron-scattering because of the collision with impurities, and the phonon contribution starts to 

be comparable with electron contribution. But for the case of insulations, the thermal transmission 

entirely depends on the phonon contribution. Phonons scattering is dominated in collision at high 

temperatures [119], [122]. The mean free length is a temperature dependent parameter, which is 

strongly related to the thermal conductivity temperature dependence. The mean free path is 

inversely proportional to the temperature, hence the conductivity is inversely proportional to 

temperature, too. When the temperature becomes lower, the mean free path becomes comparable 

with the width of the test specimens, and it starts to be limited by the grain size of the material 

[119], [129]. Consequently, the thermal conductivity becomes a function of the dimensions the 

specimen, which the size effect becomes dominate like some metals resistivity discussed in [122]–

[124], [130]. The only temperature-dependent term is CV, the specific heat per volume, which is 

proportional to T3 at low temperature [119], thus it is expected that thermal conductivity varies 

with T3 at low temperatures. 

Lorenz number of the Wiedemann-Franz law is a ratio constant of thermal conductivity (κ) and 

electrical conductivity (σ=1/ρ) at a certain temperature (T), which the expression is shown in 

Equation 2.6. The Lorenz number (L) is a temperature dependent term for bulk metals at 

intermediate temperatures, which Lorenz number is decreasing with the reduction of the 

temperature, and this is due to the electrical conductivity increasing that is faster than the thermal 

conductivity with the decreasing of the temperature [120]. The value of Lorenz number is called 

Sommerfeld constant (2.44×10-8) W×Ω/K2 for bulk metals, at both high temperatures (~ 300 K) 

and low temperatures (a few Kelvins) [131]–[133]. 

𝐿 =
𝜅

𝜎𝑇
=
𝜅𝜌

𝑇
 2.6 

Because of the size effect of the measured specimen on thermal conductivity and resistivity, the 

Lorenz number of nano-crystalline metallic films are larger than the common value of 2.44×10-8 

W×Ω/K2 at room temperature [125], [134], [135]. This is considered size effect that the grain size 

of the specimen is smaller than the mean free path, which results in the grain boundary-electron 

and surface-electron scattering becoming more intensive [125], [130]. Consequently, the energy 

of scattered electrons can be partly transferred across the grain boundary by electron-phonon 

scattering, because phonons occupy the main contribution to transport energy through the grain 

boundary at room temperature [50], [125]. This results in the reduced electrical conductivity and 

less reduced thermal conductivity to cause a larger Lorenz number. 

A higher experimental Lorenz number inhibits for alloys compared with their pure metal 

counterparts [120], [136]. A similar trend for Lorenz number versus temperature curve tends to a 
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constant at both high temperatures (~ 300 K) and low temperatures (a few Kelvins), and Lorenz 

number implies slightly below Sommerfeld number for dilute alloys and several times larger than 

Sommerfield number for some highly alloyed structural materials at intermediate temperatures. 

The reason for these alloys with large values of Lorenz number is due to the significant presence 

of lattice conductivity at both room and lower temperatures [120].  

 

The similarity of the molar specific heats referring to some solid elements especially for metals 

is subject to the Law of Dulong and Petit at room temperature, and the specific heat at constant 

volume (CV) is change rate of energy with temperature as shown in below [137]: 

𝐶𝑉 =
𝜕(3𝑘𝐵𝑇𝑁𝐴)

𝜕𝑇
=
3𝑘𝐵𝑁𝐴
𝑚𝑜𝑙𝑒

= 24.94 𝐽/(𝑚𝑜𝑙 × 𝐾) 2.7 

Where kB is the Boltzmann’s constant, and T is the temperature in Kelvins, and NA is the 

Avogadro’s number, and specific heat CV in unit of J/(mol×K) can be calculated by Equation 2.8: 

𝐶𝑉 = 𝐶𝑃 ×𝑀 2.8 

Where CP is the specific heat in unit of J/(g×K), and M is the mole mass. Referring to the low 

temperature, the Einstein-Debye phonon model is applied to analysis the heat capacity of metals, 

which is considered that this model has a good agreement with the temperature cubic dependence 

of the specific heat. This model combines the lattice vibrational and electron contributions to the 

specific heat, which the expression is shown below [138]: 

𝐶𝑚𝑒𝑡𝑎𝑙 = 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 + 𝐶𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 =
𝜋2𝑁𝐴𝑘

2

2𝐸𝑓
𝑇 +

12𝜋4𝑁𝐴𝑘

5𝑇𝐷
3 𝑇3 2.9 

Where electronic specific heat (Celectronic) is proportional to the temperature T, and vibrational 

specific heat (Cvibration) is proportional to the cubic of temperature T3, and NA is the Avogadro’s 

number and k is the Boltzmann’s constant, and Ef is Fermi energy, and TD is Debye temperature, 

and Equation 2.9 has been divided by temperature T as shown in Equation 2.10: 

𝐶𝑉
𝑇
=
𝜋2𝑁𝐴𝑘

2

2𝐸𝑓
+
12𝜋4𝑁𝐴𝑘

5𝑇𝐷
3 𝑇2 = 𝛽 + 𝛼𝑇2 2.10 

Where CV is the specific heat in unit of J/mol×K, and β is the electronic specific heat constant, 

and α is vibrational specific heat constant.  

 Electrical contact characteristics of HTS joints 

 

Schematic drawing of a lap soldering joint between two 2G HTS tapes is shown in Figure 2.11. 

Generally, the overall soldering joint contact resistance (RJ) consists of solder resistance (Rsolder), 

and interfacial stabilizer material resistance (Ri) between copper or silver and the REBCO layer  

[7]. For the contact resistance, it is given by: 

𝑅𝐽 = 𝑅𝑠𝑜𝑙𝑑𝑒𝑟 + 𝑅𝑖 2.11 
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In the experiments, contact resistance can be estimated by 4-contact method to measure the 

voltage drop and applied current across the joint. Voltage-Current (VI) curves are applied to the 

analysis of the HTS joints contact resistance as shown in Figure 2.12 [7]. There is always a linear 

slope existing in the curve before the HTS layer transitions to normal state, which the slope is 

called ‘contact resistance’ in units of nΩ over the joints to perform the contact joints. The contact 

resistance of two samples were 240 and 280 nΩ as shown in Figure 2.12. When the contact area 

was involving in the specific resistance analysis, the contact resistance can be express in nΩ×cm2. 

Referring to the HTS-based applications, small contact resistance are expected for the applications. 

The effect of compressive pressure temperature, joint fabricated time and joint material are 

important manufacturing parameters on the contribution of the joint electrical contact resistance 

[139], [140]. Joule heating from the current due to the large contact resistance may cause high 

thermal energy dissipation into the coil, which has a high risk to lead to the quench of the HTS 

winding. 

 

Figure 2.11: The configuration of a lap soldering joint between two 2G HTS tapes. 

 

Figure 2.12: The plot of voltage-current (VI) characteristics of two 2G-tape soldering joints compared with a single 

2G tape at 77 K. 

 

The HTS joints contact resistance consists of metal matrix, solder resistance, and interfacial 

resistance (interfacial resistance between metal laminating layers and HTS layer, interfacial 

resistance between solder and copper, interfacial resistance between laminating layers) [6]. The 

metal resistance and solder resistance could be evaluated in accordance with the joint 

configuration, but the interfacial resistance become the challenges for the contact resistance 
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estimation. The well-known method to evaluate the interfacial resistance between HTS layer and 

surrounding metal laminating layer was developed by Polak et al [141], [142]. As shown in Figure 

2.13, a schematic drawing of current transfer length measurement configuration is presented [6], 

[142], [143]. A constant current I0 was applied to the HTS tape, and voltage tape Vn (n = 0, 1, 2,.., 

n) were attached to the metal layer to measure the voltage distribution from the contact starting 

position where the current started to transfer from the HTS tape to the position along the x axis. 

The voltage tap Vref was placed at a further position from the beginning of the contact. The spacing 

between each voltage tap should be as small as possible, thus the exponentially voltage changes 

versus the distance for current transfer into the upper metallic layer can be evaluated. Then the 

current transfer length (CLT) λ, a characteristics parameter for the current flowing in the metal 

layer (normal Ag) is describe in Equation 2.12 [141], [144]. 

 

Figure 2.13: Schematic drawing of current transfer length measurement configuration for HTS [6], [142], [143].  

𝐼𝑚𝑒𝑡𝑎𝑙(𝑥) = 𝐼0exp (
−𝑥

𝜆
) 2.12 

Where Imetal(x) is the current flowing in the normal metal at the distance x from the contact starting 

point, and voltage as a function of x is shown below [141], [144]: 

𝑉(𝑥) = 𝑉0exp (
−𝑥

𝜆
) 2.13 

Where V(x) is the voltage measured at distance x, and V0 is the voltage measured on the first 

voltage tap at the beginning of the contact. Then the current transfer length λ can be expressed as 

[141], [144]: 

𝜆 = 𝑥/ln (𝑉(𝑥)/𝑉0) 2.14 

And interfacial resistance Ri can be calculated by [141], [144]: 

𝑅𝑖 = 𝜆
2 × 𝑅𝑚𝑒𝑡𝑎𝑙 × 𝐴1 2.15 

Where Ri is the interface resistance, and Rmetal is the resistance of the metal matrix overlapped the 

sample per unit length, and A1 is the area of contact boundary per unit sample length. Polak et al 

based on Equation 2.14 and 2.15 with experimental voltages to obtain the interfacial resistance 

and current transfer length between YBCO layer and Ag layer [141], [142], and Bagrets et al 

applied a same method to investigate the interfacial resistance between ReBCO layer and copper 

laminate layer, and interfacial resistance between soldered 2G-tape and 2G-tape/copper joints for 

different commercial HTS tapes [6], [145].  
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Bagrets et al applied 40 μm wide contact to bond their voltage tap with 80-100 μm distance 

between each in their measurements, which the distance error was estimated to be 10 μm [6]. The 

manual voltage tap soldering method become impossible for such small distance, and voltage taps 

have to be limited in the micrometer scale. Consequently, a continuous sliding attaching voltage 

tap was considered and developed in our contact resistance measurements. Kursumovic et al [143] 

and Stenvall et al [146] take geometry into consideration and built an analytical model for the 

current transfer between superconducting layer and metal matrix based on Ohm’s law; They 

provided the formula to analyse the current distribution along both superconducting layer and 

metal matrix layer, to compute the current transfer length in accordance with the electrical field 

criteria. More details referring to current transfer characteristics model and HTS joints contact 

resistance measurements will be discussed in Chapter 4.  

 

 2G tape to 2G tape Soldering joints 

The lap joint contact resistance between superconducting 2G-tapes from different commercial 

HTS tapes and different solders were investigated experimentally in [7], [8], [142]–[145], [147]. 

Referring to the contact resistance of soldering joints between two 2G-tapes, Dreuth et al found 

that the electrical resistance between metal and YBCO could varied from 1 to 104 nΩ×cm2 [147], 

and Polak et al have investigated YBCO/Ag interfacial resistance that was varied from 20 to 370 

nΩ×cm2 [142]. Later Tsui et al and Bagrets et al have investigated the overall resistance of solder 

joints between two 2G-tapes with more details [7], [144], and they considered that contribution 

from copper and silver of 2G-tape could be negligible. Because the limitation of thin layer of 

silver (~1-2 μm) and copper (25-50 μm) at 77 K, the contribution of resistance (< 1 nΩ×cm2) 

from Cu/Ag laminating layers is very small compared with YBCO/Ag interfacial resistance [7], 

[144]. Consequently, the interfacial resistance between superconducting layer and the metal 

laminating layer would dominate the main resistance in Ri and has a main contribution on the 

overall contact resistance RJ.  

Tsui et al have investigated overall resistance RJ of five In52Sn48 (wt. %) joints, RJ = ~47-59 

nΩ×cm2, and six Pb38Sn62 (wt. %) joints, RJ = 34-66 nΩ×cm2, between two SuperPower 2G-

tapes at 77 K [7]. For In52Sn48 (wt. %) joints, the average solder thickness of these joints were 

22 ± 2 μm and the joint area varied from 10.8 to 16 mm2 [7]. The temperature independent terms 

considered as the interfacial stabiliser material resistance were measured around 20-27 nΩ×cm2 

[7]; For Pb38Sn62 (wt. %) joints, a larger variation of results were exhibited compared with the 

In52Sn48 results. When the solder thickness was varied from 23 to 25 μm and contact area varied 

from 14.4 to 15.2 mm2, the interfacial stabiliser material (resistance Ri) were measured between 

24 and 26 nΩ×cm2 [7]. But the results became no reproducible and non-physical, when the solder 

layer thickness varied from 35-90 μm and contact area varied between 13.2 and 15.6 mm2 [7]. 

For another two Pb40Sn60 (wt. %) joints between two 2G-tapes with solder layer thickness (~25 

μm) and area (26.4 and 32.4 mm2), the overall contact resistances were 73.92 and 77.76 nΩ×cm2 

at 77 K respectively [7]. 
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Bagrets et al have measured overall resistance RJ of serval Sn63Pb37 (wt. %) joints between two 

2G-tapes from Superpower and SuNAM with different loading pressure (0-25 MPa). The 

effective overlap area of these joints were ~2.4 cm2 [144]. The average overall contact resistance 

of SuperPower 2G-tape joints and SuNAM 2G-tape joints were 41 nΩ×cm2 and 280 nΩ×cm2 

respectively. Referring to interfacial stabiliser material resistance Ri for SuperPower 2G-tapes and 

SuNAM 2G-tape were 20.5 and 140 nΩ×cm2 respectively [144]. The interfacial resistance of 

SuperPower 2G-tapes measured by Bagrets et al were consistent with the results measured by 

Tsui et al. In order to find the reason for such difference of interfacial stabiliser material resistance 

between SuperPower tapes and SuNAM tapes, Bagrets et al has investigated the copper 

morphology of both SuperPower tapes and SuNAM tapes by the Scanning Electron Microscope 

(SEM) [144]. Barget et al found that the copper layer of SuperPower was rougher with larger 

grains compared with flat surface and fine grains of SuNAM tapes. Consequently, the copper 

layer of SuperPower tapes would have larger contact area with silver and better solder wettability 

to exhibit better interfacial contact performance. 

 2G-tape to copper soldering joints 

Compared with the overall contact resistance between two 2G-tapes, there were more resistive 

elements between solder and copper conductor (Rsolder-Cu), copper conductor resistance (RCu) 

besides the interfacial stabilizer material resistance (Ri) taking into account for the overall contact 

RJ of a 2G-tape to copper joint, which the expression is shown below: 

𝑅𝐽 = 𝑅𝑠𝑜𝑙𝑑𝑒𝑟 + 𝑅𝑖 + 𝑅𝑠𝑜𝑙𝑑𝑒𝑟−𝐶𝑢 +𝑅𝐶𝑢 2.16 

Bagrets et al also have investigated overall resistance RJ of serval Sn63Pb37 (wt. %) joints 

between 2G-tape (Superpower tapes and SuNAM tapes) and copper tape with a same effective 

overlap area (0.6 cm2) but different loading pressure (2.5-3.0 MPa) [144]. The measured average 

value of overall contact resistance of 2G-tape to copper joints were ~660 nΩ×cm2 for SuperPower 

samples and 695 nΩ×cm2 for SuNAM samples respectively [144]. Bagrets et al stated that the 

copper resistance RCu is estimated around 190 nΩ with a cross-section of 0.2 cm2, and the sum of 

Rsolder, Ri, and Rsolder-Cu was 546 nΩ×cm2 for SuperPower samples and 581 nΩ×cm2 for SuNAM 

samples [144]. The resistance Rsolder and resistance of silver and copper layer within the 2G-tape 

could be neglected, and Ri has been described in the review of 2G tape to 2G tape joints, which 

were 20.5 and 140 nΩ×cm2 for SuperPower tapes and SuNAM tapes respectively. Thus the mean 

value of Rsolder-Cu were 525.5 nΩ×cm2 for SuperPower one and 441 nΩ×cm2 for SuNAM one [144]. 

Furthermore, Bagrets et al found that the main differences in Rsolder-Cu were correlated to the copper 

tape surface roughness, which there was a nearly inversely proportional relationship between the 

interface resistance and roughness [144]. 

 Critical state of superconductors 

Figure 2.14 shows the J, B and T surface that displays the boundary of the superconducting state 

[148]. Superconducting state was defined below this surface, and the above is the normal state in 

the practical purpose. Referring to the boundary of this surface, the critical temperature Tc is a 

material property and is one of the three defining characteristics of a superconductor, the others 
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being critical magnetic field, Bc, and critical current, Ic. Critical current density Jc can be used 

instead of Ic, where Jc = Ic/A, and A is the cross-section of the conductor. Then in other words, if 

a temperature is provided below Tc, and the transport current is provided without exceeding Jc 

and magnetic field is below the critical value, the material will be superconducting; otherwise it 

will be resistive. The transition between the superconducting and normal states depending on the 

changes in temperature above or below Tc is direct. However, the nature of the transition because 

of a change in magnetic field is more complicated. 

It has discussed that the upper critical field (Bc2) is applied to distinguish it from the lower critical 

field (Bc1) that the magnetic flux starts to penetrate as discussed in Figure 2.1 for Meissner effect. 

Consequently, the lower critical field shows whether the material transition from the pure 

diamagnetic state of Type I to the mixed state of Type II superconductor, which the mixed state 

is the region between Bc1 and Bc2. Due to low current carrying ability, Type I superconductors are 

not further interested in practical applications. J, B and T, three critical properties, become a 

surface that is associated to the condition for defining the superconducting state of a material, 

which Tc and Bc2 are intrinsic parameters of any superconductor, and Jc is an extrinsic parameter 

that can be affected by many factors, such as processing route for the superconductor 

manufacturing [148]. 

 

Figure 2.14: Typical critical surface (J, B and T) for a superconductor [148], [149]. 

Figure 2.15 shows the upper magnetic field (Bc2) varying with temperatures (T) in the absence of 

transport current, which Bc2(T) as a function of temperature normally can be written as [148]: 

𝐵𝑐2(𝑇) = 𝐵𝑐2(0)(1 − (𝑇/𝑇𝑐)
2) 2.17 

Where Bc2(0) is the upper magnetic field at absolute zero temperature, and Tc is the critical 

temperature. But for the critical field at a given temperature to define the critical current, the 

variation of B*(T) as a function of temperature become true as shown in Figure 2.15 [148]. For 

LTS materials, the difference between B* and Bc2 is very small. However, there is a large 

difference between B* and Bc2 for HTS material, which B* profile was named as irreversibility 

line or flux lattice melting line. When the applied field, involving self-field and external field, is 

below the B* at each temperature, the HTS can carry the useful current density. However, it is 

unlikely for HTS material to carry higher current densities in such high field at higher 

temperatures [148].  
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Figure 2.15: The plot for the difference between the upper critical field (Bc2) at zero transport current and the critical 

field B* with a non-zero transport current [148]. 

Referring to the criteria for critical current, there are two criteria used to define the critical current, 

which are electrical field and resistivity respectively. For electrical field, critical current is defined 

when the current that give rise to a voltage that reaches a determined electrical field (E) along the 

superconductor in voltage-current (VI) characteristics plot, which the most common values used 

for criteria of E are 10 and 100 μV/m [148]. For resistivity, the critical current is defined when 

the current give rise to an effective level for the resistivity values from 10-14 to 10-12 Ω×m [148]. 

 Non-linear E-J characteristics 

The transport critical current Ic is not a quantity that can be determined directly through 

measurements. The previous section has stated that a critical current value can be obtained by 

applying electrical field or resistivity criteria from the measured VI characteristic plot of the 

applied samples. For instance, Figure 2.16 shows the plot for two assumed samples, which sample 

1 is a completely resistive sample, and sample 2 is a superconductor [148], [150]. 1 μV/cm criteria 

(thin horizontal dash line) was applied to define the critical current. Sample 1 shows the ideal 

linear voltage-current relationship in accordance with Ohm’s law. Attention should be paid on 

sample 2.  

 

Figure 2.16: The plot for E-J characteristics of two assumed samples. Sample 1 is a resistive conductor, and sample 2 

is a superconductor, which red solid line represents the power law model, and thick black dash line represents the 

critical state. Thin horizontal dash line represents the electrical criterion of 1 μV/cm [148], [150]. 
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The power law was applied to analyse the non-linear E-J characteristic: 

𝐸 = 𝐸0 × (
𝐽

𝐽𝑐
)𝑛 2.18 

Where E0 and Jc are electrical field criterion and critical current density respectively, and the 

index number n is a parameter to exhibit the strength of the non-linearity of the E-J characteristics. 

For an ideal homogeneous superconductor condition, as current is increased, the sample reaches 

the critical state, where the thick dash line represents a sudden transition for sample 2 from 

superconducting state to reach the critical state, and the index n is expected to be infinite. For the 

real case, a non-linear E-J characteristic was observed for the transition with the appearance of 

finite voltage below Jc, whilst the practical superconductors are characterised by n < ∞. There are 

different reasons for the observed non-linearity of the transition characteristics, both microscopic 

effect, such as flux creep and non-linear flux motion [148], and macroscopic effects, such as the 

spatial non-uniform critical current [103]. Hence, the index number n is used for the criteria to 

show the homogeneity of the sample with good critical current distribution, which the higher 

value of n shows the better performance of the applied superconductor. 

Flux pining is the mechanism for the dissipative movement of the flux under the Lorentz force 

that is prevented by flux pining that may be caused by some defects such as the dislocations, 

precipitates and grain boundaries [148]. The sustained superconducting transport current within 

the material needs good flux pinning. For LTS materials, defects in the microstructure act as flux-

pinning sites. The critical current would become low at temperatures closing to Tc for 

superconductor under magnetic fields. But for LTS materials, very low operating temperature 

caused the thermal effects that were negligible in terms of the E-J characteristic plot from the 4-

pin technique. Consequently, the distribution of pinning strengths can contribute to non-linear 

portion of the E-J curve for LTS sample. For HTS material, Because of the effect thermal 

fluctuations, when the HTS materials was operated at high temperatures, the non-linearity is due 

to different reasons, such as flux creep, nonlinearity of flux motion by thermal effects, and non-

uniformity of critical current of the superconductor [103], [148]. 

 Quench and thermal run away 

Quench occurs locally in the superconducting coil and can propagate to the whole winding like a 

superconducting magnet. When a quench is induced by a disturbance, the transport current in the 

superconductor transfers into the stabilisation matrix, resulting in the local temperature increasing. 

In order to limit the increasing temperature, the transport current in the superconducting magnet 

should decay, and energy stored in the magnet needs to be absorbed by the magnet itself or 

transferred into the protection system. Disturbance would disappear when the temperature of the 

hot spot in the magnet starts to decrease. Studies of the quench on the superconducting magnet 

includes the quench process and related variation of the physical parameters and hazard 

assessment, meanwhile, the detection and protection methods have been developed and 

investigated to prevent the damaging the superconducting magnet after the quench. 

Basically, the numerical equation for heat diffusion is given by: 
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𝑑

𝑑𝑥
((𝜅(𝑇1))

𝑑𝑇

𝑑𝑥
) + 𝑄𝑖𝑛𝑖(𝑇1) = 𝐶𝑝(𝑇1)

𝑑𝑇

𝑑𝑡
 2.19 

But for a case of a pancake coil would with 2G YBCO Roebel cable with epoxy impreganted that 

was performed in LN2 at 77 K. The heat diffusion would evolve in all three directions; i.e. the 

longtitude direction along the strand, the radially direction among the different strands stack, and 

the heat leak from the interface between the LN2 and the thermal insulated layer at the top of the 

coil. All the strands were assumed as a lump conductor and neglected the heat diffusion in radial 

direction, then Equation 2.19 can be rewritten basing on heat diffusion equation by Wilson et al 

[151]: 

𝑑

𝑑𝑥
((𝜅(𝑇1))

𝑑𝑇

𝑑𝑥
) + 𝐽 × 𝐸(𝑇1, 𝐽) + 𝑄𝑖𝑛𝑖(𝑇1) − ℎ(𝑇∞)(𝑇∞ − 𝑇2) = 𝐶𝑝(𝑇1)

𝑑𝑇

𝑑𝑡
 2.20 

Where κ1 is the thermal conductivity of the superconductor, and T1 is the temperature changing 

along the longtitude direction along the coil, and Qini is the initial energy applied from the heat 

pulse, and h is the heat transfer coefficient of the LN2, and A2 is the top area of the thermal epoxy 

bathing with the LN2, and 𝑇∞ is the temperature of the LN2, and T2 is the temperature at the top 

surface, the current density J = I/A and A is the total cross section of the tape, and E is the electrical 

field along the strand, and the overall thermal-electrical properties such as thermal conductivity 

(κ) and heat capacity (cp) and resistivity (ρT) of the superconductor need to be defined.  

 

The thermal stability analysis is significant important for the superconducting magnets design and 

quench protection, which the analysis is based on the normal zone determination and its 

propagation, which is strongly related to the minimum propagation zone (MPZ) and the minimum 

local energy (MQE) release required for a quench occurring [152]. Starting from Equation 2.20, 

it is to evalute the ability of intial disturbance (Qini) to cause a thermal run away, and the quench 

and recover process depends on heat generation (J×E) and heat transfer power (κ×dT/dx). If 

energy of the superconducting magnet is absorbed by external protection shunt resistance. Some 

magnets are heavy and have a large heat capacity so they can absorb the stored energy themselves, 

which can maintain the temperature below the designed safety temperature margin. However, 

heat and electromagnetic disturbances with high intensity, usually lead to an uncontrollable 

propagation of the normal zone on the magnet, which make it impossible for magnet to recover, 

and this may damage the superconducting magnet, if there were no quench protection and or 

appropriate current decay.  

Compared with LTS conductors, the thermal stability of HTS tape is more complex. There are 

several reasons for this, such as the extended current sharing with stabiliser, the non-linear heat 

generation, and the temperature dependence terms of resistivity. Specific heat and thermal 

conductivity at related to the higher temperature range [103]. There are several quench studies 

implying the HTS conductors have higher tolerance from the larger disturbance to induce quench, 

due to the higher heat capacity at their working temperatures [153]–[157]. For Roebel cable with 

15 strands with larger current carrying ability and complex current sharing and bigger mass, it is 

expected to have a higher tolerance of disturbance to induce quench compared with a single HTS 
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wire. But the problem is how to build up an adiabatic system to keep thermal stability for such a 

long cable like 1D quench of adiabatic conductors. For instance, the first Roebel cable (KIT-1) 

made of DyBCO tape without copper stabiliser layer was burned without quench protection 

during the critical measurements at 77K [9]. Consequently, the geometry design and quench 

protection become important to investigate the thermal stability of the Roebel cable. 

 

The enegy to induce a quench for a minimum propagation zone setting up is called Minimum 

Quench Energy (MQE), ∆Qmqe, which can be calculated by [103], [152]: 

∆𝑄𝑚𝑞𝑒 = 𝑉𝑚𝑝𝑧∫ 𝐶𝑝

𝑇𝑐

𝑇0

(𝑇)𝑑𝑇 2.21 

Where Vmpz is the volume of the minimum propagation zone, and Tc and T0 are the operating 

temperature and the temperature of the normal zone respectively. In our case, experimental MQE 

can be estimated from the intial energy Qini of the heat pulse. Normally the MQE is evaluated 

with different fractions of the critical current in the experiments, and MQE is defined by taking 

the mean value between two pulses, which approaches an irreversible quench and is just able to 

recover. 

 

As the previous discussion, the local disturbances could occurs at a spot in the HTS conductor 

and subsequently increases the spot temperature, causing current sharing between the 

superconductor and metal matrix. Once the temperature of this “hot spot” is above the critical 

temperature (Tc), a normal zone was formed as shown in Figure 2.17 [103], and Lnorm is the length 

of the normal zone. The minimum section of the normal zone to induce the quench is called 

minimum propagation zone (MPZ), and the length of this section is called the length of MPZ 

(lMPZ). 

 

Figure 2.17: Schematic drawing of one dimensional temperature distribution of the normal zone along the 

superconducting conductor [103], [158]. 

For a single HTS wire, the lMPZ estimation can be computed in 1D model. The temperature of the 

normal zone with length Lnorm is assumed as Tc, and the boundary temperature of the 
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superconductor is assumed as T0. The simplified temperature gradient across the normal zone is 

assumed as 2(Tc-T0)/Lnorm. Then the expression of lMPZ estimation is shown below: 

𝜅
2(𝑇𝑐 − 𝑇0)

𝑙𝑀𝑃𝑍
= 𝐽2𝜌𝑛𝑜𝑟𝑚𝑙𝑀𝑃𝑍 2.22 

And Equation 2.22 can be transferred to: 

𝑙𝑀𝑃𝑍 = √
2𝜅(𝑇𝑐 − 𝑇0)

𝐽2𝜌𝑛𝑜𝑟𝑚
 2.23 

Where κ is the thermal conductivity, and J is the operating current density,and ρnorm is the 

resistivity of the conductor at the normal state. 

 

Compared with LTS, current sharing in HTS cannot be considered to jump from the fully 

superconducting state to the fully normal conductor state [159], because transport current is 

shared by the stabiliser of a HTS superconductor to a varying extent depending on temperature.  

[160], which is mainly due to the temperature dependent Power-Law of superconductor as 

discussed in non-linear E-J characteristic: 

𝐸

𝐸0
= (

𝐽

𝐽𝑐
)𝑛(𝑇) 2.24 

Where E0 and Jc are the electrical field criteria (1 μV/cm) and critical current density of the 

superconductor, and n is the quality index number. Assuming the superconductors operated with 

a transport current J0 at a temperature at T0 (T0 < Tc) in safe conditions, and current sharing occurs 

at a temperature at Tshare (T0 < Tshare <Tc), which the current is divided into both superconductor 

and metal matrix, resulting in and dissipation in both superconductor and matrix with less heat 

generation compared with LTS. This heat generation would strongly affects the thermal behaviour 

of the quench process [103], [161]. 
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A simple and reproducible process for fabricating joints is required for future HTS-based 

applications. Soldering instructions for 2G HTS tapes with copper stabilisers is provided by 

SuperPower [162]: 

• The soldering surface of the 2G wire joint or the area of current lead for 2G tape needs to 

be cleaned and an appropriate resin flux applied compatible with Pb40Sn60 (wt. %) solder.  

• Compression should be gently applied to 2G tapes joint. 

• The heating applied to melt the solder needs to be regulated, for example, for the 

Pb40Sn60 (wt. %) solder, the recommended soldering temperature is around 200 °C, and 

the time heat it is applied should less than 5 minutes. Higher soldering temperatures and 

longer application times can cause the degradation in superconducting layer within the 

2G tape. 

According to statements the SuperPower technical report, the typical joint resistance measured 

was less than 20 nΩ for a 100 mm overlap joint [163]. Ideal soldering conditions could provide 

smaller contact resistances, but the manufacturing process requires very clean surfaces and good 

control of the soldering temperature. This type of work can be performed in the lab on short 

lengths, but it is difficult to provide reproducible work upon kilometer-length of HTS wires for 

industrial applications. Any degradation in a single location in the coil developed during the 

manufacturing process, could be the source for initiating a quench during operation. 

The collaborative work between Oxford Instruments (OI) and University of Southampton (UoS) 

has been ongoing since 2013. One output from the design and measurement of HTS coils as part 

of the Tokomak Energy program was a requirement for a more detailed study on HTS joints. At 

the same time, a novel nanobond technology was applied for the first time to HTS tapes at OI, 

and characterised at UoS. The nanobond process that uses a patented nanofoil, offers a possible 

solution for reliable and reproducible HTS joints for numerous HTS winding applications.  
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The electrical and mechanical properties of nanofoil at room temperature have been reviewed in 

Chapter 1. In reference to nanobond joints in HTS winding applications operating at cryogenic 

temperatures, the physical properties of nanofoil operating below 77 K need to be further 

investigated. For instance, the electrical and thermal transport properties of the HTS joints, e.g. 

electrical resistivity and thermal conductivity become important parameters to determine their 

energy dissipation and thermal and electrical stability. In addition to its thermal and electrical 

performance, mechanical robustness is also required in high magnetic field environments. 

Consequently, the resistivity, thermal conductivity and mechanical properties of nanofoil at low 

temperatures and the interaction between these properties have been measured and presented in 

this work. The outline of this chapter is presented below: 

• Measure the resistivity, thermal conductivity and heat capacity of reacted and unreacted 

nanofoil by Physical Property Measurement System (PPMS). 

• Investigate phase formation of reacted nanofoil with different conduction cooling in the 

reaction process by Scanned Electron Microscopy (SEM) with Energy dispersive X-ray 

spectroscopy (EDS) and X-ray Diffractometer (XRD). 

• Measure the electrical contact characteristics of 2G/copper tape to 2G tape nanobond 

joints at 77 K. 

• Evaluate the thermal contact characteristics of alumina/copper to alumina nanobond 

joints at low temperature. 

• Measure the lap shear strength of metallic nanobond lap joints at room temperature. 

 

 Nanofoil samples preparation for resistivity, thermal conductivity 

and heat capacity measurements by PPMS 

All nanofoil samples prepared for measurement inside the PPMS were cut from Indium 

Corporation (60 μm thick nanofoil sheet). The nanofoil strips were ignited with a 9 V electrical 

pulse at room temperature and held between different materials such as copper, aluminium, 

silicone rubber, A4 printing/towel paper soaked with water and G10 blocks as shown in Figure 

3.1, and these materials can provide different thermal conductions. The PPMS provides an 

automated physical properties measurement with variable temperature and magnetic field control. 

The thermal conductivity, resistivity and specific heat of both reacted and unreacted nanofoil were 

measured by using the PPMS, with the appropriate thermal transport, resistivity and heat capacity 

options enabled. 
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Figure 3.1: Schematic drawing for the prepration for the reacted nanofoil samples with different cooling conditions. 

 

The PPMS thermal transport option (TTO) produced the resistivity and thermal conductivity 

measurements for the applied nanofoil samples using a 4-pin contact method. In total, three 

rectangle strips of reacted nanofoil and two rectangle strips of unreacted nanofoil were measured, 

with all the sample dimensions presented in Table 3.1. Figure 3.2a shows two examples for both 

reacted and unreacted nanofoil samples soldered with 4 voltage taps, and Figure 3.2b shows the 

sample holder used for the TTO measurements. The two reacted nanofoil samples (reacted sample 

1 and 2 respectively) were ignited by a 9 V pulse between a silicone rubber sheet and an aluminum 

block (Al to Silicone). Reacted sample 3 was ignited between two silicone rubber sheets (Silicone 

to Silicone). Reacted samples 1 and 2 were bonded with four pre-tinned copper strips by the 

nanobond reaction and reacted sample 3 bonded with four silver painted copper strips. Unreacted 

sample 1 was fabricated with an unreacted nanofoil soldered with four pre-tinned copper tapes 

with 70 °C melting solder (In66.3Bi33.7, wt. %), and unreacted sample 2 was fabricated with four 

silver painted copper strips. In addition, all pre-tinned copper strips were plated with 180 °C 

(Sn60Pb40, wt. %) solder. The resistivity and thermal conductivity of these samples were 

measured between 5 K and 300 K. 

Table 3.1: Dimensions of a list of nanofoil samples applied to TTO measurements. 

            Parameters 

Samples 

Dimensions 

Distance between two voltage taps (mm) Cross section area (mm2) 

Unreacted sample 1 8.50 0.240 

Unreacted sample 2 1.90 0.114 

Reacted sample 1 8.50 0.240 

Reacted sample 2 4.62 0.178 

Reacted sample 3 6.57 0.216 

 

The PPMS resistivity option not only provides the resistivity measurements, but it also enables 

measurements in a magnetic field to investigate the magnetoresistance of the samples. Resistivity 

measurements were performed on two strips of reacted nanofoil and one strip unreacted nanofoil 

samples, and all the sample dimensions are shown in Table 3.2. Figure 3.3a shows examples of 

both reacted and unreacted nanofoil samples soldered with 4 voltage taps, and Figure 3.3b shows 

the PPMS sample mounting arrangement. Three reacted samples (samples 4, 5 and 6) were 

bonded with 4 pre-tinned copper wires between silicone rubber sheet and an aluminum block. A 
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240 °C solder (Sn99.3Cu0.3, wt. %) was used to solder the unreacted samples with pre-tinned 

copper wires. All the copper wires were plated with 180 °C melting solder (Sn60Pb40, wt. %). 

Moreover, a 3 T magnetic field applied to unreacted sample 3 and reacted sample 4 to investigate 

the magnetoresistance effect. 

 

a) 

 

b) 

Figure 3.2: a) Photograph showing the reacted samples and the unreacted samples for thermal transport measurements 

by PPMS, and b) photograph showing a sample mounting in PPMS_TTO sample holder; 4 pre-tinned copper tapes are 

fixed by clamps. When a constant DC current flows from 𝐼+  to 𝐼− , to measure the voltage across 𝑉+  and 𝑉− , the 

resistance R can be evaluated by Ohm’s Law. A same measuring method for thermal conductivity, when a constant heat 

flux flows from 𝐼+  to 𝐼− , temperature difference is measured between 𝑉+ and 𝑉− , the thermal conductivity can be 

evaluated by Fourier’s Law. 

Table 3.2: Dimensions of a list of nanofoil samples applied to resistivity option measurements. 

                Parameters 

Samples 

Dimensions 

Distance between two voltage taps (mm) Cross section area (mm2) 

Unreacted sample 3 4.44 0.151 

Reacted sample 4 2.94 0.162 

Reacted sample 5 3.48 0.167 

 

 

a) 

 

b) 

Figure 3.3: a) Photograph showing both reacted sample and unreacted sample resistivity measurements by PPMS, and 

b) photograph showing a sample mounting in the PPMS_Resistivity sample holder, and 4 pre-tinned copper wires are 

fixed by soldering with 4 wires connecting to the module base. When a constant DC current flows from 𝐼+ to  𝐼−, to 

measure the voltage across 𝑉+ and  𝑉−, the resistance can be evaulated by Ohm’s Law. 

 

The PPMS heat capacity option provided heat capacity measurements of the solid film. Three 

small pieces of nanofoil were prepared for measurements, one cut from unreacted nanofoil, and 

two from reacted nanofoil. The reacted nanofoil were prepared differently, one produced by 

sandwiching between silicone rubber-aluminium and the other silicone rubber-silicone rubber. 

