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Introduction 
 

In the last years, the development of high field magnets involving an innovative layout is 

taking place. This layout is based on the winding of wires shaped as tilted solenoidal layers, 

fed with opposite current, causing the generation of a transverse dipolar or multipolar 

magnetic field. This special class of magnets, called Canted Cosine Theta, is widely studied 

especially in view of the developments of high field magnets for future high energy colliders, 

as well as applications in medical and electrical fields.  In the Genoa area, a project called 

BISCOTTO, an acronym for BiSCCO Cosine Theta Tilted sOlenoid, is going on with the aim to 

develop CCT technologies. 

In particular, the final aim of the BISCOTTO project, born from the collaboration between the 

Genoan and Milan sections of INFN and CNR-SPIN Genoa, is the development of the key 

technologies to be involved in the design and construction of a superconducting canted cosine 

theta magnet involving HTS conductors. Since the present technology on HTS conductors 

shows that different types of promising conductors could be used ( 𝐵𝑖𝑆𝐶𝐶𝑂 − 2212 wires, 

𝑅𝑒𝐵𝐶𝑂 tapes and 𝑀𝑔𝐵2 wires) and since the development of the magnet cannot be 

separated from the conductor, both a CCT with 𝐵𝑖𝑆𝐶𝐶𝑂 wire and with 𝑀𝑔𝐵2 wire are studied. 

It is worth mentioning that the development of technologies for HTS magnets has a more 

general value also beyond this specific objective because the use of HTS material for any kind 

of magnet layout would have a significant impact in much wider fields. 

As already said, the design of a CCT HTS magnet cannot be decoupled from the construction 

techniques, which have many critical aspects. The Wind&React technique for 𝐵𝑖𝑆𝐶𝐶𝑂 is 

needed. This means that the winding operation is not so problematic because the conductor 

is not heat treated yet, but the heat treatment of the whole magnet is critical for possible 

degradation due to thermomechanical reasons. Moreover, the design of the HTS magnet 

requires detailed knowledge of the critical current density of the conductor as function of 

temperature, magnetic field and strain (see Chapters 2 and 3 for more details about those 

behaviours in 𝐵𝑖𝑆𝐶𝐶𝑂 wires). Due to these difficulties, the construction of a full magnet is 

too premature and, in any case, would require a long length of conductor not developed yet. 

The choice of the 𝑀𝑔𝐵2 beside 𝐵𝑖𝑆𝐶𝐶𝑂 was took to start the study of this problem with a 

well-known and cheap conductor. The construction of a small model with two layers of a 

𝐵𝑖𝑆𝐶𝐶𝑂 wire and/or an 𝑀𝑔𝐵2 wire is feasible and would allow to understand and to solve 

some very basic problems.  

This work is mainly focused on the development of high performances 𝐵𝑖(2212) wires, 

manufactured avoiding the use of any Over Pressure (OP) treatment, to be involved in the 

design and construction of a Canted Cosine Theta (CCT) solenoids.  

There are several important motivations and interesting application fields for this kind of 

magnet, from particle physics to medical or electrical applications, and the development of 

CCT solenoids based on HTS conductors would open new horizons in those areas. 

Coming to the structure of this thesis, after a brief and general introduction on 

superconducting wires and magnets (Chapter 1), the manufacturing and optimization of 



𝐵𝑖(2212) wires through the easily industrial scalable PIT technique, specifically with the 

“Groove Die Groove” (GDG) process developed at CNR-SPIN in Genoa, is presented in detail 

in Chapter 2. Besides, a complete characterization of the transport properties of wires with 

useful performances for application is reported both vs the applied magnetic field (up to 7 𝑇) 

and the temperature, in a range between 4.2 𝐾 up to 20 𝐾. 

Regarding magnet development, the most common solution to achieve the desired overall 

current in superconducting magnets is to arrange the superconducting wires into cables. One 

of the most used designs for cables is the Rutherford architecture. This kind of cable is a good 

balance between a limited wire deformation and good cable compaction. Nevertheless, some 

superconducting materials, such as 𝑁𝑏3Sn or 𝐵𝑖(2212), suffer the cabling operation in 

reducing 𝐽𝐶  carried by single wires. One of the challenges we face is trying to understand if 

𝐵𝑖(2212) wires made with an innovative process developed at CNR-SPIN and called GDG 

process can be arranged into a Rutherford-like cable without a remarkable properties 

degradation.  

In Chapter 3, the effects of the mechanical deformations induced on wires by the cabling 

process are studied. In order to get that, a series of wires has been flattened by flat rolling. 

The relative transport properties have been measured as a function of the level of applied 

deformation. Moreover, the correlation between the distribution of the force accumulation 

inside the wires, evaluated through finite element simulations made with Ansys™ code, and 

the experimental obtained critical current densities is described. 

Understanding the interplay between the distribution of the forces and the superconductive 

properties of the wires is of utmost importance for the development of high-quality cables. 

In the end, Chapter 4 is dedicated to the first steps done in the design and construction of a 

CCT solenoid prototype made of two different HTS conductors. 
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1 Chapter 1: Superconducting wires general overview 
 

Superconductivity is a strange and remarkable phenomenon whereby certain metals, alloys 

and composites become perfect conductors of electricity when cooled down to very low 

temperatures. 

The potential of superconductors for magnet applications was recognized immediately after 

the original discovery, more than a century ago, and become a reality in the late 1950𝑠 and 

early 1960𝑠.  

The discovery of superconductors that can carry current at a density orders of magnitude 

higher than conventional conductors in the presence of high magnetic fields with no power 

dissipation led to numerous applications. Resistive magnets are capable of achieving high 

fields but at the expense of enormous power consumption. In principle, the only power 

required by a superconducting magnet is for the refrigeration necessary to cool and maintain 

the magnet at liquid helium or nitrogen temperature. However, dissipative effects can take 

place during field or current transients to be considered in some specific applications. 

Superconducting magnets find a wide variety of applications in areas of basic science, 

medicine and electrical propulsion. In the past decade, there have been remarkable advances 

in these applications. 

 

1.1 Basic parameters for Superconductors for Applications 
 

Superconductivity was discovered in 1911 and is a phenomenon that causes the electrical 

resistance in certain materials to reduce to zero below a critical temperature 𝑇𝐶  and a critical 

magnetic field 𝐵𝐶. A second characteristic aspect is related to the exclusion of the magnetic 

flux from the material bulk. The transition normal-to-superconductor is generally 

characterised by an energy density of condensation given by 
𝐵𝐶

2

2𝜇0 
⁄ . 

Superconductors can be divided into two groups: Type-I and Type-II. The first typically 

contains elements (like Mercury, Lead, Aluminium…). The second group comprises some 

elements (e.g. Niobium), alloys and compounds such as 𝑁𝑏3𝑆𝑛, 𝑅𝑒𝐵𝐶𝑂 and 𝑁𝑏𝑇𝑖. The two 

groups distinguish themselves in their behaviour in magnetic field. When a magnetic field is 

applied to a Type-I superconductor below its critical temperature, it generates a current on 

its surface that fully shields the magnetic field. This phenomenon is called Meissner-

Ochsenfeld effect. 

When the magnetic field is increased further, beyond the critical field 𝐵𝐶, the currents are no 

longer able to shield the magnetic field, causing the material to lose superconductivity. In a 

Type_ii superconductor, the critical field is split into two critical fields 𝐵𝐶1 and 𝐵𝐶2. Beyond 

the first critical field 𝐵𝐶1 (which is much lower than 𝐵𝐶 in Type-I) the magnetic field is allowed 

to penetrate the material through the so-called vortices, each containing a single flux 

quantum Φ𝑜 =
ℎ

2𝑒
. The vortices (or fluxons) are generated by circulating local electrical 



shielding currents, allowing the normal state at their centres to exist. This is called the 

“Abrikosov Effect”. The resulting mixed state, with normal conductivity inside the vortices 

surrounded by material in the superconducting state, is stable and thus allows 

superconductivity to be maintained up to a very high upper critical magnetic field 𝐵𝐶2 making 

Type-II superconductors crucial for practical applications. All the critical fields mentioned 

above are a decreasing function on the temperature. In particular, for the upper critical field 

of Type-II superconductor, it is possible to write  

 
𝐵𝐶2 = 𝐵𝐶20 [1 − (

𝑇

𝑇𝐶|(𝐵=0 𝑇)
)

𝑛

] 

 

1.1 

with 𝑛 = 1.7 for most alloy compositions. 

The existence of two kinds of superconductors is strictly connected with two characteristic 

lengths, which can be derived from a time-independent theory developed by Ginzburg and 

Landau on the basis of thermodynamical arguments involving the Gibbs free energy [1]. The 

first characteristic length is the London penetration depth 𝜆𝐿, that can be derived through a 

simpler approach developed by London before the Ginzburg-Landau theory (see [2] for more 

details). 𝜆𝐿 is the length it takes for the applied magnetic field to decrease in a superconductor 

with a factor 1 𝑒⁄  from the interface Normal-Superconductor. The second characteristic length 

is the coherence length 𝜉𝐺𝐿 that gives an indication of how big the vortices in a vortex phase 

superconductor are. The discrimination is the ratio 𝑘 between the penetration length 𝜆 and 

the coherence length 𝜉 

  

𝑘 =
𝜆

𝜉
  →   

{
 
 

 
 𝑖𝑓 𝑘 ≤

1

√2
        → 𝑇𝑦𝑝𝑒 − 𝐼

𝑖𝑓 𝑘 >
1

√2
        → 𝑇𝑦𝑝𝑒 − 𝐼𝐼

 

 

1.2 

With a simpler approach, it is not difficult to find that if the penetration length is small 

compared to the coherence length, the formation of a single interface Normal-

Superconductor is energetically not favourable. On the contrary, if the coherence is small 

compared to the penetration length, the formation of vortices inside the bulk is favourable. 

The coherence length depends on the purity of the material. It can be shown that the 

dependence of the 𝜉 on the mean free path 𝑙 is: 

 

𝜉(𝑙) =
𝜉0𝑙

𝜉0 + 𝑙
=    {

𝜉0         𝑓𝑜𝑟 𝑙 ≫ 𝜉0      → 𝑐𝑙𝑒𝑎𝑛 𝑙𝑖𝑚𝑖𝑡

𝑙         𝑓𝑜𝑟 𝑙 ≪ 𝜉0      → 𝑑𝑖𝑟𝑡𝑦 𝑙𝑖𝑚𝑖𝑡  
 1.3 

 

where 𝜉0 is the coherence length of the pure material at 0 𝐾 and 0 𝑇. In an ideal Type-II 

superconductor in the mixed state, carrying a transport current with density 𝐽 and in the 

presence of a magnetic field 𝐵, each vortex, imagined as cylindrical surface carrying a current 
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of super-electrons, will begin to move at speed determined by the balance between the 

applied force due to the transport current, and that of the viscous friction due to the mutual 

interaction of the vortices themselves. The movement of the vortices can however be stopped 

by the so-called pinning centres: metallurgical defects, vacancies, grain surfaces, voids and 

other irregularities in the superconductor form a barrier that cannot be crossed by vortices 

until the force that moves them does not reach a certain critical value. The existence of this 

pinning force gives rise to macroscopic gradient in magnetic flux density and irreversible 

magnetic behaviour, i.e. the number of vortices present differs from that at thermodynamic 

equilibrium and strongly depends on the magnetic history of the sample. At the equilibrium 

it can be written the equation: 

 
𝑃𝑉 = −𝑃𝐷 = 𝐵 ⋅ 𝐽𝐶 = 𝐵

𝜕𝐻

𝜕𝑥
= 𝐵

𝜕𝐵

𝜕𝑥

1

𝜇0
  

 
1.4 

where 𝑃𝑉 is the pinning force balanced by the Lorentz force 𝑃𝐷, directly proportional to the 

magnetic field and to a characteristic current density called critical current density 𝐽𝐶 . Later 

the concept of critical current density will be more deeply discussed, but now it is essential to 

focus on the fact that the critical current density is a decreasing function of both magnetic 

field and temperature according to a general relation like 

 
𝐽𝐶(𝐵, 𝑇) ∝

1

𝐵
(

𝐵

𝐵𝐶2(𝑇)
)
𝛼

(1 −
𝐵

𝐵𝐶2(𝑇)
)
𝛽

(1 − (
𝑇

𝑇𝐶0
)
𝛿

)

𝛾

 

 

1.5 

where 𝛼, 𝛽, 𝛾 and 𝛿 are coefficients depending on the material. 

 

1.1.1 𝐵𝑖2𝑆𝑟2𝐶𝑎𝑛−1𝐶𝑢𝑂2𝑛+4  
 

Discovered in 1987, the Bi-based high-temperature superconducting phases constitute one 

of the well-known families of layered compounds, where the superconductivity takes place in 

the Cu-O planes. The exciting aspects of this system are multiple. First, some of the phases 

have very high critical temperatures 𝑇𝐶, which is extremely attractive for studying practical 

applications both at the liquid nitrogen temperature (77 K) and the liquid helium temperature 

(4.2 K). moreover, these phases grow into platelet-like grains, which are much easier to 

texture than, for instance, the more cubic-like grains typical of Y-, Hg- and Tl-based 

superconductor families. 

However, the main inconvenience of the Bi-based superconducting phases is their extremely 

high anisotropy of the superconducting properties that has a negative influence on the 

irreversibility field. Without introducing artificial pinning centres, any practical application at 

77 K of these superconductors cannot involve magnetic fields greater than 1-2 Tesla, oriented 

perpendicular to the plane of the material in which the current flows.  



1.1.2 Crystal structure and properties of Bi-based superconductors (2201, 2212, 

2223) 
 

Members of the Bi-based superconductor family can be all represented by the general 

formula 𝐵𝑖2𝑆𝑟2𝐶𝑎𝑛−1𝐶𝑢𝑛𝑂2𝑛+4 with n=1,2,3 [3]. The critical temperature 𝑇𝐶  of these 

compounds increases with the number of 𝐶𝑢𝑂 planes. The single layer compound  (𝑛 = 1), 

which is generally designated by 𝐵𝑖(2201), has a 𝑇𝐶  value that strongly depend on the oxygen 

content and can vary between 7K and 22K. The double-layer phase ( 𝑛 = 2 ) , designated by 

𝐵𝑖(2212), has a 𝑇𝐶  varying between 50𝐾 and 95𝐾, again depending on the oxygen content. 

The triple layer phase ( 𝑛 = 3 ), or 𝐵𝑖(2223) has a 𝑇𝐶  of about 110𝐾 that, in contrast to the 

other two compounds, is slightly oxygen dependent. 

In Figure 1-1 structures of 𝐵𝑖(2201), 𝐵𝑖(2212) and 𝐵𝑖(2223) are shown. All these three 

phases have a pseudo-tetragonal cell, with the 𝑐-axis generally perpendicular to the 𝐶𝑢𝑂 

planes, and the 𝑎 and 𝑏 axis oriented in the 𝐶𝑢𝑂 planes. The 𝑎 and 𝑏 axis have about the 

same values of 5.4 Å for all the compounds of the family that differ only by the number of 

𝐶𝑢𝑂 layers dividing the 𝐵𝑖-𝑂 and 𝑆𝑟-𝑂 blocks. The 𝑐 axis varies from 24.6 Å for 𝑛 = 1, to 

30.9 Å for 𝑛 = 2, and 37 Å for 𝑛 = 3. The large difference between 𝑎 (and 𝑏) and  𝑐 axes 

favorites the growth of the grains along the 𝑎𝑏 plains, which leads to the typical platelet-like 

shape.  

 

 

Figure 1-1 Crystal structure of the main superconducting compounds of the Bi-based family. 
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1.2 Multi filamentary wires  

1.2.1 Fine filaments 
 

The reason for producing wires made of fine filaments is related to the magnetic instabilities 

causing a superconductor to suddenly go to normal state (quench), an effect called flux jump. 