The sample dimensions are shown in Table 3.3. Approximately, 0.1 mg of N-grease was applied 
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to improve the thermal contact between the sample holder and the nanofoil. The heat capacity of 

each sample was measured inside the PPMS from 5 K to 300 K.  

 SEM and XRD samples preparation 

Several nanofoil strips were ignited at the room temperature with different thermal conduction 

conditions. These samples were soldered with a 100 µm thick pre-tinned copper wires, using 

180 °C melting solder (Sn60Pb40, wt. %). The resistivity of the reacted nanofoil strips was 

measured by the 4-pin contact method at the room temperature. Afterwards, some of these 

samples were broken into smaller pieces and the fractured cross-sections of these samples 

investigated by Scanned Electron Microscope (SEM) with energy dispersive X-ray spectroscopy 

(EDX). Both reacted and unreacted nanofoil strips were scanned with X-ray Diffractometer (XRD) 

to investigate the composition of the samples. Furthermore, an alumina stripe was measured in a 

parallel position with these nanofoil samples at a same height for XRD scan, and the XRD pattern 

results were calibrated in accordance with Al2O3 XRD database. 

 Electrical contact resistance measurement of HTS nanobond 

joints  

A series of nanobond joint contact resistance measurements were performed in LN2 at 77 K. 

Figure 3.4 shows the picture and schematic drawing of the test bed for electrical contact resistance 

measurements. As shown in Figure 3.4a, two 2G HTS tapes with 12 mm width crossed at 90° 

(Joint T-T’) were bonded by pre-tinned Nanofoil, and at each terminal of the HTS tape was 

bonded with a piece of copper sheet with 24 mm width by pre-tinned NanoFoil (Joint A’-T and 

Joint B’-T’). Figure 3.4b displays the position of the voltage taps and current leads. Table 3.4 

shows the parameters of six samples produced for electrical resistance measurements, and also 

describes the tin plating method for the copper terminals and 2G-tapes and the respective plating 

thickness, nanofoil tin plating and thicknesses, the cross-section area of each joint, and the loading 

pressure applied to each nanobond joint. All of the measurements were performed by submerging 

the test bed inside a bath of LN2 at 77 K. Current was injected in incremental steps until the 

critical current criteria was observed, with voltage acquired at each step over 100-line cycles using 

a Keithley 2000 digital voltmeter.  

Table 3.3: The parameters of three nanofoil samples for heat capacity measurements. 

Samples Mass (mg) 
Dimensions (mm) 

Applied grease (mg) 
Length Width Thickness 

Reacted sample 2 2.4 2.4 1.2 0.060 0.1 

Reacted sample 3 1.2 1.2 1.2 0.060 0.1 

Unreacted sample 2 1.2 1.2 1.2 0.060 0.1 
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a) 

 

b) 

Figure 3.4: a) The test bed of contact resistance measurement for the nanobond HTS joints, and b) the schematic 

drawing of the test bed for contact resistance measurement. 

Table 3.4: The parameters of each nanobond HTS joint sample. 

NO. 

Terminals HTS tape NanoFoil Joint 

Pressure electroplated 

Sn 10µm 

electroplated 

Sn 3µm 

Sn - manual 

application 

40µm                  

+ 10µm 

Sn both 

sides 

60µm                            

+ 10µm 

Sn both 

sides 

Joint No. 

Joint 

area 

[mm2] 

1 

1A-A'   1T x   1A'-T 12 × 24 5.0 bar 

  1B-B' 1T' x   1B'-T' 12 × 24 5.0 bar 

    1T-T' x   1T-T' 12 × 12 2.5 bar 

2 

2A-A'   2T x   2A'-T 12 × 24 5.0 bar 

  2B-B' 2T' x   2B'-T' 12 × 24 5.0 bar 

    2T-T' x   2T-T' 12 × 12 2.5 bar 

3 

3A-A'   3T   x 3A'-T 12 × 24 5.0 bar 

  3B-B' 3T'   x 3B'-T' 12 × 24 5.0 bar 

    3T-T'   x 3T-T' 12 × 12 2.5 bar 

4 

4A-A'   4T   x 4A'-T 12 × 24 5.0 bar 

  4B-B' 4T'   x 4B'-T' 12 × 24 5.0 bar 

    4T-T'   x 4T-T' 12 × 12 2.5 bar 

5 

5A-A'   5T   x 5A'-T 12 × 24 10.0 bar 

  5B-B' 5T'   x 5B'-T' 12 × 24 10.0 bar 

    5T-T'   x 5T-T' 12 × 12 5.0 bar 

6 

6A-A'   6T   x 6A'-T 12 × 24 5.0 bar 

  6B-B' 6T'   x 6B'-T' 12 × 24 5.0 bar 

    6T-T'   x 6T-T' 12 × 12 2.5 bar 

 Thermal contact resistance measurement of copper/Al2O3 to 

copper/Al2O3 nanobond joints 

All the DBC Al2O3 samples were provided by Oxford Instruments (OI). The Al2O3 (380 μm thick) 

were double sided, bonded with copper 200 μm  thick each) and gold (0.03 μm thick) coating on 

the surface. Al2O3 to Al2O3 nanobond joint samples were bonded with a both sides solder-plated 

(10 μm thick) nanofoil (60 μm thick) between two DBC Al2O3 plates with pre-tin (3 to 7 μm 
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Sn/Ni) electroless plated. Two Al2O3 to copper soldering samples were manufactured at 

University of Southampton (UoS). The thermal contraction between Al2O3 and copper with 

cooling cycles may cause the Al2O3 to initiate cracks, as a result of the components of the 

composite having very different thermal conductivities. Consequently, the thermal contact 

resistance of Alumina and nanobond joint samples were measured at different temperatures. All 

of the samples were installed on the second stage of a variable temperature cryostat rig. The base 

temperature of the sample was varied from 4.2 K to 60 K via a 100 Ω, 100 W heater, which was 

controlled by a Lakeshore 366 Proportion Integration Differentiation (PID) controller. A constant 

power was applied to the top of the sample via a 47 Ω, 50 W heater. The temperature difference 

across the joint was measured and recorded when all the temperatures reached steady state. Later, 

the dynamic temperature difference across the joint was measured when the rig was warming up 

from 50 K to 300 K, with a constant power applied to the top of the sample. A National Instrument 

(NI) SCXI-1000 data logger was applied to record the temperature data. Afterwards, all the 

samples were epoxy impregnated and polished for optical morphology investigation.  

Sample 1 preparation 

The schematic drawing of sample 1 for a DBC Al2O3 to DBC Al2O3 nanobond joint is shown in 

Figure 3.5. Al2O3 to Al2O3 nanobond joint sample was bonded via a both sides solder-plated (10 

μm thick) nanofoil (60 μm thick) between two electroless plated (3 to 7 μm Sn/Ni) DBC Al2O3 

plates (38 mm × 42 mm × 0.78 mm each), and the surface area of the bonding joint was 100 mm2. 

The ignition of the nanofoil to bond the sample was a 9 V voltage pulse with a 5 bar loading 

pressure on the joint sample. Heater 1 (47 Ω, 50 W), soldering at the top of the top Al2O3 sample 

with 180 ºC melting solder, was applied to provide a constant power to pass through the joint. 

Two copper blocks, the cernox anchors, were bolted at the bottom of the top DBC Al2O3 and the 

top of the bottom DBC Al2O3 respectively. The copper plate was the sample base, and the top 

surface of the copper plate was cleaned with Acetone and coated with flux, and it was soldered 

with the DBC Al2O3 to DBC Al2O3 nanobond joint sample via 146 ºC melting solder (In97Ag3, 

wt.%) on a hot plate at temperature of 160 ºC. Then this palte was bolted at the second stage of a 

varable temperature cryostat rig. 

 

Figure 3.5: Schematic drawing of the Al2O3 to Al2O3 nanobond joint sample for thermal resistance measurements. 

Sample 2 preparation 

A schematic drawing of sample 2, a DBC Al2O3 to copper shim (200 μm thick)  soldered joint and 

a copper shim to copper shim nanobond joint, is shown in Figure 3.6. All of the compontent 
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surfaces (10 mm × 14 mm) were cleaned for soldering with Acetone and then coated with 

soldering flux. Firstly, the bottom surface of the copper spacer and top surface of the copper plate 

were pre-tinned with 240 °C (Sn99.3Cu0.7, wt.%) solder on a hot plate at 250 °C, and the excess 

flux and solder were wiped away by tissue paper. Afterwards, the joint between the copper spacer 

and the plated copper was soldered on a hot plate at 250 °C, followed by the DBC Al2O3 to copper 

shim joint using the same method. The top surface of the copper shim (200 μm thick) was soldered 

with Heater 1 by using 180 °C (Sn60Pb40, wt.%) solder. The preperation of the copper shim to 

copper shim nanobond joint sample was as follows; the surfaces of the two copper shims were 

pre-tinned with 180 °C solder, and excess flux and solder were removed by wiping the surface. 

Two additional pieces of rolled 180 °C solder strips (~ 35 μm thick) were cut to the same size of 

the bonding area and cleaned with Acetone. The arrangement of the stack of nanobond sample 

materials from the bottom to the top was as follows; pre-tinned copper shim, 180 °C rolled solder 

strip, nanofoil (60 μm thick), 180 °C rolled solder strip and pre-tinned copper shim. Finally, all 

the components, involving DBC Al2O3 sample, nanobond sample and copper spacer, were 

arranged as shown in Figure 3.6, and they were soldered via 146 °C (In97Ag3, wt.%) solder on a 

hot plate at 160 °C. The nanofoil was ignited with a 9 V electric pulse under 5 bar of compressive 

loading pressure. 

 

Figure 3.6: Schematic drawing of the Al2O3 to copper soldering joint sample and copper to copper nanobond joint 

sample for thermal resistance measurements. 

Heater 2 was mounted underneath the second stage to control the base temperature, and its power 

output was controlled by a Lakeshore PID controller. The Cernox thermometer was used to 

measure the temperature of the nanobond jointed sample. Heater 1 was used to provide constant 

power to the joint at specific test temperatures. Once at a test temperature and equilibrium 

achieved, the temperature differences across the joint was recorded and the thermal resistance 

calculated using Equation 3.1 in accordance with Fourier’s law: 

𝑅𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
∆𝑇

𝑃𝐴
=
∆𝑥

𝜅𝐴
 3.1 

Where ΔT is the temperature difference between two ends for thermal conduction, and P is the 

applied heat power on Heater 1, and A is the area of each sample joint, and Δx is the distance 

between two ends for thermal conduction, and κ and Rthermal are the thermal conductivity and 

thermal resistance of the applied sample respectively. 
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 Lap shear testing of metallic nanobond solder joints 

A series of mechanical lap shear tests of the metallic nanobond joints were performed upon an 

Instron 3369 universal test machine. A total of four stainless steel to stainless steel (StSt-StSt) 

nanobond jointed samples and four stainless steel to copper (StSt-Cu) nanobond jointed samples 

were supplied by OI for testing and are as shown in Figure 3.7. A list of key properties for the 

eight metallic nanobond joints are presented in Table 3.6. All of the metallic strips used in forming 

the samples in this batch of test specimens were tin/gold-plated, and included 60 µm thick 

nanofoil with 10 µm thick solder placed either side of the foil during fabrication of the joint. After 

completing the fabrication of the nanobond sample sheets, a set of dog-bone shape specimens 

were water jet cut prepare for mechanical testing. The gauge length, specimen widths and lapped 

area and thickness were measured as shown in Table 3.6.  

The copper sheets of all the StSt-Cu nanobond jointed samples would yield without 

failing/fracturing. Consequently, another six copper to copper (Cu-Cu) nanobond joint specimens 

were fabricated at the UoS, with the thickness of the copper strips increased. The design and final 

geometry of the specimens was based on Equation 3.2 to produce specimens with lengths and 

thicknesses to induce failure within the bonded region [164]: 

L=Fty×t/τ 3.2  

Where L is the length of the overlap; t is the thickness of the metal, Fty is the yield point of the 

bonding material; τ is 150 percent of the average shear strength. Fty of copper is around 70 MPa 

[165], and τ is assumed as 16 × 150 % MPa according to the results from the previous StSt-StSt 

lap shear strength tests. The length (L) was assumed as 10 mm, 15 mm, 20 mm and 25 mm 

respectively and the corresponding thicknesses of the copper was calculated and presented in 

Table 3.5. In the final design of the Cu-Cu copper nanobond specimens for the lap shear tests, 

copper strips (60×10×6 mm) were chosen to prepare samples for the mechanical tests with a 

lapped area of 10×10 mm2. 

For the nanobond joints, three copper strips (6 mm thick) were initially pre-tinned with 180 °C 

(Sn60Pb40, wt.%) solder. To form the nanobond joint, a piece of nanofoil was sandwiched 

between two rolled strips of 35 µm thick 180 °C solder and this sandwich stacked between two 

pre-tinned copper strips. A 9 V voltage pulse was applied to ignite the nanofoil with 5 bars of 

compressive load applied to the lapped region to form the nanobond joint. Two nanonond joint 

samples were formed on a hot plate at 60 °C, and one sample was formed at room temperature. 

In fact, many of the initial mechanical specimens produced were formed at room temperature, but 

they were found to have relatively weak bonds. For these specimens, the thicker copper strips 

behaved like a large heat sink for the local energy to dissipate during the nanofoil reaction. This 

was caused by a large thermal resistance between the solder and copper, so the solder was not 

able to wet the copper surface very well. Consequently, the hot plate was applied to increase the 

specimen’s ambient temperature during the joint fabrication, and this improved the solder wetting 

on the copper surface during the nanobond reaction. Hence, the nanobond jointed specimens were 

reproducible when the sample ambient temperature was increased up to 60°C. After the lap shear 

tests of the nanobond joints made with 180 °C solder, the surface of all the copper strips were 
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polished and cleaned. Another three Cu-Cu nanobond jointed specimens were fabricated with 240 

°C (Sn99.3Cu0.7, wt. %) solder in the same method. All the metallic nanobond joint specimens 

prepared for the lap shear tests were clamped into the Instron test machine as shown in Figure 

3.8, and the speed of the machine crosshead set at 1.3mm/min. 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

Figure 3.7: OI metallic nanobond joint samples: a) Stainless Steel to Stainless Steel nanobond joint (bonded at 120 

ºC), b) Stainless Steel to Stainless Steel nanobond joint (bonded at room temperature), c) Stainless Steel to Stainless 

Steel nanobond joint (bonded at 120 ºC), d) Stainless Steel to Stainless Steel nanobond joint (bonded at room 

temperature), e) Stainless Steel to copper nanobond joint (bonded at 120 ºC), f) Stainless Steel to Copper nanobond 

joint (bonded at room temperature), g) Stainless Steel to Stainless Steel nanobond joint (bonded at 120 ºC), h) Stainless 

Steel to Stainless Steel nanobond joint (bonded at room temperature). 

Table 3.5: The estimated thickness of copper for new lap shear tests. 

L (mm) Fty (MPa) τ (MPa) t (mm) 

10 70 16×150% 3.43 

15 70 16×150% 5.14 

20 70 16×150% 6.86 

25 70 16×150% 8.57 
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Figure 3.8: Lap shear test bed set up. 

 



 

 

5
4
 

Table 3.6: Parameters of OI made metallic nanobond joints for lap shear testing. 

NO. 

Sample Material 

Hot plate temperature 

before the bonding (°C) 

Nanofoil 60µm + 

10µm Sn both sides 

Pressure 

(Bar) 

Dog bone joint dimensions 
Top Bottom 

Base# Coating* Base Coating 
Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

Joint area 

(mm2) 

1 
Stainless 

Steel 
Sn 

Stainless 

Steel 
Sn 120 °C x 5 20.44 6.00 0.03 122.64 

2 
Stainless 

Steel 
Sn 

Stainless 

Steel 
Sn Room Temperature x 5 26.50 6.00 0.04 159.00 

3 
Stainless 

Steel 
Au 

Stainless 

Steel 
Au 120 °C x 5 30.44 6.00 0.08 182.64 

4 
Stainless 

Steel 
Au 

Stainless 

Steel 
Au Room Temperature x 5 26.00 6.00 0.07 156.00 

5 Copper Sn 
Stainless 

Steel 
Sn 120 °C x 5 28.50 6.00 0.06 171.00 

6 Copper Sn 
Stainless 

Steel 
Sn Room Temperature x 5 27.50 6.00 0.06 165.00 

7 Copper Au 
Stainless 

Steel 
Au 120 °C x 5 28.50 6.00 0.08 171.00 

8 Copper Au 
Stainless 

Steel 
Au Room Temperature x 5 24.00 6.00 0.07 144.00 

#Stainless Steel sheet base: 35 × 60 × 1mm; copper sheet base: 35 × 60 × 0.9mm. 

*Electroless Ni-Sn: 3-7µm Ni (>11.2% + 1%P) + 10-15µm tin; electroless Ni-Au:  3-7µm Ni (>11.2% + 1%P) + 0.05-0.1µm gold. 

Table 3.7: Parameters of UoS made copper nanobond joints for lap shear testing. 

NO. 

Sample Material 

Plate temperature before 

the bonding (°C) 

Nanofoil 

60µm +  

35-40 µm solder 

film both sides 

Pressure 

(Bar) 

Joint dimensions  
Top Bottom 

Base## 
Pre-tin 

plated** 
Base 

Pre-tin 

plated 

Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

Joint area 

(mm2) 

9 Copper Sn60Pb40 Copper Sn60Pb40 60 °C x Sn60Pb40 5 10.00 10.00 0.109 100.00 

10 Copper Sn60Pb40 Copper Sn60Pb40 60 °C x Sn60Pb40 5 10.00 10.00 0.097 100.00 

11 Copper Sn60Pb40 Copper Sn60Pb40 Room Temperature x Sn60Pb40 5 10.00 10.00 0.079 100.00 

12 Copper Sn99.3Cu0.7 Copper Sn99.3Cu0.7 60 °C x Sn99.3Cu0.7 5 10.00 10.00 0.098 100.00 

13 Copper Sn99.3Cu0.7 Copper Sn99.3Cu0.7 60 °C x Sn99.3Cu0.7 5 10.00 10.00 0.082 100.00 

14 Copper Sn99.3Cu0.7 Copper Sn99.3Cu0.7 Room Temperature x Sn99.3Cu0.7 5 10.00 10.00 0.072 100.00 
##Copper bar base: 60 ×10 × 6 mm.  
**Manually pre-tin (180 °C melting solder) plated: 3-5 µm Sn60Pb40; manually pre-tin (240 °C melting solder) plated: 3-5 µm Sn99.3Cu0.7.

5
4
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 Physical properties measurements results of nanofoil samples by 

PPMS  

The PPMS options and the type of the base holding material used to produce each sample are 

presented in Table 3.8. The following sections discuss more details of resistivity, thermal 

conductivity and heat capacity of the nanofoil measurements performed at low temperatures.  

Table 3.8: A list of nanofoil samples applied to physical properties measurements. 

Sample Abbr. TTO Resistivity Heat capacity Cooling condition   

Reacted sample 1 Re_Naf_1 x   Al to silicone 

Reacted sample 2 Re_Naf_2 x  x Al to silicone 

Reacted sample 3 Re_Naf_3 x  x Silicone to silicone 

Reacted sample 4 Re_Naf_4  x  Al to silicone 

Reacted sample 5 Re_Naf_5  x  Al to silicone 

Unreacted sample 1 Un_Naf_1 x   N/A 

Unreacted sample 2 Un_Naf_2 x  x N/A 

Unreacted sample 3 Un_Naf_3  x  N/A 

 

Figure 3.9 shows the plot of the resistivity measurements for 3 unreacted samples measured by 

PPMS compared with nano-scaled thick nickel and aluminum [126], [127] and the resistivity of 

bulk nickel and aluminum [166] at temperatures from 5 K to 300 K. Unreacted sample 3 was used 

to investigate the magnetoresistance effect by applying a 3 T field. It was apparent that the residual 

resistivity of all the unreacted samples were more than 10 times larger than that of the bulk metals. 

The resistivity of unreacted sample 2 almost coincides with that of unreacted sample 1 at all 

temperatures, which these two samples have a similar scale of resistivity at each temperature 

compared with 30 nm scaled nickel nano-wire. The resistivity of unreacted sample 2 has a similar 

reducing trend compared with the other two unreacted samples, but it is around 22 % to 35 % 

higher than that of other two unreacted samples at temperatures from 5 K to 300 K. There was no 

magnetoresistance effect observed on the unreacted sample 3, since the resistivity measurements 

with and without magnetic field coincide. 
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a) 

b) 

Figure 3.9: The plot for the resistivity measurements for a) 3 unreacted samples measured by PPMS compared with 

some nano-scaled nickel and aluminum [126], [127] and b) bulk nickel in purity of 99.99% and bulk aluminum in 

purity of 99.99% [166] at temperatures from 5 K to 300 K. Unreacted sample 1, 2 were measured with TTO, and 

unreacted sample 3 has been investigated the magnetoresistance effect via applying a 3 T field with Resistivity option 

(Un_Naf: unreacted nanofoil sample, BNL:Brookhaven National Laboratory). 

Figure 3.10 shows the plot of the resistivity measurements for five reacted samples compared 

with the results of NiAl films [36] in different Ni atomic percentage at a temperature from 5 K to 

300 K. Reacted sample 4 was used to investigate the magnetoresistance effect by applying a 3 T 

field. It was found that the resistivity of the reacted samples were much larger than the unreacted 

samples over the entire temperature range, which implies a difference in the resistivity between 

the intermetallic NiAl and the foil consisting of the two metals (aluminum and nickel). The 

resistivity of the reacted nanofoil at room temperature varies from 390 to 520 nΩ×m, which is 

almost around four times of the value (~100 nΩ×m) produced by the Indium Corporation [14]. 
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The temperature dependence of resistivity among the reacted nanofoil samples are not consistent, 

despite some of them being ignited in the same way. For instance, the resistivity of reacted sample 

4 (390 nΩ×m) at room temperature is smaller than the residual resistivity of reacted sample 3 

(408 nΩ×m); reacted samples (1, 2 and 5) were ignited with same cooling condition (Al to 

silicone), and resistivity of reacted sample 5 (472 nΩ×m) was smaller than that reacted sample 1 

(503 nΩ×m) and 2 (498 nΩ×m) at room temperature, but resistivity of reacted sample 5 (376 

nΩ×m) is larger than that of reacted sample 1 (364 nΩ×m) and 2 (330 nΩ×m) at 10 K. There is 

almost no resistivity difference observed on reacted sample 4 with and without a magnetic field 

applied, which implies a minimum magnetoresistance effect on the resistivity of reacted nanofoil. 

 

a) 

b) 

Figure 3.10: The plot for resistivity for a) 3 reacted nanofoil samples measured by PPMS compared with b) NiAl with 

different Ni atomic percentage [36] varying with temperature between 5 K and 300 K. Reacted sample 1, 2 and 3 were 

measured with TTO, and reacted sample 4 and 5 were measured with Resistivity option, and sample 4 was measured 

with a magnetic field (3 T) and without field (Re_Naf: reacted nanofoil sample). 
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Both reacted sample 1 and unreacted sample 1 have a sharp transition between 5 K and 7.5 K. 

The component of nanofoil, Aluminium/Al, critical temperature is 1.2 K; and components of 

180°C melting solder, lead/Pb and tin/Sn, critical temperature are 7.193 K and 3.722 K 

respectively, and components of 70 °C solder, bismuth/Bi and indium/In, critical temperature are 

0.53 mK [167] and 3.408 K [168] respectively. Consequently, the “lead” can be the reason to 

cause this transition occurring. It was considered that the solder from the pre-tinned voltage tap 

melted and diffused onto the sample surface when the nanofoil was ignited and the reaction 

temperature increased up to more than 1500 °C. Later silver painting was applied to the voltage 

taps for the preparation of the other samples, and there was no transition observed. 

Table 3.9 shows the residual resistivity (ρ5K), and temperature dependent resistivity ρel-ph (300 K) 

and the residual resistance ratio (RRR= ρ300K/ρ5K) compared with the resistivity of nickel in purity 

of 99.99% and aluminum in purity of 99.99% [166], and some nano-scaled nickel and aluminum 

[126], [127], and bulk NiAl [35], [36]. Compared with nickel and aluminum, the low RRR and 

higher residual resistivity of unreacted nanofoil samples imply the contribution of the structural 

defects on the residual resistivity at low temperature, this may be due to poor grain growth in the 

sputtering fabrication process of the unreacted nanofoil. Referring to the temperature dependent 

resistivity ρel-ph(300 K), the phonon-electron scattering dominated the bulk material resistivity at 

room temperature [124], [169], and the free mean length of electrons is inversely proportional to 

the phonon-electron scattering at high temperature [122], where the free mean length for bulk 

nickel and aluminum at room temperature is 5.87 nm and 18.9 nm at room temperature [122]. 

Consequently, the thickness (30-50 nm) of altered layer of aluminum and nickel would not impose 

a limitation on free mean length if aluminum and nickel of the unreacted nanofoil have the same 

grain size of the bulk materials. Furthermore, average ρel-ph(300 K) of unreacted nanofoil (~55 

nΩ×m) is almost the same as that of bulk nickel (~56 nΩ×m), which implies the effect of phonon-

electron scattering is not main reason for unreacted nanofoil has a higher resistivity at room 

temperature. 

Referring to the reacted samples, all of them have much higher resistivity at each temperature and 

smaller RRR compared with NiAl in two different stoichiometric ratios as shown in Table 3.9. 

Reacted sample 1 and reacted sample 2 have a similar resistivity (500 nΩ×m) at room temperature, 

and RRR of reacted sample 2 is slightly higher, but this cannot confirm reacted sample 2 has a 

higher purity because of nanofoil itself is the intermetallic of aluminum and nickel unless there is 

other nickel aluminide phase formation. Other reacted samples (3-5) have a very similar RRR 

(1.25 to 1.29) so that there was minimum possibility for more defects to cause 31%-35% 

resistivity gap among these samples at all temperatures. The resistivity of NiAl has the lowest 

value when the stoichiometric ratio between Ni and Al is getting close to 50:50 (at. %), and it 

increase in both nickel rich phase and aluminum rich phase. For instance, the formation of Ni2Al3 

(at. %), one intermediate product in the reaction of nanofoil, has a resistivity around 500 nΩ×m 

that is more than 30 % higher than Ni0.5Al0.5 (at. %) at room temperature. Furthermore, it needs to 

be noted that the cooling condition of reacted sample 3 is different from other reacted samples, 

and it seems that a slow cooling rate that results in a higher resistivity of the reacted nanofoil, and 

cooling rate relates to the alloy grain size during the solidification process [170]–[172]. 

Consequently, the dependence of phase formation or grain size is assumed to explain the 
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resistivity difference among the reacted samples, but this assumption needs more evidences to be 

investigated via SEM with EDX and XRD. 

Table 3.9: Residual resistance ratio (RRR), and resistivity at 4.2 K, 77 K and room temperature of both reacted and 

unreacted sample compared with the resistivity of bulk nickel and aluminum [166], and nano-scaled nickel [126], [127], 

and NiAl in stoichiometric ratios [35], [36]. 

Sample 

Residual 

Resistivity ρ0 

(nΩ×m) 

Temperature dependent 

resistivity ρel-ph at 300 K 

(nΩ×m) 

RRR 
Free Mean 

Length (nm) 

Re_Naf_1 364 139 1.38 N/A 

Re_Naf_2 330 168 1.51 N/A 

Re_Naf_3 408 120 1.29 N/A 

Re_Naf_4 311 79 1.25 N/A 

Re_Naf_5 376 96 1.25 N/A 

Un_Naf_1 74 47 1.63 N/A 

Un_Naf_2 92 70 1.77 N/A 

Un_Naf_3 74 49 1.66 N/A 

Bulk Al ~1.1 24.2 ~23.00 18.9 

Bulk Ni ~5.2 56.4 ~11.85 5.87 

30 nm Ni 65.0 67 2.03 N/A 

NiAl (50.4%Ni, at. %) 38.6 106.4 3.76 N/A 

NiAl (49.6%Ni, at. %) 13.5 86.5 7.41 N/A 

 

Figure 3.11 shows the plot of thermal conductivity for both unreacted samples (1 and 2) and 

reacted samples (1, 2 and 3), nickel (99.99% and 99%) and aluminum (99.996% and 99%) at 5 K 

to 300 K. The thermal conductivity values of both unreacted samples and reacted samples have a 

reducing trend, and thermal conductivity of the unreacted samples is larger than reacted samples 

over the temperature range. 

The temperature dependence of thermal conductivity for unreacted nanofoil is very different from 

pure metals even though the unreacted nanofoil is fabricated with many thousands of layers of 

aluminum and nickel. The purity of the metals has a significant influence on their thermal 

conductivity as shown in Figure 3.11, but this cannot explain the reason why unreacted nanofoil 

has a thermal conductivity of ~79 W/(K×m) at room temperature. For the reacted samples, the 

temperature dependent thermal conductivity variation among the different reacted nanofoil 

samples is rather consistent compared with the resistivity. The thermal conductivity of the reacted 

nanofoil is ~34 W/K×m at room temperature, and is slightly higher than the data (25-30 W/(K×m)) 

provided by Indium Corporation [14], but lower than the stoichiometric NiAl (~75 W/(K×m)) 

measured by Darolia et al and Walston et al [45], [47]. 

The Lorenz number of both reacted and unreacted nanofoil at all temperatures was calculated by 

Wiedemann-Franz law. The Lorenz number of all reacted samples varies between 5.1×10-8 

WΩ/K2 and 6.5×10-8 WΩ/K2 at room temperature, which are larger than the Sommerfeld constant 

2.44×10-8 WΩ/K2. The Lorenz number of the reacted samples implies a similar temperature-

dependent variation with the reduction of the temperature. When the temperature decreases below 
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160 K, the value drops to below 5.0×10-8 WΩ/K2. Thereafter, these values start to increase with 

decreasing temperature, and reaches a peak value (above 6.9×10-8 WΩ/K2) at ~23 K. Finally, the 

curves decrease in the range between 5.5×10-8 WΩ/K2 and 6.3×10-8 WΩ/K2 at 5 K and are in a 

similar range at room temperature. The reason for larger Lorenz number is the significance of 

lattice conductivity in alloys at intermediate temperatures [120]. 

 

Figure 3.11: The plot for thermal conductivity for the reacted and unreacted nanofoil measured by PPMS_TTO 

compared with nickel and aluminum in different purities [173] varying with temperature between 5 K and 300 K 

(Re_Naf: reacted nanofoil sample, Un_Naf: unreacted nanofoil sample, BNL:Brookhaven National Laboratory). 

For the unreacted samples, the Lorenz number of unreacted sample 1 is 2.99×10-8 WΩ/K2 at room 

temperature, which is close to the Sommerfeld constant. This is dictated by the electron’s 

contribution on the conductivity for pure metals. The Lorenz number of unreacted sample 2 has 

a temperature dependence when temperature is above 100 K. The reason for this may be due to a 

short distance (1.4 mm) between two thermocouples compared with other unreacted samples (> 

4 mm). Therefore, the thermal diffusion, small temperature gradient and a higher resistivity 

measured all contribute to increasing the error in the Lorenz number. Compared with metals, there 

was no temperature dependence measured for unreacted samples at intermediate temperatures, 

which are almost constant at 2.99×10-8 WΩ/K2 between 10 K and 100 K. This may be due to the 

unreacted nanofoil that causes a reduction trend of thermal conductivity with the decreasing of 

temperature instead of the increasing trend normally observed in high purity metals.  
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Figure 3.12: The plot for Lorenz number varying with temperature for both reacted and unreacted nanofoil samples 

(Re_Naf: reacted nanofoil sample, Un_Naf: unreacted nanofoil sample). 

 

In the heat capacity measurements performed in this work, the heat capacity measurements for 

both reacted and unreacted nanofoil included the heat capacity of grease which had to be 

subtracted from the measured results. Taking unreacted sample 2 (Un_Naf_2) as an example, 

Figure 3.13 shows the measured heat capacity of unreacted sample 2 and calibrated heat capacity 

of unreacted sample 2 (minus grease) compared with the calculated heat capacity of unreacted 

nanofoil sample (Ni+Al, 50:50 at. %) [174], [175] and N-type grease. The heat capacity of grease 

is achieved determined by: Cp (grease) × m (0.1 mg), and the calibrated result was obtained via 

subtracting the grease contribution from the measured result. The calibrated results with error bars 

are shown in Figure 3.13 that take the mass of grease into consideration. Furthermore, the 

calculated heat capacity of unreacted nanofoil sample (Ni+Al, 50:50 at. %) is calculated in 

accordance with the heat capacity of nickel and aluminium evaluated by: 

𝐶𝑝(Ni + Al, 50: 50 𝑎𝑡.%) = 𝐶𝑝(Ni)
𝑀(Ni)

𝑀(Sum)
+ 𝐶𝑝(Al)

𝑀(Al)

𝑀(Sum)
 3.3 

Where Cp is the specific heat in unit of J/(g×K), and M is the molar mass. The trend of calibrated 

heat capacity results (red circles) follows that of the calculated nickel-aluminium nanofoil (Ni+Al, 

50:50 at. %, green solid line), and has a good fitting at high temperatures, but the measured values 

are slightly higher at lower temperatures. Note, all of the measured specific heat capacities 

presented in Figure 3.13 for both reacted and unreacted samples have been calibrated in a same 

method.  
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Figure 3.13: The plot for measured heat capacity of unreacted sample 2 and calibrated heat capacity of unreacted 

sample 2 (minus grease) compared with calculated heat capacity of unreacted nanofoil sample (Ni+Al, 50:50 at. %) 

[174], [175] and N-type grease (Un_Naf: unreacted sample, BNL:Brookhaven National Laboratory). 

Figure 3.14 shows the measured specific heat capacity (J/(g×K)) of three reacted samples (2 and 

3) and unreacted sample 2 compared with aluminium, nickel and calculated specific heat of 

unreacted nanofoil (Ni+Al, 50:50 at. %) at the temperature from 1 K to 300 K. The specific heat 

capacity of these three samples has an increasing trend with the temperature rising up from 1 K 

to 300 K. The specific heat capacity of the reacted nanofoil produced with silicone rubber placed 

in contact with an aluminium block for cooling, and reacted nanofoil produced with silicone 

rubber placed in contact with silicone rubber for cooling at 300 K are around 0.55 J/(g×K) and 

0.51 J/(g×K) respectively, which are smaller than results for the reacted nanofoil that has a 

specific heat capacity of 0.64 J/(g×K), which is data provided by Indium Corporation [14].  

In order to compare the molar heat capacity constant (CV = 24.94 J/(mol×K)) in accordance with 

the Law of Dulong and Petit at room temperature, the specific heat (CV) in units of J/(mol×K) of 

unreacted samples 2 and 3 and unreacted sample 3 plotted against the cube of temperature T3 (1 

K < T < 300 K) as shown in Figure 3.15. This graph therefore compares the specific heat capacity 

of aluminium, nickel, the calculated specific heat capacity of unreacted nanofoil (Ni+Al, 50:50 

at. %), and specific heat capacity of NiAl (Ni, 49.3 at. %) measured by Alexander et al [52], NiAl 

(Ni, 48 or 50 at. %) measured by Seitchikf et al [56], NiAl (Ni, 50.5 and 51 at. %) measured by 

Begot et al [176], and specific heat capacity of Al2O3 and NiO [177], [178] is very close to the 

molar heat capacity constant at the room temperature, and is compared with aluminium, CV = 

24.33 J/(mol×K), and nickel, CV = 26.12 J/(mol×K), and calculated specific heat of unreacted 

nanofoil (Ni+Al, 50:50 at. %), CV = 25.22 J/(mol×K). 
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Figure 3.14: The specific heat capacity in unit of J/(g×K) of reacted nanofoil sample 2 and 3 and unreacted nanofoil 

sample 2 compared with that of aluminium, nickel and calculated specific heat of unreacted nanofoil (Ni+Al,50:50 

at. %) [174], [175] versus the temperature from 1 K to 300 K (Re_Naf: reacted sample, Un_Naf: unreacted sample, 

BNL:Brookhaven National Laboratory). 

The experimental results of CV for all the reacted samples at room temperature are 46.86 J/(mol×K) 

and 43.51 (J/mol×K) for reacted sample 2 and 3 respectively and these values are very similar to 

the specific heat capacities of NiAl (Ni, 49.3 at. %), CV = 48.5 J/(mol×K) measured by Alexander 

et al [52], but larger than the molar heat capacity constant of metals and NiAl (Ni, 50 at. %), CV 

= 23.01 J/(mol×K)) measured by Sandakova et al [54]. At lower temperatures (< 20 K), the 

experimental CV of the two reacted samples are higher than the heat capacities of NiAl measured 

by other groups. The first possibility to account for such difference may be associated to nickel 

and aluminium having a reaction with oxygen gas during processing. The specific heat capacity 

of Al2O3 and NiO are plotted in the same figure to provide a comparison and shows the CV of 

Al2O3 is higher than the measured results and NiO is similar to the measured results. However, 

the very low CV of Al2O3 and NiO below 20 K cannot be explained by the higher measured results 

of reacted nanofoil over the same temperature range. The second possibility considers different 

compositions, where nickel rich phase nickel aluminide exists within the reacted nanofoils. For 

instance, the specific heat capacity of Ni3Al at lower temperature (< 20 K) were higher than our 

measured results. An assumption of one mole of reacted nanofoil that consists of a% (0 < a < 100) 

mole of NiAl and (100% - a%) mole of Ni3Al and NiAl3 was applied to the estimated specific 

heat capacity in conjunction, with the specific heat capacity of NiAl (Ni, 49.3 at. %) measured by 

Alexander et al [52], specific heat of Ni3Al (Ni, 75 at. %) measured by Dood et al [55] and specific 

heat capacity of NiAl3 (Ni, 25 at. %) measured by Dunlop et al [54]. The estimated specific heat 

with 80% NiAl and 20% of Ni3Al and NiAl3 in one mole of reacted nanofoil has a good fitting 

with experimental values. However, there are no references that mention Ni3Al as an intermediate 
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product in the reaction of nanofoil. This existence of this product needs to be verified by SEM 

with EDX and XRD as part of further work. 