In order to understand the basic mechanisms of flux jump, it has to be recalled that the 

pinning effects causes equilibrium when the pinning force on vortices is balanced by the 

Lorentz Force. This situation can be described, in other words, as a bulk shielding of the 

magnetic field with a constant current density 𝐽𝐶 , or though the equation ∇ ×  �⃑� = 𝜇0𝐽�̅� , 

which represents the basic equation of the so-called Critical State Model [4]. As consequence 

of this equation, the magnetic field as function of the position inside a superconductor is 

linear (if 𝐽𝐶 = 𝑐𝑜𝑛𝑠𝑡) as shown in Figure 1-2 (a). 

 

Figure 1-2 (𝑎) A superconducting semi-infinite slab (Type-II with pinning centres) of thickness 2a  immersed in increasing 
magnetic field parallel to the slab surface. The magnetic field inside the slab is shielded according the critical state model. 
The slope of the magnetic field is directly proportional to the critical current density. (𝑏) As consequence of a disturbance the 
temperature is increased of 𝛥𝑇 and the critical current has decreased of −𝛥𝐽𝐶. The slope of the magnetic field is decreased. 
From [5] 

In case a disturbance causes an increase of temperature, the critical current decreases and 

the magnetic field is less shielded. Looking at Figure 1-2 (b) in the orange region the vortices 

penetrate the sample. 

A very fundamental feature for the pinned superconductors is that for any vortex movement 

a dissipation takes place. The reasons are complex, but it can be made the simple 

consideration that in their movement the vortices shall go through pinning centres, so into 

region where the superconductivity is depressed and where the Joule dissipation take place. 

From a practical point of view this dissipation can be simply calculated considering the 

electrical field generated by the magnetic flux variation 

 

𝐸(𝑥) = −ΔΦ̇(𝑥) → Δ𝑄𝑡𝑜𝑡 =
1

𝑎
∫𝐸(𝑥)𝐽𝐶  𝑑𝑥 =  −

1

𝑎
∫ΔΦ̇(𝑥)𝐽𝐶  𝑑𝑥

𝑎

0

𝑎

0

̇

 

 

1.6 



The result of the critical current decrease, and then of the magnetic flux variation, is a 

dissipation causing a further temperature increase Δ𝑇∗, causing a further penetration of the 

magnetic flux with a cascade process (Flux Jump) leading to a complete trantition to the 

normal state. A deeper analysis of the temperature shows that this process can be avoided or 

limited if the thickness of the slab is enough thin. In this case, Δ𝑇∗ < Δ𝑇 and the progressive 

temperature rise can converge to a value less than the critical temperature. The condition 

leading to Δ𝑇∗ < Δ𝑇, so limiting the flux jump, is: 

 

𝑎 ≤
1

𝐽𝐶
√

3𝛾𝐶(𝑇𝐶 − 𝑇)

𝜇0
 1.7 

where 𝛾 is the superconductor mass density and 𝐶 is the specific heat. 

Generally, the filaments diameter, i.e. the value of 2𝑎, in low Tc  superconducting wires ranges 

from a few microns to about 50 𝜇𝑚. In some cases, filaments as large as 100 𝜇𝑚 can be 

found. 

 

1.2.2 The resistive matrix 
 

In the previous section the reasons why a superconducting wire must be subdivided into many 

(from hundred to several ten thousand) fine filaments have been shown. From a practical 

point of view, the only way to obtain a structure made of fine filaments is to include them in 

a metallic matrix. In fact, the role of the matrix is much more than keeping together the 

superconducting filaments. The matrix must be made of a low-resistivity material to act as a 

current shunt in case of transition of the filaments to the normal resistive state. This shunting 

is necessary to limit power dissipation by the Joule effect and the conductor heating. The 

resistivity of a superconductor in its normal state is usually much higher than the low-

temperature resistivity of regular metals such as copper, aluminium or silver. In addition, the 

matrix helps composite stabilization against flux jumps. 

 

1.2.3 Twisting 
 

When a multi-filamentary wire is exposed to a time-varying magnetic field normal to its axis, 

current loops superimposed to the transport current can take place. Considering a strand 

made of parallel untwisted filaments, these inter-filamentary coupling currents circulate 

along a given filament on one side of the wire, cross through the low-resistivity matrix and 

come back along another filament on the other side of the wire (Figure 1-3). 

Even if the coupling currents are not permanent (because they cross a resistive path), there 

are two problems caused by them. First of all, the coupling currents sum to the transport 

currents and can cause the total current to exceed the critical value. This occurrence is quite 

possible considering that the wire unit length in a magnet coil usually exceed 1 𝑘𝑚, the 
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surface embraced by the coupling current loops are very large, thereby resulting in large 

coupling currents. The second problem is related to the flux shielding: Figure 1-3(a) shows 

that if the filaments are magnetically coupled, the multi-filamentary wire behaves as a single 

filament, losing the subdivision's advantages in filaments and exposing the wire to flux 

instabilities. In order to reduce the problem caused by the coupling currents, the wire can be 

twisted as shown in Figure 1-3(b). In twisted wire, the magnetic flux embraced by the induced 

current loops changes sign every half-twist pitch. If the twist pitch is very short (typically of 

the order of 20 to 30 times the wire diameter), there is not enough space for significant 

transverse currents to build up through the matrix between sign reversals, and the problem 

disappears. 

 

Figure 1-3 Sketch of (a) a hypothetical strand made of untwisted filaments and of (b) a twist-ed filaments strand. The arrows 
represent the inter-filamentary currents flows in both scenarios.  

 

1.3 The meaning of the critical current density 
 

As pointed out in Section 1.1, the critical current density is strictly related to the pinning 

mechanism. Here will be discuss how the macroscopic current density and the measured 

voltage-current characteristics are related to the pinning and to the dynamic effects caused 

by thermal activation. 

 

1.3.1 Flux pinning and thermal activation 
 

From a very schematic point of view, a single vortex is attracted and pinned by a lattice defect 

because, in the zone of the defect, the superconductivity is depressed or vanishes. If a vortex 

occupied a defect, there is a gain of energy given by the condensation energy in a volume 𝑉𝑝 

related to the volume defect: 

  1.8 



𝑈0 = (𝑓𝑛 − 𝑓𝑠) ⋅ 𝑉𝑤𝑒𝑙𝑙 =
1

2
𝜇0𝐻𝐶2

2 ⋅ 𝑉𝑝 

 
with 𝑓𝑛 and 𝑓𝑠 Gibbs energy density for the normal state and the superconducting one, 

respectively. The probability that the vortex can escape from the pinning centre shall be 

proportional to exp (− 
𝑈0

𝑘𝐵𝑇⁄ ). 

Any thermal perturbation increases this probability. In the presence of a current density 𝐽 the 

Lorentz force 𝐹𝐿 reduces the potential well of an energy 𝑈𝐿: 

 𝐹𝐿
⃑⃑  ⃑ = 𝐽 ext ∧ �⃑� → 𝑈𝐿 = 𝐹𝐿 ⋅ 𝑎 = 𝐽𝑒𝑥𝑡𝐵 ⋅ 𝑎 1.9 

 

Here 𝑎 is the distance between the pinning centres. In this situation, the frequency of the 

vortices jumping in the direction of the force, the so-called flux creep, can be written as: 

  

𝜈 = 𝜈0 𝑒
− 

𝑈
𝑘𝐵𝑇 = 𝜈0𝑒

− 
𝑈0−𝑈𝐿
𝑘𝐵𝑇 𝜈0𝑒

− 
𝑈𝑒𝑓𝑓

𝑘𝐵𝑇  
 

1.10 

Here 𝜈0 is the characteristic frequency and 𝑈𝑒𝑓𝑓 is the effective pinning energy. The pinning 

volume 𝑉𝑝 dimension depends on the pinning structure dimension 𝑏 and from the material 

coherence length 𝜉. [6] 

In particular: 

  

𝑉𝑝 = {

𝑏3      𝑖𝑓      𝑏 < 𝜉

𝑏𝜉2      𝑖𝑓      𝑏~𝜉

𝜉3      𝑖𝑓      𝑏 ≫ 𝜉

 

 

1.11 
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Figure 1-4 Exemplification of the pinning energy curve in one dimension space, for different current flux conditions: up to 
down, no current, a flux current indicatively half the critical one, and a flux current equal to the critical one. 

The optimal pinning dimension is 𝑏 ∼ 2 ⋅ 𝜉(𝑇, 𝐵), while the best normal conducting 

percentage inside the superconducting material is 25 − 35%. 

Experimentally, the different behaviour of the vortices dynamics inside the superconductor 

bulk can be observed through the voltage dependence on the current flowing in it. For current 

less than the critical current 𝐼𝐶  there is no kind of resistance, and so no voltage drops. In Figure 

1-5 the Voltage-Current relation can be observed in the whole current range. The critical 

current for a superconducting structure carrying current is defined as the current for which a 

tiny resistive effect can be observed. As a matter of fact, the resistive effects appear in a very 

smooth way and for a resistivity range of many decades with the superconductors in flux 

creep state. The expected 𝑉 − 𝐼 (or 𝐸 − 𝐽) characteristic is discussed in the next section. 

 

1.3.2 The 𝑉 − 𝐼 characteristic and the 𝑛-value 
 

In the case of flux creep, a macroscopic magnetic flux variation is observed, and consequently, 

an electrical field 𝐸 = −𝜈𝐵𝑎 appears. Considering the dependence of the vortices jumping 

frequency, from a pinning centre to another, on the pinning energy 𝜈(𝑈𝑒𝑓𝑓) the electrical 

resistivity can be expressed as: 

 
𝜌 =

𝐸

𝐽
=

𝐵𝑎

𝐽
𝜈0𝑒

− 
𝑈0−𝑈𝐿
𝑘𝐵𝑇 = 𝜌0𝑒

− 
𝑈0−𝑈𝐿
𝑘𝐵𝑇  1.12 



 

Figure 1-5 Graphic of the Voltage-Current relation in four different regimes: superconducting state, where 𝑉 = 0,  flux-creep 

regime where 𝑉 ∝ 𝐼^𝑛, flux-flow regime where 𝑉 ∝ (𝐼 − 𝐼𝑓𝑙𝑜𝑥
𝑓𝑙𝑢𝑥

)   and the normal conductive state where 𝑉 ∝ 𝐼 

From equation 1.12 it can be seen that a Type-II superconductor with pinning centres is 

potentially resistive. More interesting information comes from the analysis of the term 

𝑈𝑒𝑓𝑓 = 𝑈0 − 𝑈𝐿 in the exponential of the same equation. 

Let’s consider the current density 𝐽0 causing the pinning energy to go to zero; in this case  

𝑈0 = 𝐽0𝐵𝑉𝑎. For a given current density 𝐽, it can be written: 

 𝑈0 − 𝑈𝐿 = 𝐽0𝐵𝑉𝑎 − 𝐽𝐵𝑉𝑎 = 𝑈0 (1 −
𝐽

𝐽0
) 1.13 

If 𝐽 is very close to 𝐽0, the effective pinning energy can be more conveniently written as  

𝑈0 − 𝑈𝐿 = 𝑈0 ⋅ ln (
𝐽0

𝐽
). With this relation, the electrical field can be written as: 

 
𝐸 = 𝜌 ⋅ 𝐽 = 𝜌0𝑒

− 
𝑈0
𝐾𝑏𝑇

⋅ln(
𝐽0
𝐽
)
⋅ 𝐽 1.14 

Considering that when  𝐽 = 𝐽𝐶  the electrical field is the critical one 𝐸(𝐽𝐶) = 𝐸𝐶 =

𝜌0𝑒
− 

𝑈0
𝐾𝑏𝑇

⋅ln(
𝐽0
𝐽
)
 and setting 𝑛(𝐵, 𝑇) = 𝑈0/𝑘𝐵𝑇, the electrical field can be written as: 

 
𝐸 = 𝐸𝐶

𝐽

𝐽𝐶
𝑒

𝑛(𝐵,𝑇) ln(
𝐽
𝐽𝐶

)
= 𝐸𝐶 (

𝐽

𝐽𝐶
)
𝑛+1

 1.15 

This is the well-known power dependence of the electrical field on the current. The power 𝑛 

is usually called 𝑛 − 𝑣𝑎𝑙𝑢𝑒 or quality index because its value gives an indication of the quality 

of the filament. For ideal filament, the 𝑛-value is only determined by the intrinsic properties 



17 
 

of the superconductor and depends on the pinning energy. For not ideal filaments, the 𝑛-

value decreases from its ideal value. 

 

1.3.3 The critical current measurement 
 

As explained in the previous subsection, the critical current is related to particular vortices 

dynamic, the so-called flux creep, extending on a wide range of the electrical field. Within this 

range, tagging a current as the critical current of a conductor at a peculiar magnetic field and 

temperature is somehow arbitrary and different criteria exist. The criterion used in this work 

is the so-called Electric Field Criterion, also defined as Voltage Criterion [7]. According to the 

Voltage Criterion, the Critical Current 𝐼𝐶  is defined as the current corresponding to an electric 

field of 10−5 𝑉/𝑚 or 10−4 𝑉/𝑚 depending on the material. [5] For HTS conductors, the 

criterion for the 𝐼𝐶  is set to 10−4 𝑉/𝑚=1 𝜇𝑉/𝑐𝑚. Those  are not the only possible choices: for 

large scale applications, a power criterion could be useful to relate the suitable working 

current with the limits of the adopted cryogenic system. 

 

Figure 1-6 Example of a V-I curve. Measure of an 𝐴𝑀𝐵𝐼041𝐵𝐴 sample at 7 𝑇 and 4.2 𝐾. In black are the measured points, 
in red the fitted 𝐼𝑛  curve. 

In Figure 1-6 is presented a typical measurement curve. In the present example, for a current 

𝐼(𝐵, 𝑇) < 𝐼∗(𝐵, 𝑇) = 125 𝐴, the voltage measured remains constant: i.e. 𝑉(𝐼 < 𝐼∗) <

0.05 𝜇𝑉/𝑐𝑚. As soon as the current 𝐼(𝐵, 𝑇) > 𝐼∗(𝐵, 𝑇) a voltage drop could be measured: it 

is the beginning of the transition between the Superconducting and the Normal conducting 



state. As described in section 1.3.2, the 𝑉 − 𝐼 curve enters in the flux creep regime, where 

𝑉(𝐼) ∝ 𝐼𝑛 according to equation 1.15.  

The Critical current 𝐼𝐶  of 𝐵𝑖𝑆𝐶𝐶𝑂(2212) wires is usually measured through the four-probe 

technique. Current contacts are placed at both ends of the wire soldering them directly to 

the silver sheath; this is the best and easy way to obtain a low resistance contact in order to 

avoid the sample heating due to the high flowing current. 

Usually, two voltage taps are placed between the current contacts. 

Since the specific case, the voltage taps on the sample in Figure 1-6 enclose a length of 

10 𝑚𝑚, according to the Electric Field Criterion, the critical voltage is: 

𝑉𝑉𝑐𝑟𝑖𝑡(𝐿𝑠𝑐 = 10 𝑚𝑚) = 1 𝜇𝑉 

The possible criterion adoptable to evaluate the critical current of the sample could produce 

differences in 𝐼𝐶  way over the evaluated uncertainty.  However, the main reason for the 𝐼𝐶  

values spread between the criteria is the 𝑛-value. As described before, any defect in the 

superconducting filaments decreases the 𝑛-value, making unstable the local electric and 

thermic properties. For decreasing 𝑛-value the flux creep regime starts at lower currents, and 

the electric field rises slower, resulting in heat warming the conductor. An increase in 

temperature decreases the critical current altering the 𝑉(𝐼) graph and easily lead to a 

misinterpretation of the critical current transition curve [8]. 