 

a) 

b) 

Figure 3.15: The specific heat capacity in unit of J/(mol×K) of a) unreacted nanofoil sample 2 compared with 

aluminium, nickel and calculated specific heat of unreacted nanofoil (Ni+Al,50:50 at. %) [174], [175] and b) reacted 

nanofoil sample 2 and 3 compared with the specific heat of NiAl3 (Ni, 25 at. %) measured by Dunlop et al and reported 

in [54], NiAl (Ni, 49.3 at. %) measured by Alexander et al [52], NiAl (Ni, 48 or 50 at. %) measured by Seitchikf et al 

[56], NiAl (Ni, 50 at. %) measured by Sandakova et al reported in [54], NiAl (Ni, 50.5 and 51 at. %) measured by 

Begot et al [176], Ni3Al (Ni, 75 at. %) measured by Dood et al [55], NiAl3 (Ni, 25 at. %) measured by Dunlop et al 

reported in [54] and specific heat of Al2O3 and NiO and estimated specific heat of one mole NiAl (80%NiAl 

+20%(Ni3Al+NiAl3)) versus the temperature from 1 K to 300 K [177], [178], and dash line shows the molar specific 

heat constant at room temperature in accordance with the law of Dulong and Petit (Re_Naf: reacted sample, Un_Naf: 

unreacted sample, BNL:Brookhaven National Laboratory). 

Figure 3.16 presents curves of CV/T versus T2 for samples 2 and 3 and unreacted nanofoil sample 

2 compared with curves for aluminium, nickel and for the calculated specific heat capacities of 

unreacted nanofoil (Ni+Al, 50:50 at. %) [174], [175], NiAl (Ni, 49.3 at. %) measured by 
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Alexander et al, NiAl (Ni, 48 or 50 at. %) measured by Seitchikf et al [56], NiAl (Ni, 50.5 and 51 

at. %) measured by Begot et al [176] over the temperature range of (1 K < T < 10 K). The low 

temperature heat capacity of metals can be expressed as: CV /T = β+αT2 in accordance with the 

Einstein-Debye phonon model and shows a good linear fitting between CV/T and T2, where β is 

the electronic specific heat constant, and α is vibrational specific heat constant. The values of α 

and β for both reacted and unreacted nanofoil samples are shown in Table 3.10. Several articles 

seem to imply there is nonlinearity in the heat capacity for NiAl with respects to CV/T, and 

highlighted in the curve shown as a sudden rise when the temperature is below 4 K [52], [53]. 

The same result was also fitted by adding a constant A: CV = A+βT+αT2. The adjusted heat 

capacity of NiAl (measured by Alexander et al) plotted with respects to CV/T and (CV - A)/T is 

shown in Figure 3.16, and where the calculation of α and β is taken from (CV - A)/T. However, 

there is no change in slope observed in our measurement upon reacted samples. 

 

Figure 3.16: The specific heat capacity divided by temperature (CV/T) of reacted nanofoil sample 2 and 3 and unreacted 

nanofoil sample 2 compared with that of aluminium, nickel Ni+Al (50:50, at. %) [174], [175] and heat capacity of NiAl 

(Ni, 49.3 at. %) measured by Alexander et al [52], NiAl (Ni, 48 or 50 at. %) measured by Seitchikf et al [56], NiAl (Ni, 

50.5 and 51 at. %) measured by Begot et al versus the square of the temperature from 1 K to 10 K (Re_Naf: reacted 

sample, Un_Naf: unreacted sample, BNL: Brookhaven National Laboratory, and dash lines represents the linear part 

of the curve profiles). 

In Table 3.10, the, α and β values for reacted sample 2 are 4.094e-5 J/(mol×K4) and 0.00324 

J/(mol×K2) receptively. For reacted sample 3, α = 2.650e-5 J/(mol×K4) and β = 0.00299 

J/(mol×K2), and both values are slightly smaller compared to those previously calculated. The 

value of βNiAl for both reacted samples are smaller than βNi = 0.00702 J/(mol×K2) (for nickel), but 

larger than βAl = 0.00135 J/(mol×K2) (for aluminium). When comparing these values against α = 
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2.056e-4 J/(mol×K4) and β = 0.00141 J/(mol×K2) obtained from the heat capacity of NiAl (Ni, 

49.3 at. %) [52], both of the reacted samples 2 and 3 produced larger values of β.   

Table 3.10: Calculated α and β from the curve fitting from Figure 3.16 for reacted and unreacted nanofoil samples, 

aluminium, nickel, Ni+Al (50:50, at. %) [174], [175], NiAl (Ni, 49.3 at. %) measured by Alexander et al [52], NiAl 

(Ni, 48 or 50 at. %) measured by Seitchikf et al [56], and NiAl (Ni, 50.5 or 51 at. %) measured by Begot et al [176]. 

Sample α (J/(mol×K4) β (J/(mol×K2) CV at room temperature (J/(mol×K) 

Re_Naf_2 4.094E-5 0.00324 46.86 

Re_Naf_3 2.650E-5 0.00299 43.51 

Un_Naf_2 3.067E-5 0.00484 25.08 

Al 2.400E-5 0.00137 24.33 

Ni 2.559E-5 0.00702 26.12 

Ni+Al (50:50, at. %) 2.499E-5 0.00419 25.22 

NiAl (Ni, 49.3 at. % ) 2.056E-5 0.00141 48.53 

NiAl (Ni, 48 or 50 at. % ) 1.070E-5 0.00126 N/A 

NiAl (Ni, 50.5 at. % ) 1.780E-5 0.00267 N/A 

NiAl (Ni, 51 at. % ) 1.790E-5 0.00282 N/A 

 

In order to investigate the effects of microcracks upon the resistivity and thermal conductivity of 

reacted nanofoils, reacted sample 1 was potted with and epoxy resin and polished to produce a 

cross-sectioned specimen that could be viewed under microscope. Three images of the cross-

section are shown in Figure 3.17. No obvious cracks were observed, but some holes and indents 

of variable size were found, and void spaces located near the edge of the potted specimen. These 

indentations and void space that appear within the nanofoil could prevent effective current and 

thermal transfer through the nanobond joints. However, the solder would tend to fill the cracks 

and void spaces during the formation of the joint and improve the thermal conduction and reduce 

the joints electrical resistance. 

 

a) 

 

b) 

 

c) 

Figure 3.17: The picture indicating the cross-section of a piece of reacted nanofoil (Reacted sample 1): a) Rectangulare 

area: surface indentations, Rounded rectangular area: surface cracks and fragments and b) Oval area: cross-section of 

indentation; c) Rectangular area: surface void space/indentation, Round area: cross section hole. 

 Reacted nanofoil films for SEM with EDX and XRD investigation 

The resistivity of several reacted nanofoil samples at temperatures from 5 K to 300 K have been 

measured by using the PPMS. Differences in the phase formation and grain size in the reacted 
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nanofoil could be influenced by the type and the rate of reaction cooling. This assumption was 

assumed as a possible reason for the variations in resistivity observed among different samples. 

Consequently, additional reacted nanofoil samples were fabricated by applying different cooling 

conditions and using a range of different sample holding materials. 

Table 3.11 lists the cooling conditions, dimensions and resistivity of each sample at room 

temperatures. Figure 3.18 show five images of reacted nanofoil samples produced under different 

cooling conditions. The surface of reacted nanofoil cooled with air is dark grey, and the nanofoil 

sample appeared became darker after the reaction. The resistivity was estimated around 50 

µΩ×cm. In comparison, the reacted nanofoil produced by copper cooling remained unoxidised 

with a shiny silver surface (Figure 3.18b). The reacted nanofoil produced with aluminium cooling 

also had an unoxidised and clean surface. Eight reacted samples were fabricated using the copper 

cooling block, and a further two were fabricated upon a hot plate at 100 ºC. The resistivity of the 

reacted nanofoil produced with copper cooling varied from 47 to 73 µΩ×cm. The resistivity of 

the nanofoils produced on the hot plate were > 70 µΩ×cm, however, the two samples were found 

to be very brittle and easy to fracture. A further set of four additional reacted samples were 

produced by igniting the joint placed between two silicone rubber sheets and a single sample was 

produced by igniting the joint placed between two sheets of wet printing paper. The colour of the 

surfaces after ignition was generally grey and intermixed with smaller areas of light purple as 

shown in Figure 3.18 (c and d). The resistivity of the sample prepared between silicone rubber 

sheets varied from 43 to 49 µΩ×cm, and between wet paper was 56 µΩ×cm. The appearance of 

samples prepared using G10 blocks as the cooling interface, were covered with non-homogeneous 

regions of dark purple, and the resistivity of these samples varied from 51 to 65 µΩ×cm. 

Furthermore, the G10 blocks left surface indentations on the reacted nanofoil samples, which is 

further evidence that the nanofoil material did indeed melt during the reaction process. Having 

reviewed the resistivities measured from all the samples prepared for this particular investigation 

upon cooling conditions and cooling rates; the original assumption that suggests that slower 

cooling rate will tend to produce nanofoil specimens with higher resistivities does not hold, given 

the scatter in the results generated during this investigation.  

However, most of the measured resistivity values are within a reasonable range (24 µΩcm-60 

µΩcm) and comparable to other published results upon NiAl films [19], [41]–[44], [179], but they 

are much higher than bulk ordered NiAl (~10 µΩcm) [36]–[38], [40]. Furthermore, the variation 

in the measured resistivity reported in this work, is likely influenced by the thermal contact with 

the substrate materials rather than by the cooling conditions. For instance, the silicone rubber 

material is soft and compliant compared with other materials, and therefore the overall average 

of the measured resistivity value of reacted nanofoil samples is possibly more consistent 

compared with other samples prepared between harder materials such as copper and G10 blocks. 
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Table 3.11: The dimensional parameters and resistivity of each reacted nanofoil samples with different cooling 

conditions. 

Cooling 

condition 

Length 

(cm) 

Width 

(cm) 

Thickness 

(µm) 

Cross 

section 

(cm) 

Resistance 

(Ω) 

Resistivity 

(µΩ×cm) 

Mean value 

(µΩ×cm) 

Copper 

0.914 0.477 63 0.003 1.648E-02 53.40±4.17 

57.28±19.72 

0.809 0.415 62 0.003 1.488E-02 47.32±1.62 

0.793 0.362 62 0.002 2.585E-02 73.16±4.73* 

0.704 0.459 62 0.003 1.789E-02 71.81±6.14* 

0.545 0.530 62 0.003 8.457E-03 50.99±1.87 

0.562 0.545 62 0.003 1.019E-02 56.21±2.38 

1.109 0.608 62 0.004 1.410E-02 47.22±3.19 

0.763 0.637 62 0.004 9.914E-03 51.32±0.85 

0.366 0.496 62 0.003 6.608E-03 55.52±2.62 

0.570 0.544 62 0.003 1.105E-02 65.36±3.68 

Silicone 

Rubber 

0.899 0.603 64 0.004 1.021E-02 43.81±3.40 

46.61±4.30 
0.926 0.609 64 0.004 1.104E-02 46.45±3.90 

1.076 0.666 64 0.004 1.182E-02 46.80±4.11 

0.923 0.384 62 0.002 1.914E-02 49.38±1.57 

Printing 

paper with 

water 

0.976 0.473 63 0.003 1.837E-02 56.07±5.20 56.07±5.20 

G10 

1.121 0.616 63 0.004 1.488E-02 51.50±3.61 

58.40±11.70 
1.005 0.658 63 0.004 1.577E-02 65.06±5.12 

0.723 0.657 62 0.004 1.040E-02 58.42±1.05 

0.363 0.438 63 0.003 7.708E-03 58.59±1.31 

*Copper was heating up to 100 °C on a hot plate. 

 

a) 

 

b) 

 

c) 

 

d) 

 

e)   

Figure 3.18: The pictures for reacted nanofoil samples with different cooling conditions: a) air cooling, b) copper 

cooling, c) rubber cooling, d) A4 paper submerged with water cooling and e) G10 block cooling.  

Several literatures exhibit that annealing process of the reacted Ni/Al multilayer samples is helpful 

to reduce the resistivity of NiAl by increasing the crystal grain size [19]. However, the differences 

observed in surface colour of the reacted nanofoil samples, are not related to any differences 

identified in the crystal grain size or microstructure. In fact, when the surface of the silicone was 

sprayed with water during preparation of the nanofoil, the grey colour changed only slightly with 

less visibility of purple. Furthermore, it needs to be noted that the melting point of copper is 1085 

ºC. Silicone rubber and G10 start to degrade at 300 ºC and 117 ºC respectively, and they were all 
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below the reaction temperature (1400 ºC to 1800 ºC) of nanofoil. Consequently, the SEM with 

EDX compositional analysis and XRD compositional analysis were introduced to investigate and 

changes in grain size and microstructure of these reacted nanofoil samples in more detail. The 

studies upon the microstructures were applied to those specimens in each batch with the lowest 

resistivity.  

 

Figure 3.19 shows the fractual cross-section and the surface images of a unreacted nanofoil film, 

and the corresponding selected area compositional analysis by EDX is shown in Table 3.12. The 

fold zone as shown in Figure 3.19a consists of thousands of alterred layers of nickel or aluminum. 

There is an outer layer at the edge of the foil, which is 1 μm thick copper/silver/indium layer. It 

is difficult to say if the stack lines are perpendicular to the alternating outer layer of Al and Ni 

(30~50 nm) as shown in Figure 3.19a. It needs to be noted that the TEM image of the cross-

section of the nanofoil show the outer alloy layer is parallel to the Al/Ni multilayers [180]. Table 

3.12a shows the EDX compositional analysis that gives the atomic quantities of Ni (51.31%, %. 

at) and Al (49.69%, %. at) of the scanned area shown in Figure 3.19a, The atomic quanities 

measured in samples prepared in this work, match the stoichiometric ratio 50:50 between Ni and 

Al as stated in [14]. Figure 3.19b shows the surface of the unreacted nanofoil. The image on the 

left shows the stacked layers at the fractual edge. Table 3.12b shows the EDX compositional 

anlysis results of the scanned area  highlighted in Figure 3.19b. The results confirm the presence 

of two elements, (copper and silver), that form the outer coating in the unreacted nanofoils [14]. 

 

a) 

 

b) 

Figure 3.19: SEM images of a) cross-sectional and b) surface of unreacted nanofoil. Two square panes (spectrum 1 

and spectrum 2) are the EDX scanned area. 

Table 3.12: Compositional analysis of a) Cross-sectional and b) surface of unreacted nanofoil film by EDX. 

 

Element Weight % Atomic % 

Ni 67.38 51.31 

Al 32.62 48.69 

a) 

 

Element Weight % Atomic % 

Cu 18.69 28.07 

Ag 81.31 71.93 

b) 

The fracture cross-sectional SEM images of the reacted nanofoil with copper cooling, rubber 

cooling and G10 cooling with a zoom of X850 and a zoom of X5500 are shown in Figure 3.20, 

which these images give detailed microstructure morphology of the fracture surface of these 

reacted nanofoil samples. Figure 3.20a shows there are some intermediate grain growth (3-5 μm) 

paralled to the outer edge of the copper cooling sample, then the grain tends to be larger and 
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become vertical towards the bottom side of the foil; Figure 3.20c shows that there are a few more 

larger grain growth (5-10 μm) in the middle of the cross-section of the rubber cooling sample; 

Figure 3.20e shows more even and smaller grain growth (2-3 μm) of the G10 cooling sample 

compared with previous two samples. Larger zoom of X5500 images as shown in Figure 3.20 (b, 

d, f) display the irregular fold, and the similar grain size and morpgology of each sample. But the 

finer grain size of G10 cooling sample can explain a higher resistivity value of ~51 µΩ×cm 

compare with rubber cooling sample (~43 µΩ×cm) and copper cooling sample (~42 µΩ×cm). 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 3.20: SEM images of the cross-section of a copper cooling reacted nanofoil with a) X850 amplification and b) 

X5500 amplification, and a rubber cooling reacted nanofoil with c) X850 amplification and d) X5500 amplification, 

and a G10 cooling reacted nanofoil with e) X850 amplification and f) X5500 amplification. 

Figure 3.21 shows a copper to copper nanobond joint specimen with 240 °C solder (Sn99.3Cu0.7, 

wt. %). Cracking (red circle) of the reacted foil was observed in this joint, and it’s clear that the 

solder was filling into the cracking space. The existing of the crack within nanobond joint is due 

to the thermal contraction between the foil densification and surrounding material during the 
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cooling process from the high temperature reaction [58]. Table 3.13 shows the composition 

quantities of the two scanned spots in the joint by EDX, which Table 3.13a reaffirms the solder 

components, and Table 3.13b shows a slight Al-rich compostions (55.34% atomic Al) phase at 

this scanned spot. 

 

Figure 3.21: SEM image of a copper to copper nanobond joint. 

Table 3.13: Compositional analysis of cross-sectional of a) solder (spectrum 2) and b) reacted nanofoil film (spectrum 

3) within a copper to coper nanobond joint by EDX.  

 Element Weight % Atomic % 

Sn 100 100 

a) 

 

Element Weight % Atomic % 

Ni 72.94 55.34 

Al 27.06 44.66 

b) 

 

Four reacted nanofoil samples with air cooling, copper cooling, silicone rubber cooling and towel 

paper submerged with water cooling and an Al2O3 strip were applied to XRD compositional 

analysis. Figure 3.22-3.25 show the XRD pattern of each sample versus the grazing angles (2θ) 

from 30° to 100° compared with XRD database of Ni-Al intermetallic phases [24] and Al2O3 [25].  

Seven NiAl peaks and most Al2O3 peaks can be found in all the XRD patterns with highlights in 

accordance with the database, which implies the main production phase of the reacted nanofoil is 

NiAl. The attention should be paid on the XRD patterns differences and the uncertain peaks 

among four samples. The first uncertain peak appears at 2θ around 40.50° as shown in arrow 1 in 

Figure 3.22, arrow 4 in Figure 3.23, arrow 7 in Figure 3.24 and arrow 10 in Figure 3.25, which 

NiAl3 has the peaks at 39.86° and 41.38° that 2θ is close to around 40.50°. The second one appears 

at 2θ around 42.55° as shown in arrow 5 in Figure 3.23, arrow 8 in Figure 3.24 and arrow 11 in 

Figure 3.25, which Ni5Al3 has a peak at 43.45°, and Ni3Al has a peak at 43.69°, and NiAl3 has a 

peak at 41.67°, and Al2O3 has a peak at 41.67° and 43.36°. The third peak appears at 2θ around 

95.6° in arrow 3 in Figure 3.22, arrow 6 in Figure 3.23, arrow 9 in Figure 3.24 and arrow 12 in 

Figure 3.25, which Ni5Al3 has the peak at 95.96°, Ni3Al has the peak at 95.58°, and NiAl3 has a 

peak at 94.96°, and Al2O3 has the peak at 95.25°.  
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It’s possible that the appearance of Al-rich phase that composition of NiAl3 and Ni2Al3 are the 

intermediate products of Ni/Al multilayers reaction. It needs to be noted that there is no reference 

to mention the Ni-rich phase of Ni5Al3 and Ni3Al are the intermediate products in the nanofoil 

reaction, and Ni was the component that has to continue to react with NiAl3 and Ni2Al3 to form 

NiAl during the reaction. Furthermore, the presence of these peaks are independent with very 

small peaks, the related Al-rich phase products would be the minimum amount in the reacted 

nanofoil. 

 

Figure 3.22: XRD pattern of an air cooling reacted nanofoil sample versus 2θ from 30° to 100°. 

 

Figure 3.23: XRD pattern of a copper cooling reacted nanofoil sample versus 2θ from 30° to 100°. 
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Figure 3.24: XRD patten of an rubber cooling reacted nanofoil sample versus 2θ from 30° to 100°. 

 

Figure 3.25: XRD partten of a water submerged towel paper cooling reacted nanofoil sample versus 2θ from 30° to 

100°. 

Figure 3.26 shows the XRD pattern versus the grazing angles between 43° and 46° for reacted 

nanofoil samples with different cooling conditions, which shows the highest peak of the XRD 

pattern for each sample at this 2θ range. This peak is consistent with the database of NiAl has the 

highest intensity at 2θ of 44.45°. All the peaks have a shoulder at the right side, and copper cooling 

sample even has a multi-peak, which implies the possibility of the multi-phase formation existing. 

The Ni2Al3 (2θ = 44.97°) is the phase that the position is close to NiAl at 2θ of 44.45°, and 

resistivity of Ni2Al3 is higher than that of NiAl, which the value shows in Table 1.3 from the 

literature is 50.5 µΩ×cm, and most measured resistivity as shown in Table 3.11 are around this 

value. Thus the appearance of Ni2Al3 could explain the measured resistivity values of NiAl are in 

the high values range. For the XRD pattern peak of each sample appears at 2θ of 44.45°, the 

smooth and the highest intensity of XRD pattern for the rubber cooling sample implies 
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that the high extent of reaction completeness. Consequently, the rubber cooling sample has the 

lowest resistivity among these samples (43.8 µΩ×cm). 

The resistivity of most reacted nanofoil samples varies between 45 and 60 µΩ×cm in a 33% 

difference at room temperature. SEM investigation shows that there is no obvious difference of 

the grain growth among the reacted nanofoil with different cooling conditions. The XRD patterns 

inhibits NiAl is the main reaction products, and there is the possibility for other phase existing 

with a small amount. The fine/small grain growth and Al-rich phase can be the reason for the 

higher resistivity of the reacted nanofoil than the ordered bulk NiAl film. It is suggested that 

annealing process is a good option to reduce the resistivity of the reacted nanofoil. However, this 

process is difficult to achieve for nanobond soldering joints. 

 Electrical contact resistance measurement of HTS nanobond joint  

This section evaluates the electrical contacts performance of the nanobond application in HTS 

joints basing on the electrical resistivity of the reacted nanofoil. Figure 3.27 illustrates the 

schematic drawing of a copper terminal to HTS Joint (2A-T) of sample 2 in the HTS nanobond 

joints test in LN2 at 77 K. One voltage tap (A) was placed on the current lead, and the second one 

(A′) was placed on the copper lead nearby the corner of the contact, and the third tap (T) was 

placed at the top of the 2G tape. The voltage (VAT) across the 2G tape to copper joint including 

the copper (RCu), solder (RSn), nanofoil (RNF), 2G-Tape (R2G-Tape), and copper around the 2G tape 

(RCu’) were measured. The resistance network measurement and equivalent circuit is shown in 

Figure 3.28, and Equations 3.4-3.6 for the calculation of the contact resistance of Joint (2A-T) are 

shown below: 

𝑅𝐶𝑜𝑛𝑡𝑎𝑐𝑡 = 𝐴𝑗𝑜𝑖𝑛𝑡 × ((𝑉𝐴′𝑇 − 𝑉𝐴𝐴′ ) 𝐼 ⁄  3.4 

  

𝑅𝐶𝑜𝑛𝑡𝑎𝑐𝑡 = 𝐴𝑗𝑜𝑖𝑛𝑡 × (𝑅𝐶𝑢 + 𝑅𝑆𝑛 + 𝑅𝑁𝐹 +𝑅2𝐺−𝑇𝑎𝑝𝑒 +𝑅𝐶𝑢′ − 𝑅𝐶𝑢) 3.5 

 

Figure 3.26: XRD pattern vs. grazing angles between 43° and 46° for reacted nanofoil samples with different 

cooling conditions. 
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𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝐴𝑗𝑜𝑖𝑛𝑡 × 𝑅𝑗𝑜𝑖𝑛𝑡 3.6 

Where Rcontact is the area contact resistance, and Ajoint is the joint area, and I is the injected current, 

and Rjoint is the area electrical resistance of Joint (2A-T’). Similarly, Joint (2T-T′) and Joint (2B′-

T′) area contact resistances can be obtained in the same way. Figure 3.29 shows the plot of 

voltage-current (VI) characteristics of each measured voltage of sample 2 from 0 to 400 A, and 

the slope of each profile is the resistance in accordance of Ohm’s law.  

 

Figure 3.27: Schematic drawing of the cross section (between 2G HTS tape and copper) of Joint (2A-T) contact 

resistance measurement of sample 2, and arrows represent the direction of the current. 

 

Figure 3.28: Schematic drawing of equivalent circuit for contact resistance network. 

 

Figure 3.29: The Plot showing current-voltage for parameters measurements of sample 2. 
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The same resistance network was applied to other samples to produce the VI characteristics 

diagrams of each sample presented in Figure 3.30. Figure 3.30a shows the VI plot for the joint 

contact resistance between the copper terminal and 2G-tape for all of the samples measured at 77 

K. Figure 3.30b shows the VI plots for the joint contact resistance between two 2G-tapes for all 

samples measured at 77 K. Joint (5B T-T′) was measured with a magnetic field applied to the top 

of Joint (5 T-T′). The application of the external field resulted in a reduction in the critical current 

by almost half compared with other measurements performed without an applied field. 

 

Figure 3.30: The plot for a) current-voltage for the joint contact resistance between terminal and 2G-tape for all samples 

and b) current-voltage for the joint contact resistance between two 2G-tape for all samples. 
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have been transferred into resistivity in order to compare with the resistivity of the reacted 

nanofoil later. 

In order to investigate the morphology of the joint and to evaluate the contact soldering condition, 

a copper to 2G-tape joint of sample 5 was polished and the cross-section is shown in Figure 3.31, 

where the shiny elements in the images are assumed to be the solder filling in cracks of the reacted 

nanofoil. This has been confirmed by SEM investigations as shown in Figure 3.21. The model of 

contact resistance (Rjoint) discussed previously can be simplified into a parallel network for Joint 

(2A′-T) between nanofoil resistance RNF and solder resistance RSn’. In order to verify this 

assumption, it is necessary to calculate how much area of reacted nanofoil was filled with solder. 

The resistivity of the nanofoil and solder at 77 K needs to be known for this calculation. The 

resistivities of the reacted nanofoil measured by the PPMS were applied to this analysis.  

Table 3.14: Contact resistance of each joint for all the samples. 

Sample Joint 
Contact Resistance 

(Rcontact/nΩcm2) 

Joint resistance (Rjoint 

/nΩ) 

Joint Resistivity 

(ρjoint/nΩ×m) 

1 

1A'-T 273.70 95.04 684.25 

1B'-T' 1082.46 375.85 2706.15 

1T-T' 311.83 216.55 779.57 

2 

2A'-T 155.46 53.98 388.66 

2B'-T' 146.80 50.97 367.01 

2T-T' 306.77 213.03 766.92 

3 

3A'-T 122.90 42.67 204.83 

3B'-T' 147.52 51.22 245.87 

3T-T' 300.42 208.63 500.70 

4 

4A'-T 176.85 61.41 294.75 

4B'-T' 191.62 66.54 319.37 

4T-T' 458.59 318.47 764.32 

5 

5A'-T 213.50 74.13 355.84 

5B'-T' 209.86 72.87 349.77 

5T-T' 466.46 323.93 777.43 

5B T-T' 470.25 326.56 783.75 

6 

6A'-T 197.70 68.65 329.50 

6B'-T' 252.95 87.83 421.59 

6T-T' 459.11 318.83 765.18 

Because the resistivity (326-427 nΩ×m) of nanofoil is much larger than the sum of the following 

resistivities, solder (22.5 nΩ), copper (1.8 nΩ×m), and 2G-Tape at 77 K, these three values of RSn, 

RCu and R2G-tape can be neglected in the resistance network calculation [166]. According to the 

contact resistance network equivalent circuit (Joint 2A-T) from Figure 3.32 and using Equations 

3.7-3.10; the derivation of the calculation for the area of the solder filling into the cracks of the 

nanofoil is as follows: 

𝑅𝑗𝑜𝑖𝑛𝑡 = (
1

𝑅𝑁𝐹
+

1

𝑅𝑆𝑛′
)
−1

 3.7 
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𝑅𝑆𝑛′ =
1

𝑅𝑗𝑜𝑖𝑛𝑡
+

1

𝑅𝑁𝐹
 3.8 

 

𝜌𝑆𝑛 × 𝐿𝑗𝑜𝑖𝑛𝑡/𝐴𝑆𝑛 = (1/(𝜌𝑁𝐹 ×
𝐿𝑗𝑜𝑖𝑛𝑡

𝐴𝑗𝑜𝑖𝑛𝑡
) − 1/(𝜌𝑁𝐹 ×

𝐿𝑗𝑜𝑖𝑛𝑡

𝐴𝑁𝐹
))−1 3.9 

  

𝐴𝑆𝑛 = (1/(𝜌𝑗𝑜𝑖𝑛𝑡 ×
𝐿𝑗𝑜𝑖𝑛𝑡

𝐴𝑗𝑜𝑖𝑛𝑡
) − 1/(𝜌𝑁𝐹 ×

𝐿𝑗𝑜𝑖𝑛𝑡

𝐴𝑁𝐹
)) × 𝜌𝑆𝑛 × 𝐿𝑗𝑜𝑖𝑛𝑡 3.10 

Where ASn is the area of the solder filling into the cracks of nanofoil, Ajoint is the total area of the 

joint, ANF is the area of nanofoil accounting for the joint, ρSn is the resistivity of solder at 77 K, 

ρjoint is the resistivity of the joint at 77 K, ρNF is the resistivity of nanofoil at 77 K, and Ljoint is the 

thickness of the joint (almost 60μm). ANF can be replaced by Equation 3.11: 

𝐴𝑁𝐹 = 𝐴𝑗𝑜𝑖𝑛𝑡 − 𝐴𝑆𝑛 3.11 

Then ASn can be achieved by Equation 3.12: 

𝐴𝑆𝑛 = 𝐴𝑗𝑜𝑖𝑛𝑡 ×

𝜌𝑆𝑛
𝜌𝑗𝑜𝑖𝑛𝑡

−
𝜌𝑆𝑛
𝜌𝑁𝐹

1 −
𝜌𝑆𝑛
𝜌𝑁𝐹

 3.12 

 

 

Figure 3.31: The photo showing the cracks at the surface of reacted nanofoil. 

 

Figure 3.32: Schematic drawing of simplified equivalent circuit for contact resistance network.         

Table 3.15 shows the parameters of each joint for the calculation of ASn based on the resistivity of 

327 nΩ×m for the reacted nanofoil. Substituting these values into Equation 3.12, the area of solder 

filling in the nanofoil was calculated corresponding to the different reacted nanofoil resistivity 

values. In Table 3.15, only 4 of 12 copper to 2G-Tape joints confirmed the assumption; referring 

to a higher resistivity ρNF = 399 nΩ×m, 9 of 12 copper to 2G-Tape joints confirmed the assumption; 
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for the highest resistivity ρNF = 427 nΩ×m and 10 of 12 copper terminals to 2G-Tape joints 

confirmed the same assumption. No assumption was made for the joints between two 2G-tapes 

compared with copper to 2G-Tape joints. The resistance of all the joints between two 2G-Tapes 

were more than one third higher than that of the nanofoil. The resistance of the reacted nanofoil 

contributed to the main part the electrical contact resistance among these HTS nanobond joints. 

Table 3.15: Parameters of each joint for calculating the area for tin filling into nanofoil cracks. 

Sample Joint 
Ajoint 

(cm2) 

ρSn 

(nΩ×m) 

ρjoint 

(nΩ×m) 

ρNF 

(nΩ×m) 

Area of tin filling in the 

nanofoil (cm2) 

1 

1A'-T 2.88 22.5 684.25 327 N/A 

1B'-T' 2.88 22.5 2706.15 327 N/A 

1T-T' 1.44 22.5 779.57 327 N/A 

2 

2A'-T 2.88 22.5 388.66 327 N/A 

2B'-T' 2.88 22.5 367.01 327 N/A 

2T-T' 1.44 22.5 766.92 327 N/A 

3 

3A'-T 2.88 22.5 204.83 327 0.127 

3B'-T' 2.88 22.5 245.87 327 0.070 

3T-T' 1.44 22.5 500.70 327 N/A 

4 

4A'-T 2.88 22.5 294.75 327 0.023 

4B'-T' 2.88 22.5 319.37 327 0.005 

4T-T' 1.44 22.5 764.32 327 N/A 

5 

5A'-T 2.88 22.5 355.84 327 N/A 

5B'-T' 2.88 22.5 349.77 327 N/A 

5T-T' 1.44 22.5 777.43 327 N/A 

5B T-T' 1.44 22.5 783.75 327 N/A 

6 

6A'-T 2.88 22.5 329.50 327 N/A 

6B'-T' 2.88 22.5 421.59 327 N/A 

6T-T' 1.44 22.5 765.18 327 N/A 

 Thermal resistance of nanobond and Al2O3 soldering joints 

This section evaluates the thermal contact performance of the nanobond soldered joints between 

metallic and alumina components. Figure 3.33 shows the thermal resistance of a DBC Al2O3 to 

DBC Al2O3 nanobond joint, DBC Al2O3, copper shim to copper shim nanobond joint measured 

from 5 K to 300 K. All the samples show a drop in thermal resistance at a certain temperature. 

Two of the nanobond joint samples show a reduction in thermal resistance with increasing 

temperature when the base temperature is below 30 K. When the temperature is below 30 K, the 

thermal resistance of the copper shim to copper shim nanobond joint varies between 0.3 

K/(W×cm2) and 3 K/(W×cm2), and the DBC Al2O3 to DBC Al2O3 nanobond joint varies between 

0.5 K/(W×cm2) and 1.4 K/(W×cm2). The thermal resistance of the two nanobond joint samples 

crossover at 20 K, and the DBC Al2O3 to DBC Al2O3 nanobond joint starts to exhibit a higher 

value and increases faster between 30 K and 300 K. The thermal resistance of the DBC Al2O3 

exhibits a decreasing trend until the temperature increases to 80 K, where the contact resistance 

varies from 0.13 K/(W×cm2) to 16.2 K/(W×cm2) between 5 K and 80 K. Thereafter, the thermal 

resistance of the DBC Al2O3 sample continues to increase to around 0.4 K/(W×cm2), between 80 

K and 300 K. 
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Figure 3.33: Thermal resistance of DBC Al2O3 to DBC Al2O3 nanobond joint, DBC Al2O3, copper shim to copper 

shim nanobond joint from 5 K to 300 K. (S1, S2 and S3: sample 1, sample 2 and sample 3). 

Optical microscopy investigation was introduced to inspect the morphology of the cross-section 

of each soldering joint and Al2O3 sample. Figure 3.34 shows the image of the cross-section of the 

DBC Al2O3 to DBC Al2O3 nanobond joint. Figure 3.34a shows more details of the nanobond joint 

with the components highlight in a low brightness. The red circles in Figure 3.34a highlight the 

region where the solder fills the cracks of the reacted nanofoil. The solder film at the top and 

bottom of the reacted nanofoil is very thin, and there is evidence of a void space between the 

bottom solder film and bottom copper strip. Consequently, the nanofoil and the void space would 

contribute increasing the thermal resistance of the nanobond joint. A bright light was applied to 

show more details of the grain of the Al2O3 in Figure 3.34b. Fortunately, no cracks were observed 

within the Al2O3 phase in this nanobond joint sample. 

a) b) 

  

Figure 3.34: The microscopy image of the cross-section of Sample 1: DBC Al2O3 to DBC Al2O3 nanobond joint in a) 

low brightness and b) high brightness. 
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Figure 3.35 shows microscopy images of the cross-section of Sample 2. Figure 3.35a shows the 

copper shim to copper shim nanobond joint and Figure 3.35b shows the DBC Al2O3 to copper 

shim soldering (240 ºC solder) joint. When comparing the DBC Al2O3 to DBC Al2O3 nanobond 

joint, and the copper to nanobond joint samples they both show how the solder was filling into 

the cracks (shown by the red circles). Similarly, for the DBC Al2O3 to DBC AL2O3 nanobond 

joint sample, there are still void spaces within the copper to copper nanobond joint. Some solder 

was found to spill out during the nanobond reaction due to the high energy release, and this would 

tend to create new void spaces in the joint. The number of void spaces in the DBC Al2O3 to copper 

soldered joint was higher, and only a few points would be soldered together along the length of 

the two components. 

a) b) 

  

Figure 3.35: The microscopy image of the cross-section of Sample 2: a) Copper shim to copper shim nanobond joint 

and b) DBC Al2O3 to copper shim soldering (240 ºC melting solder) joint. 

The optical investigations show how the components interconnect in the bonding region of the 

joint. In order to verify the effect of these components on the joints, the measured thermal 

resistance of two nanobond joint samples and DBC Al2O3 have been transferred into the thermal 

conductivity to compare with the reacted nanofoil film and dense Al2O3.  

Figure 3.36 shows the calculated thermal conductivity of DBC Al2O3 to DBC Al2O3 nanobond 

joint and copper shim to copper shim nanobond joint. These are compared with the thermal 

conductivity of the reacted nanofoil measured in the PPMS, pure tin [183] and solder Sn60Pb40 

(wt. %) between temperatures of 5 K to 300 K [184]. The thermal conductivity of all of the 

materials except for reacted nanofoil show a peak at cryogenics temperatures below 40 K. Tin 

and Sn60Pb40 (wt. %) peaks in thermal conductivity of tin and Sn60Pb40 (wt. %) are 2500 

W/(K×m) at 4 K and 110 W/(K×m) at 12 K respectively. According to optical investigations 

shown in Figure 3.34a and Figure 3.35a the melting solder was shown to fill in the cracks in the 

nanofoil during the reaction and this would therefore improve the thermal conductivity of two 

nanobond joints samples. However, the thermal conductivities calculations established a lower 

thermal conduction compared with the reacted nanofoil, for the two nanobond joints. There was 

a larger difference in thermal conductivity evaluated at a higher temperature between two 

nanobond joints samples and the reacted nanofoil sample. Furthermore, there is no other material 

showing a similar peak of thermal conductivity at 30 K or variation compared with that of 
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two nanobond joints in the same figure.  