Of course, the critical current 𝐼𝐶  depends also from the superconducting cross-section. A more 

appropriate parameter that can better represents the specific sample quality is the critical 

current density, which is defined as 

𝐽𝐶 =
𝐼𝐶
𝑆

 

where 𝑆 is the superconducting transversal cross-section. 

In general, for high temperature superconductors, the chosen unit of 𝐽𝐶  is 𝐴/𝑐𝑚2 while for 

classical superconductors is often given in 𝐴/𝑚𝑚2. 

 

1.3.4 Kramer scaling law 
 

From the knowledge of the critical current density of the superconducting material (𝐽𝐶) and 

the applied magnetic field (𝐻), it is possible to express the pinning force density (𝐹𝑃) as 

 𝐹𝑃 = 𝐽𝐶⃑⃑  ⃑(𝐵, 𝑇) × �⃑� . 

It is generally accepted that the pinning force for conventional, hard type-II superconductors 

can be well represented by a simple model developed by Kramer [9]. This model shows that 

the dependence of pinning force normalized to 𝐹𝑃𝑚𝑎𝑥 at any temperature can be expressed 

as the scaling law : 

 
𝑓𝑃(𝐻/𝐻𝑖𝑟𝑟) =

𝐹𝑃

𝐹𝑃𝑚𝑎𝑥
= 𝑎 ( 

𝐻

𝐻𝑖𝑟𝑟
 )

𝑝

( 1 −
𝐻

𝐻𝑖𝑟𝑟
)
 𝑞

 1.16 
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In the original work, the expression for the bulk pinning force density was 

  

𝐹𝑃 = 𝐴𝐵𝐶2
𝑚  𝑏𝛾(1 − 𝑏)𝛿 

 
1.17 

 

where 𝐴 is a constant, 𝐵𝐶2 is the upper critical field, 𝑏 =
𝐵

𝐵𝐶2
 and 𝑚, 𝛾 and 𝛿 are 

dimensionless factors whose values depend on the details of the pinning mechanism. As can 

be seen, Equation 1.17 is normalized to 𝐻𝐶2 value at the temperature of interest but, for 

HTS, equation 1.16 holds by normalizing to 𝐻𝑖𝑟𝑟. Parameters 𝑝 and 𝑞 of equation 1.16 are 

exactly the equation 1.17 𝛾 and 𝛿 parameters, but for HTS conductor instead of LTS one. 

The 𝑎 value is strictly related to p and q parameters throughout the relationship 𝑎 =

 (
𝑝

𝑝+𝑞
)
−𝑝

 (
𝑞

𝑝+𝑞
)
−𝑞

.  

As demonstrated by Dew-Hughes, 𝑝 and 𝑞 exponents in equation 1.16 are related to the 

geometry of defects and their nature (superconducting or normal) providing a powerful 

indication of the main pinning mechanisms active in a sample under investigation. 

 

Figure 1-7 Different examples of pinning mechanisms depending on the value of the parameters. 

 

 

  



1.4 Basics of superconducting magnets 
 

1.4.1 Superconducting magnets schematic view  
 

A superconducting magnet is like a regular electromagnet, except that, if cooled below the 

critical temperature of the superconductor, there is no resistance to electricity. 

The main parameter of a coil in air is its inductance 𝐿, which is related to the capability of the 

magnet itself to store energy. 

 
𝐸𝑠𝑡𝑜𝑟𝑒𝑑 =

1

2
𝐿𝐼2  

1.18 

 

In order to generate a magnetic field, a current must flow in the magnet driven by a tension, 

made by two components, is needed. So: 

 
𝑉 = 𝐿

𝑑𝐼

𝑑𝑡
+ 𝑅𝐼 

1.19 

 

where the first term is the charging tension, while the second is the resistivity tension. As 

written above, it is clear that if the magnet is superconducting, just the charging tension is 

required. 

The save in terms of power consumption is evident. Moreover, the superconducting 

properties of the conductor allow to let flow current orders of magnitude higher than resistive 

copper wires. This means that, with the same magnetic field, superconducting magnets are 

smaller and lighter than the resistive ones. 

 

Figure 1-8 Simplified scheme of a normal (a) and a superconducting (b) magnet 
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1.4.2 The load-line 
 

The most basic of superconducting magnets is a simple solenoid in which a wire form of 

superconducting material is wound around a coil form. Various configurations of split pair and 

multi-axis designs are possible through the use of multiple solenoids in series or operated 

independently to affect the magnetic forces on a given sample region. Careful design is used 

to find a fine balance between wire composition, diameter and distribution along the axis of 

the coil form. As part of the design process, many variables are considered both with respect 

to the general field profile but also the manner in which the magnet will be used. Proper 

design assures a robust winding while avoiding excessive cooling losses due to excessive 

charging current or inadequate homogeneity. 

 

Figure 1-9 𝐼𝐶(𝐵, 𝑇) surface of the 𝑁𝑏𝑇𝑖 

Superconducting magnets must operate below both the critical temperature and the critical 

field of the material from which they are constructed. As long as the superconducting magnet 

operates beneath the 3-D surface 𝐼𝐶(𝐵, 𝑇), the superconducting state is maintained, and the 

magnet operates properly. If, however, the magnet starts to operate above this surface, a 

quench will occur.  

If the superconducting magnet works at a constant temperature, 4.2 𝐾 for instance, the 

surface shown in Figure 1-9 reduces to a single 2-dimensional curve of the current density vs 

the magnetic field. 

Switching from the “current density” to the “current”, that means scaling the values of the 

current density for the wire size and type, the curve shown in Figure 1-9 can be represented 

by something like the sample curve shown in Figure 1-10. 



 

Figure 1-10 Sketch of a load line 

The curve in Figure 1-10 referred as “short sample limit” represents the behaviour of a short 

piece of a particular wire. So if there is a superconducting magnet operating from a single 

power supply with all the windings in series, then the superimposition implies that the 

operating point of the magnet can be represented by a “Load Line” showing the current 

circulating in the magnet vs the peak of the magnetic field on the windings. Such load line is 

visible in Figure 1-10. If one attempt to drive the magnet past the “short sample limit”, a 

transition back to the normal (resistive) state occurs. The resistive region will quickly heat up 

due to the high current flowing through it and the so-called “normal zone” will propagate 

until: 

1. All the energy stored in the magnet is dissipated; 

2. The entire magnet becomes resistive; 

3. Sufficient cooling is provided to stop the propagation. 

Usually, the first two situations occur, resulting in a complete quench of the magnet. 

 

1.4.3 Stability margin of a superconducting magnet 
 

The so-called “stability margin” or simply “energy margin” is a useful design parameter, 
especially for adiabatic superconducting magnets. [10] It is the maximum energy density, Δ𝑒ℎ, 
that a composite superconductor carrying and operating (or transport) current, 𝐼𝑜𝑝 (or 𝐼𝑡), 

can absorb and still remain fully superconducting. Unless the cooling balances this Δ𝑒ℎ, the 
composite is heated and its temperature is raised above the operating temperature 𝑇𝑜𝑝; it 

remains completely superconducting until it is heated to the 𝐼𝑜𝑝-dependent “current-sharing” 
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temperature, 𝑇𝑐𝑠(𝐼𝑜𝑝). Here below, Figure 1-11 shows a critical current vs temperature plot, 

𝐼𝐶(𝑇), of a Type II superconductor, defining 𝑇𝑐𝑠(𝐼𝑜𝑝). Here, for simplicity, 𝐼𝑐(𝑇) is 

approximated by a straight line connecting 𝐼𝐶(𝑇𝑜𝑝) ≡ 𝐼𝑐𝑜
, the critical current at 𝑇𝑜𝑝, and 

𝐼𝑐(𝑇𝑐) = 0. 
 

 
Figure 1-11 Straight line approximation of 𝐼𝐶(𝑇) plot of a Type II superconductor. 

The solid circle defines 𝑇𝑐𝑠(𝐼𝑜𝑝) as the intersecting point of the 𝐼𝑐(𝑇) line and the dashed line 

at 𝐼𝑜𝑝. It is worth remembering that 𝑇𝑐𝑠(𝐼𝑜𝑝) is the maximum temperature to which a 

composite, carrying 𝐼𝑜𝑝, can remain completely superconducting even under adiabatic 

conditions. 

Beyond 𝑇𝑐𝑠(𝐼𝑜𝑝) the normal matrix begins to share the current, generating Joule dissipation. 

In an adiabatic winding, the transition from 𝑇𝑐𝑠(𝐼𝑜𝑝) to the critical temperature 𝑇𝐶  can be 

almost instantaneous, and at 𝑇𝐶  and beyond the matrix carries the entire current virtually.  

Also defined in Figure 1-11 the temperature excursion limit, [Δ𝑇𝑜𝑝(𝐼𝑜𝑝)]𝑠𝑡 = 𝑇𝑐𝑠(𝐼𝑜𝑝) − 𝑇𝑜𝑝, 

that a composite can tolerate from 𝑇𝑜𝑝 and still remain fully superconducting.  

Sometimes instead of Δ𝑒ℎ, a temperature margin, [Δ𝑇𝑜𝑝(𝐼𝑜𝑝)]𝑠𝑡, is used to quantify the 

degree of stability. Under adiabatic conditions, Δ𝑒ℎ is given by: 
 
 

Δ𝑒ℎ = ∫ 𝐶𝑐𝑑(𝑇)𝑑𝑇 

𝑇𝑐𝑠(𝐼𝑜𝑝)

𝑇𝑜𝑝

= ∫ 𝐶𝑐𝑑(𝑇)𝑑𝑇

𝑇𝑜𝑝+[Δ𝑇𝑜𝑝(𝐼𝑜𝑝)]
𝑠𝑡

𝑇𝑜𝑝

 

 
 
1.20 

 
It is important to note that Δ𝑒ℎ depends not only on 𝐶𝑐𝑑(𝑇), which is the heat capacity per 

unit volume of the composite conductor, 𝑇𝑜𝑝, and 𝑇𝑐𝑠(𝐼𝑜𝑝) or [Δ𝑇𝑜𝑝(𝐼𝑜𝑝)]𝑠𝑡 but also on 𝐼𝑜𝑝 

relative to 𝐼𝑐𝑜
, i.e. 𝑖𝑜𝑝 ≡ 𝐼𝑜𝑝/𝐼𝐶𝑜

. For the simple straight-line approximation of 𝐼𝑐(𝑇) in Figure 

1-11, [Δ𝑇𝑜𝑝(𝐼𝑜𝑝)]𝑠𝑡 is given by 

 [Δ𝑇𝑜𝑝(𝐼𝑜𝑝)]𝑠𝑡 = (𝑇𝑐 − 𝑇𝑜𝑝)(1 − 𝑖𝑜𝑝) 1.21 



 
Exploiting the RHS term, the temperature margin can be rewritten as a current margin: 
 
 𝑇𝑐𝑠(𝐼𝑜𝑝) − 𝑇𝑜𝑝

𝑇𝑐 − 𝑇𝑜𝑝
=

𝐼𝐶𝑜
− 𝐼𝑜𝑝

𝐼𝐶𝑜

 
1.22 

 
From Equation 1.22, it can be concluded that, for a magnet working in adiabatic conditions, 
its current-sharing temperature must be greater than its operating temperature, 𝑇𝑐𝑠 > 𝑇𝑜𝑝, 

i.e., its operating (or transport) current 𝐼𝑜𝑝(𝐼𝑡) should be below the conductor’s lowest 𝐼𝐶𝑜
 in 

the winding. 
 

Table 1 Selected values of 𝑇𝑜𝑝, 𝛥𝑇𝑜𝑝, and 𝛥𝑒ℎ  for LTS and HTS. 

LTS HTS 

𝑇𝑜𝑝   [𝐾] [Δ𝑇𝑜𝑝(𝐼𝑜𝑝)]𝑠𝑡  
[𝐾] Δ𝑒ℎ    [

𝐽

𝑐𝑚3
] 𝑇𝑜𝑝   [𝐾] [Δ𝑇𝑜𝑝(𝐼𝑜𝑝)]𝑠𝑡  

[𝐾] Δ𝑒ℎ    [
𝐽

𝑐𝑚3
] 

2.5 0.3 1.2 10−4 4.2 25 1.6 

4.2 0.5 0.6 10−3 10 20 1.8 

4.2 2 4.3 10−3 30 10 3.7 

10 1 9 10−3 70 5 8.1 

 
Referring to the Δ𝑒ℎ values in Table 1, it is possible to conclude that HTS magnets, at least 
under DC conditions, are absolutely more stable than LTS one. 
 

1.5 Superconducting magnet applications 
 

Contemporary practical technical superconductors provide high 𝐽𝐶  in wide range of magnetic 

fields and temperatures. These properties are used in superconducting magnets to produce 

high fields, reduce magnet size and lower power consumption. Thanks to these features, 

superconducting magnets are widely used in scientific research, industrial applications, 

medicine, transportation and many other fields. Large scale applications of superconducting 

magnets become possible also thanks to the remarkable progress in cryogenics, 

superconductor industrialization and engineering of cryogenic electrical systems. 

Applications of superconducting magnets include particle accelerators and detectors, fusion 

and energy storage (𝑆𝑀𝐸𝑆), laboratory magnets, magnetic resonance imaging (𝑀𝑅𝐼), 

electrical motors and generators, etc. Here below, some of the most remarkable examples of 

superconducting magnets are presented. 
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1.5.1 Medical applications: magnets for MRI 
 

Magnetic Resonance Imaging (𝑀𝑅𝐼) is a method that provides a non-invasive images of inside 

the human or animal body. In the past 30 years, 𝑀𝑅𝐼 has developed into the most important 

diagnostic tool. 

𝑀𝑅𝐼 magnets are based on the solenoid coil configuration and, usually, the 𝑁𝑏𝑇𝑖 

superconductor operating at liquid helium temperature. The key design and construction 

issue of 𝑀𝑅𝐼 superconducting magnets is achieving a very uniform and stable magnetic field 

over an imaging volume [11]. The present focus in 𝑀𝑅𝐼 development is toward short length 

coils or fully open structures to reduce the patient’s claustrophobia, and towards high 

magnetic field to provide a higher image resolution and visualize their functions. At present, 

the shortest coil length is 1.25 𝑚. The open-style 𝑀𝑅𝐼 systems use permanent (0.35 − 0.5 𝑇) 

magnets or superconducting  coils (up to 0.7 𝑇) with an iron yoke to produce a highly uniform 

field. 

Standard clinical 1.5 𝑇 and 3 𝑇 𝑀𝑅𝐼 scanners have been developed rapidly and now are 

available in many hospitals. In the last ten years, 7 𝑇 𝑀𝑅𝐼 are becaming available in all the 

most important hospitals. 

 

1.5.2 Medical applications: superconducting gantries for Hadrontherapy 
 

Another astonishing application of superconductors in medicine is hadrontherapy.  This is a 

form of radiotherapy for treating and curing tumours that are often surgically inoperable or 

resistant to traditional radiotherapy treatments. Unlike traditional radiotherapy based on X-

rays or electrons, hadrontherapy involves the use of hadrons, in particular protons or carbon 

ions. Hadrons, being heavier and more energetic than electrons, are more effective in 

destroying cancer cells. 

State-of-the-art of ion beam cancer therapy requires rotatable beamlines, called Gantries, 

that can direct and focus the ion (or carbon) beam over tumours from multiple angles. This 

minimizes the dose delivered to surrounding healthy tissue. Their magnets primarily 

determine the size and weight of such gantries and, in particular, the final large aperture 

bending magnet. Constructing an ion gantry creates serious technical difficulties if considering 

conventional technology. Because of the high magnetic rigidity of ion therapy beams (above 

6 𝑇𝑚), the gantry weight and dimensions exceed some practical limits. In Heidelberg, 

(Germany) a rotating gantry of 670 tons, 25 meters long, and 13 meters in diameter has been 

put in operation some years ago [12]. Lighter and cheaper structures are highly desirable. 