Figure 3.37 shows the calculated thermal conductivity of DBC Al2O3 compared with the thermal 

conductivity of the reacted nanofoil measured by PPMS, and copper (RRR = 10 and RRR = 100) 

[183] from 5 K to 300 K. All the materials show the peak thermal conductivity at cryogenics 

temperatures below 100 K, and the peak thermal conductivity of copper (RRR = 10) and dense 

Al2O3 are 635 W/(K×m) at 40 K and 74 W/(K×m) at 88 K respectively. The copper exhibits a 

better thermal conduction compared with dense Al2O3 at each temperature. Consequently, it was 

thought that the thermal resistance of Al2O3 would make the greatest contribution to the DBC 

Al2O3 sample. A similar trend is observed in the calculated thermal conductivity determined for 

the DBC Al2O3 sample, compared with the dense Al2O3 shown in Figure 3.37. The calculated 

thermal conductivity of DBC Al2O3 increases from 0.4 W/(K×m) to 18 W/(K×m) between 5 K 

and 85 K, and begins to decrease steadily from 85 K to 300 K. It needs to be noted that the 

calculated thermal conductivity of DBC Al2O3 only accounts for around 28% to 45% of the 

thermal conductivity of Al2O3 over the same range of temperatures. This is due to a poorly 

soldered joint formed between DBC Al2O3 and copper shim and is confirmed by the microscopic  

images as shown in Figure 3.35b. A possible reason for the poorly soldered joint could be caused 

by the gold present, which has a good dissolution in the tin-based alloy that could contribute 

restrict the wetting of the solder. However, as the nanobond reaction continues, the tin-based alloy 

may tend to deplete the gold, leaving a bare substrate for soldering. This process can lead to de-

wetting and joint fracture of the soldering surface [185], [186]. The gold coating of the DBC 

Al2O3 sample is only 0.03 μm, so it is feasible for the gold coating to be completely dissolved by 

the 240 ºC solder during the pre-tinning process. Subsequently, this may result in the surfaces of 

 

Figure 3.36: Calculated thermal conductivity of DBC Al2O3 to DBC Al2O3 nanobond joint and copper shim to 

copper shim nanobond joint compared with the thermal conductivity compared with the thermal conductivity of 

the reacted nanofoil measured with PPMS, pure tin (extrapolated values between 40 K and 300 K) [183] and 

Sn60Pb40 (wt. %) [184] from 5 K to 300 K. (S1, S2: sample 1, sample 2). 

10 100
0.1

1

10

100

1000

10000
 S1_DBC Al2O3 to DBC Al2O3 nanobond joint

 S1_DBC Al2O3 to DBC Al2O3 nanobond joint (warming up)

 S1_Cu to Cu nanobond joint

 S2_Cu to Cu nanobond joint (warming up)

 Reacted nanofoil_PPMS

 Tin_BNL

 Sn60Pb40_N. Bargrets et al

T
h

er
m

al
 c

o
n

d
u

ct
iv

it
y

 (
W

/K


m
)

Temperature (K)



CHAPTER 3 NANOBOND JOINTS IN HTS COIL APPLICATION 

83 

copper shim becoming difficult to wet with the re-molten solder. Taking this issue into 

consideration, the soldering joint between the DBC Al2O3 and copper should be made in a single 

step.  

 Lap shear test on nanobond joint samples 

Table 3.16 shows the lap shear strength results of eight OI metallic nanobond jointed samples. 

The nanobond joints of the stainless steel to stainless steel (stst to stst) samples 1-4 all failed 

during the measurements, and the shear strength of these samples varies from 11.1 to 16.4 MPa. 

This results is similar to the lap shear strengths measured by Zhu et al [60] (15 MPa) for copper 

to copper nanobond joints under same compressive load (5 bar). In comparison, the lap shear 

strength measured by Wang et al [59] was 40 MPa for  stst to stst nanobond joints under 100 bar 

of compressive load. Unfortunately, these results did not report the effects of the ambient 

temperature on shear strength of nanobond joints. 

Table 3.16: The shear strength of eight OI metallic nanobond joint samples (StSt: Stainless steel, Cu: copper). 

Sample No. 1 2 3 4 5 6 7 8 

Base 
StSt to 

StSt 

StSt to 

StSt 

StSt to 

StSt 

StSt to 

StSt 

StSt to 

Cu 

StSt to 

Cu 

StSt to 

Cu 

StSt to 

Cu 

Joint failed 

strength (MPa) 
16.44 12.62 11.07 12.46 N/A N/A N/A N/A 

Figure 3.38 (a-d) show the fractured surfaces of the samples after testing. The pictures show how 

the solder remain intact and covers most of the bonded area of each specimen. This demonstrated 

that each specimen was indeed well adhered and the preparation of the soldered adhesion between 

the substrates was effective. In comparison, the red circles in Figure 3.38 highlight some bare 

 

Figure 3.37: Calculated thermal conductivity of DBC Al2O3 compared with the thermal conductivity compared 

with the thermal conductivity of the reacted nanofoil measured with PPMS, and copper (RRR = 10 and RRR = 

100) [183] from 5 K to 300 K (S1, S2: sample 1, sample 2). 
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regions on the plated stainless-steel specimens. Sample 3 in particular had the lowest coverage 

and also recorded the lowest shear strength. The stainless steel to copper nanobond joints (sample 

5-8), presented in Figure 3.39 (a-d) show how the copper substrates yielded during the 

measurements. The copper failed in a similar location in each sample at the edge of joint and at 

the end of stainless steel. The copper (C101) has a yield strength of ~40 MPa [187], and therefore 

this implies that these samples were well adhered, but the thickness of the copper must be 

optimised in order to initiate failure of the joint. 

 

a) 

 

b) 

 

c) 

 

d) 

Figure 3.38: The pictures show the fracture surface of a) StSt-StSt hot plated with tin coated, b) StSt-StSt room 

temperature plated with tin coated, c) StSt-StSt hot plated with gold coated and d) StSt-StSt room temperature plated 

with gold coated. 

Samples 9-11 were made with copper plated with 180 oC solder (Sn60Pb40, wt. %), and samples 

12-14 were made with copper plated with 240 oC solder (Sn99.3Pb0.7, wt. %). Furthermore, 

samples 9, 10, 12 and 13 were fabricated at 60 ºC, and samples 11 and 14 were fabricated at room 

temperature. Table 3.17 shows the shear strength of six copper to copper nanobond joints. 

Obviously, the joints made at 60 ºC were stronger than those made at room temperature. The shear 

strength of the samples made at 60 ºC varied between 11.5 MPa and 16.3 MPa, which is similar 

to OI stainless steel to stainless steel nanobond joints. Furthermore, the shear strength of 

nanobond joint produced with 180 ºC solder were higher than those produced with 240 ºC solder. 

This result suggests the 180 ºC solder has better wetting properties than the 240 ºC solder when 

working with copper. 

Figure 3.40 shows the fractured surfaces of the six copper to copper nanobond jointed samples. 

Figure 3.40 (a-c) shows those made with 180 ºC, and Figure 3.40 (e-f) shows the joints made with 

240 ºC solder. Figure 3.40 (a and b, d and e) show examples of good adhesive bonding. In contrast, 

sample 11 in Figure 3.40c shows how a relatively large proportion (approximately a third) of the 

fractured surface was removed from the right-hand copper substrate, and remain attached to the 

left-hand substrate. The bare region implies the solder did not wet very well during the nanofoil 

reaction. Sample 14 also shows evidence of poor wetting as shown in Figure 3.40f.  
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a) 

 

b) 

 

c) 

 

d) 

Figure 3.39: The pictures show the copper yield of a) StSt-Cu hot plated with tin coated, b) StSt-Cu room temperature 

plated with tin coated, c) StSt-Cu hot plated with gold coated and d) StSt-Cu room temperature plated with gold coated. 

Table 3.17: The shear strength of 6 UoS metallic nanobond joint samples (Cu: copper). 

Sample No. 9 10 11 12 13 14 

Base Cu to Cu Cu to Cu Cu to Cu Cu to Cu Cu to Cu Cu to Cu 

Joint failed strength (MPa) 16.27 15.20 4.97 12.79 11.48 3.50 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 3.40: The pictures show the fracture surface of copper to copper nanobond joint with 180 ºC melting solder of 

a) Sample 9 made at 60 ºC, and b) Sample 10 made at 60 ºC, and c) Sample 11 made at room temperature, and copper 

to copper nanobond joint with 240 ºC melting solder of d) Sample 12 made at 60 ºC, and e) Sample 13 made at 60 ºC, 

and f) Sample 14 made at room temperature. 

 

The fabrication of HTS soldering joints requires soldering work of a high standard to produce 

joints with low electrical contact resistance. However, the manufacturing process must ensure the 

surfaces remain in a clean condition and the temperature of soldering iron is well controlled. It is 

very difficult to produce this type of reproducible work over kilometer-lengths of HTS wires for 

industrial applications. Any degradation in a single spot in an HTS coil may cause further damage 

of the entire HTS component or system. A novel nanobond technology was applied for the first 

time to HTS tapes at Oxford Instruments (OI), and this has provided a new option to produce 

soldered joints between HTS tapes in-situ at room temperatures.  
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For HTS winding applications, the joint materials require low resistivity and high thermal 

conductivity. Consequently, physical properties involving resistivity, thermal conductivity and 

specific heat capacity of both reacted and unreacted nanofoil have been investigated by PPMS 

measurements. It is known that the main products reacted nanofoil is NiAl, and the related 

measured physical properties have been analysed and compared with literatures data, which the 

electrical contact resistance of nanobond made 2G-tape joints at 77 K, and thermal resistance of 

copper to copper nanobond joint and Al2O3 to Al2O3 nanobond joint at temperatures from 4 K to 

70 K, and lap shear strength of metallic nanobond joints at room temperature have been performed 

in this work.  

The resistivity of reacted nanofoil (NiAl) at room temperature varies from 390 to 730 nΩm in 

different thermal conduction conditions, which the measured results were four times larger than 

that of single crystal stoichiometric NiAl. SEM with EDX and XRD were applied to investigate 

the compositions and grain differences among reacted nanofoil samples. SEM images taken of 

the same samples showed the minor differences in fractural grain size among different samples. 

XRD pattern shows that NiAl are the main reaction products of all the samples. The possibility 

of the Ni2Al3 (intermediate reaction products) phase in the reacted nanofoil may contribute higher 

resistivity in our samples. Furthermore, the crack and void space were found in reacted nanofoil 

via optical microscopy investigation. The microscopy of a 2G-tape to copper nanobond joint and 

SEM investigation of the morphology of a copper to copper nanobond joint found that cracks in 

the reacted nanofoil were filled with sufficient solder, and is good news for thermal and electrical 

stability of nanobond joints. Consequently, a simple model for parallel electrical network between 

nanofoil and solder was applied to evaluate the contact resistance of twelve copper to 2G tape 

joints and six 2G tape to 2G tape joints, and we found that the reacted nanofoil (NiAl) made the 

main contribution to the overall contact resistance. 

The thermal conductivity of reacted nanofoil was 34 W/K×m at room temperature, which the 

value is slightly higher than the data (25-30 W/K×m) provided by Indium Corporation, but it is 

smaller than the stoichiometric NiAl (~ 75 W/K×m) measured by Darolia et al and Walston et al. 

The Lorenz number of all the reacted samples varies between 5.1×10-8 WΩ/K2 and 6.5×10-8 

WΩ/K2 at room temperature, which are larger than the constant 2.44×10-8 WΩ/K2. The thermal 

resistance of one copper to copper nanobond joint and one Al2O3 to Al2O3 nanobond joint were 

performed from 4 K to 60 K. Further dynamic thermal resistance of these two samples were 

measured when the test rig was warming up to room temperature. The thermal resistance of both 

samples vary from 0.3 to 2 K/(W×cm2) from 4 K to 30 K, and they increase slightly to above 0.4 

K/(W×cm2) at room temperature, but variation of thermal conductivities for these samples are 

different from reacted nanofoil samples. The optical morphology investigation shows the inter 

connection within the joints. The solder was found to fill the crack, which is considered to be 

helpful to improve the thermal transport. It is suggested that DBC Al2O3 to copper shim joint 

sample should be made in one attempt, to avoid gold dissolution, the thermal resistance of these 

new joints at different temperatures will be measured in the future works. 

The specific heat capacity of the reacted nanofoil via silicone rubber to aluminium cooling and 

reacted nanofoil via silicone rubber to silicone rubber cooling at 300 K are 0.55 J/(g×K) and 0.51 
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J/(g×K) respectively. At low temperatures, the specific heat capacity was dominated by electronic 

vibration, and the electronic specific heat constant β of two reacted nanofoil is 0.00330 J/(mol×K2) 

and 0.00305 J/(mol×K2) respectively, are smaller than nickel, βNi = 0.00702 J/(mol×K2) and 

bigger than aluminium, βAl=0.00135 J/(mol×K2), and there is no upturns observed below 4 K 

which is different from the results measured by Alexander et al [52]. 

Lap shear tests show the mechanical properties of the nanobond joints. Shear strength of four 

stainless steel to stainless steel dog bone lap joints were measured and produced an average shear 

strength of 11-16 MPa. The homogeneous fracture of the soldered surface of both joints, indicate 

good adhesion within the nanobond joint. However, the copper specimens of all the stainless steel 

to copper nanobond joints yielded. Six further copper to copper (6 mm thick) nanobond joints 

were fabricated with 240 ºC solder and 180 ºC solder respectively. For each type of solder, two 

sample were made at 60 ºC, and one made at room temperature. The shear strength of the four 

copper to copper nanobond joints made at 60 ºC were between 11 MPa to15 MPa, and all samples 

made at room temperature exhibited poor shear strength. In order to further prove the application 

of nanobond joints, these shear strength values must be compared directly to joints made by 

conventional and manual soldering techniques. A batch of lapped joint samples could be produced 

with 180 ºC and 240 ºC solders and the same mechanical test repeated. Furthermore, the lap shear 

strength testing of metallic nanobond joint samples could be performed at cryogenics 

temperatures to validate the shear performance for HTS applications.
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The normal 4-contact method for the electrical resistance measurements of a HTS soldering joints 

is used to measure the overall contact resistance, which involves the solder resistance, the barrier 

resistance between the superconductor and stabliser and the metal matrix resistance. Some 

literature shows that the barrier resistance between the superconductor and metal matrix resistance 

are negligible compared with the interficial contact resistance between the superconductor and 

stabliser [7]. Larger lengths of the joint may be a solution to reduce the contact resistance by 

extending contact area. However, longer conductors would also contribute the overall contact 

resistance and leads to more heat dissipation into the coil through conduction. Consequently, the 

understanding of current transfer characteristics become important for the lap joint design. A 1D 

analytical model is constructed to analyse the contact resistance and estimate current distribution 

of a lap soldering joint between two simple conductors. 

The performance of the nanobond 2G-tape joints have been dicussed in the previous chapter, 

which implies the reacted nanofoil (NiAl) as the main electrical resistance within the contacts. 

The annealing process is an effective way to reduce the resistivity of NiAl, but this is not suitable 

for 2G-tape joints with low temperature solder. We are looking for a soldering method that can 

make use of the advantages of the simple manufacturing and fast energy dissipation of nanobond 

reaction process. Then a new methodology, nano-heater, was developed for the first time. The 

overall contact resistance of nano-heater made HTS joint samples was measured in LN2 at 77 K. 

Later a needle sliding contact method was developed to evaluate the current distribution and 

contact resistance of several 2G-tape soldered to copper in LN2 at 77 K combined with a 1D lap 

joint analytical model.  

 

In order to analyse the real contact resistance and investigate the current transfer characteritics 

within a 2G-tape soldering joint, an analytical model with a formula for lap joint between two 
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conductors was developed. Due to the high resistivity of the reacted nanofoil within the nanobond 

2G-tape soldering joints, a new method called nano-heater for HTS soldering joint manufacturing 

will be introduced in this chapter. A Superpower 2G-tape sample was soldered with two copper 

shims by nano-heater method, and the overall contact resistance of these two joints was measured 

in a variable temperature rig. Another 2G-tape to 2G-tape (Superpower) soldering joint was made 

using the same method, and joint electrical contact resistance was measured in LN2 at 77 K. In 

order to capture the real current distribution within the conductor that was overlapped with the 

joint, a sliding needle contact method was developed, which can trace the voltage continuously 

along the conductor overlapped joint. By combining the experimental results with analytical lap 

joint model, an indication for a Robel cable current injection soldering contact resistance was 

presented.  

• To construct an analytical model to analyse the current transfer characteristics within a 

soldering contact between two composite conductors and give the analytical formula. 

• To conduct the first trials of nano-heater bonding for 2G-tape joints. 

• To investigate overall electrical contact resistance of nano-heater made 2G-tape joints. 

• To investigate current transfer characteristics of 2G tape to copper lap joints by sliding 

contact method in LN2 at 77 K compared with the analytical lap joint model. 

 

 1D lap joint current transferring Model between two simple 

conductors 

 

A One-Dimensional (1D) model of a lap joint between two conductors is developed. The model 

and parameters are shown in Figure 4.1. The resistivity of two conductors are ρ1 and ρ2 with a 

joint material resistivity ρc. The resistivity of the conductors are ρ1 and ρ2 with a joint material 

resistivity ρc. The thicknesses of the two conductors and the contact are d1, d2 and dc respectviely 

with overlap length L and uniform width w. Then the resistance per unit length r1 and r2 of 

conductor 1 and conductor 2 are shown in Equation 4.1 and Equation 4.2, and contact resistance 

(rc) is shown in Equation 4.3. 

 

Figure 4.1: 1 D model of a lap joint and parameters. 

𝑟1 = 𝜌1(𝑑1𝑤)
−1 4.1 
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And 

𝑟2 = 𝜌2(𝑑2𝑤)
−1 4.2 

And 

𝑟𝑐 = 𝜌𝑐(𝑑𝑐𝑤)
−1 4.3 

In this 1-D model, a constant DC current I0 is fed into the left end of conductor 1 and left from 

the right end of conductor 2. I1(x) and I2(x) are the currents as the function of contiuous position 

x along the conductor 1 and conductor 2 within the joint section. The joint (left end) is assumed 

as 0. According to Ohm’s law, we have the two derivative voltage function V1(x) and V2(x) as a 

function of position x for conductor 1 and conductor 2 as shown below: 

−
𝑑𝑉1(𝑥)

𝑑𝑥
= 𝑟1𝐼1(𝑥) 4.4 

And 

−
𝑑𝑉2(𝑥)

𝑑𝑥
= 𝑟2𝐼2(𝑥) 4.5 

Referring to the contact we have: 

𝑉1(𝑥) − 𝑉2(𝑥) = −𝑟𝑐
𝑑𝐼1(𝑥)

𝑑𝑥
=  𝑟𝑐

𝑑𝐼2(𝑥)

𝑑𝑥
= 𝑟𝑐𝑗𝑐(𝑥) 4.6 

Where jc(x) is the current transfer rate as a function of the position x. The total current I0 is 

shown below: 

𝐼0 = 𝐼1(𝑥) + 𝐼2(𝑥) 4.7 

Then we define the transfer length between the contact and the two conductors [188], [189]: 

𝐿𝑡 = √
𝑟𝑐

𝑟1 + 𝑟2
 4.8 

To combine Equations 4.4-4.8, we have the differential equation: 

𝑑2𝐼1(𝑥)

𝑑𝑥2
−
1

𝐿𝑡
2 𝐼1(𝑥) =

𝐼0𝑟2

𝐿𝑡
2(𝑟1 + 𝑟2)

 4.9 

Boundary conditions at x = 0 and x = L are:  

𝐼1(0) = 𝐼2(𝐿) = 𝐼0 4.10 

And 

𝐼1(𝐿) = 𝐼2(0) = 0 4.11 

In a similar 1-D lap joint electrical contact model derived by Stenvall et al, they treat the boundary 

conditions as the current ratio between the metal matrix and superconductor at an infinite distance 

as inversely proportional to the resistivities per unit length of the corresponding components [146]. 

But in our case, the current was transferred from conductor 1 to conductor 2 through a lap joint 

within a finite length, and all the currents will pass through the contact at the end of the joint, thus 

the current flowing in conductor 1 was I0 at x = 0 and decrease to 0 at x = L. Taking boundary 

conditions into Equation 4.9, the general solution for I1(x) for conductor 1 is shown below: 
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𝐼1(𝑥) =
𝐼0

𝑟1 + 𝑟2

𝑟2 (sinh (
𝐿
𝐿𝑡
) − sinh (

𝑥
𝐿𝑡
)) + 𝑟1sinh (

𝐿 − 𝑥
𝐿𝑡

)

sinh (
𝐿
𝐿𝑡
)

 4.12 

And current versus x in conductor 2 is shown below: 

𝐼2(𝑥) = 𝐼0 −
𝐼0

𝑟1 + 𝑟2

𝑟2 (sinh (
𝐿
𝐿𝑡
) − sinh (

𝑥
𝐿𝑡
)) + 𝑟1sinh (

𝐿 − 𝑥
𝐿𝑡

)

sinh (
𝐿
𝐿𝑡
)

 4.13 

Then jc(x) can be achieved as: 

𝑗𝑐(𝑥) = −
𝑑𝐼1(𝑥)

𝑑𝑥
=

𝐼0
𝐿𝑡(𝑟1 + 𝑟2)

𝑟2 cosh (
𝑥
𝐿𝑡
) + 𝑟1cosh (

𝐿 − 𝑥
𝐿𝑡

)

sinh (
𝐿
𝐿𝑡
)

 4.14 

And for conductor 1,  

𝑉1(0) − 𝑉1(𝑥) = ∫ 𝑟1𝐼1(𝑥)𝑑𝑥
𝑥

0

=
𝐼0𝑟1
𝑟1 + 𝑟2

𝑥𝑟2 sinh (
𝐿
𝐿𝑡
) − 𝑟2𝐿𝑡 (cosh (

𝑥
𝐿𝑡
) − 1) − 𝑟1𝐿𝑡(cosh (

𝐿 − 𝑥
𝐿𝑡

) − cosh (
𝐿
𝐿𝑡
))

sinh (
𝐿
𝐿𝑡
)

 

4.15 

The overall joint resistance RJ (x = L) can be evaluated by: 

𝑅𝐽 =
𝑉1(0) − 𝑉2(𝐿)

𝐼0
=
𝑉1(0) − 𝑉1(𝐿) + 𝑉1(𝐿) − 𝑉2(𝐿)

𝐼0
=
𝑉1(0) − 𝑉1(𝐿)

𝐼0
+
𝑗𝑐(𝐿)𝑟𝑐
𝐼0

 

      =
𝑟1

𝑟1 + 𝑟2

𝐿𝑟2 sinh (
𝐿
𝐿𝑡
) − (𝑟2 − 𝑟1)𝐿𝑡 (cosh (

𝐿
𝐿𝑡
) − 1)

sinh (
𝐿
𝐿𝑡
)

+
𝑟𝑐

𝐿𝑡(𝑟1 + 𝑟2)

𝑟2 cosh (
𝑥
𝐿𝑡
) + 𝑟1

sinh (
𝐿
𝐿𝑡
)

 

4.16 

Then Equation 4.16 can be simplified: 

𝑅𝐽 =
1

𝑟1 + 𝑟2
(𝑟1𝑟2𝐿 −

𝐿𝑡

sinh (
𝐿
𝐿𝑡
)
(𝑟1(𝑟2 − 𝑟1) (cosh (

𝐿

𝐿𝑡
) − 1) −

𝑟𝑐

𝐿𝑡
2 (𝑟2 cosh (

𝑥

𝐿𝑡
) + 𝑟1))) 4.17 

Which has limits of: 

𝑅𝐽 =

{
 
 

 
 

𝑟𝑐

𝐿𝑡sinh (
𝐿
𝐿𝑡
)
     

𝑟1𝑟2
𝑟1 + 𝑟2

𝐿          

 

𝐿 → 0 

4.18 

𝐿 → ∞ 

The equation above reflects that the overall contact resistance is dominated by the contact 

resistance of the short joints and the parallel resistance of the conductors for the long joints 

respectively. It is known that rc = Lt
2 (r1 + r2), then Equation 4.17 can be simplified as: 

𝑅𝐽 =
𝑟1𝑟2𝐿

𝑟1 + 𝑟2
(1 +

𝐿𝑡

𝐿𝑠𝑖𝑛ℎ (
𝐿
𝐿𝑡
)
(
𝑟1
2 + 𝑟2

2

𝑟1𝑟2
𝑐𝑜𝑠ℎ (

𝐿

𝐿𝑡
) + 2)) 4.19 

The minimum between two extremes can be achieved with dRJ/dL = 0. 
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𝑑𝑅𝐽
𝑑𝐿

=
𝑟1𝑟2

(𝑟1+𝑟2)
(1 −

2 cosh (
𝐿
𝐿𝑡
) +

𝑟1
2 + 𝑟2

2

𝑟1𝑟2

𝑠𝑖𝑛ℎ2(
𝐿
𝐿𝑡
)

) 4.20 

The minimum between two extremes can be achieved when: 

𝑟1𝑟2
(𝑟1+𝑟2)

(1 −
2 cosh (

𝐿
𝐿𝑡
) +

𝑟1
2 + 𝑟2

2

𝑟1𝑟2

𝑠𝑖𝑛ℎ2 (
𝐿
𝐿𝑡
)

) = 0 4.21 

 

𝑠𝑖𝑛ℎ2 (
𝐿

𝐿𝑡
) = 2cosh (

𝐿

𝐿𝑡
)+

𝑟1
2 + 𝑟2

2

𝑟1𝑟2
= 𝑐𝑜𝑠ℎ2 (

𝐿

𝐿𝑡
)− 1 4.22 

 

(cosh (
𝐿

𝐿𝑡
) − 1)2 = 2 +

𝑟1
2 + 𝑟2

2

𝑟1𝑟2
=
(𝑟1+𝑟2)

2

𝑟1𝑟2
 4.23 

 

cosh (
𝐿

𝐿𝑡
) = 1 +

𝑟1+𝑟2

√𝑟1𝑟2
 4.24 

Here 1 + (𝑟1 + 𝑟2)/√𝑟1𝑟2 > 1, then according to the inverse hyperbolic function, Equation 4.24 can 

be rewritten as: 

𝐿𝑜𝑝𝑡 = 𝐿𝑡ln (1 +
𝑟1+𝑟2

√𝑟1𝑟2
+√(1 +

𝑟1+𝑟2

√𝑟1𝑟2
)2 − 1) 4.25 

Where Lopt is the optimized length of the joint. Then the minimum joint resistance RJ,min is: 

𝑅𝐽,𝑚𝑖𝑛 =
𝑟1𝑟2𝐿𝑡
(𝑟1+𝑟2)

 (ln(1 +
𝑟1+𝑟2

√𝑟1𝑟2
+√(1 +

𝑟1+𝑟2

√𝑟1𝑟2
)
2

− 1)

+
1

√(1 +
𝑟1+𝑟2
√𝑟1𝑟2

)
2

− 1

(
𝑟1
2 + 𝑟2

2

𝑟1𝑟2
(1 +

𝑟1+𝑟2

√𝑟1𝑟2
) + 2) 

4.26 

Assuming: 

𝑧 =
𝑟1+𝑟2

√𝑟1𝑟2
=
1

√𝑟
+ √𝑟 ≥ 2 4.27 

Where r is r1/r2, and Lt = √𝑟𝑐/(𝑟1 + 𝑟2), then RJ,min can be rewritten as: 

𝑅𝐽,𝑚𝑖𝑛 = √
𝑟𝑐√𝑟1𝑟2
𝑧3

(𝑙𝑛 (1 + 𝑧 +√(1 + 𝑧)2 − 1) + (𝑧 − 1)√𝑧(𝑧 + 2)) 4.28 

And Lopt can be rewritten as: 

𝐿𝑜𝑝𝑡 = 𝐿𝑡(1 + 𝑧 +√(1 + 𝑧)2 − 1) 4.29 

Here assuming r1 = r2, we have the minimum joint resistance RJ,min = √𝑟1𝑟𝑐(ln(3 + 2√2) +

2√2)/2√2, around 1.623√𝑟1𝑟𝑐, and optimized joint length Lopt = Ltln(3 + 2√2), around 1.763Lt. 
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In order to evaluate the effect of r1, r2 and rc on the current distribution within two conductors, a 

10 mm long lap joint was investigated by the analytical model with assumed conductor resistance, 

contact resistance, joint dimensions and other parameters as shown in Table 4.1 and Table 4.2. In 

all computations, a transport current of 40 A was assumed to pass through this lap joint from 

conductor 1 to conductor 2. 

Table 4.1: Dimensions of the two conductors and the contact. 

Tape width, w 5 mm 

Tape thickness, d1=d2 100 μm 

Solder thickness, dc 30 μm 

Contact length, L 10 mm 

Table 4.2: The resistivity variation of two conductors and the assumed resistivity of the contact. 

No. ρ1 (Ωm) r1 (Ω/m) ρ2 (Ωm) r2 (Ωm) ρc (Ωm) rc (μΩcm) 

Case 1 1.8e-9 0.0036 0 0 25e-8 0.15 

Case 2 1.8e-9 0.0036 1.8e-9 0.0036 25e-8 0.15 

Case 3 0 0 1.8e-9 0.0036 25e-8 0.15 

Case 4 1.8e-9 0.0036 1.8e-9 0.0036 50e-8 0.3 

Case 5 1.8e-9 0.0036 1.8e-9 0.0036 100e-8 0.6 

Case 6 0.4e-9 0.0008 1.8e-9 0.0036 100e-8 0.6 

Case 7 0.9e-9 0.0018 1.8e-9 0.0036 100e-8 0.6 

Figure 4.2 shows the current profiles and electrical field of conductor 1 (I1 and E1) and conductor 

2 (I2 and E2) for different cases. According to Equation 4.4 and 4.5, the electrical field E (dV(x)/dx) 

along the joint is proportional to the local current density at each position of the joint, thus the 

trend variation of both electrical field E and local current I for two conductors are the same in 

each case. 

For case 1, conductor 1 was assumed as copper (ρ1 = 1.8e-9 Ω m) and conductor 2 was assumed 

as a superconductor (ρ2 = 0), with a current profile that exhibits that all the current has been 

transferred from conductor 1 to conductor 2 within the left half joint. The material of the two 

conductors in case 3 has been revised from case 1, where the current profile implies a mirror-

image relationship with case 1. 

For case 2, 4 and 5, two conductors have been assumed as the same material (copper) with 

different resistivities (25e-8 Ωm, 50e-8 Ω m and 100e-8 Ωm) for the contact. The current starts 

to reduce by half within the first half length of conductor 1, and on the other half continuously to 

reduces to zero until the right end of the joint, and the amount of current increasing in conductor 

2 is same to the amount that reduces in conductor 1 at each position of the joint. Furthermore, a 

higher contact resistance was taken into account, and this joint exhibits a slower current 

transferring rate with a longer current transfer length. The trend variation of the electrical field at 

each position of the joint for each conductor is proportional to the changes of the local current, 

and the electrical field peak of each conductor is only related to the resistivity of the conductor.  
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For case 5, 6 and 7, the material of conductor 2 was assumed as copper, and the resistivity of 

conductor 1 was assumed as 1.8e-9 Ωm, 0.4e-9 Ωm and 0.9e-9 Ωm respectively, and the contact 

resistance was assumed as the same for these three cases. For conductor 1, with a lower resistivity 

among the three cases, the current reduces more slowly in the left half path within this conductor, 

and the rest of the current reduces faster in the right half of this conductor. This implies that 

current prefers to flow within the conductor with the lower resistivity before the end of the joint 

when the contact resistance of these joints are the same. 

   

a) 

b) 

Figure 4.2: The plot of a) current distribution and b) electrical field distribution within both conductor 1 (I1 and E1) 

and conductor 2 (I2 and E2) corresponding to the resistivity variation of two conductors and contact as shown in Table 

4.2. 

The joint length would become the only parameter that has an effect on the overall contact 

resistance in accordance with Equation 4.18 for the minimum overall contact resistance. This 

happens when the ratio between the two conductors and contact resistance are certain values for 

the lap joint. Figure 4.3 shows the resistance ratio (RJ/RJmin) versus the length ratio (L/Lopt) with 

different conductor resistance ratio (r1/r2). When the joint length is smaller than the optimal joint 

length. The overall joint resistance decreases fast for all conductor resistance ratios, and it 
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decrease faster with a smaller conductor resistance ratios, when the joint length is closed to Lopt. 

However, it seems that a more slowly increase from the minimum overall joint resistance happens 

when the joint is longer than Lopt for large resistance ratio between two conductors. 

 

Figure 4.3: The plot for the resistance ratio (RJ/RJmin) as versus the length ratio (L/Lopt) with different conductor 

resistance ratio (r1/r2). 

 Methodology of Nano-heater made 2G-tapes soldering joints 

In order to make use of the advantages of the simple manufacturing process and fast energy 

dissipation of the nanobond reaction process without nanofoil existing in the 2G-tape joints, a 

nano-heater method was developed for 2G-tape joints soldering. The schematic drawing of this 

method installment is shown in Figure 4.4. The bottom G10 block was the base for the bonding 

process, and four 50 mm long M5 bolts were used for the sliding tracks for the top G10 block that 

can provide the loading pressure. The loading pressure was adjusted by compressing 4 springs 

(4.74 N/mm each). Two rubber films were attached to the G10 blocks as the compliant layers to 

spread loading force during the reaction. The nanofoil was placed at the bottom of the joint 

components as the heat source. The reaction was ignited by a 9 V voltage pulse. The process of 

the nano-heater method is presented below: 

1. Solder preparation*: 

a. Rolling the non-flux solder into a long film with a thickness around 30-35 µm.  

b. Pressing load (200 bar) is applied to compress the solder film between two smoothed 

surface strainless steel blocks, which an even thickness of the solder film can be 

achieved in this process. 

c. Acetone is applied to clean the surface, and solder film is cut into the pieces according 

to the dimensions of the contact area. 
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2. Joint component preparation: 

a. Acetone is applied to clean the joint bonding components (2G tapes or copper 

shims**) to the surface. In order to achieve good adhesion between the solder and 

copper or 2G tape, emery paper (1200 Grit) was used to make the metal surface rough 

before the Acetone cleaning process.  

b. Acid flux is applied to move the oxdiation layer of the bonding components surface, 

then a tissue is used to wipe over the surface. 

c. Stacking of the joint components, solder film and nanofoil, as shown in Figure 4.4. 

According to OI nanobond manual as shown in Table 3.4, a loading pressure of 3 bar 

is suggessted for the 2G to 2G joint and 5 bar for the copper to 2G joint. 

3. A nine-voltage pulse is applied to ignite the nanofoil to bond the joint. Scapel and Acetone 

are applied to move the reacted nanofoil pieces. 

Note:* A higher temperature solder, such as 240 °C melting solder (Sn99.3Cu0.3, wt. %) or 

296 °C melting solder (Sn5Pb93.5Ag1.5, wt. %) is suggested for the copper to 2G tape joint, 

then a lower temperature melting solder can be applied to solder between the copper shim 

and the current lead.  

**100 µm thick copper shim is suggested.  

 

Figure 4.4: The schematic drawing of nano-heater joint manufacturing installment. 

 Overall electrical contact resistance measurements of on trials of 

nano-heater made 2G tape joints 

The contact resistance of two nano-heater made copper to 2G tape joints and a nano-heater made 

2G tape to 2G tape joint have been performed in LN2 at 77 K. 

 

Two ends of a Superpower 2G-tape were soldered with two 100 μm thick copper shims with 
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296 °C melting solder (Sn5Pb93.5Ag1.5, wt. %) by nano-heater method. The schematic drawing 

of this sample is shown in Figure 4.5. The cross-section of both two 2G-tape to copper joints, 

joint 1 and joint 2, are 1.6 cm2 (4 cm×0.4 cm). Voltage taps 1 and 2 were soldered on the copper 

shim and 2G-tape respectively to measure the contact voltage across joint 1. The voltage tap 3 

and 4 soldered on the 2G tape and copper shim were placed to measure the contact voltage across 

joint 2. Two voltage tap pairs were twisted together to compensate the induction voltage. This 

sample was mounted in a variable temperature rig. The contact resistance was measured at 15 K, 

25 K, 35 K, 40 K and 77 K separately by 4-contact method. The voltages were meaured and 

recorded through a NI SCXI-1000 data logger. 

 
Figure 4.5: Schematic drawing of the the nano-heater made 2G-tape sample with dimension for contact resistance 

measurment. Number 1 to 4 show the position of the voltage taps. 

 

A 2G-tape to 2G-tape (Superpower) lap joint sample, made by nano-heater method with 296 °C 

melting solder (Sn5Pb93.5Ag1.5, wt. %), is shown in Figure 4.6a. The schematic drawing of this 

sample to measure the contact resistance is shown in Figure 4.6b. The surface area of the contact 

joint (T-T’) between the two 2G tapes is 1 cm2 (2.5 cm×0.4 cm). At each end of 2G tape, a 21 mm 

long current injection contact (A-T or B-T’) between the copper shim and the 2G tape was made 

with 296 °C solder using the same method. The voltage tap 1 and 2 were soldered on two HTS 

tapes to measure the contact voltage V1-2. Two voltage-taps were twisted together to compensate 

the induction voltage. Then the sample was submerged into the LN2, and DC current was injected 

in steps from 0 to 60 A with an interval of 10 A for each step. The 4-contact method was applied 

to acquire the contact voltage at each current, using a Keithly 2000 voltmeter.  

 

a) 

 

b) 

Figure 4.6: a) The picture of the nano-heater made 2G to 2G joint sample, and b) Schematic drawing of the the nano-

heater made 2G to 2G joint sample with dimensions, and number 1 to 7 show the position of the voltage taps. 
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 A new method for measuring current transfer characteristics and 

electrical contact resistance 

According to the description in the analytical lap joint model described in subchapter 4.3.1.1, the 

key to defining the current distribution within the conductors, is to acquire the electrical field 

profile of the conductor that goes through the joint. In the earlier trials of the contact resistance 

measurements, the electrical field was calculated from the voltage measured by several voltage 

taps soldered at different positions along the contact. However, this method was limited by the 

error in the distance measured between two voltage taps on the 2G tape/copper shim. For instance, 

1 mm wide voltage tap in 10 mm long lap joint has a 10 % error, and this error would accumulate 

when more voltage taps are added into the measurements. A better way is to trace the voltage 

change continuously along the conductor with the distance from one end of the joint. Then, the 

length error would only be the tap that was soldered at the end of the joint. Consequently, a new 

voltage measurement methodology called sliding needle contact method was introduced during 

the lap joint current transfer characteristics determination. Furthermore, compared with the 

traditional 4-contact method that can only measure the overall contact resistance of the lap joint, 

the pure contact resistance without two bonding components can be estimated by fitting the curve 

between the measured voltage along the distance of the conductor and the voltage profile as a 

function of the distance, in accordance with the lap joint analytical model. 