Increasing the strength of the magnetic field superconductivity offers the possibility of 

reducing the radius and, in particular, the weight of large bending magnets; a more compact 

and lighter gantry design seems feasible. However, even if the technology of rotating a 

superconducting magnet is available, a lot of development for the intended use in a gantry 

would be necessary.   



1.5.3 Future HTS superconductors perspectives: energy production 
 

Superconducting turbines and other rotating machines are expected to generate the largest 

future demand for superconducting wires. 

Superconducting wires will enable electric motors and generators to operate at much higher 

power densities. Compared to copper wires-based machines with equivalent output power, 

future superconducting motors and generators will enable a significant size reduction with 

higher efficiencies. 

One potential sweet spot for high-powered superconducting generators is expected to be 10+ 

Megawatt offshore wind turbines. Offshore superconducting wind turbines promise to 

capture clean energy at a lower cost than competing renewables while delivering power 

directly to growing coastal cities. Wind energy is taking shape as a critical world resource for 

electric power. Today, wind energy is primarily land-based. The expected future trend is to 

exploit a largely untapped supply of offshore wind energy. 

 

1.6 Canted Cosine Theta solenoids 
 

Double helical coils (DHC), also known as Canted Cosine Theta (CCT) magnet, are becoming 

more and more attractive for accelerator magnets and other applications. DHCs are basically 

composed of two concentric layers of solenoid coils with opposite currents and having helical 

turns modulated to produce the desired transverse field, while the solenoidal field is 

cancelled [13] [14].  

 

Figure 1-12 Functioning of a Canted Cosine Theta magnet. Two nested layers with canted windings creating a dipole 
magnet. As can be seen, a significant part of the current is lost in the solenoidal field cancellation. 

The main advantage of a DHC is that the turns modulation can be arranged in such a way as 

to produce any superposition of multipolar fields, providing a very powerful tool for designing 

combined function magnets. Moreover, with this design, the stress accumulation on the 

conductor is prevented because the magnet is provided with an internal supporting structure 

that is part of the coils themselves. The cavities, hosting the superconducting wire, follow the 

path required by the field to be generated: elliptical for a dipole, sinusoidal modulated for 

multipoles. Intercepting all the individual turns with pre-machined channels all around the 

mandrel makes this magnet design highly suitable for the use of strain sensitive conductors. 
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Figure 1-13 Ribs attached to a spar that guide and support the conductor.  

The drawback of this technical approach is that the overall current density is low because a 

significant amount of winding space is in fact occupied by the cylinder itself and, 

consequently, in order to generate significant fields, the current density in the wire needs to 

be high. Briefly, the current density in the wire of a CCT is generally high not only because 

part of the current generates a self-cancelling solenoid field, but also, and mainly, because 

the packing factor is limited by the need for a wire supporting structure, fundamental to the 

field quality. 

The development of a Canted Cosine Theta solenoids based on HTS conductors would open 

new horizons in many fields because, even if geometrical dimensions and magnetic fields 

could be different depending on the application, the basic structure is always the same in all 

the cases. The involvement of HTS would simplify the cryogenic aspects, increase the 

temperature margin and making less critical the eddy currents losses (for the increased 

margin).   

 As a consequence, the development of specific CCT has a more general value and it is 

essential to develop the basic technology, which largely depends on the specific 

superconducting material involved.  

 

1.7  Magnet configuration 
 

1.7.1 Geometrical definition 
As written above, the basic principle of a CCT is very simple. Let us consider, for instance, two 

solenoids obtained by winding tilted elliptical turns onto a cylindrical mandrel, with opposite 

tilt angles with respect to the central axis (Figure 1-14). 



 

Figure 1-14 Two layers of tilted elliptical turns wound onto a cylindrical mandrel with opposite tilt angles with respect to the 
central axis. Black arrows show the current flow directions.  

If the current is flowing in opposite directions, we get a perfect transverse dipolar field, whilst 

the longitudinal components of the solenoid cancel each other out. 

Following the formulation proposed by Meinke [15], the parametric equations of the two 

helices in Cartesian coordinates can be written as 

 

{

𝑟 𝑐𝑜𝑠𝜃
𝑟 𝑠𝑖𝑛𝜃

ℎ𝜃

2𝜋
+ 𝐴1 𝑠𝑖𝑛𝜃

 

 
and                                                                                                                   −𝜋𝑁 ≤ 𝜃 ≤ 𝜋𝑁           
 

{

𝑟 𝑐𝑜𝑠𝜃
𝑟 𝑠𝑖𝑛𝜃

ℎ𝜃

2𝜋
− 𝐴1 𝑠𝑖𝑛𝜃

 

 
 

 
 
 
 
 
1.23 

Where ℎ is the pitch of the helix, 𝑁 is the number of turns of each layer and 𝐴1 is connected 

to the tilt angle through: 

 tan 𝛽 =
𝑟

ℎ
2𝜋 + 𝐴1

 1.24 

   

If 𝑟 ≫ ℎ, which is nearly always true, 𝐴1 =
𝑟

𝑡𝑎𝑛𝛽
. 
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Figure 1-15 A single tilted elliptical turn wound onto a cylindrical mandrel, showing the definition of the helix parameters. 

This principle can be easily extended to produce any multipolar field using the following 

equations for the two helices: 

 

 

 

 

{

𝑟 cos 𝜃
𝑟 sin 𝜃

ℎ𝜃

2𝜋
+ 𝐴𝑛 sin 𝑛𝜃

 

             
And                                                                                                        −𝜋𝑁 ≤ 𝜃 ≤ 𝜋𝑁 
 

{

𝑟 cos 𝜃
𝑟 sin 𝜃

ℎ𝜃

2𝜋
− 𝐴𝑛 sin 𝑛𝜃

 

 
 
 
 
 

1.25 



Where 𝑛 is the order of the multipole. The resulting tilt angle is: 

 tan𝛽 =
𝑟

ℎ
2𝑝𝑖 + 𝑛𝐴𝑛

 1.26 

   
But in real cases, the two helices represent concentric magnets, so they cannot have the same 

radius. The correct mathematical treatment is then: 

 

Inner helix: {

𝑟1 cos 𝜃
𝑟1 sin 𝜃

ℎ𝜃

2𝜋
+ 𝐴𝑛1 sin 𝑛𝜃

 

             
And                                                                                                       −𝜋𝑁 ≤ 𝜃 ≤ 𝜋𝑁 
 

           Outer helix: {

𝑟2 cos 𝜃
𝑟2 sin 𝜃

ℎ𝜃

2𝜋
− 𝐴𝑛2 sin 𝑛𝜃

 

 

 
 
 
 
 

1.27 

The two coefficients 𝐴𝑛1 and 𝐴𝑛2 can be determined, as instance, by imposing the same 

inclination angle 𝛽 to the two helices: 

 

 tan𝛽 =
𝑟1

ℎ
2𝜋 + 𝑛 𝐴𝑛1

=
𝑟2

ℎ
2𝜋 + 𝑛 𝐴𝑛2

 1.28 

   
With 𝑟1 and 𝑟2 inner and outer radius, respectively. 

 

1.7.2 Magnetic field calculations using Biot-Savart law 
 

The Magnetic field produces by the windings in Eq 1.27 cannot be analytically determined. 