 

Three lap joint samples (2G-tape to copper), as shown in Figure 4.7, were prepared for the lap 

joint contact resistance measurements. The 2G-tapes (Bruker EST) were taken from the strands 

(Ic = ~63 A) of the Roebel cable described in Chapter 5. The copper strips were cut from a 100 

μm thick copper shim. First, two lap joints samples (Sample 1 and Sample 2) were made with 

manual soldering method. Both 2G-tape and copper tape ends were pre-tinned with 146°C melting 

solder (In97Ag3, wt. %) on a hot plate at 150 °C, and the flux and excess of solder were removed 

by wiping the surface. Sample 3 was made in nano-heater method with a 146 °C melting solder. 

The contact surface of the 2G tapes were polished with emery paper (1200 grit) and cleaned before 

the bonding process. The dimension parameters of the three lap joint samples are shown in Table 

4.3. 

 

Figure 4.7: Three 2G tape to 2G tape joint nano-heater made samples. 
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Table 4.3: The dimension parameters of three lap joint samples. 

          Parameters 

Sample 

2G tape Copper tape Lap joint 

Thickness 

(μm) 
Width (mm) 

Thickness 

(μm) 

Width 

(mm) 

Overall 

thickness (μm) 

Area 

(mm×mm) 

Contact 

thickness (μm) 

Sample 1 175 5.50 100 5.50 318 5.50×8.00 ~32 

Sample 2 239 5.50 100 5.80 341 5.50×7.40 ~5 

Sample 3 192 5.50 100 5.76 325 5.50×9.00 ~30 

As shown in Figure 4.8, two copper shims were soldered at the each far end of 2G tape and copper 

tape via a 240°C melting solder (Sn99.3Cu0.7, wt. %) separately. Then each lap joint sample was 

glued onto a G10 strip by epoxy impregnation. The fiberglass tapes between the sample and G10 

can give a mechanical support to prevent the damage of the sample from the thermal contraction 

during cooling down. Another small piece of fiberglass was inserted between the copper tape and 

2G tape, which is used for electrical insulation layer underneath the copper to prevent current 

transferring at the position of the voltage tap 2 as shown in Figure 4.8.  

 

Figure 4.8: Schematic drawing (bottom) of the cross section of a 2G-tape to copper joint, and number 1, 2, 3 and 4 

show the position of the voltage tap. 

The sample holder is shown in Figure 4.9. The lap joint sample was soldered onto two current 

leads (terminal A’ and B’) with 180°C melting solder (Sn60Pb40, wt. %). Two current leads A′ 

and B′ were bolted on a G10 block. The numbers (n = 1, 2, 3 and 4) show the position of the 

voltage taps. Voltage tap 1 was soldered on the 2G tape, and voltage tap 2 and 4 were soldered 

on the copper tape. It needs to be noted that the voltage tap 3 was a sliding needle with a solder 

ball contact sliding on the copper, and that dash line shows the sliding path (Ld) between the 

voltage tap 2 and 4. Voltage-tap pair between 1 and 4 was used to measure the overall lap joint 

(Joint T-T′) contact voltage (V1-4), and voltage-tap pair between 2 and 3 was used to measure 

the continuous voltage changes V(x) on the copper from the left joint end towards voltage tap 4 

on the copper, where V2-4 gives a voltage baseline find the position of the sliding contact when 

is on the pure copper part, when V(x) is equal to V2-4. The position of voltage tap 2 (left joint end 

of the copper side) is assumed as the zero position. All the voltage-tap pairs were twisted to 

compensate the inductive voltage with extended wire connections to the data logger through a 

wire board on the G10 block.  
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Figure 4.9: Schematic drawing of the lap joint sample holder, and the number 1, 2, 3 and 4 show the position of the 

voltage tap. 

 

Figure 4.10 shows the test bed for the lap joint contact resistance measurement in LN2 at 77 K. 

The sample holder was bolted at the end of an insulation board as the base. The other side of the 

base was fixed with a sliding set unit. A 25 mm wide G10 pillar was bolted on the sliding set, and 

it extends to the top above the sample holder. As shown in Figure 4.10, the voltage tap 3 is a 

needle that was soldered with a copper washer with a spring set between the G10 pillar and copper 

washer to provide compression strength for the needle touching on the lap joint sample. The other 

side of the G10 pillar was fixed with a G10 block that has a pin holder for the linear position 

(linear variable differential transformer/LVDT) sensor. Once the sample holder was inserted into 

liquid nitrogen, the rotary knob could drive the movement of the G10 pillar, and the sliding needle 

voltage tap moved between voltage taps 2 and 4. The displacement of the needle was recorded by 

a data logger that was connected to the linear position sensor. Figure 4.11 shows the calibration 

of the displacement the sensor, which has the voltage and displacement transfer function as shown 

below: 

𝑙 (𝑚𝑚) = 1.536 × 𝑉(V) 4.30 

Where l (mm) is the displacement of the sliding voltage tap, V in units of V is the voltage measured 

from the displacement sensor, and the constant of proportionality is 1.536. 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Sliding need contact test bed for lap joint contact resistance measurement. 
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Figure 4.11: Displacement sensor (LVDT) voltage calibration. 

 

 Electrical contact resistance of nano-heater made 2G-tape joints 

 

The electrical contact resistance of two 2G-tape to copper joints were measured in a variable 

temperature cryostat rig at different temperatures. Figure 4.12 shows VI charactersitics of two 2G-

tape to copper soldered (Sn5Pb93.5Ag1.5, wt. %) joints at 15 K, 25 K, 35 K, 40 K and 77 K 

separately. Table 4.4 shows the resistance in units of nΩ and the contact resistance in units of 

nΩ×cm2 for each joint at different temperatures. The surface area of each joint is 1.6 cm2, and the 

contact resistances of joint 1 and joint 2 are 409.82 nΩ×cm2 and 329.86 nΩ×cm2 at 77 K 

respectively. Unfortunately, the overall contact resistance of these two joints were only smaller 

than one nanobond 2G-tape to copper joint sample. Bagrets et al has investigated the overall  

contact resistance of manually made SuperPower 2G-tape to copper soldered (Sn63Pb37, wt. %) 

joint (660 nΩ×cm2) and SuNAM 2G-tape to copper soldered joint (694 nΩ×cm2) with the same 

solder at 77 K [144]. The overall contact resistance of both nanobond and nano-heater 2G-tape to 

copper joints reduced by almost one third compared with 2G-tape joints made by Bagrets et al 

[144]. 
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Figure 4.12: VI charactersitics of two 2G-tape to copper joints at a) 77 K, and b) 40 K, and c) 35 K, and d) 25 K and 

e) 15 K. 

Table 4.4: Overall contact resistance of 2G to copper joints at different temperatures. 

Sample Resistance 15 K 25 K 35 K 40 K 77 K 

Joint 1 

Resistance (nΩ) 63.12 70.57 95.98 109.30 256.14 

Area contact 

resistance (nΩ×cm2) 
100.99 112.91 153.57 174.88 409.82 

Joint 2 

Resistance (nΩ) 49.57 57.77 80.07 82.41 206.16 

Area contact 

resistance (nΩ×cm2) 
79.31 92.43 128.11 131.86 329.86 

 

Electrical contact resistance of 2G-tape to 2G-tape joint was measured in LN2 at 77 K. Figure 

4.13 shows the voltage-current (VI) characteristics of the 2G-tape to 2G-tape soldered 

(Sn5Pb93.5Ag1.5, wt. %) joint (1.6 cm2) at 77 K. The slope of the dash line shows the linear 

fitting for the V-I characteristics, which gives an overall contact resistance (~136 nΩcm2) of the 

2G-tape to 2G-tape soldered joint. This value reduced more than 50% from the OI nanobond made 

2G-tape to 2G-tape joints. For manually soldered 2G-tape to 2G-tape (Sn63Pb47, wt. %) joints, 

Bagrets et al has measured the overall contact resistance of SuperPower tape joints and SuNAM 

tape joints their results are 41 nΩ×cm2 and 280 nΩ×cm2 at 77 K respectively [144]; Tsni et al. 

also measured the contact resistance of SuperPower joints with solder, Pb38Sn62 (wt. %), 

In52Sn48 (wt. %) and Sn60Pb40 (wt. %), with the overall contact resistances of 47-59 nΩ×cm2, 

~34-66 nΩ×cm2 and ~75 nΩ×cm2 respectively [7].  
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Figure 4.13: The plots for current-voltage characteristics of the joint contact between 2G-tape to 2G-tape 

(SuperPowerTM) joint. 

 

Table 4.5 shows a summary of the comparison for the overall contact resistance of soldered HTS 

joints at 77 K. These joints were made via the nanobond, nano-heater and manual soldering joint 

techniques with different HTS tapes and solders. Unfortunately, there is no data for 2G-tape to 

2G tape joints made by manual soldering. There is one nano-heater made sample, with contact 

resistance (132 nΩ×cm2), around one third of the nanobond made samples. For 2G-tape to copper 

joints, it is apparent that the joint with the lowest contact resistance (< 50 nΩ×cm2) is the sample 

made via manual soldering using SuperPower 2G-tape and solder In97Ag3. However, there is a 

wide variation on overall contact resistance of 2G-tape to copper joints via manual soldering 

(In97Ag3) with Bruker 2G-tape, with their resistance varying from several hundred nΩ×cm2 to 

several thousand nΩ×cm2. The contact resistance of nanobond made 2G-tape to copper joints has 

a similar situation than manually soldered joints, which implies that these joints are irreproducible. 

The contact resistance of nano-heater made 2G-tape to copper shim joints with SuperPower 2G-

tape and solder Sn5Pb93.5Ag1.5 are in an intermediate range, 330 - 410 nΩ×cm2. These joints 

are more reproducible compared with HTS joints via other methods. This is due to a quantified 

process applied in the fabrication of the joints. The nano-heater process involves a controllable 

released energy, a constant compressive pressure and a uniform thickness solder film. 

Nevertheless, it needs to be noted that the overall contact resistance for 2G tape involves the 

interfacial resistance between copper or silver and the superconducting layer, the resistance of 

metallic stabilizer around the superconductor layer, solder resistance and copper resistance. 

Particularly, the effect of the copper thickness can have an obvious impact on the overall contact 

resistance as discussed in subchapter 4.3.1.1. The following subchapter will introduce a new 

0 10 20 30 40 50 60 70
0

1

2

3

4

5

6

7

8

9

 V
12

V
o

lt
ag

e 
(

V
)

Current (A)



CHAPTER 4 CURRENT TRANSFER CHARACTERISTICS OF 2G HTS JOINTS 

106 

method that combined experimental work with 1-D lap joint analytical model to estimate the real 

contact resistance between two conductors.  

Table 4.5: The overall contact resistance comparison at 77 K among the nanobond, nano-heater and manually soldering 

HTS-tape joints with different HTS tapes and solders. 

Joints 
Overall RJ 

(nΩcm2) 
Quantity HTS Tape 

Solder 

components 

Nanobond 
2G to 2G 300 - 470 6 Unknown Sn/nanofoil/Sn 

2G to copper 200 - 1082 12 Unknown Sn/nanofoil/Sn 

Nano-heater 

2G to 2G 132 1 SuperPower Sn5Pb93.5Ag1.5 

2G to copper shim 330 - 410 4 SuperPower Sn5Pb93.5Ag1.5 

2G to copper shim 3677 1 Bruker In97Ag3 

Manually 

soldering 

2G to copper 276 - 3750 6 Bruker In97Ag3 

2G to copper 81.8 - 677 2 Bruker Sn60Pb40 

2G to copper 41 - 47 2 SuperPower In97Ag3 

BSCCO to copper 60 - 78 2 Sumitomo In97Ag3 

 Results from sliding needle contact resistance measurements 

 

Figure 4.14 (a, c and e) displays the measured voltages V(x) as a function of the continuous 

position x with transport currents of 30 A, 40 A and 50 A for three samples from the new sliding 

needle contact resistance measurements. Figure 4.14 (b, d and f) show three similar resistance 

profiles that are obtained from the measured voltages at each current, which are used for 

evaluating there was no significant temperature increase when increasing the transport current. 

Three dash lines (black, red and green) as shown in Figure 4.14 (a, c and e) represent analytical 

voltages for the linear function versus the distance along the pure copper conductor at 30 A, 40 A 

and 50 A for each sample. To use the linear curve fitting for each measured voltage profile V(x), 

the right end of the joint for each sample was defined via a vertical black dash line in each plot. 

Then the copper resistance per unit length and the joint length can be obtained from this curve 

fitting. 

The estimated joint length for sample 1, sample 2 and sample 3 is 8.26 mm, 7.6 mm and 9.0 mm 

respectively. The left end of the joint is assumed as the starting point of the joint, but it needs to 

be noted that the soldering spot for the voltage tap at the left end of the joint for each sample is 

approximately 1 mm wide, with a small piece of fiberglass as the electrical insulation layer 

underneath of the copper to prevent the current injection at this region. This is treated as an already 

known error (8.3%-10%) on joint length compared with the distance (10-12 mm) between the 

voltage tap at the left point of the joint and the far end on the copper. When measuring the sliding 

voltage V(x) versus the distance along the joint, x = 0 was set at the position where the continuous 

voltage was the minimum value within ~ ±5 μV scale. Compared with the measured joint length 

of sample 1 (8.0 mm), sample 2 (7.4 mm) and sample 3 (9.0 mm), the estimated joint length for 

each sample is acceptable within an error within 5 %.  
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Figure 4.14: Left top plot shows a) measured voltage and b) resistance as a function of continuous position on the 

copper for sample 1, and right top plot shows c) measured voltage and d) resistance as a function of continuous position 

on the copper for sample 2, and bottom plot shows e) measured voltage and f) resistance as a function of continuous 

position on the copper for sample 2 with transport current of 30 A, 40 A and 50 A. Three dash lines (black, red and 

green) as shown in this figure (a, c and e) representing the slope of the voltage as a function of the position of the copper 

conductor only at 30 A, 40 A and 50 A for each sample. The vertical black dash line in each plot is used for defining 

the right end of the lap joint for each sample. 

The relationship between the linear voltage profile V(x) and the distance from the right end of the 

joint is shown below in accordance with Ohm’s law: 

𝑉(𝑥) = 𝐼𝑅 = 𝐼
𝜌𝑥

𝐴
 4.31 
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With  

𝐴 = 𝑤𝑑 4.32 

Where I is the transport current, R is the copper resistance, ρ is the copper resistivity at 77 K, A is 

the cross-section of the copper tape, w is the copper width and d is the copper thickness (100 μm). 

Iρ/A is the slope for each linear curve fitting as shown in Figure 4.14. The slope at different 

transport current for each sample and the nominal copper resistivity of the copper for each sample 

at 77 K are presented in Table 4.6. These parameters will be used in the contact resistance 

estimation in the analytical model and optimal joint distance estimation. 

Table 4.6: The slope for the linear fitting of voltage changes on the copper only verses the distance from the right end 

of the joint and estimated copper tape resistivity for each sample at 77 K. 

Slope            Current 30 A 40 A 50 A Resistivity (nΩ×m) 

Sample 1 0.1047 0.1396 0.1745 1.92 

Sample 2 0.0977 0.1303 0.1629 1.89 

Sample 3 0.0990 0.1319 0.1649 1.90 

 

Sample 3 is used as an example to show the curve fitting of the measured voltage V(x) with the 

analytical model. This model was divided into two parts, the joint part VCu_joint(x) and copper only 

part VCu_joint(x).  

Firstly, the formula for VCu_joint(x) versus the distance from left end of joint can be obtained in 

accordance with Equation 4.5 and Equation 4.13: 

𝑉𝐶𝑢_𝑗𝑜𝑖𝑛𝑡(𝑥) = ∫ 𝑟2𝐼2(𝑥)𝑑𝑥
𝑥

0

 4.33 

With 

𝑉𝐶𝑢_𝑗𝑜𝑖𝑛𝑡(𝑥) = 𝑟2∫ (𝐼0 −
𝐼0

𝑟1 + 𝑟2

𝑟2 (sinh (
𝐿
𝐿𝑡
) − sinh (

𝑥
𝐿𝑡
)) + 𝑟1 sinh (

𝐿 − 𝑥
𝐿𝑡

)

sinh (
𝐿
𝐿𝑡
)

)𝑑𝑥
𝑥

0

 4.34 

Where x ≤ L = 9.0 mm; r2 is the copper resistance per unit length; r1 is the superconductor 

resistance per unit length, with r1 assumed as 0 initially; I0 is 40 A and Lt was assumed as the 

transfer length obtained by Equation 4.3 and Equation 4.8. 

The formula for the linear voltage VCu(x) versus the distance from right end of joint (x = 9 mm) 

can be obtained as: 

𝑉𝐶𝑢(𝑥) = 𝑉𝐶𝑢_𝑗𝑜𝑖𝑛𝑡(𝑥 = 0.009) + 𝑟2(𝑥 − 0.009) 4.35 

Where r2 is the copper resistance per unit length.  

Figure 4.15 shows the measured voltage V(x) for sample 3 compared with the analytical VCu_joint 

and VCu versus x at 40 A with a range of the contact resistance from 960 to 1440 nΩ×cm2. The 

measured V(x) is higher than all the analytical profiles of VCu_joint(x) when x is smaller than 6.0 
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mm. After x is above 6.0 mm, the measured V(x) starts to cross the analytical VCu_joint(x) profiles 

and reaches ~300 μV at x = 9.0 mm, which is just above value of VCu_joint(x = 9.0 mm) with a 

contact resistance Rc = 1020 nΩ×cm2. When x is above 9.0 mm, the measured voltage V(x) starts 

to increase linearly, and the voltage profile starts to be parallel to other analytical profiles of VCu(x), 

which implies all the current has transferred into the copper side.  

 

Figure 4.15: The plot for the measured voltage V(x) for sample 3 compared with the analytical model VCu_joint (x) and 

VCu(x) versus the continuous position at 40 A with the contact resistance assumed from 960 to 1440 nΩ×cm2.Vertical 

dash line represents right end of the joint. 

The study of the relationship between the voltage at the right end of the joint and these parameters 

become very important for the performance of the lap joint. The voltage VCu_joint(x) at the right 

end of the joint rises with the increase of the contact resistance. Furthermore, this voltage can be 

treated as the overall contact voltage when the superconductor resistance is assumed as 0 in 

accordance with Equation 4.16. Now, the superconductor resistance will be changed to investigate 

the voltage at the right end of the joint. In order to fit the measured V(x), the contact resistance 

was assumed to start from 960 nΩ×cm2 and increase with an interval of 60 nΩ×cm2 at each step. 

The superconductivity resistivity (ρ1) was assumed as another variable to increase from 0 to 

18.28e-15 Ωm with an interval of 4.57e-15 Ωm (~1/400000 of the copper resistivity) at each step. 

A resistivity of 9.14e-15 Ωm corresponds to the critical current (Ic = ~ 63 A) of the superconductor 

based on 1 μV/cm criteria. The thickness of the superconductor was assumed as 1 μm. Then, the 

analytical VCu_joint (x) and VCu(x) can be obtained by Equation 4.34 and 4.35. 

Figure 4.16 shows the plot for the measured voltage V(x) for sample 3 (black solid line) compared 

with the analytical VCu_joint (x) and VCu(x) at 40 A. The superconductor resistivity (ρ1) was assumed 

to be 0, 4.57e-15, 9.14e-15, 18.28e-15 Ωm and the contact resistance was assumed as 960 nΩ×cm2. 

The profiles of analytical VCu-joint(x) with different superconductor resistivities were almost similar 

with each other and the voltage of all the cases is smaller than the measured values when x < 9 
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mm. The profiles of analytical VCu(x) start to match with the measured voltage when x > 9 mm. 

The overlapping profiles of analytical VCu-joint(x) mean that the resistivity of the superconductor 

varying in a scale of 10e-15 Ωm has a minimum effect on the voltage of the conductor that was 

overlapped in the joint. When the superconductor resistivity ρ1 was increased to 1.52e-12 Ωm, the 

analytical profile, VCu-joint(x), was almost similar to the measured voltage V(x), with 0 < x < 9 mm. 

However, the voltage across 1 cm length on the superconductor is already around ~100 μV at 40 

A. This value is impossible for a superconductor with a transport current below the critical current. 

It needs to be noted that the superconductor was assumed as a 1 μm thick lump layer without the 

stabiliser (~25-30 μm each side) or silver layer into consideration. These resistive layers can 

contribute to the resistance of the superconducting tape. Compared with the superconductor 

resistance, the copper resistance and contact resistance account for the main part of the overall 

contact resistance, corresponding to the voltage VCu-joint(x = 9 mm) according to Equation 4.16. 

Consequently, we believe that the estimated contact resistance (Rc = 960 nΩ×cm2) is close to the 

real value. The shift of V(x) to the left of the analytical VCu(x) when x > 11 mm, may be caused 

by an experimental error issue. Furthermore, the same procedure was used for lap joint sample 1 

and 2. Figure 4.17 and Figure 4.18 show the measured voltage profiles for sample 1 and sample 

2 respectively compared with the analytical VCu_joint(x) and VCu(x) at 40 A. In these results the 

superconductor side resistivity (ρ1) was assumed to be 0, 4.57e-15, 9.14e-15, 18.28e-15 Ωm and 

1.52e-12 Ωm, and the contact resistance was assumed as 1024 nΩ×cm2 for sample 1 and 1700 

nΩ×cm2 for sample 2. 

 

Figure 4.16: The plot for the measured voltage V(x) for sample 3 compared with the analytical model VCu_joint (x) and 

VCu(x) versus the continuous position at 40 A. The superconductor side resistivity (ρ1) was assumed to be 0, 4.57e-15, 

9.14e-15,18.28e-15 and 1.52e-12 Ωm, and the contact resistance was assumed as 960 nΩ×cm2. 
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Figure 4.17: The plot for the measured voltage V(x) for sample 1 compared with the analytical model VCu_joint(x) and 

VCu(x) versus the continuous position at 40 A. The superconductor side resistivity (ρ1) was assumed to be 0, 4.57e-15, 

9.14e-15,18.28e-15 and 1.52e-12 Ωm, and the contact resistance was assumed as 1024 nΩ×cm2. 

 

Figure 4.18: The plot for the measured voltage V(x) for sample 2 compared with the analytical model VCu_joint(x) and 

VCu(x) versus the continuous position at 40 A. The superconductor side resistivity (ρ1) was assumed to be 0, 4.57e-15, 

9.14e-15,18.28e-15 and 1.52e-12 Ωm, and the contact resistance was assumed as 1700 nΩ×cm2. 

0 2 4 6 8 10

0

100

200

300

400

500

600

700

Sample 1

 V(x)

 1=0 m

 1=4.57e-15 m

 1=9.14e-15 m

 1=18.28e-15 m

 1=1.52e-12 m

V
o

lt
ag

e 
(

V
)

Distance from left end of the copper tape (mm)

0 2 4 6 8 10

0

100

200

300

400

500

600

700

800

Sample 2

 V(x)

 1=0 m

 1=4.57e-15 m

 1=9.14e-15 m

 1=18.28e-15 m

 1=1.52e-12 m

V
o

lt
ag

e 
(

V
)

Distance from left end of the copper tape (mm)



CHAPTER 4 CURRENT TRANSFER CHARACTERISTICS OF 2G HTS JOINTS 

112 

 

The noise is the main problem in the derivation of the measured function V(x). A new method 

was developed for smoothing the measured V(x). It is a function tool in MATLAB for curve fitting 

[149], [190], called ‘Shape Prescriptive Modelling’(SLM), which is used for smoothing the 

measured voltage V(x) when calculating the electrical field of the conductor. The MATLAB code 

of the curve fitting method described in this subchapter is presented in the Appendix I. A 

continuous smoothed approximation of the measured voltage profiles of V(x) in the copper tape 

was processed using the MATLAB SLM function. Unlike other spline function and curve fitting 

methods, the SLM function provides a controllable adjustment for the curve spline approximation 

based on known mathematic function patterns and physical factors such as the slope, the value at 

the end of the applied function, monotonicity of the function or curvature of the function. It can 

be set up for the curve shape adjustment by graph inspection. 

Sample 3 at 40 A is an example for the SLM spline approximation. The data of V(x) was imported 

into MATLAB. The adjustments were added in a function named ‘slmengine’ in the SLM as seen 

in the code shown in Appendix I. The adjustment set up is described below:  

• Boundary conditions: The left end of V(x) with x at 0 has been set as a default value in the 

SLM. As the slope of the right end of V(x) with x > 9.0 is approaching to the slope of 

VCu(x). The ‘rightslope’ is set as 0.1319 for 40 A, in accordance with the slope reference 

as shown in Table 4.6.  

• Curvature and monotonicity: An increasing monotonicity and a monotone increasing 

slope are shown in V(x) profile, ‘increasing’ and ‘concaveup’ are set as ‘on’.  

• The position and numbers of knots: The number (n) of knots are controlled for the equally 

spaced anchor points in the data of the approximated curve. These points separate the 

applied function into n-1 independent functions. Then the spline approximated data is 

smoothed with a continuous section from one independent function to the next at each 

knot [149], [190].  

The advantage of this method is to observe the effect of various positions of the knots on the 

shape of the generated data curves. In the development of SLM function ‘slmengine’ in MATLAB, 

evenly spaced knots were applied to generate a smoothed function of V(x). The SLM calculated 

function was assumed as V(x)_SLM. The evenly spaced knots were set as n = 6, 8,…, 12, 25 and 

30, and the generated continuous function V(x)_SLM with different knots is shown in Figure 4.19 

(a-h) compared with the measured V(x). The dash line in each figure represents the generated 

smoothed data for function V(x)_SLM with different knot numbers. By comparing the selected 

knot numbers with expected features found in the calculated V(x)_SLM, it is possible to identify 

the positions of the knots that may lead to a reasonable spline model to achieve a good curve 

fitting. According to the comparison in Figure 4.19, when the knot number is above 8, the curve 

fitting is in good agreement due to the monotonic nature of  the measured V(x). 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

Figure 4.19: The plot of V(x) for sample 3 as a function of the continuous position along the copper tape at 40 A 

compared with SLM_V(x) with a) knots = 6, b) knots = 8, c) knots = 9, d) knots = 10, e) knots = 11, f) knots = 12, g) 

knots =25, and h) knots= 30. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

Figure 4.20: The plot for first order differential function SLM_V’(x) for sample 3 with a) knots = 6, b) knots = 8, c) 

knots = 9, d) knots = 10, e) knots = 11, f) knots = 12, g) knots =25, and h) knots= 30. 

The rest of the problem is how many knots are needed for SLM to process the spline model. The 

aim of the curve fitting is to estimate the current distribution by investigating the changes of 

electrical field along the joint. A first order derivation can be applied to function V(x)_SLM to 
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length of the joint from the spline model is closer to the estimated value (9 mm). However, there 

are more knobbles in the first order derivation of function V(x)_SLM profiles when knots are set 

at higher numbers (n = 25 and 30). This may not be a real refection on electrical changes along 

the copper tape overlapped the joints. The tutorial description in [190] stated that the use of too 

many knots did not result in a singularity. The key point is that there is enough supported 

information for achieving a reasonable fit. Consequently, the smooth plot of profile V(x)_SLM 

with knots = 12 was considered as the best for the further analysis of this case. 

 

The electrical field dV(x)/dx is proportional to the local current density at each position along the 

joint in accordance with Equation 4.4 and 4.5. Consequently, the features of the current 

distribution along the joint can be investigated from the plot of dV(x)/dx at each position of the 

joint. Figure 4.21 shows a first order differential plot for the interpolation (black scatters) of the 

measured V(x) and the best fit SLM_V(x) (cyan solid line) for sample 3 at 40 A. They are 

compared with the analytical functions V’Cu_joint(x) and V’Cu(x) for different superconductivity 

resistivities (ρ1), 0 (black dash line), 4.57e-15 Ωm (red dash line), 9.14e-15 Ωm (green dash line)，

18.28e-15 Ωm (blue dash line) and 1.52e-12 Ωm (magenta dash line). The electrical field 

SLM_V’(x) at x = 4.5 mm is around 20 % of that at x = 9.0 mm, which implies almost 80 % 

current still flows within the 2G tape side at this position. A steep electrical field increase appears 

between x = 6.0 mm and x = 9.0 mm of the lap joint, and more than 70 % current transfer occurs 

at this range based on the electrical field changes. This is in agreement with the estimation in the 

analytical model as discussed in chapter 4.3.1. According to the monotonicity of the electrical 

field of the function, it does not matter if the polarity of the current transfer direction is from 

superconductor to copper or copper to superconductor. Most current transfer occurs towards the 

right end of the lap joint. This is good for conduction cooling due to the short path of the cooling 

power along the copper tape.  

The starting point of constant V’(x)_SLM (cyan solid line) implies that the real joint length may 

be longer than the estimated value. However, logging noise leads to scattered points as shown in 

the interpolation plot that fluctuates up and down when x > 9.0 mm. Fortunately, the dV(x)/dx at 

the right of the joint is only based on the copper resistivity, which can reduce the effect of this 

error on the contact resistance estimation from the curve fitting between the measured voltage 

profile and the analytical model. Furthermore, Figure 4.22 and Figure 4.23 show the first order 

differential plot interpolation (black scatters) of the measured V(x) and the best fit SLM_V(x) 

(cyan solid line) for sample 1 and 2 respectively at 40 A, compared with the analytical functions 

V′Cu_joint(x) and V’Cu(x) with different superconductivity resistivity (ρ1), 0 (black dash line), 4.57e-

15 Ωm (red dash line), 9.14e-15 Ωm (green dash line),18.28e-15 Ωm (blue dash line) and 1.52e-

12 Ωm (magenta dash line).  
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Figure 4.21: The analytical electrical field (SLM_knot_ 12) from the measured V(x)_SLM for sample 3 with 12 knots 

versus the continuous position x compared with the calculated electrical field from the measured V(x) with 20 points of 

window for averaged smooth at 40 A with the superconductor side resistivity (ρ1) assumed to be 0, 4.57e-15, 9.14e-

15,18.28e-15, 1.52e-12 Ωm and the contact resistance was assumed as 960 nΩ×cm2. 

 

Figure 4.22: The analytical electrical field (SLM_knot_ 10) from the measured V(x)_SLM for sample 1 with 10 knots 

versus the continuous position x compared with the calculated electrical field from the measured V(x) with 20 points of 

window for averaged smooth at 40 A with the superconductor side resistivity (ρ1) assumed to be 0, 4.57e-15, 9.14e-

15,18.28e-15, 1.52e-12 Ωm and the contact resistance was assumed as 1024 nΩ×cm2. 
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Figure 4.23: The analytical electrical field (SLM_knot_ 10) from the measured V(x)_SLM for sample 2 with 10 knots 

versus the continuous position x compared with the calculated electrical field from the measured V(x) with 20 points of 

window for averaged smooth at 40 A with the superconductor side resistivity (ρ1) assumed to be 0, 4.57e-15, 9.14e-

15,18.28e-15, 1.52e-12 Ωm and the contact resistance assumed as 1700 nΩ×cm2. 

 

Table 4.7 shows a summary of contact resistance, solder resistance, joint length (estimated length 

and optimized length) and overall contact resistance (measured overall contact resistance, 

analytically estimated overall contact resistance and minimum overall contact resistance) for three 

lap joints samples. The same curve fitting method can be used for the contact resistance estimation 

of sample 1 (1024 nΩ×cm2) and sample 2 (1700 nΩ×cm2). Compared with the resistance of 146 

ºC melting solder (In97Ag3, wt. %) at 77 K as shown in Table 4.7, the contact resistance of each 

sample is almost more than 100 times larger. It needs to be noted that real contact resistance 

involves the interfacial resistance between the superconductor and silver stabiliser; and the copper 

resistance around the superconductor with the solder resistance. According to literature review 

from [7], [8], [145], [184], the interfacial resistance accounts for the main part of the contact 
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contact resistance.  
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joints in an similar cross-section (4 mm× 10 mm) for SuperPower made 2G-tape (~110 nΩ) and 

Sumitomo BSCCO tape (~180 nΩ) as shown in Table 4.5. Furthermore, this unusual larger 

contact resistance for this single strand needs to be analysed with Roebel cable contact resistance 

measurements. This issue will be discussed in the next chapter.  

The analytical model implies the overall contact resistance is dominated by the contact resistance 

for the short length joints and the parallel resistance of the conductors for the long joints 

respectively. For instance, sample 2 has a larger contact resistance that is almost 2 times that of 

other two samples, but overall resistance is only ~5 % larger than the other two samples. This is 

partially due to a shorter joint length on sample 2 so less copper resistance was involved. An 

optimised joint length of each sample was evaluated for a balance between the contact resistance 

and copper resistance for the overall contact resistance contribution. The reduction of overall 

contact resistance is not obvious when a high resistance ratio between r1/r2 is present, as shown 

in Figure 4.3, but a shorter joint length design is helpful for conduction cooling of the lap joint. 

 



 

 

 

 

 

 

 

 

 

 

 

 

Table 4.7: The estimated contact resistance, solder resistance, copper resistance and overall contact resistance of three lap joint samples. 

Sample 

Analytical 

contact 

resistance 

Rcon (μΩcm2) 

Solder resistance 
Superconductor 

resistance 
Copper resistance 

Joint length 

(mm) 
Overall contact resistance 

Resistivity 

ρsolder (μΩcm) 

Rsolder 

(μΩcm2) 

Resistivity 

ρ1 (μΩcm) 
r1 (μΩ) 

Resistivity ρ2 

(μΩcm) 
r2 (μΩ) L Lopt 

RJ 

(μΩ) 

Analytical RJ 

(μΩ) 

Analytical 

RJmin (μΩ) 

1 0.96 2.12 6.78e-3 9.14E-15 0.0137 0.192 28.8 8.26 3.81 8.26 8.08 8.08 

2 1.7 2.12 1.06e-3 9.14E-15 0.0121 0.189 25.1 7.70 4.56 8.52 9.89 9.78 

3 1.024 2.12 6.36e-3 9.14E-15 0.0143 0.190 29.7 9.00 3.70 7.55 7.43 7.43 

 

 

1
1
9
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The annealing process is an effective way to reduce the resistivity of the reacted nanofoil, but this 

is not suitable for 2G-tape soldered joints. How to make use of the advantages of the simple 

manufacturing process and fast energy dissipation of nanobond reaction process at room 

temperature for soldering the 2G-tape joints has been investigated. A new methodology for 2G-

tape joints bonding, called nano-heater, was first developed to make use of the thermal energy 

produced from the nanofoil reaction without the foil staying between the two bonding components. 

This method is reproducible due to a quantified process nature. The average overall contact 

resistance of nano-heater made 2G-tape to copper joint and 2G to 2G joint with solder 

Sn5Pb93.5Ag1.5, wt. % are ~350 nΩ×cm2 and ~130 nΩ×cm2 respectively. In order to evaluate 

the performance of nano-heater made soldered joints for 2G-tapes, the overall contact resistance 

of lap joints with different solders (such as Sn60Pb40, wt. %) can be measured at different low 

temperatures in the future works. 

A 1D analytical model was develepped to analyse the current transfer characteristics of a lap joint. 

The effect of contact resistance, conductors’ resistance and joint length on current distribution and 

overall contact resistance have been investigated. The analytical model shows that when a lap 

joint has a high resistance ratio between the two conductors, most of the current flows within the 

conductor with the lower resisitivity and the current transfering occurs towards the end of this 

conductor. Furthermore, the analytical model shows that the overall contact resistance of a joint 

would decrease fast when the joint length increases to the optimal length Lopt, but a slower increase 

from the minimum overall joint resistance will be produced when the joint is longer than Lopt for 

large a resistance ratio between two conductors. 

A needle sliding contact method for contact resistance measurement combined with 1D lap joint 

analytical model were developed to evaluate contact resistance and current distribution of the lap 

joints. One nano-heater made and two manully made soldered (In97Ag3, wt. %) copper to 2G-

tape lap joints were performed in LN2 at 77 K. The advantage of a needle sliding contact method 

is to trace the voltage continuously on the conductor that has overlapped the joint. Therefore the 

current distribution along the joint can be evaluated by derivating from the voltage changes as a 

function of the distance from one end of the joint along the conductor, due to the proportional 

relationship between the electrical field and local current density. Large overall contact resistance 

(~8 μΩ) were observed for these three samples using Bruker 2G-tape compared with lap joints 

using SuperPower 2G-tape (~ 110 nΩ) and BSSCO tape (~ 180 nΩ). Furthermore, a simple 1D 

joint analytical model is can only evaluate the resistance for a single layer conductor by fitting 

the measured voltage. It can provide a good indication of current distribution for a HTS-tape lap 

joint and joint geometry design for thermal conduction. An analytical model will be developed 

for a lap joint with multilayer conductors in the future works.  
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The high current carrying capability and strong pinning in high magnetic field make the 2G HTS 

Roebel cable for future high energy accelerators at CERN and tokamak devices [5], [80], [191], 

[192]. Some researches have already shown a more complex current sharing and normal zone 

propagation is expected for Roebel cables than those found in traditional superconducting 

composites due to the non-continuous touch contacts among the Roebel strands [5], [77], [80], 

[191], [193]–[195]. The standard method of experimental quench studies on an adiabatic short 

conductor is carried out in a cryocooled cryostat, where the short sample was thermally anchored 

at two current contacts,  and connected via thermal links to the cryocooler head [161], [196], [197]. 

However, this method becomes impractical for a 2 m long Roebel cable, with long current sharing 

length in an isothermal condition [80].  

In the present work, quench studies on Roebel cables were carried out on a simple pancake coil 

in order to incorporate a length of cable sufficient to achieve full development of current sharing 

profiles among strands. Although the simplicity of 1D quench of adiabatic conductors is lost 

through lateral thermal contacts; the quench of Roebel pancake coil is actually more relevant to 

real applications and the added complexity can be readily dealt with by suitably developed 

computer modelling.  

We present the details of the preparation of the pancake coil, localised heater, and instrumentation 

setup of voltage taps and thermocouples in this chapter. The experimental results on the cable 

performance and quench measurements at 77 K in liquid nitrogen are decribed. 
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The performance and quench measurements at 77 K in liquid nitrogen are described and analysed, 

and the outline of this chapter is listed below: 

• To fabricate a pancake coil wound with 2G YBCO Roebel cable and set up the localised 

heater, and voltage taps and thermocouples. 

• To investigate the critical current of the pancake coil and the current injection contacts 

resistance and current distribution along the current injection contact. 

• To investigate quench characteristics such as the response of the strands voltages, contact 

voltages, hot spot temperature, and Minimum Quench Energy (MQE), with different heat 

pulses and different transport currents applied. 

• To investigate current redistribution among the strands during the quench. 

 

 Roebel pancake coil 

Figure 5.1 shows a piece of 2 m long Roebel cable with 15 strands (5.5 mm wide) of punched 2G 

YBCO tapes (Bruker EST) wound into a simple pancake coil with seven turns. The cable with a 

transposition pitch of 226 mm was assembled at Karlsruhe Institute of Technology (KIT). A 

length of 200 µm thick fiberglass ribbon was co-wound as the electrical insulation layer. The 

inner diameter (former) of the pancake coil was ~70 mm, and every strand on the inner turn of 

the superconductor side, was directly soldered to the copper former as shown in Figure 5.2a. In 

order to match the thermal contraction of the Roebel coil with the former, a G10 core was inserted 

inside the copper former. On the penultimate turn, a copper ring was joined to a copper disk was 

slid over the assembly. The last turn of the cable was wound and soldered to the outside of the 

same copper ring. This configuration allows direct current injection to the superconductor side on 

the inside of the Roebel strands. A stainless steel shim was wound around the last turn of the 

Roebel cable prior to soldering for reinforcement. Current injection was via two, half meter long 

copper bars as shown in Figure 5.2b. The coil was vacuum impregnated with epoxy (StycastTM) 

[108]. 

 Instrumentation 

At the centre of the 4th pitch in the middle of the coil, a miniature heater (33 Ω) was soldered to a 

piece of copper shim and soldered on strand 7 in the middle inside face of the cable as shown in 

Figure 5.2a. A T-type thermocouple was soldered to the same copper shim next to the Heater 1. 

An epoxy impregnated fiberglass thermal insulation layer 20 mm long, 6 mm wide and 2 mm 

thick was applied over the heater and thermocouple. Two nickel-chrome strips (15 × 1 × 0.7 mm ) 

were counter-wound in a series connection, to compensate the inductive voltage of the second 

heater (18.2 Ω) that overlapped all the strands on the outside of the coil assembly. A 50 μm thick 

fiberglass ribbon was applied as the electrical insulation layer between this heater and Roebel coil. 

A third (9.8 Ω) made from insulated constantan wire heater was attached to the strand nearby the 
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end of outer contact. Two additional T-type thermocouples were attached to the strands, which 

were adjacent to the two heaters respectively. To complete the coil assembly, a total of seven 

turns of 150 μm thick, 15 mm wide fiberglass ribbon was wrapped over Heater 2, Heater 3 and 

two thermocouples and impregnatated to act as thermal and electrical insulation. 



 

 

 

 

 

 

 

 

 

Figure 5.1: The whole scale view of the Roebel cable instalment. 
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A pair of voltage taps (V7b and V7c in Figure 5.1) were soldered to the strand on either side of 

transposition section enclosing the heater. A further pair of taps (V7a and V7d) were soldered one 

pitch length away from V7b and V7c and towards the inner and outer contacts. For each of the 

remaining 14 strands within V7a and V7d, the voltage-tap pairs (Vna and Vnb, n=1..6,8..15) were 

separated by one pitch length and soldered on opposite sides of the heater. The signal voltage-tap 

pairs (Vna and Vnb, n=1..6, 8..15) were separated by a single pitch length and were soldered on 

opposite side of the heater. The signal wires for each measured voltage pair Vn (Vna-Vnb) were 

counter-wound along the respective cable path and the then twisted together to compensate the 

inductive voltage. The contact voltages for each strand were also measured with the 

corresponding voltage-tap pair (Vcin -V#na and Vcout -V#nb), using voltage taps Vcin and Vcout (far 

end) located on the inner and outer current terminals respectively. 

 

a) 

 

b) 

Figure 5.2: Schematic drawing of the a) top view of Roebel pancake coil to show the voltage taps (black points), 

heaters (red line, heater 1: 33 Ω, heater 2: 18.2 Ω and heater 3: 9.8 Ω) and thermal couple (purple points), and b) the 

front view of the cross-section of Roebel pancake coil to show the coil lay out and dimensions. 
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 Experimental set up 

Figure 5.3 shows a picture of the test bed developed to measure the performance and quench 

characteristics of the pancake coil wound with 2G YBCO Roebel cable. The rig was designed in 

such a way to enable it to be supported in an open Dewar and the coil submerged in a bath of LN2. 

The four corners of the supporting plate were modified to fit the top edge of the Dewar. Two 

current leads were connected to the current source with a 4.9 mΩ shunt load placed in a parallel 

connection for circuit protection. A pair of tubes made from cardboard were mounted around the 

extended current leads and underneath the supporting plate, to collected LN2 vapor and provide 

gas cooling to the current leads. The intermediate circuit board collecting the wiring looms from 

voltage taps, thermocouples and heaters wire was fixed at the top of pancake coil, and extended 

instrumentation leads with Fischer connectors were plugged into the data logger to capture and 

record the signal data. 

 

Figure 5.3: The picture for the test bed set up. 

 

The tests presented in this section were performed with the Roebel pancake coil submerged in 

liquid nitrogen at 77 K. The pairs of voltage-taps were used to collect the voltage data to analyse 

the critical current and VI characteristics of the Roebel coil. The contact resistance was also 

measured simultaneously. Steady state local heating could be applied by Heater 1 (strand 7), and 

used to extend temperature range over which the critical current could be measured. 

During the measurements, the inner contact voltages were found to be higher than the measured 

at the outer contact, when the transport current was increased above 200 A. Furthermore, there 

were no obvious changes observed in the outer contact voltages, while the inner contacts were 

always first to approach the quench condition. This was believed to be caused by the field effect 

on the critical current at different positions in the coil. A schematic drawing of the critical current 

to temperature curves (Ic vs T) for strand 7 (in the middle of the coil), and the inner and outer 
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contacts is shown in Figure 5.4 and the critical current is determined in accordance with Equation 

5.1 [198], [199]: 

Where Ic(T) is the critical current as a function of temperature, T is the temperature, and Tc is the 

critical temperature of the superconductor. The different slopes show the reduction of critical 

current with increasing temperature at different locations in the Roebel coil. The inner contact is 

assumed to have the highest self-field effect, and the outer contact the lowest self-field effect 

when both are at the same temperature and carry the same transport current. It can be seen that 

the critical current (Ic1) of outer contact is higher than that (Ic3) of inner contact at temperature of 

T1 (unbalanced condition). Consequently, in order to make both inner contact and outer contact 

reach a same critical current condition at Ic3, the temperature at the outer contact needs to be 

increase to T2 (balanced condition).  

 

Figure 5.4: The plot of the critical current against temperature for the outer contact, the inner contact and strand 7 in 

the middle of the coil under different magnetic fields. 

An external constant DC voltage (8.0 V) was applied to Heater 2, and this constant heat caused 

the temperature of the outer contact joint to increase, and in conjunction, the strand outer contact 

voltages also increased, making the outer contact perform in similar conditions as the inner 

contact, and without causing a thermal run away, when the transport current approached the 

critical current. Thereafter, the nominal critical current (Ic2) of the strands in the middle of the coil 

were defined by moderating heat applied to the steady state local via Heater 1 on strand 7, in order 

to extend the critical current measurements at higher temperatures. A series of quench 

measurements were conducted in the middle of the coil, using this methodology referred to as the 

‘balanced’ quench measurement in future discussions. 

𝐼𝑐(𝑇) = 𝐼𝑐(0)
𝑇𝑐 − 𝑇

𝑇𝑐
 5.1 



CHAPTER 5 PERFORMANCE AND QUENCH CHARACTERISTICS OF A PANCAKE COIL WOUND WITH 2G YBCO ROEBEL CABLE 

128 

 

Further quench measurements were conducted at a given transport current range (350-450 A) by 

applying a heat pulse to the localised heater on strand 7 at 77 K in LN2. The heat pulse was 

triggerred by applying a constant DC voltage to create a local thermal disturbance in the middle 

turn of the coil. The time dependence of temperature at the hot spot, strand voltages and strand 

current injection contact voltages were monitored using the thermocouples and volatge taps 

connected to the data logger, recording at a sampling rate of 100 Hz. The minimum quench energy 

was determined by increasing the pulse power intensity and pulse duration until all strands 

developed a thermal run-away. Once a quench event was triggered, the Roebel cable pancake coil 

was allowed to cool down for ~10 minutes before conducting any further measurements. This 

procedure was essential to ensure the thermal condition of the coil was fully restored to enable 

capture of repeatable data. 

To determine the minimum quench energy (MQE), the known magnitude and duration of the heat 

pulse was applied to Heater 1 (33 Ω) on the strands and used to calculate the applied energy, 

which is considered to be the MQE required to induce quench of the Roebel cable in an adiabatic 

condition. This energy applied by the heater is obtained by Equation 5.2: 

𝑀𝑄𝐸 =
𝑉ℎ
2

𝑅ℎ
× 𝑡𝑝 = 𝑃ℎ × 𝑡𝑝 5.2 

Where Vh is the pulse voltage across the heater, Rh is the resistance of the heater, Ph is the heating 

power and tp is the length of the pulse. The voltage and current applied on the heater remained 

constant during the measurement and the resistance of the heater did not change when the 

temperature was increased. It should be noted that the heat pulse is not a uniform square wave, 

especially the when the pulse is initially triggerred and switched off. A more accurate calculation 

can be achieved by the integrating the area from the voltage pulse as shown in Equation 5.3: 

𝑀𝑄𝐸 = ∫
𝑉ℎ
2

𝑅ℎ
𝑑𝑡

𝑡𝑝

0

 5.3 

For these experimental measurements, the MQE was defined by taking the mean value between 

two pulses and considered the irreversible quench and  the recovery. 

 Data logger and Protection 

A parallel shunt resistor (Rshunt = 4.7 mΩ) was connected to protect the Roebel coil at room 

temperature. The shunt voltage (Vshunt) and the total current (Itotal) are used to obtain the coil 

current that Icoil is obtained by Equation 5.4:  

𝐼𝑐𝑜𝑖𝑙 = 𝐼𝑡𝑜𝑡𝑎𝑙 −
𝑉𝑠ℎ𝑢𝑛𝑡
𝑅𝑠ℎ𝑢𝑛𝑡

 5.4 

A communication data-logger (NI SCXI-1300 signal conditioning module) and LabVIEW 

software were used to the create the measurement interface for collecting and recording data. Two 

Agilent 6671 DC current power sources were placed in parallel connection and controlled by 

LabVIEW software to ramp the current in a controlled mannor. A switch was used to cut off the 
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power from the DC power source when any voltage exceeded 6 mV. The output limits of theDC 

power source was set to a maximum voltage at 0.6 V for all the measurements.  

 

 Current injection contacts resistance  

Both the inner and outer contact voltages of each strand were measured as a function of current 

and shown in Figure 5.5. The overall inner resistance is around 0.25-0.3 μΩ. The nominal contact 

resistance per strand is around 4.2 μΩ (9.83 μΩ×cm2), which is almost double of the overall 

contact resistance (~4 μΩ×cm2) of lap joint for a single strand. The overall outer contact 

resistances are around 0.28 μΩ and 0.098 μΩ, measured by the voltage taps located at the near 

and far ends of the copper ring respectively. This difference seems to imply that the current 

injection was inhomogeneous among different strands on the outer copper ring, and neither the 

near nor far ends included all of the current passing through the contacts. According to the inner 

contact resistance (around 0.25-0.3 μΩ), the value of 0.28 μΩ may be closer to the real overall 

outer contact resistance. 

a) b) 

  

Figure 5.5: The plot for a) inner (open symbols) and outer (filled symbols) contact voltages (tap on the near end) and 

b) inner (open symbols) and outer (filled symbols) contact voltages (tap on the far end) of all the strands as a function 

of transport current at 77 K.   

The inner contacts (open bars shown in Figure 5.6) correlate well with the behaviour of the outer 

contacts. The nonlinearity of VI characteristics for the inner contacts is likely caused by the field 

effect on the critical current at the inner turns. The strands with lower voltages may have a larger 

current share, which leads to the maximum shown on corresponding outer contacts. 
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Figure 5.6: Apparent inner (solid bars) and outer (open bars) contact resistances according to voltage taps on different 

strands (outer contact voltage tap is on the near end) at 77 K.  

It needs to be noted that both the inner and outer contact resistances presented also partly include 

a proportion of resistance attributed to the current leads. In addition, the inner contact voltage taps 

soldered at the top of the round copper block includes more copper resistance, compared to the 

outer contact voltage tap fixed at the end (near and far end) of the copper ring. In order to estimate 

the effect of the copper block upon the contact resistance measurements, a simple copper cylinder 

contact model was study to represent the inner contact copper block shown in Figure 5.7a. A 

schematic drawing including dimensions is shown in Figure 5.7b. The maximum copper block 

resistance can be obtained by Equation 5.5: 

Where ρ is the resistvivity (~1.8 nΩm) of the copper at 77 K, a (15 mm) is the radius of the current 

lead, b (around 33 mm) is the radius of the copper block, and d (around 3 mm) is the width of the 

copper block. The copper block resistance Rcopper is ~75.2 nΩ in total, which is approximately 25% 

of the total experimental contact resistance. Consequently, this may suggest that the contact 

resistance developed by the soldering is the main contribution to the measured resistance. 

a) b)  

 

Figure 5.7: a) Schematic drawing of the top side of the copper block and b) the assumed copper block model for the 

inner contact of the pancake coil. 
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 Nonlinearity of the inner contact voltage 

Figure 5.8 shows the VI characteristics of each strand (end to end voltage involving two current 

lead injection contact voltages and strand voltages) with different transport currents from 0 to 450 

A. The trend plotted are very similar among all the strands. This is confirmed by the parallel 

electrical network for each strand shown in Figure 5.9 and worth noting that the nonlinearity in 

the current above 200 A is shown by the inner contact voltages in Figure 5.5.  

 

Figure 5.8: VI characteristics of each strand (end to end) with the current from 0 to 450 A at 77 K. 

 

Figure 5.9: Schematic drawing of the end to end elctrical network of the roebel pancake coil. 

Figure 5.10 shows the inner contact voltage where the overall contact resistance has been 

subtracted as a function of current using the standard 1 µVcm-1 criteria (blue dash line), and the 

inner contact voltage of strand six is shown to increase much less compared with other strands, 

when the total current increases.  
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Figure 5.10: VI characteristics (contact resistance subtracted) of each strand inner contact with the current from 0 to 

450 A at 77 K, and the blue dash line represents 1 µVcm-1 criteria. 

The power law as shown in Equation 5.6 is applied to further analysis of the  strand contact VI 

characteristics: 

𝑉𝑐𝑜𝑛 = 𝑅𝑐𝑜𝑛𝐼 + 𝐸𝑐𝑙(
𝐼

𝐼𝑐
)𝑛 5.6 

Where Vcon is the contact voltage, Rcon is the contact resistance, I is the current in the coil, Ec is 1 

µVcm-1 criteria, l is the length of the strand, and Ic is the critical current. The contact voltage  

derives from two parts, i.e. the contact resistance and strand metal matrix resistance. When the 

total DC current is below 200 A, the current in the contact of each inner strand should only depend 

on the contact resistance. This part is recognised as the linear component of RI shown in Equation 

5.6. When the total current is above 200 A, the current in each inner strand contact is mainly 

driven by the critical current of the inner turn where the parallel field is the highest, which is the 

non-linear part Ecl(I/Ic)
n as shown in Equation 5.6. Table 5.1 shows the n-value of each strand 

within the inner turns of the coil, which values are between 9.7 and 11.25 except the strange strand 

6. The n-value of a single strand in self-field is around 20. The field effect on the reduction of 

critical current of inner turns of the assembled cable, causes the decreasing of the n-value for all 

the strands. 

Table 5.1: n-value of each strand in inner turns of the coil. 

Strand No. 
Inner contact end to strand 

Strand No. 
Inner contact end to strand 

Critical current Ic (A) n-value Critical current Ic (A) n-value 

7 347.3 9.72 14 347.1 10.48 

6* N/A N/A 13 348.0 10.65 

5 327.4 10.11 12 357.5 10.90 

4 327.2 10.29 11 352.5 10.84 

3 317.1 9.90 10 362.9 11.22 

2 311.7 9.72 9 362.4 11.18 

1 307.8 9.73 8 359.9 11.12 

15 336.0 10.03    

*Strand 6 was not taken into consideration. 
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 Current distribution along the outer strand contacts 

Seven stainless steel needles were punched into the outer contact copper ring and copper disk as 

shown in Figure 5.11. Twelve pairs of voltage taps were applied to measure the voltages along 

the cooper ring (27 mm long, 2.5 mm wide) and voltages between the copper ring and copper 

disk. Three pairs were applied to measure in a vertical direction and the copper ring was divided 

into two parts by the tap position at near end, middle end and far end repectiviely. Six pairs were 

applied to measure in  horizontal direction, which are top near end to top far end (V31), top middle 

end to top far end (V21), top near end top middle end (V32), bottom near end to bottom far end 

(V46), bottom middle end to bottom far end (V56) and bottom near end to bottom middle end 

(V46). Another three pairs between the positions (4, 5 and 6) at the bottom of the copper ring and 

the copper disk (V47, V57 and V67). 

 

Figure 5.11: 3D schematic drawing of the outer contact shows the outer contact copper ring with 6 voltage taps layout, 

and number shows the position of the voltage taps (1: Top far end, 2: Top middle end, 3: Top near end, 4: Bottom near 

end, 5: Bottom middle end, 6: Bottom far end and 7: Underneath of the copper disk). 

 

Figure 5.12 shows nine voltages on the copper ring plotted as a function of the current from 0 to 

450 A without any heat applied. Seven voltages increase linearly with the increase in transport 

current, and four voltages, top near end to top far end (V31), top near end to top middle end (V21), 

bottom near end to bottom far end (V46) and bottom near end to bottom middle end (V45) show 

negative polarity.  

Furthermore, the bottom near end to bottom far end voltage (V46) is almost the same as the bottom 

near end to bottom middle end (V56). This behaviour is consistent with the voltages measured 

across the bottom middle end to bottom near ends of the winding. Figure 5.13 shows three 

voltages, bottom middle end and copper disk (V57), bottom far end and copper disk (V67) and 

bottom near end and copper disk (V47) plotted with respects to current from 10 A to 50 A. Voltage 

tap V57 is almost equal to V67, and both of them are larger than V47. This seems to be the main 

location where current injected from the copper ring to the copper disk disperses between the 

middle and far ends. 
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Outputs from the three vertical voltages are plotted as a function of the position (the near end, 

middle end and far end) at each current step is shown in Figure 5.14. The whole length of the 

copper ring was around 27 cm, and the position of the far end, middle end and near end taps were 

assumed to be 0 cm, 13.5 cm and 27 cm respectively. It is obvious that the local vertical voltage 

increases from the far end to the middle end at each current step. Then the local current density 

(Jlocal) in unit of A/m can be estimated by: 

𝐽𝑙𝑜𝑐𝑎𝑙(𝑥) =
𝐼𝑜𝑢𝑡𝑒𝑟(𝑥)

𝐴
𝑑𝑐𝑜𝑝𝑝𝑒𝑟(𝑥) =

𝑉𝑜𝑢𝑡𝑒𝑟(𝑥)

𝑅𝑜𝑢𝑡𝑒𝑟𝐴
𝑑𝑐𝑜𝑝𝑝𝑒𝑟(𝑥) =

𝑉𝑜𝑢𝑡𝑒𝑟(𝑥)

𝜌𝑐𝑜𝑝𝑝𝑒𝑟𝑙𝑑
𝑑𝑐𝑜𝑝𝑝𝑒𝑟(𝑥) 5.7 

Where Vouter(x) is the local vertical voltage, Iouter(x) is the local current, Router is the copper 

resistance and dcopper(x) is the thickness of copper at the postion of near end (~ 0.5 mm), middle 

end (~ 2 mm) and far end (~ 2 mm), and ρcopper is the copper resistivity (~1.8 nΩ×m) at 77 K, and 

ld is the distance (1.5 cm) between two voltage taps in vertical direction. The estimated overall 

transport current in accordance with the current density: 

𝐼𝑜𝑢𝑡𝑒𝑟 = 𝐴𝐽𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝑊𝑐𝑜𝑝𝑝𝑒𝑟𝑑𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝐽𝑛𝑒𝑎𝑟 𝑒𝑛𝑑 + 𝐽𝑚𝑖𝑑𝑑𝑙𝑒 𝑒𝑛𝑑 + 𝐽𝑓𝑎𝑟 𝑒𝑛𝑑)/3 5.8 

Where Iouter is the overall current, Javerage is the overall current density in units of A/m2, Jnear end, 

Jmiddle end and Jfar end are the local current densities in units of A/m2, A is the copper ring cross 

section, Wcopper is the length (27 cm) of the copper ring, and daverage is the average copper thickness 

(~ 1.5 mm) of the copper ring. The local vertical current densities and estimated transport current 

are shown in Table 5.2.  

 

Figure 5.12: The plot for voltages measured on the outer contact copper ring with a current from 50 A to 450 A at 77 

K. 
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Figure 5.13: The plot for the voltage across bottom middle end and copper disk (V57), bottom far end and copper disk 

(V67) and bottom near end and copper disk (V47) separately with a transport current from 10 A to 50 A at 77 K. 

 

Figure 5.14: Far end, middle end voltage and near end vertical voltages on the copper ring versus the position from far 

end to near end with different transport currents from 50 to 450 A at 77 K. 

The thickness of the copper ring changes from 0.5 mm (near end) to 2 mm (far end). If there is an 

even contact resistance along the joint with a homogeneous current distribution, then the thin wall 

of the copper ring should produce a larger resistance, and will exhibit higher local voltages, which 

is true for the vertical voltage (V34) at near end. However, the estimated local current density 

result presented in Table 5.2 implies the local vertical current density at middle end is the highest, 
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which corresponds to the highest current injection occuring towards the middle end of the winding 

assembly. This is in agreement with the assumption suggesting the main current injection occurs 

between the middle end and far ends, and the negative voltages observed along the copper ring 

come from the near end to far end, and therefore is evidence of current flowing back along the 

copper ring between near end and middle end.  

Table 5.2: Vertical current density at near end, middle end and far end positions and estimated transported current at 

77 K. 

Current 
Local current density (A/m) 

Calculated current Iouter (A) 
Far end Middle end Near end 

50 A 200.02 233.72 120.98 62.94 

100 A 299.89 443.19 211.99 107.39 

150 A 383.71 658.43 298.19 150.85 

200 A 476.56 911.79 394.96 200.35 

250 A 547.08 1114.79 489.17 244.25 

300 A 681.65 1355.32 584.58 295.33 

350 A 743.74 1597.80 665.97 337.86 

400 A 835.47 1820.42 756.35 383.48 

450 A 936.53 2055.64 860.18 434.22 

It was known that the polarity of V46 (bottom near end to bottom far end) and V13 (top near end 

to top far end) were indeed opposite to the direction of the current flowing along the cable. Two 

hypothesis were considered to explain this phenomena; which includes the possibility of having 

differences in the quality of the soldered contact between the cable and copper ring, creating larger 

contact resistance in the copper ring, compared with the smaller internal contact resistances 

among the strands. This could initiate the current sharing among the strands and the dynamics of 

thermal transport would evolve behaving more so like a “lumped cable”, forcing more current 

transfer towards the far end of the cable. The increasing thickness of the copper ring from near 

end to far end will also contribute to this effect. The analytical model discussed in previous 

subchapter 4.3.1.1 for the lap joint between two conductors has confirmed this behaviour.  

Another possibility was for inhomogeneities in the soldered contacts between the cable and 

copper ring arising due to differential thermal contraction. For instance, the copper ring at near 

end side was thinner and more compliant with more freedom to accommodate to any deformations 

that arise in the structure during cooling. In addition, the space underneath of the bottom copper 

disk (see in Figure 5.2b) could fill up with liquid and have a different rate of contraction compared 

to the top. Any small deformations could distrub the soldered contact between the cable and the 

copper ring at near end side and change its resistance. Furthermore, there is a total of 18 contacts 

on the copper ring, and this means that there are three strands that make contact with the copper 

ring twice. Consequently, the current flowing within the first three strands may divert into the 

copper ring towards the far end side instead of the near end side creating a reverse flow back of 

current. 

In response, to these finding two 3D models were developed to verify these two considerations 

using COMSOL Multiphysics base on Ohm’s law and using the scalar electric potential as the 

dependent variable. The geometrical outline of the two models are shown in Figure 5.15. The first 
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model in Figure 5.15a considered a total of 15 strands compiled as a lumped cable, with an even 

and consistent soldered contact made along the copper ring. This model was used to verify the 

application of different contact resistances and the resulting effects upon on the current 

distribution. The current injection terminal was set at the domain towards the near end side, and 

the ground was set at the central cylinder of the bottom copper disk. The second model as shown 

in Figure 5.15b was constructed in such a way that a total of 18 overlapped blocks made up the 

copper ring. This would enhance the investigation and provide the ability to adjust and simulate 

the current transfer in each strand through the cross-sectional interface.  

In this model design, the contacts are allocated as the current injection terminals in accordance 

with the earlier assumption. The key geometrical and material properties of the two models are 

presented in Table 5.3. The geometry of the pancake coil was taken from the coil produced for 

the experimental work. In order to simplify the geometry in the modelling environment, a nominal 

thickness of (2 mm) was taken as the thickness of the copper ring used in the model, and each 

independent section designated for current transfer was simplified and represented by a 

rectangular block.  

Key material properties of the superconductor (YBCO), i.e. resistivity was assumed as 1.8×10-12 

Ω×m (1/1000 of copper resistivity at 77K). A transport current of 300 A was applied to the 

terminals in model 2, with a zero current injected in the first three blocks at near end side of the 

coil assembly and a 20 A current injected in each of remaining 15 blocks. This setup means the 

first three strands that overlap the copper ring in the experimental coil, had current injected 

through the contacts towards the far end. Furthermore, the overall contact resistance obtained 

from the experimental work was around 8.8 μΩcm2. Consequently, the contact resistance was 

swept from 7.5 to 11.2 μΩcm2 in model 1 simulations, and the contact resistance was fixed at 8.8 

μΩ×cm2 in each of the contact block in model 2 simulations.  

Table 5.3: The parameters setting up of two models at 77 K. 

Parameters Model 1 Model 2 

Copper ring length (mm) 270.0 270.0 

Copper ring width (mm) 26.6 26.6 

Copper ring thickness (mm) 2 2 

Copper resistivity @77 K (Ωm) 1.8e-9 1.8e-9 

Cable length (mm) 270.0 13.7* 

Cable width (mm) 13.0 13.0 

Cable thickness (mm) 1.5 1.5 

Cable (YBCO) resistivity (Ωm) 1.8e-12 1.8e-12 

Contact resistance @77 K (μΩcm2) 7.5 - 11.2 8.8 

Bottom copper disk radius (mm) 52.5 52.5 

Bottom copper disk thickness (mm) 0.604 0.604 

*The single contact length is 13.7 mm. 
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a) b) 

  

Figure 5.15: The geometry plot for the a) Model 1 with current of 300 A that injected at near end and b) Model 2 with 

current 300 A for block 1-3: 0 A, and block 4-18: 20 A that injected at each block. 

Figure 5.16 summarises the results from the two models, and compares the surface potential. The  

surface arrows show the direction of flow of current density, and the voltage potential along the 

top and bottom edges of the copper ring. The surface potential plot of model 1 in Figure 5.16a 

shows the potential at the middle of the copper ring is the highest, and the voltage starts to 

decrease from the middle, moving outward towards the ends (far end and near end), where the 

terminals are located. This finding is in agreement with the two line potential profiles generated 

to show the behaviour in the middle of the copper ring in Figure 5.16e. The line potential at the 

top is larger than at the bottom, which also agrees to the positive polarity of three measured 

vertical voltages. Furthermore, the small difference between each potential profile in models 1 

and 2, demonstrates how varying the contact resistance in model 2, does not influence the voltages 

accumalated in the top and bottom edges of the copper ring. 

Figure 5.16c presents the plot showing the direction of flow of current density. In the same figure, 

the arrow in the copper ring indicate how a small amount of current is able to flow backwards 

from the middle end to the near end of the winding. In contrast, the profile of voltage potential 

along the copper ring is almost symmetrical and indicates how the current may transfer from the 

cable to the copper ring from the near end to far end. This behaviour does not correspond with 

the trends observed during the experimental measurements, where there was conclusive evidence 

of negative voltage difference emerging between the near end and far end of the coil. 

In model 2, Figure 5.16 (b and f) do not show any sign of a negative voltage difference between 

near end and far end of the coil, and neither is this highlighted in the two electric potential profiles 

along the copper ring. However, Figure 5.16d shows the direction of the flow of current density 

in the surfaces and it can be seen majority of the current in the copper ring flows concurrently 

with the direction of current flow in each strand; but in the section labelled (middle end to near 

end), there are indications that a small portion of the current may indeed flow back into the copper 

ring. 



CHAPTER 5 PERFORMANCE AND QUENCH CHARACTERISTICS OF A PANCAKE COIL WOUND WITH 2G YBCO ROEBEL CABLE 

139 

 

Table 5.4 shows the summary of the horizontal voltages along the copper ring simulated by the 

two models and the experimental measured results at 77 K. The direction current flowing from 

near end to far end is assumed as the positive. In model 1, all the strands were assumed as a lump 

cable, and the current injection terminal was defined at the cross-section domain at near end. The 

surface electrical potential and line potential on the copper ring indicate the minimum effect of 

varying contact resistance on the homogeneous current distribution on the copper ring. The 

polarity of all the horizontal voltages from model 2 has a good agreement with the measured 

results, but there are large difference in values between the model and measured results espeially 

for the bottom side voltages.  

In model 2, the first three strands were assumed as zero current transfer to simulate a bad contact 

at the near end side. The model provides one possibility to explain the current distribution along 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 5.16: The plot of a) surface electrical potential of model 1 and b) surface electrical potential of model 2 and 

c) surface arrow of current density for model 1 and d) surface arrow of current density for model 2 and e) line 

electrical potential of both top and bottom edge of the copper ring with contact resistance from 7.5 to 11.2 μΩcm2 

for model 1 and f) line electrical potential of both top and bottom edge of the copper ring for model 2. The transport 

current is assumed as 300 A, and the temperature is assumed at 77 K.  
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the copper ring and the reason for the unusual polarity of the voltage along the copper ring. 

However, the independent current injection set up cannot verify the details of real current transfer 

of each strand and the current sharing among each strands before all the current transfers to the 

copper ring. Furthermore, six voltage taps along the copper ring cannot define the amount of 

current transfer locally at each strand current transfer section that face the copper ring. More 

voltage taps needed to be applied to the measurement, to fully trace the voltage on the copper ring 

and investigate the current transfer in details for all strands. 

Table 5.4: The summary of the horizontal voltages along the copper ring in accordance with model 1, model 2 and the 

experiments results at 77 K (V31: Top near end to top far end, and V32: Top near end to top middle end, V21: Top 

middle end to top far end, V46: Bottom near end to bottom far end, V45: Bottom near end to bottom middle end and 

V56: Bottom middle end to bottom far end). The transport current is 300 A. 

 Current flowing 

direction 
V31 (μV) V32 (μV) V21 (μV) V46 (μV) V45 (μV) V56 (μV) 

Model 1 Positive ~0 -3.4 3.4 ~0 -6.8 6.8 

Model 2 Positive -28 -33 5 -8.5 -17.5 9 

Experiments Positive -57 -68 12 -80 -79.7 ~0 

 

The same measurement was performed with a current from 5 A to 20 A at room temperature in 

order to check the uniformity of current distribution on the copper ring between the low 

temperature case at room temperature. The polarity of the transport current was the same as that 

of the measurement performed at 77 K. Figure 5.17 shows the results for nine voltages (V16, V25, 

V34, V31, V21, V32, V36, V56 and V32) on the outer contact copper ring and three voltages 

(V57, V67 and V47) across the bottom copper disk. All the voltages on the copper ring increase 

linearly with the increasing transport current. They keep the same polarity with the current 

flowing direction, which is different from the situation at 77 K. Furthermore, the three voltages 

across the bottom copper disk imply the highest current density was found between the bottom 

near end and copper disk, and this is also different from the situation at 77 K.  

Three measured vertical voltages reflect the local current density in the vertical direction at the 

near end, middle end and far end on the copper ring respectively. Table 5.5 shows the vertical 

current density at near end, middle end and far end positions at room temperature. The highest 

local vertical current density appears at near end on the copper ring, and the magnitude of the 

current density at near end side is almost two times larger than that of the middle end. This 

estimation agrees to the highest measured voltage found across the near end and bottom copper 

disk. This implies the current injection from the Roebel cable to the copper ring occurs towards 

the near end side at room temperature.  



CHAPTER 5 PERFORMANCE AND QUENCH CHARACTERISTICS OF A PANCAKE COIL WOUND WITH 2G YBCO ROEBEL CABLE 

141 

 

Figure 5.17: The plot for voltages measured on outer contact copper ring with a current from 5 A to 40 A at room 

temperature. 

Table 5.5: Vertical current density at near end, middle end and far end positions and estimated transported current at 

room temperature. 

Current (A) 
Local current density (A/m) 

Calculated current Iouter (A) 
Near end Middle end Far end 

5 15.39 5.26 6.66 4.96 

10 30.08 12.84 1.74 9.11 

15 45.05 20.04 7.15 13.99 

20 59.93 26.98 3.78 18.26 

The current transfer between the Roebel cable and copper ring corresponded to the local contact 

resistance between each strand and copper ring and inter uncontinuous contact resistance among 

each strand at 77 K. But for the room temperature case, the situation would be more complex. 

Because all the strands that overlapped the copper ring became resistive at room temperature, 

especially the three strands that had one extra pitch length compared with other strands, and 

therefore included more copper resistance compared to other strands. The current transfer between 

each strand and the copper ring would be a combination of the local contact resistance between 

each strand, copper ring inner uncontinuous contact resistance among each strand, and strand 

copper resistance. Consequently, the VI characteristics of each strand and both inner and outer 

strand contacts need to be known. Figure 5.18 shows the VI characteristics of each strand with a 

transport current from 5 A to 20 A at room temperature. All the strands show a homogeneous 

voltage at each current due to a parallel connection among each strand, and the nominal resistance 

of each strand with one pitch length (22.6 cm) is around 910×15 μΩ.  
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Figure 5.18: The plot for VI characteristics of each strand within the pancake coil at a transport current from 5 A to 20 

A at room temperature. 

Figure 5.19a shows the plot for both inner and outer contact voltages for each strand at a transport 

current of 0.5 A, and the strand number sequence in x-axis implies the order of the first voltage 

tap and last voltage tap on each strand from inner turn to outer turn. Both inner and outer contact 

voltage of each strand is different from each other, and they show a linear variation following the 

location of voltage tap on each strand. The reason for this difference is that each strand contact 

voltage involves the voltage across the strand due to the copper resistance, and this copper 

resistance is proportional to the length of each strand. Consequently, if the length between the 

voltage tap on each strand and each contact is known, the real contact resistance can be estimated 

by eliminating the copper resistance of each strand from the overall contact resistance.  

The distance between first voltage tap V7a on strand 7 is known and the end point of the inner 

contact is around 1.5 pitch (33.9 cm) of strand length. Figure 5.19b shows the plot for inner 

contact voltage (black squares) versus the equivalent length between first voltage tap (from inner 

turn to outer turn) on each strand and the end point of the inner contact, and outer contact voltage 

(red circles) versus the length between last voltage tap (from inner turn to outer turn) on each 

strand and the end point of the outer contact.  

Compared with the strand voltage versus the length and voltage between voltage tap V7a and Vna 

(n = 6, 5,…, 1, 15, 14,…, 9, 8) versus the length, both the inner and outer contact voltages as a 

function of the equivalent length return the same slope that correspond to the linear relationship 

between strand copper resistance and strand length. The intercept of the linear fitting line for both 

inner and outer contact voltages as a function of the equivalent length would be the real contact 

voltage for each contact at 0.5 A. Both inner and outer contact resistance are around 256 μΩ, and 

the nominal contact resistance of each strand is around 256×18 μΩ. The resistance of each strand 

with one pitch length is almost three times larger than the nominal contacts resistance. 
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Consequently, there is a possibility that most of the currents transfer from the first three strands 

(overlapped with the copper ring at near end side) instead of the far end of the winding at room 

temperature. 

a) b) 

  

Figure 5.19: The plot for a) both inner and outer contact voltage for each strand at a transport current of 0.5 A and b) 

inner contact voltage versus the equivalent length between first voltage tap (from inner turn to outer turn) on each 

strand and the end point of the inner contact, and outer contact voltage versus the equivalent length between last voltage 

tap (from inner turn to outer turn) on each strand and the start point of the inner contact compared with the voltage 

across one strand within the pancake coil versus the length, and voltage across voltage tap V7a and Vna (n = 6, 5,…, 

1, 15, 14,…, 9, 8) versus the equivalent length between each voltage tap at a transport current of 0.5 A.  

Two 3D models were built to investigate the current distribution along the copper ring at room 

temperature. The geometries used in both models was the same as the geometries used in the 

previous models produced for the low temperature studies and shown in Figure 5.15. The key 

geometrical and material properties required for input into the two models are listed in Table 5.6. 

The resistivity of strand resistivity was assumed as 1.8×10-8 Ωm. In model 3, a transport current 

of 15 A was injected into the current terminal located at near end side of the winding. In model 4, 

a total of 18 independent blocks were allocated to represent each strand. After performing a series 

of trials, the following current distribution was applied; a current of 3 A was injected in the first 

three blocks located at near end side, 1 A current on each block 4-9, and 0 A on each block 10-

18. The main results show how the simulations revealed similar voltages on copper ring. 

Furthermore, the global contact resistance was estimated at around 256 μΩ, and the overall area 

contact resistance (8986 μΩ×cm2) taken from experimental measurements was used in model 3. 

In model 4, an independent area contact resistance (8986 μΩ×cm2) was applied between each 

block and copper ring.  

Figure 5.20 shows the results of the comparison of the surface potential, surface arrow of current 

density and line potential along the top and bottom edge of the copper ring between two models. 

Figure 5.20a displays the surface potential from model 3 and identifies the highest potentials as 

those appearing towards near end side of the coil. This results agrees with the electrical potential 

profiles produced for along the copper ring in Figure 5.20e. The upper curve in this figure, is 

always higher than the bottom curve, and agrees to the positive polarities of the three measured 

vertical voltages. Figure 5.20c shows the plot where the arrow show the flow of current density 

acquired in model 3, and the direction of the arrows on the copper ring shows how the current 
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flowing within the copper ring remains in the same direction and concurrent with the current flow 

in the Roebel cable.  

Table 5.6: The parameters setting up of two models at room temperature. 

Parameters Model 3 Model 4 

Copper ring length (mm) 270.0 270.0 

Copper ring width (mm) 26.6 26.6 

Copper ring thickness (mm) 2 2 

Copper resistivity @ room temperature (Ωm) 1.8e-8 1.8e-8 

Cable length (mm) 270.0 13.7* 

Cable width (mm) 13.0 13.0 

Cable thickness (mm) 1.5 1.5 

Cable (YBCO) resistivity (Ωm) 1.8e-12 1.8e-12 

Contact resistance @ room temperature (mΩcm2) 8.986 8.986 

Bottom copper disk radius (mm) 52.5 52.5 

Bottom copper disk thickness (mm) 0.604 0.604 

*The single contact length was assumed as 13.7 mm. 

The plot of surface electrical potential as shown in Figure 5.20b reveals how the highest potential 

appears in the first three strands at the near end side of the coil, and this result is in agreement 

with the electrical potential profiles produced for along the copper ring in Figure 5.20f. The 

potential changes in the surface electrical potential maps and the electrical potential profiles match 

the case, when the current is injected in the 18 independent blocks (model 4) and where it can be 

seen that most of the current is transferred from the Roebel cable towards the near end side of the 

coil. 

Figure 5.20d shows the surface maps with arrows, indicating the direction of flow of the current 

density, and it can be seen that some currents tends to flow from the near end to the copper disk, 

and continues to flow back towards the far end side copper ring. This implies there is a potential 

effect arising in the copper ring, due to zero current injection from the Roebel cable imposing on 

the far end side of copper ring. However, this flow back of current did not cause the changes in 

voltage typified by the electrical potential profiles, which may therefore suggest the amount of 

current flowing back is minimal. 

Table 5.7 shows the summary of the horizontal voltages along the copper ring from two models 

and the measured results at room temperature. In model 3, all the strands were assumed as a lump 

cable, and the current injection terminal was defined at the cross-section domain at near end. The 

model results are very different from the measured results. The horizontal voltages from model 4 

has a good agreement with the measured results on both the polarity and the values. However, in 

model 4, the first three strands were assumed to have 3 A transferring in each block at near end 

side, and 1 A for each block from four to nine, and 0 A current transferring for the other 9 blocks. 

The main current injection position is completely different from the low temperature cases. Then 

the assumption of having poor contact between the Roebel cable and the copper ring becomes 

unpredictable for low current injections at the near end side of the coil. It is true the resistance of 

each strand with one pitch length is almost three times larger than the nominal contact resistance 

of each strand at room temperature. But the lack of information about the inter contact resistance 
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among each strand in the longitudinal direction make it difficult to compare the contact resistance 

with current injection and each strand resistance. 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 5.20: The plot of a) surface electrical potential of model 3 and b) surface electrical potential of model 4 and c) 

surface arrow of current density for model 3 and d) surface arrow of current density for model 4 and e) line electrical 

potential of both top and bottom edge of the copper ring for model 3 and f) line electrical potential of both top and 

bottom edge of the copper ring for model 4 at room temperature. 

Table 5.7: The summary of the polarity of horizontal voltages along the copper ring in accordance with model 3, model 

4 and the experiments (V31: Top near end to top far end, and V32: Top near end to top middle end, V21: Top middle 

end to top far end, V46: Bottom near end to bottom far end, V45: Bottom near end to bottom middle end and V56: 

Bottom middle end to bottom far end). The transport current is 15 A at room temperature. 

 Current flowing 

direction 
V31 (μV) V32 (μV) V21 (μV) V46 (μV) V45 (μV) V56 (μV) 

Model 3 Positive 4.4 1.3 3.1 1.3 -2.5 3.8 

Model 4 Positive 42.5 31.3 11.2 14.23 8.5 5.73 

Experiments Positive 42.3 32.3 10 18.6 11.0 7.6 
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 ‘Balanced’ inner and outer contact voltages  

In order to make the outer contact voltages perform similarily with inner contact as much as 

possible, an an external constant DC voltage (8.0 V) was applied to Heater 2 along the outer 

contact as discussed in subchapter 5.3.3.1. Figure 5.21 shows the plot for inner (open symbols) 

and outer (filled symbols) contact voltages of all the strands as a function of current from 280 A 

to 460 A in ‘balanced’ condition. It can be seen that the outer contact voltage of each strand starts 

to increase non-linearly like inner contact compared with the linear VI characteristics of outer 

contact voltages shown in Figure 5.5. Furthermore, not all the outer contact voltages increase 

dramatically like the inner contact voltages, and the increasing rate of the outer contact voltage in 

each strand is different as the transport current is increased. 

 

Figure 5.21: The plot for inner (open symbols) and outer (filled symbols) contact voltages of all the strands as a 

function of current in ‘balanced’ condition. 

Figure 5.22 shows an example to give the comparison between inner and outer contact voltage of 

each strand between the ‘unbalanced’ condition and the ‘balanced’ condition at a transport current 

of 420 A. Referring to the ‘unbalanced’ condition, the outer contact voltages are between 100 μV 

and 120 μV that are one third of the inner contact voltages. Unfortunately, the strand outer contact 

voltages do not homogeneously increase in a ‘balanced’ condition, even though Heater 2 overlaps 

all the strand outer contacts, and they are wound with fiberglass and epoxy impregated for greater 

thermal isolation. Both inner contact voltages and outer contact voltages of strands 1, 15,..., 8, 7 

are between 190 and 320 μV in the ‘balanced’ configuration. However, both inner contact 

voltages and outer contact voltages of strands 7, 6,.., 2, 1 show a definite increase in a ‘balanced’ 

condition. It was found that there is no obvious current sharing with the shunt when the heat was 

applied onto the outer contacts, and Table 5.8 shows the difference of transport current flowing 

within the coil between the ‘balanced’ and ‘unbalanced’ condition at each step is not beyond 0.4 
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A. Consequently, the increasing of inner contact voltage in strands (7_1 to 1) is caused by a 

current redistribution where more current flows into strands 7, 6,.., 2 and 1. 

 Critical current in the middle of the coil 

The original 2G YBCO tape has a homogeneous critical current of 130 A (±10%) along the length 

at 77K in self-field, corresponding to Ic ~ 65 A for the punched strands [200]. The pancake coil 

field distribution at 450 A in Figure 5.23 shows the maximum parallel and perpendicular fields 

are located at the inner most, 0.12 T, and the edge of turns 3/4, 0.08 T respectively. The critical 

current of one short single tape was measured in liquid nitrogen at 77 K. The results shown in 

Figure 5.24 confirmed the single strand Ic (self-field) = 63 A, Ic (B|| = 0.12 T) = 30 A and Ic (B┴ = 

0.08 T) = 33 A. The critical current of the pancake coil is likely to be limited by the parallel field 

on the inner turn, which for 15 strands should be 450 A that has a 52 % reduction from the 

calculated critical current of 15×Ic (strand). 

 

Figure 5.22: Strand inner contact voltage and outer contact voltage comparison between the ‘unbalanced’ 

condition and the ‘balanced’ condition with transported current at 420 A. 

Table 5.8: The comparison of transport current flowing within the coil between ‘balanced’ and ‘unbalanced’ 

condition. 

Source 

current (A) 
280 300 320 340 360 380 400 420 440 460 

Icoil 

in‘Balanced’ 

condition (A) 

277.33 297.14 316.95 336.75 356.56 376.36 396.15 415.94 435.71 455.44 

Icoil in 

‘Unbalanced’ 

condition (A) 
277.03 296.81 316.60 336.39 356.17 375.95 395.73 415.51 435.27 455.01 
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Figure 5.23: Magnetic field density map of the Roebel pancake coil at 450 A (Left side: inner turns, and right side: 

outer turns). 

 

Figure 5.24: Single strand VI curve with self field, perpendicular field (0.08T) and parallel field (0.12 T), and blue 

dash line represents 1 µVcm-1 criteria.  

The voltage-current (VI) characteristics of all the strands on turns 2-4 in ‘unbalanced’ condition 

are shown in Figure 5.25, where non-linear increases of voltage with current can be seen on all 

strands starting at different currents. Then the nominal critical current using a 1 µVcm-1 criteria 

is around 365 A for V6 and above 470 A for strands 8-15. Strand 6 shows the highest voltage 

with an critical current around only 300 A - a nominal 20 A per strand. For strand 6, despite higher 

strand voltage as shown in Figure 5.25 (black squares) above 200A and the relatively lower 

contact voltage as shown in Figure 5.10 (red circles) demonstrates it is carrying less current 

because it is being stabilised by current sharing in the other strands. The remaining strands 

exhibited different currents ranging from 310 A to 450 A. The voltage span of each strand between 

300 A and 470 A are shown as a bar-chart in Figure 5.26. The x axis is plotted in the sequence 

the strands transpose at the inner face in turn 2. The strand furthest towards the inner turns exhibit 

the highest voltages.  
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Figure 5.25: Strand voltages as a function of current between 300 A and 470 A in ‘unbalanced’ condition, and dash 

line represents 1 µVcm-1 criteria. 

 

Figure 5.26: Voltage across of each strand (1 pitch) across the same current ramping range from 300 A to 470 A (Str_= 

Strand).  
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uniform current distribution among different strands when the strands current is below Ic, but this 

is expected to play a minor role when the pitch length is the same as the inner solder joint length 

(turn 1), and the outer contact is over one pitch length (turn 7) [9], [80]. Another possibility would 

cause the non-uniform critical current among the strands is due to the non-uniform critical current 

of the original tape along the length. This is considered as a minor role because a homogeneous 

critical current of 130 A (±10%) along the length of the original tape is decribed in [200], 

consequently it is expected that Ic for 15 strands of the Roebel cable over the length has a good 

uniformity. Such a voltage pattern as shown in Figure 5.26 is consistent with a higher parallel 

magnetic field on the inner turns as shown in Figure 5.23, consequently the parallel field exhibits 

an impact on the critical current of the inner turns of the Roebel cable. 
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Figure 5.27 shows the comparison for VI characteristics of all the strands in the middle of the coil 

between the ‘balanced’ condition and ‘unbalanced’ condition with a transport current ramping 

from 280 A to 460 A. A similar trend of non-linear increase in voltage with stepwise rises in 

current are observed for the ‘balanced’ condition compared with ‘unbalanced’ condition. The 

strand furthest towards the inner turns exhibits the higher voltage for ‘balanced’ condition, which 

implies the possibility of the parallel field effect on the inner turns of the coil. However, it needs 

to be noted that is faster to reach 1 µVcm-1 criteria in those strands (Strand 7(7_1) to 1) located 

toward inner turns in the ‘balanced’ condition compared to the ‘unbalanced’ condition. This is 

further evidence that more current flows into strand 7, 6,.., 2, 1. 

a) b) 

  

Figure 5.27: The plot for a) strand voltages in ‘unbalanced’ condition compared with b) strand voltages in ‘balanced’ 

condition as a function of current between 280 A and 460 A, and dash lines represent 1 µVcm-1 criteria. 

To further ascertain the nominal strand critical current, different powers were applied to the heater 

on strand 7 at different transport current for both‘unbalanced’ and ‘balanced’ thermal conditions. 

The voltage onset at different temperatures and currents in Figure 5.28 leads to a local critical 

current as determined by V7_0 with 1 µVcm-1 criteria as a function of temperature shown in 

Figure 5.29, where the right axis corresponds to the nominal critical current per strand. It needs 

to be noted that there is no voltage changes on other strands including V7_1 and V7_2 when V7_0 

reaches the critical current. Consequently there is no current sharing in a few seconds after the 

heat pulse is applied on Heater 1. However, it needs to be noted that the similarity of voltage 

increasing trend was observed and compared with the VI characteristics as shown in Figure 5.27, 

V7_0 increases faster in ‘balanced’ condition with the same heating power applied on Heater 1 

in ‘unbalanced’ condition. This maybe due to a current resditribution that results in more current 

flowing into strands 7, 6,.., 2, 1 in a ‘balanced’condition. 
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Figure 5.28: a) The tracing of temperature on strand 7 due to different heater power and b) voltage V7_0 around the 

hot spot at the corresponding heating power and transport current for the ‘unbalanced’thermal condition; c) The tracing 

of temperature on strand 7 due to different heater power and d) voltage V7_0 around the hot spot at the corresponding 

heating power and transport current for the ‘balanced’ thermal condition. Two horizental dash lines in figures represent 

the standard 1 µVcm-1 criteria. 

 

Figure 5.29: Nominal critical current at different temperature. 
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same critical current. Furthermore, the estimated critical current (Ic) at 77 K for the ‘unbalanced’ 

case is around 440 A, which is not far from the modelling result (~ 450A). The predicted critical 

current of the Roebel cable at 77 K for the ‘balanced’ case is around 430 A. The nominal critical 

0 4 8 12 16 20 24
76

78

80

82

84

86

0 4 8 12 16 20 24
1

10

T
em

p
er

at
u

re
 (

K
)

 340A_0.371W  380A_0.205W 

 350A_0.310W  390A_0.175W

 360A_0.272W

 370A_0.238W

a)

b)

V
o

lt
ag

e 
(

V
)

Time (s)

0 4 8 12 16 20 24
76

78

80

82

84

86

0 4 8 12 16 20 24
1

10

c)

d)

T
em

p
er

at
u

re
 (

K
)

 340A_0.371W  380A_0.205W

 350A_0.310W  390A_0.189W

 360A_0.238W

 370A_0.238W

V
o

lt
ag

e 
(

V
)

Time (s)

77 78 79 80 81 82 83 84 85 86
320

340

360

380

400

420

440

21.33

22.67

24.00

25.33

26.67

28.00

29.33

N
o

m
in

al
 c

ri
ti

ca
l 

cu
rr

en
t 

p
er

 s
tr

an
d
 (

A
)Balanced

Unbalanced

C
ri

ti
ca

l 
cu

rr
en

t 
(A

)

Temperture (K)



CHAPTER 5 PERFORMANCE AND QUENCH CHARACTERISTICS OF A PANCAKE COIL WOUND WITH 2G YBCO ROEBEL CABLE 

152 

current of strand 7 at the position of Heater 1 for ‘balanced’ and ‘unbalanced’ condition is 28.66 

A and 29.33 A respectively at 77 K, which is very similar to the Ic (~ 30 A) of single strand 

measured with 0.12 T parallel field. Furthermore, ideally the critical current of strand 7 at the 

position of Heater 1 should be same in both ‘balanced’ and ‘unbalanced’ condition at each 

temperature, because the base thermocouple was set in LN2. One possibilty of this difference is 

that the external constant heat applied on Heater 2 along the outer contact caused the temperature 

to increase at the position of Heater 1. Another possibility is that the current redistribution in 

‘balanced’ condition limits the current sharing of strand 7 with other strands towards the inner 

turns when temperature rose up at the position of Heater 1. Consequently, the critical current of 

strand 7 measured at different temperatures in ‘balanced’ condition tends to be more real if the 

second possibility is ture. 

Moreover, despite the different voltages among the strands, it is important to note that the pancake 

coil was found to be stable at 440 A for the ‘unbalanced’ thermal condition as shown in Figure 

5.30, where all the voltages are settled without signs of thermal runaway. A similar way to define 

the critical current of the pancake coil in the ‘balanced’ condition, the pancake coil was found to 

be stable at 430 A with 8.0 V DC voltage applied on Heater 2, where both strand voltages as 

shown in Figure 5.30 and strand contact voltages as shown in Figure 5.31 are settled without signs 

of thermal runaway. 

 

Figure 5.30: Strands voltage and strand 6 and 7 contact voltages at 440 A at 77 K. 
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a) 

 

b) 

Figure 5.31: a) Strand voltage tracings with a 8.0 V heat pulse on the outer contact joint, and b) Strand inner and outer 

contact voltage tracings with a 8.0 V heat pulse on the outer contact joint with a transport current of 430 A at 77 K. 

Strand 6, 7, 9 and 15 are examples of all the strands to show their strand voltages and two contact voltages. 

 Quench investigation 

 

Several constant heats were applied to heater 1 on strand 7 in the middle of the coil to generate 

hot spots in the middle of the coil. Figure 5.32 shows the response of the temperature response to 

a heat pulse (4.5 V) on Heater 1 without current in the coil. As shown in Figure 5.32, when the 

heat pulse was applied on the Heater 1, the temperature increased dramatically to above 90 K in 

a few seconds, which impiles the good performance of the thermal insulation layer above the 

heater 1. When a transport current (< Ic) was injected into the coil, different energies were injected 

into Heater 1 that was gradually increased until an irreverisble quench was observed.  
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The tempertaure was measured by a thermocouple that was adjacent to Heater 1, and strand 

voltages were traced with voltage taps on each strand along the coil, and the current was 

transferred from the shunt voltage. 

Although high stability is expected for the Roebel pancake coil in liquid nitrogen, it was found 

that a quench could still be triggered by point-like disturbances with localised heat deposition. 

Figure 5.33 shows the three voltage (V7_0) tracings from several ‘unbalanced’ quench 

measurements with different heat pulse (4.5 V) widths at a transport current around 450 A, which 

the consequent recovery and quench events can be determined. The pulse starting time was set at 

0 s, and the initial current difference was within 0.5 A among these three runs. The first trial 

(black line) was conducted with a pulse (7.87 s) with an energy of 4.83 J. After the heat pulse was 

applied, the temperature increased to above 90 K. After the pulse was switched off, both V7_0 

and current started to recover. The pulse (9.3 s) with an energy of 5.71 J was applied to the second 

trial. Both V7_0 (green line) and temperature coincide with previous voltage and temperature 

profiles and increase further until the pulse is cut off, and both started to drop after the pulse was 

switched off. For those two cases, the heat energy deposited on the coil is enough to generate the 

resistive zone around the heater, but the heat applied on this zone was balanced by cooling power 

from LN2 around the sample, but not enough to cause a quench in all the strands. Consequently, 

both voltage V7_0 and temperature recovered to the intial values after the pulse was off. 

The pulse width reaches 11.3s (6.75 J) in the third trial measurement, which induced an 

irreversible quench of the coil, and V7_0 (blue line) implies a thermal run away and the current 

continued to drop below 443 A, even after the pulse is off. The peak temperature reaches 92 K. 

For this case, the heat generation is enough to cause a normal zone around Heater 1, which the 

voltage and temperature reached the initial peak due to the external heat pulse. After the heat 

pulse was switched off, the conduction of the deposited heat cause the voltage and temperature to 

drop to a plateau state, which V7_0 at the arrow postion as shown in Figure 5.33 is called quench 

 

Figure 5.32: The tracing of the response of temperature to a pulse voltage of 4.5 V heat pulse applied Heater 1 

with no current in the coil.  
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voltage (VQ) and correlates to the hot spot temperature in quasi-steady state of the minimum 

propagation zone (MPZ), and the time for quench voltage is called a quench time constant (tQ). 

When the heat generation from the normal zone is balanced out; the system cooling power, both 

voltage across the hot spot and temperature increased again. In the analysis of the experimental 

results, the MQE (6.32 J) for this case was defined by taking the mean value between two pulses 

(9.30 s and 11.3 s) where the cable was able to recover and before it escaltated into an irreversible 

quench. 

 

Figure 5.33: The tracing of voltage of each strand, current, temperature and pulse voltage against time with 450 A and 

different pulse magnitude and length in a ‘unbalanced’ condition. 

 

In order to investigate the effect of different pulse powers on the strand voltages and temperature 

responses; different amplitudes of heat pulses were performed in the ‘balanced’ quench 

measurements, and the tracings of the voltage V7_0 across the hot spot, transport current and 

temperature for seven examples (from 3.5 V to 6.0 V) at same transport current (around 400 A) 

are shown in Figure 5.34. The first trial was performed with a pulse at 3.5 V for more than 4 

minutes. For this case, V7_0 did not evolve into a thermal run away, and temperature increased 

to above 84 K before it finally reached a steady state. This indicated the presence of a resistive 

zone on strand 7 that was stabilised by current sharing with other strands. When the pulse voltage 

increased to 4.5 V with a 20.19 s width and an energy of 12.39 J, V7_0 evolved into a thermal 

run away, and the temperature incresed to the peak at 91 K, at the time when the pulse was off. 

As the pulse amplitude increased, V7_0 increased faster and the local temperature increases 

accordingly. When the pulse voltage reached to 6.0V, V7_0, a thermal run away occurred with a 

pulse width within 7.1 s and an energy of 7.75 J. It needs to be noted that the quench energy for 

a 6.0 V pulse case and 4.5 V pulse case are not consistent, and this is due to the heat diffusion in 

the coil during the pulse period. Further details will be presented in the section of the 

determination of MQE.  
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The quench characteristics of the same heat pulse amplitudes at different percentages of critical 

current (I/Ic) have been investigated for both ‘unbalanced’ and ‘balanced’ conditions. Taking four 

‘balanced’ quench measurements with different currents of 400 A, 410 A, 415 A and 425 A as 

examples, the tracings of hot spot voltage, current, temperature and pulse voltage against time 

with heat pulse at 6.0V are shown in Figure 5.35. It can be seen that V7_0 increased faster and 

achieved thermal run away in a shorter time with high transport currents. Despite the quench 

voltage (VQ) not being well defined for each case, the quench voltage tended to reduce at higher 

transport currents, and it reduced below 2.5 mV when the transport current reached 425 A (0.98 

Ic). It needs to be noted that the temperature started to decrease immediately when the pulse was 

off and before the hot spot voltage reached its peak for all the cases. This was opposite to quench 

events observed for a single 2G tape in [103]. Furthermore, the temperature increased at almost 

same rate within the pulse for different transport currents.  

 

Figure 5.34: The tracing of voltage of each strand, current, temperature and pulse voltage against time with 400 

A and different pulse magnitudes at 3.5 V, 4.5 V, 5.5 V and 6.0 V in a ‘balanced’ condition. 
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Figure 5.35: The tracing of voltage of each strand, current, temperature and pulse voltage against time with heat pulse 

at 6.0V at different transport current (400 A, 410 A, 415 A and 425 A). 

 

 ‘Unbalanced quench measurement’ 

An example of ‘unbalanced’ quench measurements for this Roebel pancake coil was undertaken 

in LN2 with a transport current around 420 A with several heat pulses (4.5 V) in heater 1. The 

strand voltages, strand contact voltages, transport current, temperature and pulse voltage of two 

examples are traced and shown in Figure 5.36 and Figure 5.38. 

Quench decription: 

The first trial as shown in Figure 5.36 was conducted with a 15.15 s heat pulse of 9.3 J in energy. 

The temperature corresponding to Heater 1 increased to above 90 K before the heat pulse was off, 

and it has a fast redcution after the pulse was off. The current dropped to below 420 A after the 

pulse was off, which implies a continued current sharing with the shunt load.  

Strand voltages as shown in Figure 5.36a, the voltage V7_0 (black line) across the hot spot 

increased immediately after the pulse is on, and the voltage V7_1 (red line) across one pitch of 

strand 7 towards the inner contact and the voltage V7_2 (green line) across one pitch of strand 7 

towards the outer contact exhibit a reduction that implies current sharing with other strands, where 

the reduction of V7_1 and V7_2 is shown in Figure 5.37 with a voltage in a logarithmic scale. 

V7_2 started to increase before the pulse was off, which implies a heat propagation and normal 

zone extension. Strand 9 (magenta line) shows a peak voltage around 2.5 mV when the pulse was 

off, and the order of other strand voltage increasing from the hot spot on strand 7 to the further 

strands from the heater exhibits a heat propagation effect.  
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Figure 5.36: The tracing of a) strand voltage, current, temperature and pulse voltage b) strand contact voltage, current 

and temperature against time for the coil quench case with a transported current at 420 A in ‘unbalanced’condition. 
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(dash lines) show a similar trend variation compared with the strand voltages, and how they start 
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(magenta dash line) and strand 10 contact in (violet dash line) inner contact voltage all start to 

drop after the heat pulse was applied.  

Strand 15 exhibits the highest inner contact voltage of ~2.5 mV that was almost the same as strand 
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nearby Heater 2. All the strand inner contacts are shown to quench as the voltages continue to 

increase after the heat was off. It needs to be noted that the peak inner contact voltage on strand 

15 (~ 5 mV) was already higher than the peak strand voltage on strand 9 (~ 3.0 mV) before the 

current was cut off. All the outer contact voltages almost had no changes in the whole period. 

  

Figure 5.37: The tracing of strand 7 (V7_1 and V7_2), current, temperature and pulse voltage against time for the coil 

quench case with a transported current at 420 A in ‘unbalanced’condition. 

Recovery decription:  

The second trial of quench measurement shown in Figure 5.38 was conducted with a 15.07 s heat 

pulse with an energy of 9.25 J. The trend of voltage traces, temperature and current almost 

coincide with the first example during the period of heat applied. After the heat pulse was off, the 

current and temperature started to recover. 

Most of the strand voltages shown in Figure 5.38a, are able to recover immediately, except V7_1 

(red line), V7_2 (green line), V1 (purple line) and V15 (wine line) which recovered after the pulse 

was off, and where further details about the behaviours are shown in Figure 5.39. Strands 1 and 

15 are located furthest from the hot spot generated on strand 7, and the voltages of these two 

strand continued to increase until 1.5 s after the pulse was finally switched off. This suggests that 

the heat continued to propagate on these strands with a delay coresponding to the heat pulse. 

Voltage from V7_2 started to decrease after 1.5 s once the pulse was off, but V7_1 continued to 

increase in the same moment, which implies the current was flowing back into strand 7. 

Strand contact voltages as shown in Figure 5.38b, is used to focus in particular on the inner 

contacts strands voltages 6, 7, 8, 9 and 10, which reduce after the pulse was on, therefore implying 

that current started to be shared among these strands. After the pulse was switched off, most of 

the strand inner contact voltages (dash lines) started to recover immediately except strand 6 

contact in (blue dash), strand 7 contact in (red dash line), strand 8 contact in (grey dash line), 

strand 9 contact in (magenta dash line), strand 10 contact in (violet dash line) and strand 11 contact 

in (orange dash line) that continued to show increasing voltage in the traces after the pulse was 
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off. Thereafter, all of voltages started to recover after 6 s once the pulse was off. In the same 

quench case that the outer contact voltages almost had no changes during the event.  

It is interesting how the outer contact voltages show almost no change in both the quench and 

recover periods. The critical current of the Roebel pancake coil is mainly driven by the inner turn 

due to the field effect, consequently the inner contact voltages (~ 300 μV) are already almost 2.7 

times of the outer contact voltages around 110 μ at 420 A. It is accepted that the inner contact 

voltages increase a lot in a few Amperes of current rise, because the inner contact voltages are 

already in the non-linear region of the VI response when the transport current is above 200 A.  

 

Figure 5.38: The tracing of a) strand voltage, current, temperature and pulse voltage b) strand contact voltage, current 

and temperature against time for the coil recovery case with a transported current at 420 A in ‘unbalanced’condition. 
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nominal current per strand of 28 A before the heat is applied, the remaining current (19 A) is 

considered to be current sharing with other 14 strands when the quench happens in strand 7. If the 

outer contact resistance per strand is ~ 4.2 μΩ, then there would be 5.7 μV nominally increasing 

per strand, while it should be appreciated that this value is smaller compared with the resolution 

(> ±20 μV) from the outer contact voltage tracings, and mainly due to the voltage taps jumped 

from the instrumentation connection box. However, this assumption neglects the effect of heat 

propagation and the changes in the inner contact voltage, while the current sharing in strand 7 is 

expected to be more complex.  

 

Figure 5.39: The tracing of strand 7 (V7_1 and V7_2), current, temperature and pulse voltage against time for the coil 

recovery case with a transported current at 420 A in ‘unbalanced’condition. 

The changes in the inner contact voltages show evidence of the current redistributing when the 

the quench occurs. However, there is no obvious change in voltage of the outer contacts and they 

cannot provide any additional information about current sharing. Subsequently, a different type 

of qunech was initated to make the inner conntact voltages and the outer contact voltages respond 

in a similar range, which was called ‘balanced’ quench measurements. These quench 

measurements were performed on the same Roebel cable pancake coil are described and 

summarised hereafter.  

 Balanced’ quench measurements 

In order to reduce of the critical current of the strands on the outer contacts, it was necessary to 

increase the intial voltages before the heat was applied, and therefore a 18.8 Ω heater (Heater 2) 

was attached on the outer contact joint as shown in Figure 5.2. It has been previously mentioned, 

that strand outer contact voltages of pancake coil were found to be stable at 430 A with a constant 

heat (8.0 V DC) on Heater 2 (Figure 5.31). Hence, 430 A was assumed to be the critical current 
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Most of the outer contact voltages increase to a similar range (150 - 250 μV) compared with the 

inner contact voltages in a ‘balanced’ condition, with all of the voltages settling without any signs 
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of escalting into a thermal runaway. A trial series of quench measurements for this Robel pancake 

coil was undertaken in LN2 with a transport current around 420 A. Several heat pulses (4.5 V) on 

Heater 1 were tried and the strand voltages, strand contact voltages, transport current, temperature 

on the two heaters and the pulse voltage for two of these trials are traced and shown in Figure 

5.40 and Figure 5.42 repectively. 

Quench description: 

The first trial shown in Figure 5.40 was conducted with a 17.24 s heat pulse with an energy of 

10.59 J. In order to maintain similarities to the ‘unbalanced’ condition, the temperature of Heater 

1 was increased to above 90 K before the heat pulse was swicthed off. This resulted in the 

measured voltages reducing very quickly once the pulse was switched off until the sudden 

moment when thermal run away evolved. The temperature of Heater 2 was constant (~ 81 K) 

during the entire measurement. The current continued to drop to below 415 A, even after the heat 

pulse was finished, which implies a continuation of current sharing with the shunt load.  

 

Figure 5.40: The tracing of a) strand voltage, current, temperature and pulse voltage b) strand contact voltage, current 

and temperature against time for the coil quench case with a transported current at 420 A in ‘balanced’condition. All 

the outer contact voltage proflies are below the black dash line. 
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Figure 5.40a shows the variation of strand voltages for measurements conducted in a balanced 

condition. The inner strand contact voltages (dash lines) as shown in Figure 5.40b are consistent 

with the voltages measured in the ‘unbalanced’ condition. More attention should be paid to the 

changes in the outer strand contact voltages (solid lines) in Figure 5.41. Unfortunately, all the 

signals remain noisy, despite them being smoothed. The voltages of strand 15 contact out (wine 

solid line), strand 14 contact out (olive solid line), strand 13 contact out (dark cyan line), strand 

12 contact out (royal solid line), strand 11 contact out (orange solid line) and strand 10 contact 

out (violet line) all show an increasing trend immeditately after the heat pulse was applied. The 

voltages of strand 15 contact out, strand 14 contact out and strand 13 contact out continue to 

increase before the heat pulse was swicthed off, and strand 12 contact out contiune to increase to 

its peak value and started to decrease 2 s before the pulse was swicthed off. The voltage of strand 

13 contact out shows the highest voltage of ~430 μV, which is one sixth of the highest inner 

contact voltage (2.5 mV on strand 14 contact in when the pulse was off). It is intresting how strand 

11 contact out and strand 10 contact out increase during the initial period of the heat pulse, and 

both of them start to decrease to below their intial values just before the pulse was switched off. 

The initial increasing of voltage in strand 11 (contact out) and strand 10 (contact out) may be due 

to them being located on the side carrying some current from those strands that have quenched. 

The same strands later reduce in voltage which of implies the continuous heat propagation from 

the hot spot causes the quenching of strands10 and 11, which leads to further current sharing with 

other strands, such as strands 12 and 13. 

The voltages of strand 8 contact out (grey solid line) and strand 9 contact out (pink solid line) 

show a voltage reduction when the pulse remain active, which is consistent with their inner 

contact voltages. Furthermore, all the outer contact voltages start to recover after the pulse was 

switched off, but strand 15 contact out, strand 14 contact out, strand 13 contact out, and strand 12 

contact out all show signs of thermal run away before the current was cut. However, there were 

no obvious changes observed on other outer strands. 

 

Figure 5.41: The tracing of strand contact out voltage, current and temperature against time for the coil quench case 

with a transported current at 420 A in ‘balanced’condition. 
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Recover description: 

The second trial of quench measurement as shown in Figure 5.42 was conducted with a 15.71 s 

heat pulse with an energy 9.65 J. The strand voltages, strand contact voltages, temperature and 

current almost coincide with the quench example during the period of heat applied. After the heat 

pulse was off, the current and temperature started to recover. 

Attention should be paid to the changes in the strand outer contact voltages (solid lines) after the 

heat was off. As shown in Figure 5.42b, strand 15 contact out (wine solid line), strand 14 contact 

out (olive solid line), strand 13 contact out (dark cyan line), strand 12 contact out (royal solid line) 

starts to recover. Strand 8 contact out (grey solid line), strand 9 contact out (pink solid line), strand 

10 contact out (violet solid line) and strand 11 contact out (orange solid line) started to increase 

to the intial values, which implies the current is flowing back to these starnds, which is consistent 

with the changes observed in the inner strand contact voltages. 

 

Figure 5.42: The tracing of a) strand voltage, current, temperature and pulse voltage b) strand contact voltage, current 

and temperature against time for the coil recovery case with a transported current at 420 A in ‘balanced’condition. 
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The important parameter, minimum quench energy (MQE), is introduced to assessed the stablised 

or non-stablised case of the superconductors.  

 MQE versus different heat pulse power 

A trial of quench measurements for Roebel pancake coil in ‘balanced’ condition were conducted 

in LN2 with several transport currents from 340 A to 425 A, and each current was applied with 

different heat pulses at 4.5V (0.613 W), 5.0V (0.758 W), 5.5V (0.917 W), 5.8V (1.019 W) and 

6.0V (1.091 W). Figure 5.43 shows the experimental MQE and the temperature difference (ΔT) 

between the start and the end of the pulse, as a function of heating power applied on strand 7 with 

a transport current at 400 A. For this case, the heat pulse continued to decrease to 2.0 V (0.121 

W) in order to identify the thershold power required to induce the quench for tansport current of 

400 A. 

 

Figure 5.43: Experimental MQE and temperature changing (ΔT) between heat pulse triggering on and cutting off, and 

temperature changing (ΔT) at quench time constant for different transport currents versus different heating power 

applied on strand 7. 

As shown in Figure 5.43, MQE of the Roebel pancake coil is decreasing with increasing heater 

power. When the heat pulse reduced from 6.0 V (1.091 W) to 4.5 V (0.613W), the increasing rate 

of MQE is not fast. Referring to the transport current at 400 A, the MQE increases dramatically 

and tends to infinite when the heat pulse decreases to 3.8 V (0.438 W), and the variation of the 

measured MQE becomes larger in this power range. When the heat pulse continued to decrease 

below 3.8 V, all the strand voltages and contact voltages became rather stable failed to initiate a 

quench. This impiles that 0.438 W can be assumed to be the thershold power  at which this Roebel 

pancke coil would quench at 400 A. 

There is an almost linear increasing relationship between the temperature changes (ΔT) between 

heat pulse triggering on and cutting off and the applied heat power for the transport current at 400 

A, which this relationship is true for other currents, and these (ΔT) values among different currents 
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at the same applied power is very small. The maximum temperature changes (ΔT) between heat 

pulse triggering on and cutting off is around 23 K when the heat pulse is at 6.0 V (1.091W). When 

the applied heat power continued to decrease to approach to the quench threshold power, the 

temperature changes (ΔT) exhibit a bit higher than the linear trendline. This maybe due to self-

heating from hot spots starting to contribute to the temperature increase after a long period of  

heating with external power source. When the applied heating power continues to drop to 0, these 

(ΔT) values also linearly decrease to 0. The temperature difference (ΔT) at a quench time constant 

tQ implies the temperature difference between the hot spot and LN2 just before strand 7 shows a 

thermal run away. These (ΔT) values are even smaller than the values (ΔT) between heat pulse 

triggering on and cutting off when the system was stable with very low applied power. This maybe 

due to the position of the thermocouple, which was adjacent to Heater 1 and soldered on a copper 

shim, which located at some distance between the hot spot on strand 7 and Heater 1. 

Figure 5.44 shows the quench voltages compared with the stable voltages of strand 7 versus 

applied heating power with a transport current at 400 A. Compared with MQE against applied 

power, the trend variation between the average voltage of the Roebel cable and applied heating 

power is reversed. When the heat pulse is smaller than 3.5 V (0.368 W), the stable voltage slowly 

increases with the increasing of the applied power, and the average voltage reaches 0.273 mV that 

pulse volatge is 3.5 V (0.368W). Below powers of 0.368 W, all the strands reach the constant 

state without thermal run away and the temperature difference between the heater and ambient 

liquid temperature was below 10 K, while all the strands remained in superconducting state. Once 

the pulse voltage was above the assumed threshold power (0.428 W), the average strand voltage 

starts to increase dramatically above 2.0 mV, which implies the high voltage across the hot spot. 

Then quench voltage increases and approaches a constant, with respects to the increasing heating 

power. The reason for this behaviour, is because the strands voltages are limited by the changes 

in the MQE shown in Figure 5.43 when the heat pulse is above 4.5 V (0.614 W). 

 

Figure 5.44: Quench voltage and steady voltage of strand 7 versus different applied heating power with a transport 

current at 400 A. 
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 MQE versus different transport currents 

Figure 5.45 shows the MQE as a function of the scaled current (1-j), where j is the percentage of 

the critical current (I/Ic), and has been normalised with the critical current of the Roebel cable in 

‘balanced’ thermal condition at 430 A. It is obvious that the MQE reduces with increasing applied 

heat power at each current, which implies a shorter pulse width with higher power. This can 

thereforeinduce a quench of the Roebel coil with less thermal energy. Shorter heat pulse widths 

correspond to shorter heat diffusion times, and there is less thermal conduction in the coil and 

heat leak from the top of Heater 1. Consequently, when the pulse voltage increases to 6.0 V, the 

MQE obtained is believed to approach to the real MQE of this particular pancake coil at each 

transport current. 

Figure 5.45 also shows the MQE data of a single SuperPower 2G HTS tape with different current 

at 77 K [103]. and the blue dash line shows the trend of a single 2G HTS tape MQE with the 

scaled current (1-j) compared with the MQE (magenta symbols) of this Roebel coil. When 

comparing the single 2G tape, with the 15 strand Roebel cable, the MQE at same percentage 

critical current is more stable and 100 times larger. The MQE of the Roebel cable increases with 

the reducing current, especially when 1-j is above 0.1 (I/Ic < 0.9). This is due to the lower transport 

current of the Roebel pancake coil, which needs a much higher thermal energy to induce the 

quench, and requires a longer time to quench for the same power input. However, the thermal 

diffusion has a important impact on the coil that thermally run aways when when quenched by 

long heat pulses (wide pulses) at lower transport current.. 

 

Figure 5.45: ‘Balanced’ experimental MQE of the Roebel cable as a function of scaled current (1-j) with different 

transport current at 77K. Pink round scatter shows the experimental MQE data (corresponding to right y-axis) of a 

single SuperPower 2G HTS tape with different current at 77 K [103]. 

A slow reduction of the MQE is exhibited in both this Roebel pancake coil and single 2G-tape, 

when 1-j is below 0.1 A. A similar dependence current on the MQE is also observed in a Bi-2212 
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solenoid [201], a single 2G-tape [103] and MgB2 solenoid coil [202]. However, this behaviour 

has not been observed in several LTS quench measurements, such as MgB2 filement [203] and 

MgB2 pancake coil [204] and NbTi Rutherford cable and NbTi solenoid [205]. 

 The thermal transport effect on MQE estimation 

In an adiabatic system, the minimum quench energy is fully depending on the input energy applied 

to a small volume of a short superconductor in a short duration. It will take a longer time to trigger 

the quench in a single superconductor with a lower power input because of the heat diffusion, but 

the MQE should be same as the high power input cases, to quench the superconductor in an ideal 

adiabatic system. However, the Roebel pancake coil is submerged in LN2. Furthermore, when 

comparing the Roebel coil quenched by heat pulses with widths (> 5 s) with the single wire quench 

measurements in [196], [197], [206], the Roebel pancake coil takes much longer because the rate 

of heat diffusion becomes more significant on the MQE. This is also the case at for intermediate 

power between 0.42 W and 0.618 W and there are large varitations in the measured MQE at 400 

A as shown in Figure 5.43.  

Referring to the self-heating energy J×E (T, J) from the metal matrix, this joule heat can be 

estimated from the integartion of the strand voltage traces with pulse width times nominal current 

per strand by Equation 5.9, and the sum of all the strands self-heating can be defined:  

𝑉𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
∑ ∫ 𝑉𝑖(𝑡) × 𝐼𝑛𝑑𝑡

𝑡𝑝

0
15
𝑖=1

15𝐼𝑛
 5.9 

Where tp is the pulse width, and Vi(t) is the voltage function of time within the applied pulse period 

for each strand with one pitch length in the middle of the coil, and i is the strand number, and In 

is the normnal current per strand. 

Figure 5.46 shows the self-heating energy recorded at different current and comparing this with 

the experimental MQE with a 6.0 V heat pulse (1.091 W). The trend of self-heating energy and 

the experimental MQE increases with the reducing current, and the self-heating energy accounts 

for 12%-17% of the experimental MQE. Consequently the initial heat pulse energy should occupy 

the main part of the quench energy. Furthermore, the heat diffusion along the longtitude direction 

is based on the thermal properties of the strands themselves. This can then explain why the 

temperature changes at the end of the pulse is proportional to the initial heating power applied.  

Normally the heat flux Qleak will be transferred to the LN2 bath and  it should be same as the heat 

flux transfering from the hot spot to the epoxy, given series thermal link between the LN2 and the 

epoxy (in series). However, this heat flux is expected to be small and the expression in Equation 

5.10 can be applied to determine this heat flux: 

𝑄𝑙𝑒𝑎𝑘 =
𝜅2(𝑇2 − 𝑇1)

𝑑
=  𝐻(𝑇∞)(𝑇∞ − 𝑇2) 5.10 

Where κ2 is the thermal conductivity of the epoxy, d is the thickness of the epoxy, T1, T2 and T∞ 

are the tremperatures of  Heater 1, the top surface of the epoxy v and the LN2 bath, and H(T∞) is 

the heat transfer coefficient.  
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For the input values to determine Qleak, the thermal conductivity of the epoxy (StycastTM 1266) is 

0.255 W/(m×K) at 77 K [207]. An infinite H(T∞) is assumed, and T2 is equal to T∞ (77 K). It has 

mentioned that the largest temperature difference between Heater 1 and LN2 is around 23 K with 

a heat pulse at 6.0 V (1.019 W), and the area of epoxy insulation area A is 20×6 mm2, then the 

minimum thermal transport length can be estimated, which is around 0.715 mm compared with 

the real thickness of the insulation which is ~2 mm. Low thermal conductivity and long thermal 

transport length leads to a large thermal resistance of ~65.4 K/(W×m2), in accordance with 

thermal resistance Rthermal = d/(A×κ2). Furthermore, the whole pancake coil has been impregnated, 

the extended epoxy layer would lead to a larger thermal resistance even in a very thin thickness. 

Consequently the pancake coil can be treated as in an adiabatic system.  

 

Figure 5.46: The self-heating energy at different current compared with the experimental MQE with 6.0 V heat pulse. 

However, the boiling condition at the top of the epoxy is unknown, because the heat transfer 

coefficient H(T∞) based on different boiling conditions can cause large changes in heat flux, which 

can be induced by the heat leak above the heater on strand 7. Figure 5.47 shows an example of a 

quench measurement with a transport current around 400 A and a 3.8 V heat pulse (~ 100 s width). 

When the heat pulse was applied, all the strand voltages continued to increase. The temperature 

increases to above 86 K, and current continues to decrease with current sharing of the shunt load. 

The temperature profile shows an obvous fluctuation after 25 s (arrow 1). Then in all of the strand 

voltages appears a ‘kink’ at 30 s (arrow 6), and the slope of the decreasing current also changes 

at the same time. After this event, the temperature almost becomes constant around 86.8 K and a 

second fluctuation appears at 40 s (arrow 2), and in the strand voltages the second ‘kink’ appeared 

(arrow 7) at same time. Then all the strand voltages start to decrease, and the current starts to flow 

back to the coil, which implies a recovery of the Roebel pancake coil.  

The temperature almost remains constant around 86.8 K and several fluctuations appear for a 

short while, but all the strands start to thermally run away after 60 s. The current contiuned to 

drop below 395 A and before the pulse was cut off. The pulse is contant in the whole period, 
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which implies a constant heat input. The two ‘kinks’ recorded are believed to be due to the 

changes of the heat flux transfering to the LN2. Therefore, the cooling condition of LN2 above 

the top of the tinsulation layer above Heater 1 is a region where the thermal conditions could 

certainly change (~10 K). For example shifting between different boiling regimes can result in a 

heat transfer coefficient of LN2 which is almost 100 time [208], [209]. In order to reduce the 

effect of heat diffusion on the estimated MQE in quench measurements, a higher heat pulse with 

a shorter pulse width is suggested for the heat pulse applied by Heater 1 in these studies. 

 

Figure 5.47: The tracing of voltage of each strand, current, temperature and pulse voltage against time for the coil 

quench. 

 MQE comparison between ‘unbalanced’ and ‘balanced’ thermal conditions 

It has been previously discussed in earlier section how the MQE obtained at a high voltage pulse 

at 6.0 V approach those measured experimentally. Unfortunately, the unbalanced quench 

measurements were only conducted with 4.5 V heat pulses, thus the MQE for both ‘balanced’ and 

‘unbalanced’ at different currents with a 4.5 V heat pulse is shown in Figure 5.48. The same figure 

includes the MQE for ‘balanced’ condition with a 6.0 V heat pulse for comparison. Due to the 

different critical current between the ‘balanced’ and ‘unbalanced’ condition, the scattered points 

for the MQE at each current is highlighted with the current  applied. The MQE for ‘unbalanced’ 

conditions was obtanied at a high percentage of the critical current from 93% Ic (410A) to 97% Ic 

(435 A), and ‘balanced’ conditions at at a percentage of the critical current from 79 % Ic (340 A) 

to 101.2% Ic (435 A).  

Both cases show the reduction of MQE with increasing current. The MQE for the ‘balanced’ 

condition with a 4.5 V heat pulse reduced by around 10% compared with the ‘unbalanced’ case 

with the transport current from 415 A to 425A. This may be due to the reduction of the critical 

current of the Roebel cable for the ‘balanced’ condition when applying the constant heat to the 

strands (outer contacts). In reference to the ‘balanced’ condition with a 6.0 V pulse, there is more 

than 40% reduction in MQE at each current compared with pulse of 4.5 V, which demostrates a 
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reduced effect of heat diffusion on the quench of the Roebel pancake coil with high heat input 

pulses. 

 

Some papers have discussed how the current distribution may play an important role in the 

stability of a multi-strand superconducting cable like a Roebel cable [80], [84], [210], [211]. The 

Roebel cable consists of many strands with uncontinuous electrical inter-strand contact, which 

increases the complexity of current sharing and normal zone propagation during quench. A 

detailed understanding of the key parameters affecting the current distribution and stability of the 

Roebel cable is helpful in manufacturing and optimisation of its thermal design for magnets. In 

the quench measurements invistigated in this study, the response of strand voltages and contact 

voltages created aftera variety of heat pulses. In this section we investigated several ‘balanced’ 

quench measurements as examples to identify the behaviour of the strand voltages and the current 

injection terminal contact voltages to verify the redistribution of current at different stages of the 

quench. 

 Current distribution on strands 

The first quench example was performed at 410 A with a heat pulse at 6.0 V. The increasing rate 

and magnitude of all the strand voltages responding to the pulse voltage have been investigated, 

3 µV, 10 µV, 30 µV and 100 µV and assumed as 4 voltage baseline for further measurements. 

The period it takes for each strand voltage to react from its initial state (no heat on Heater 1) to 

 

Figure 5.48: ‘Balanced’ experimental MQE of the Roebel cable as a function of scaled current (1-j) with 

different transport current at 77K. 
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reach the corresponding baseline voltage (outlined above) after the heat pulse was applied on 

Heater 1 is presented in Figure 5.49. The change in voltage of V7_0 across Heater 1 is assumed 

to be the centre of the strands layout. In Figure 5.49, the strand number on the left of V7_0 shows 

the strand location based on the distance between the first voltage tap Vna (n = strand number) 

and Heater 1 from the inner turn to the outer turn. The number on the right side shows the strand 

location based on the distance between the last voltage tap Vnb (n = strand number) and Heater 1 

from the inner turn to the outer turn. The pulse starts at 0 s, and the dashed line shows when the 

pulse was swicthed off time.  

 

Figure 5.49: The time for each strand voltage to reach 3 μV, 10 μV, 30 μV and 100 μV at 410 A with a heat pulse at 

6.0 V, and the dash line shows the pulse off time. 

In Figure 5.49, each strand (x axis) takes a shorter time for the strands closer to the hot spot to 

reach the corresponding voltage, and as a results the shape of the profiles plotted for the 3 µV, 10 

µV, 30 µV and 100 µV baseline voltages are ‘V’ shaped. For instance, the change of V7_0 reaches 

100 µV in 0.5 s after the pulse is activated, and the changes of V6 and V8, (two strands adjacent 

to strand 7), both reach 100 µV in 1 s. In contrast, changes of V14 and V15, (two furthest strands 

from heater 1 on strand 7), take more than 6.5 s to reach 100 µV, and therefore the time difference 

is related to the rate of heat propagation, and the distance of the strand from the hot spot on strand 

7. Furthermore, the voltage changes that arrise in the strand located on the left of V7_0 are faster 

than in strands located on the right of V7_0. This effect is likely a result of the heater position on 

strand 7 shown in Figure 5.50, which Heater 1 is soldered at the top edge of the copper shim that 

is closer to these underneath strands (strand 8, 9,…, 13, 14), and it takes longer time for the heat 

to propagate to other strands (strand 6, 5,…,1, 15) at a further side.  
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Figure 5.50: The schematic drawing of the Robel cable coil crosssection at the location of Heater 1. 

In Figure 5.49, there are two gaps (strand 1 and strand 2, strand 14 and strand 13) in the profile 

showing the time taken for voltage to changes from 0 µV  to 3 µV (black squares). Two gaps 

represent a limitation in the initial current carrying ability of strands 14, 15 and 1 after the pulse 

is applied. In other words, it takes longer time for the normal zone extension to reach these strands. 

Consequently, there should be a corresponding and large contact voltage change in these strands, 

which would imply that current sharing is active after the heat pulse is applied due to the parallel 

connection of the strands. The delay of voltage change observed in V7_1 and V7_2, across one 

pitch of the same strand either side of V7_0, implies a reducing current in strand 7 and a long 

time for heat to propagte in a longtitude direction toward both inner and outer contacts. A fast 

voltage increasing in V7_2 is also shown in Figure 5.37, and provides supporting evidence for 

the effect caused by the location of Heater 1. In addtion, strand 15 exhibited a small voltage (>3 

µV) immediately after the heat pulse was applied and remained constant until thermal run away, 

which occurred just before the pulse was cut. However, the emergence of these small voltage 

arising just before the onset of quench have not been observed in lower currents. This may be due 

to other “hotter” strands current sharing with strand 15 at high transport currents.. 

 Current distribution on current injection contacts 

Figure 5.51 shows the changes of the inner contact and outer contact voltages for each strand after 

the heat pulse was applied at 410 A with a  6.0 V heat pulse. Six time steps, 0 s, 2 s, 4 s, 6.19 s, 8 

s and 10 s were chosen as baseline values to generate the profile, with 6.19 s defined as the pulse 

width. When comapring the strand voltages from this study, the variation in strand contact 

voltages is not monotonic.  

Figure 5.51a shows specifcally the changes of the strand inner contact voltages. The inner contact 

voltage plotted with respects to the strand number is a ‘V’ shape profile. The shape implies there 

is current redistribution evolving after the pulse is activated, with those strands located furthest 

from the hot spot on strand 7, exhibiting higher voltages and carrying morecurrent. The negative 

voltages that arises in strands 7, 8 and 9 during the initial phase of the heat pulse implies that 

current sharing in onging with other strands, and the change in sign, after the pulse is cut, implies 

that current is flowing backwards. The inner contact voltage of strand 8 starts to increase before 

the pulse is cut, and it continues to increase much faster than adjacent strands. One possibility for 

the behaviour observed in V7_2 is attributed to its proximity to Heater 1, and therefore a section 
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of strand 8 receives more heat from the hot spot on strand 7 and the inner turn of strand 8 

experiences an extension in its active normal zone. 

Figure 5.51b shows the changes in the strand outer contact voltages. The profile of voltage plotted 

against strand number is also ‘V’ shaped, but shows greater scattering, especially in the strands  

located on the left side of strand 7. Strand 12 exhibits the greatest change in outer contact voltage 

(~ 0.5 mV) when the pulse is active, which is different to the voltage profile in Figure 5.51a, 

where the greatest change in voltage arise in the furthest strand 15 (~ 0.75 mV). However, there 

are some similar behaviours (between Figure 5.51a and Figure 5.51b) that are identified. For 

instance, the outer contact voltage originating from strands on the left side, change must faster 

than in strands located on the right side, which again reinforces the influence of the heater on the 

voltage response. A negative change voltage is also observed in strands 7, 8 and 9 during the 

 

Figure 5.51: Strand contact voltage changes for a) inner contact and b) outer contact at different time after the 

pulse is applied with a transport current around 410 A and a 6.0V heat pulse, the pulse width is 6.17s. 
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initial phase when the pulse is activated. The outer contact voltage of strand 9 reduces the most 

before the pulse is cut. Strand 9 also has the highest peak voltage immediately before the pulse is 

cut, and identifying it as the most susceptible strand to quench.  

According to the changes in contact voltage at 410 A (95 % Ic) with a 6.0 V heat pulse, the inner 

contact shows more voltage changes compared with the outer contact especially after the pulse is 

cut. The field effect on the wound cable maybe one reason causing this difference. Another 

possiblity is the current sharing ability at the outer contact side is already limited by the critical 

current at high transport currents. The behaviour of current sharing is small for all the strand 

voltages and contact voltages to reduce when the transport current is also small, and in those 

strands that are located furthest from the hot spot, which maintain a higher capacity to carry 

current.  

Figure 5.52 shows changes in both inner contact voltage and outer contact voltage at 8 time steps 

after activating a 6.0 V heat pulse with a winding current of 340 A (~64 % Ic), and the pulse 

switched off at 18.44 s. Figure 5.52a shows the changes in the inner contact voltage over the same 

period and is very similar to inner contact voltage response with 410 A (Figure 5.51a).  

Figure 5.52b shows the behaviour of the outer contacts, the changes in voltage are much more 

scattered compared to Figure 5.51b (410 A), and strands 14, 13, 12 and 11 exhibit positive 

changes in voltage over the duration of the measurement. The greatest change in outer contact 

arises in strand 13 ( 0.1 mV), this is slightly lower than the corresponding voltage (~ 0.25 mV) of 

the inner contact on the same strand. The change in the inner contact voltage increase to around 

1.7 mV when the pulse is cut. Negative voltage is evdient in strands on the right side of strand 7, 

where and the changes in voltage are between -15 µV and -25 µV. This seems to suggest current 

sharing occuring between the strands on the left side of Heater 1. The changes in the outer contact 

voltage are still small compared with 9 of 15 of the inner strands, which are above 1 mV. It is 

believed that the main current sharing occurs towards the inner contact side and via inter 

uncontinues contacts among the strands, instead of the outer contact for current injection. 
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Figure 5.52: Strand contact voltage changes for a) inner contact and b) outer contact at different time after the pulse is 

applied with a transport current around 340 A and a 6.0V heat pulse, the pulse width is 18.44s. 
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Figure 5.53: The tracings of near end voltage, middle end voltage, far end voltage, top near end to top far end voltage, 

top middle end to top far end voltage, bottom near end to bottom far end voltage and bottom middle end to bottom far 

end voltage on the copper ring, current, temperatures of Heater 1 and Heater 2 for the quench measurement at around 

410 A with a 6.0 V pulse voltage. 

 

Figure 5.54: The tracings of near end voltage, middle end voltage, far end voltage, top near end to top far end voltage, 

top middle end to top far end voltage, bottom near end to bottom far end voltage and bottom middle end to bottom far 

end voltage on the copper ring, current, temperatures on strand 7 adjacent to Heater 1 and Heater 2 for the quench 

measurement at around 340 A with a 6.0 V pulse voltage. 
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contact among the strands. The local current density in each independent strand contact cannot be 

defined from the contact voltage directly. In order to eliminate this effect, the copper block and 

copper ring could be with grooves to divide the contact into 15 independent contacts as shown in 

the 2D schematic drawing in Figure 5.55. This would create a series of independent current 

transferring interfaces between the current lead and each strand  that would eliminate the current 

sharing to between strands in the jointed region.  

 

Figure 5.55: 2D schematic drawing for the current leads with grooves for Roebel cable soldering. 

 

This chapter has described the preparation of a pancake coil made from a Roebel cable and 

instrumentated with a local heater, voltage taps and thermometers. The coil was immersed in a 

bath of LN2 at 77 K to analyse its performance and quench characteristics. 

The critical current of this Roebel pancake coil is likely to be influenced by the parallel field on 

the inner turns of the coil, and where the thermodynamic condition of the coil under was called 

‘unbalanced’ condition. Additional constant heat (8.0 V) was applied with a heater on the outer 

contact to make the outer strands (used for current injection) behave in a similar voltage range as 

the inner contacts (also used for current injection). This condition for quench measurement was 

called a ‘balanced’ condition.  

The critical current at the middle of the coil was measured in both ‘unbalaced’ and ‘balanced’ 

conditions, and Ic was established as 440 A and 430 A repectiviely with no thermal run away 

observed in the strands and or the contact used for current injection. Both the inner contact and 

outer contact resistance was around 250-300 nΩ, and inner strand contact voltage traces showed 

nonlinearities when the transport current was above 200 A. The n-value of each strand in the inner 

turns of the coil was around 10.5. From studies of the current density distribution along the outer 

contact, most of the current seemed to transfer through the contacts towards the section of copper 

ring between the middle end and far end of the outer contact.  

A quench in the winding could still be induced by activating point-like disturbances such as 

localised heating (via a smaller heater) even though the Roebel pancake coil has high stability in 

LN2. A series of trial quench measurements were perfomed in both ‘unbalanced’ and ‘balanced’ 

conditions. The responses of strand voltages, strand contact voltages, heater temperatures to the 

heat pulse were invistigated. The strand voltage profiles showed the normal zone propagation and 

how the transport of heat by conduction within the coil structure developed from the hot spot. The 
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MQE of both ‘unbalanced’ and ‘balanced’ conditions were estimated, and the MQE evaulated as  

function of different transport currents and heat pulse amplitude. The studies concentrated on 

determining the MQE for the coil maintained in the ‘balanced’ condition. For the same transport 

current, the MQE increased with the reduction of the applied heating power, and the MQE  

converged to infinite when the heating power approaches to a threshold power. Thereafter, all the 

strands remained in a steady state without drifting into a thermal run away, at a lower heating 

power. The temperature difference measured for the heat pulse on and for the heat pulse off was 

linearly increasing with the increasing applied heating power. Unfortunately, the threshold power 

required to trigger the quench at a single transport current (400 A) could be performed in this 

work, and therefore leaves scope to investigate how this threshold power may vary with different 

transport current in future work. The effects of different transport current on the MQE with the 

same heat pulse amplitude applied, the MQE increased proportionally with 1-j (scaled current), 

and increased dramatically when 1-j was above 0.1, and indicated that heat diffision is significant 

at low transport currents.  

The response of the strand and the current injection contact voltages with respects to the heat 

pulse was investigated. The measurements revealed how voltages reduce on either sides of strand 

7 and around the location of the hot spot. The behaviour of these strand contact voltages implied 

that current was being redistributed during the quench event. Consistent voltage responses in the 

three contacts distributed vertically on the outer copper ring, established that current redistribution 

occured towards the inner turns of the coil. However, the parallel connections and uncontinuous 

inter connections among the strands along the coil make the anayltics of the current sharing during 

the quench rather complex. Large voltages measured in the inner strand contacts located far from 

the hot spot imply that current sharing tends to occur over a longer period of time in the inner 

turns of the coil, and in a longitudinal direction. It is suggested that in future investigations, the 

voltage across different strands in the radial direction could be measured and anaylsed to acquire 

more details of current sharing during quench and to further reinforce the findings in this work. 
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This project has studied the electrical characteristics and thermal stability of HTS winding 

applications combined with experimental works on HTS nanobond/nano-heater joints and a 

Robel cable pancake coil. For the first time, nanobond technology has been used on HTS 

winding applications at Oxford Instruments (OI). The physical properties of nanofoil 

corresponding to their nanobond applications at low temperatures have been studied, and a 

new soldering methodology, nano-heater, was developed for HTS tape soldering joints. A 2 m 

long 2G YBCO Robel cable was wounded in a pancake coil to test the quench characteristics. 

Its length was enough to produce a a full development of current sharing among strands in 

LN2 at 77 K. These works are applicable to the optimisation design of HTS windings for large 

scale electrical applications, NMR device, high energy accelerator and tokamak devices 

[186]–[188].  

 

Nanofoil provides an option for manufacturing HTS tapes soldering joints in-situ at room 

temperature. NiAl, is the main reaction product of the nanofoil. Its resistivity and thermal 

conductivity have been measured by several groups, but for the first time it has been applied 

in cryogenics. There are few papers that analyse the physical properties of nanofoil at low 

temperatures. The resistivity, thermal conductivity and heat capacity for both reacted and 

unreacted nanofoil have been measured from 4 K to 300 K by PPMS. These results have been 

evaluated and compared with the results from other research groups. The data of these physical 

properties are an important reference for geometry design parameters and performance 

evaluation of nanobond joints in HTS winding applications. 

SEM with EDX investigation and XRD patterns indicate that the different grain size and the 

existence of other phases of nickel aluminide (such as Ni2Al3) in reacted nanofoil can be the 

reason for its higher resistivity compared with bulk NiAl. The cracks or voids existing within 

the reacted nanofoil cause a variable resistivity among the reacted nanofoil samples at each 

temperature. Optical and SEM microscopy of the cross-section for the nanobond joints show 

evidence of the cracks in the reacted nanofoil were filled with sufficient solder, which 

contributes to a good thermal and electrical stability. However, an analysis of the parallel 
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electrical circuit between nanofoil and solder implies the overall contact resistance of 2G-tape 

joints was in fact dominated by the resistivity of the reacted nanofoil (NiAl). 

Both unreacted and reacted nanofoil have an obvious resistivity reduction with the decreasing 

of the temperature, and the measured thermal conductivity of reacted nanofoil is very similar 

to the thermal conductivity of 99 % pure aluminum at low temperatures (< 20 K). The Lorenz 

number and specific heat measured at room temperature, both indicate the properties of the 

unreacted nanofoil behave like the mixed phases of two metals, behaving in agreement with 

the Wiedemann-Franz law, Dulong and Petit law. However, the values of reacted nanofoil are 

larger than the metal specific constant and Sommerfeld constant at room temperature. The 

thermal resistance of one copper to copper nanobond joint, Al2O3 to Al2O3 nanobond joint and 

Al2O3 to copper solder joint have been measured from 4 K to 300 K. For the two nanobond 

joints samples, the measured results did not show any temperature dependence like the reacted 

nanofoil. The Al2O3 to copper soldering joint shows a similar trend variation between thermal 

conductivity and temperature compared with pure dense Al2O3. However, the thermal 

conduction performance of the two nanobond joint samples and copper to Al2O3 soldering 

joint presents degradation compared with reacted nanofoil. Especially for the Al2O3 to copper 

sample, there were only some point inter connections within the joint. The dissolubility of gold 

in solder alloy is considered as the reason for the soldering surface de-wetting and joint fracture. 

Lap shear tests show the mechanical properties of the nanobond joints. Shear strength of 4 

stainless steel to stainless steel dog bone lap joints were measured around 11-16 MPa. The 

homogeneous fracture of the soldered surfaces indicated good adhesion of the nanobond joints. 

Later six copper to copper (6 mm thick) nanobond joints with 240 ºC solder and 180 ºC solder 

were manufactured. The shear strength of these copper to copper nanobond joints for both two 

solders made on a hot plate at 60 ºC are around 11-15 MPa, and two samples made at room 

temperature exhibit very poor shear strength. This may imply that increasing the ambient 

temperature is helpful when attempting to fabricate a nanobond joint with good adhesion. 

Therefore, the thermal conductivity of Al2O3 and reacted nanofoil and the strong mechanical 

performance of metallic nanobond joints indicate the nanobond process is an new option for 

bonding components for cryogenic engineering. DBC Al2O3 has been used for the electrical 

insulation in first stage current lead in our 10 T variable temperature insert rig. Furthermore, 

Nanofoil is a good candidate to perform the joint without the need of warming up several times 

since the reaction takes place in a localised spot. Additional work can be done to the determine 

the lap shear strength of metallic nanobond joint samples at cryogenics temperatures or at 

room temperature after several cooling cycles. The lap shear strength of conventional 

manually soldered metallic joints and nano-heater made metallic joints can be tested to give a 

comparison of the mechanical stability of these lap joints via different methods. After the lap 

shear strength tests, the morphology of the fractured surfaces of all the specimens can be 

checked via SEM and the fracture compositions can be analysed by EDX. 
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The advantages of using nanobond for soldering HTS joints are simple manufacturing process 

at room temperature and fast energy dissipation. However, the high resistivity of reacted 

nanofoil makes it difficult to apply to HTS soldering joints directly. In order to achieve the 

requirements of good electrical and thermal transport for HTS winding applications, a new 

methodology for 2G-tape joints soldering, called nano-heater, was firstly developed. It makes 

use of the thermal energy produced during the nanofoil reaction without the foil staying 

between the two bonding components. The overall contact resistance of these new nano-heater 

made HTS joint samples, involving one 2G-tape to 2G-tape joint and two 2G-tape to copper 

joints was measured and presented in this work. The average overall contact resistance of 

nanoheater made soldered (Sn5Pb93.5Ag1.5, wt. %) joints between 2G-tape to copper was 

~350 nΩ×cm2, which is very similar with 2G-tape to copper nanobond joints’ results. The 

average overall contact resistance of nanoheater made soldered (Sn5Pb93.5Ag1.5, wt. %) joint 

between two 2G-tapes was ~130 nΩ×cm2. This value reduced more than half compared with 

2G-tape to 2G-tape nanobond joints’ results.  

A 1D analytical model for lap joints between two simple conductors was performed with a 

formula to investigate the current transfer characteristics of a lap joint. The effect of contact 

resistance, conductor resistance and joint length on current distribution and overall contact 

resistance have been studied. Later, a new joint contact voltage method was developed. A 

sliding needle was applied to trace the voltage changes continuously along the distance from 

the end of the joint to the conductor. Three 2G-tape to copper lap joints were made. Two 

samples were soldered manually, and one made with the nano-heater method. These 2G-tapes 

were cut from the strands (Bruker EST) of a Roebel cable (assembled at KIT). The contact 

resistance and current transfer characteristics between two conductors for these samples was 

estimated by curve fitting using measured voltage profiles and analytical model results. The 

current distribution within the copper conductor that was overlapped on the joint, both 

measured  and analytical model show that when a higher contact resistance ratio exists between 

two conductors for a lap joint, most of the current flows in the conductor (2G-tape) with lower 

resisitivity, and the current transfer occurs from 2G-tape to copper within the joint towards the 

end of 2G-tape. The 1D lap joint analytical model provides a formula to estimate optimal joint 

length, Lopt, for a minimum overall contact resistance. Moreover, large overall contact 

resistance (~8 μΩ) was observed for these three samples compared with lap joints using 

SuperPower 2G-tape (~ 110 nΩ) and BSSCO tape (~ 180 nΩ) with same solder (In97Ag3, 

wt. %) and a similar contact area.  

The remaining problem is that this analytical model is for a joint between two simple 

conductors, and 2G-tape was assumed as a lump conductor instead of multilayers 

(superconductor, silver and copper laminate layer) in this model. Copper resistance and contact 

resistance (solder resistance and interfacial resistance between each layer) dominate the 

overall contact resistance compared with that of  of silver and copper laminate layers. 

Consequently, a reasonable contact resistance can be estimated by using the measured voltage 

and measured copper resistance to the analytical model formula. However, in order to achieve 



CHAPTER 6 CONCLUSION AND FUTURE WORKS 

184 

a good curve fitting beween the measured voltage and the analytical model, the superconductor 

resistivity needs to be assumed as a value that makes the electrical field much higher than 1 

μV/cm at 40 A (2/3 of Ic). This may be true when the superconductor has current sharing with 

the metal matrix that is overlapped in the joint. Then if Ag/YBCO interfacial resistance and 

copper stabiliser resistance were known, the analytical model can be developed for a joint 

between two multilayer conductors. In future works, the overall contact resistance of lap joints 

with different solder (such as Sn60Pb40, wt. %) can be measured at different temperatures, in 

order to evaluate the performance of nano-heater made soldering joints for 2G-tapes.. 

 

A Roebel cable can transport a higher current compared with isolated HTS tapes allowing a 

reduction in the number of turns of coils and providing the same fields with smaller inductance 

[9]. For single isolated HTS wires, the 1D quench characteristics of adiabatic systems have 

been widely studied via both experimental and analytical model by several research groups. 

But for Roebel cables, it is found that the traditional method of experimental quench studies 

on adiabatic short conductors becomes impractical due to the non-continuous touch contacts 

among the strands and the more complex current sharing and normal zone propagation present 

in the cable. We developed a new method to study the performance and quench characteristics 

of a 2 m long 2G YBCO (Bruker EST) Roebel cable (assembled at KIT) in LN2 at 77 K. This 

cable was co-wound with fiberglass ribbon into an adiabatic pancake coil via epoxy 

impregnation. The quench characteristics of Roebel pancake coils are important to real 

applications, and the VI characteristics and critical current measurement results can provide 

information that can be readily dealt with by a suitably developed computer modelling. 

The VI characteristics and critical current of this pancake coil have been studied in LN2. Both 

the overall inner and outer contact resistances were between 250-300 nΩ. The strand inner 

contact voltages start to present a nonlinearity when the transport current was above 200 A. In 

order to make the outer current injection contact voltages to reach a similar scale a constant 

heat (8.0 V) was applied on the outer contact, establishing a ‘balanced’ condition. However, 

not all the strand contact voltages increase to a similar range, and the increasing of both inner 

and outer contact voltages of some strands seems to be related to the current redistribution in 

the Roebel cable. Fortunately, these changes have a minimum effect on the thermal stability 

in the middle of the coil. Another problem is the current distribution on the outer contact 

copper ring. The polarity of the local longitudinal voltages along the copper ring implies that 

there was current flowing opposite to the current direction within the Roebel cable. The 

COMSOL models indicate there would be a high possibility of an inhomogeneous current 

injection between strand and copper ring due to an uneven soldering contact. 

A set of quench measurements were perfomed in both ‘unbalanced’ and ‘balanced’ conditions 

for this Roebel pancake coil in LN2 at 77 K. The responses of strand voltages, strand contact 

voltages and temperatures to the heat pulse have been studied. The strand voltage profiles 

show the normal zone propagation and heat distribution within the coil from the hot spot. The 
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MQE as a function of different transported currents from 350 A to 425 A in the ‘balanced’ 

condition has been studied. MQE increases with the increasing of 1-j (scaled current), and it 

increases dramatically when 1-j is above 0.1. At a transport current of 400 A, the MQE 

increases when reducing the heating power until MQE is going to infinte when the heating 

power approaches to a minimum power that can induce a quench. Afterwards, all the strands 

keep steady state without thermal runaway with the continuous reduction of the heating power. 

The Roebel cable has a much higher thermal stability due to a 100 times larger MQE at the 

same percentage critical current, compared with a single HTS conductor. The parallel 

connection and uncontinuous point inter connections among the strands along the coil make a 

complex current sharing profile during the quench process. Strands that are far from the hot 

spot have large inner contact voltages. These large voltages seems to be accumulated from the 

current sharing among the strands during a long period in the inner turns of the coil in the 

longtitudal direction. 

The reduction of both strand voltage and strand contact voltage on some strands that were 

close to the hot spot suggest a current sharing with other strands during the quench. The 

increasing in the voltage of a strand may be due to the increasing current or the thermal 

runaway, especially for inner turns of the coil suffering higher field compared with the outer 

turns. This makes difficult the study of the current redistribution among the strands. Applying 

constant heat on outer the contact for a ‘balanced’ condition makes it possible to investigate 

contact voltage changes when a point hot spot was induced in the middle of the coil. The study 

of combined results of strand voltage changes and two injection contact voltage changes 

indicate that the current sharing tends to be along the inner turns of the coil in a longitudinal 

direction. For future work, the local changes of voltage polarity among different strands can 

be investigated to trace the current sharing among nearby strands when a heat disturbance is 

applied in the middle of the coil. Later this pancake coil will be tested to measure the critical 

current and quench characteristics in a 10 T variable temperature insert rig. Furthermore, if a 

new Roebel cable sample was used to make a new coil, the copper block and copper ring for 

current injection could be cut with grooves to match the face of each strand current transfer 

section. This design can limit the current sharing among the contacts. Placing local pairs of 

voltage taps on the copper ring can trace the voltage changes to estimate local current density 

changes. 
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MATLAB code is used to investigate current transfer characteristics of lap joint by using SLM 

function in section 4.4.2.3. 

% The data of L(:,1) and V(:,1) for the measured voltage V(x) versus the distance from left end joint. 

[slm_1(:,1),Xp(:,1),Yp(:,1)]=slmengine(L(:,1),V(:,1),'plot','on','degree',3,'knots',n,'increasing'

,'on','leftvalue',0,'concaveup','on','rightslope',slope); 

Yp(:,1) = slmeval(Xp(:,1),slm_1(:,1)); 

plotslm(slm_1(:,1)); 

% Create and plot SLM spline approximation of V(x). 

% ‘knots' - controls the number of knots used, or the number of equally spaced knots. 

% ‘degree’ - controls the degree of the piecewise Hermite function. 

%         = 'constant' --> Use a piecewise constant "Hermite"  

%         = 'linear' --> Use a piecewise linear Hermite  

%         = 'cubic' --> Use a piecewise cubic Hermite  

% As a concession to memory, valid synonyms for 'constant', 'linear', and 'cubic' are respectively  

% integers 0, 1, & 3. 

% 'increasing' - controls monotonicity of the function. 

% leftvalue' - controls the function value at its left hand endpoint. 

% 'concaveup' - controls curvature of the function. 

% 'rightvalue' - controls the function value at its right hand endpoint basing on the slope for the linear  

% curve fitting with measured V(x). 

dYp(:,1) = diff(Yp(:,1)); 

dXp(:,1) = diff(Xp(:,1)); 

xlabel Displacement; 

for i=1:1:1000 

X(i,1)= (Xp(i,1)+Xp(i+1,1))/2; 

Y(i,1)= dYp(i,1)/dXp(i,1); 

end 

plot(X(:,1),Y(:,1),'b') 

% Create and plot differential function SLM_V’(x). 
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