The problem can be approached through the Biot-Savart law, but a numerical computation 

has to be performed to get the final result. In fact, the magnetic field generated by a current 

𝐼 flowing along a line ℓ can be determined using the Biot-Savart equation: 

 
�⃑� =

𝜇0𝐼

4𝜋
∫

𝑑ℓ⃑ × �⃑� 

|𝑅3|ℓ

 1.29 

where �⃑�  is the displacement vector from the line element to the point at which the field is 

computed. In this case: 

 

𝑑ℓ⃑ 1 = {

−𝑟1 sin 𝜃 𝑑𝜃
𝑟1 cos 𝜃 𝑑𝜃

(
ℎ

2𝜋
+ 𝑛𝐴𝑛1 cos 𝑛𝜃) 𝑑𝜃

 1.30 
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                                                                                                      −𝜋𝑁 ≤ 𝜃 ≤ 𝜋𝑁               

𝑑ℓ⃑ 2 = {

−𝑟2 sin 𝜃 𝑑𝜃
𝑟2 cos 𝜃 𝑑𝜃

(
ℎ

2𝜋
− 𝑛𝐴𝑛2 cos 𝑛𝜃) 𝑑𝜃

 

 

and 

 

 

�⃑� 1 = {

𝑥 − 𝑟1 cos 𝜃 
𝑦 − 𝑟1 sin 𝜃

𝑧 −
ℎ𝜃

2𝜋
− 𝐴𝑛1 sin 𝑛𝜃

 

                                                                                                             −𝜋𝑁 ≤ 𝜃 ≤ 𝜋𝑁 

�⃑� 2 = {

𝑥 − 𝑟2 cos 𝜃 
𝑦 − 𝑟2 sin 𝜃

𝑧 −
ℎ𝜃

2𝜋
+ 𝐴𝑛2 sin 𝑛𝜃

 

1.31 

So: 

 

�⃑� (𝑥, 𝑦, 𝑧) =
𝜇0𝐼

4𝜋
∫ [

𝑑ℓ⃑ 1 × �⃑� 1
|𝑅1

3|
−  

𝑑ℓ⃑ 2 × �⃑� 2
|𝑅2

3|
 ]

𝜋𝑁

−𝜋𝑁

 

 
1.32 

   
Equation 1.32 can be numerically integrated to get the magnetic field produced by the two 

concentric multipolar helical windings anywhere. Along the helices themselves, where |𝑅1| =

0 or |𝑅2| = 0, equation 1.32 diverges (Figure 1-17). It is worth noticing that 1.32 will be used 

to simulate the magnetic field produced by solid conductors, which are then represented 

through infinitely thin line currents lying on the conductor neutral axes. So we expect good 

accuracy in the magnetic field calculation far from the conductors themselves and a 

reasonable approximation by excess, due to the already mentioned divergence, near the 

conductor surface. 

 

1.8 The test case 
 

 A test case has to be identified to carry out the computation. So, the case of a dipolar DHC, 

whose characteristics are listed in Table 2, was considered. 



 

Figure 1-16 CCT test magnet. Parameters are reported in Table 2. 

 

Table 2 Dipole characteristics. 

Inner radius (𝑟1) 58.0 𝑚𝑚 

Outer radius (𝑟2) 66.4 𝑚𝑚 

Pitch (ℎ) 1.8 𝑚𝑚 

Number of turns per layer (𝑁) 200 

Conductor dimension  1.1 × 1.1 𝑚𝑚 

Current 700 𝐴 

Tilt angle 45° 

 

The Biot-Savart integration has been performed numerically, writing a specific code in C++ 

which simply performs the integrals in equation 1.32 through the trapezoidal rule with an 

integration step Δ𝜃 = 1°. With parameters reported in Table 2 the magnetic field calculated 

in the centre of the magnet is 𝐵 = 0.50965366 𝑇. Through this program it is possible to 

compute the three components of the magnetic field produced by the test dipole everywhere 

in space. Along the helices, by definition, the magnetic field diverges. In Figure 1-17 is 

represented the magnetic field along the 45° axis on the 𝑧 = 0 plane as function of the 

distance from the origin of the axis. The divergence of the field around 𝑟1, the inner radius, 

and 𝑟2, the outer one, is clearly deducible. 
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Figure 1-17 Magnetic field along the 45° axis on the z=0 plane as a function of the distance from the origin of the axis obtained 
with the numerical integration of the Biot-Savart law. Parameters for the calculus are shown in Table 2. 

  



2 Chapter 2 – High performances wire development for applications 
 

The Powder-In-Tube Method (PIT method) is the most common way which is employed for 

the fabrication of long high 𝑇𝐶  superconducting wires and tapes. 

This technique has resulted in being particularly successful with the high 𝑇𝐶  superconductors 

of the 𝐵𝑖-based family, namely the 𝐵𝑖(2212) and 𝐵𝑖(2223) phases. The main reason is that 

these superconductors do not need the "in-phase" texture of the grains to carry high 

transport current densities, in contrast with the 𝑌- and 𝑇𝑙- based superconductors that 

require more sophisticated fabrication processes. 

Moreover, the texture of grains, which is an essential requirement in high-quality samples, is 

easily achieved in 𝑃𝐼𝑇 wires mainly due to: 

a) the cold deformation process that induces a texturing of grains along the wire; 

b) the reaction carried out inside the silver sheath. 

The preparation process can be divided into three essential steps (Figure 2-1): filling the metal 

sheath, cold deformation process, final thermal reaction to achieve the desired phase (in our 

case 𝐵𝑖(2212) phase) as much pure as possible. All these steps can be directly extended for 

the preparation of wires of considerable length.  

However, every step of the fabrication needs to be optimized to improve the wire transport 

properties.  

 

Figure 2-1 Simple scheme of PIT technique 

 

2.1 Powders, filling and compaction processes and the Heat treatment 

2.1.1 Powders 
 

One of the key components for manufacturing 𝐵𝑖(2212) wire is the precursor powder, which 

affects the wire performances significantly. Nexans in Germany was the only supplier of 

𝐵𝑖(2212) powder for the past decade, but they stopped 𝐵𝑖(2212) powder production when 
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they moved their operation from Cologne to Hannover in early 2015. Since then, two new 

companies, MetaMateria and Engi-Mat, start to make 𝐵𝑖(2212) powders. 

As it is well known, in terms of transport current, no magnet is ever better than its conductor, 

and no 𝐵𝑖(2212) conductor will be better than its powder. The powder quality depends on 

its composition, phase assemblage, particle size and distribution, tap density and content of 

impurity elements. Both Engi-Mat and MetaMateria have made significant progress in 

manufacturing 𝐵𝑖(2212) powder in the past five years. Both the companies make 𝐵𝑖(2212) 

powder with nearly the same overall composition as Nexans (𝐵𝑖2.17𝑆𝑟1.94𝐶𝑎0.89𝐶𝑢2𝑂𝑥), but 

each synthesizes it differently. MetaMateria uses chemical co-precipitation to form 

𝐵𝑖(2212), and Engi-Mat uses the nanospray combustion chemical vapour condensation 

(nCCVC) process.  

As reported in [16], in both Engi-Mat powders and MetaMateria the typical 𝐵𝑖(2212) grain 

size is about 1 to 2 𝜇𝑚, but Engi-Mat powders contains around 3 vol% of alkaline earth 

cuprate (𝑆𝑒, 𝐶𝑎)14𝐶𝑢24𝑂𝑥 (AEC-14: 24) with size up to 5𝜇𝑚. 

CNR-SPIN 𝐵𝑖(2212) wires made before 2019 were made with Nexans powders, lot N°87 [17]. 

Since 2019 wires are made with Engi-Mat powders, batch N° KZA-87-67H. Engi-Mat KZA-87-

67H are similar to the Engi-Mat LXB-52 analyzed in [16] 

Table 3 Powder composition [16] 

 
Powder 
 

 
Powder Composition 

  
Engi-Mat LXB-52 𝐵𝑖2.10𝑆𝑟1.90𝐶𝑎0.86𝐶𝑢2.0𝑂𝑥 
  
 
MetaMateria MM318 

 
𝐵𝑖2.17𝑆𝑟1.95𝐶𝑎0.90𝐶𝑢2.03𝑂𝑥 

  
  
Nexans lot N°87 𝐵𝑖2.17𝑆𝑟1.94𝐶𝑎0.89𝐶𝑢2.0𝑂𝑥 
  

 

 

2.1.2 Filling procedure: preparation of the monofilamentary Ag sheathed 

𝐵𝑖(2212) wire 
 

The fabrication of the wire starts from filling a metallic tube with superconducting powders. 

In the case of 𝐵𝑖(2212) the external metallic sheath is made of pure Silver. At the end of the 

filling operation, the typical packing density of the powders is around 50% of the theoretical 

density of the 𝐵𝑖𝑆𝐶𝐶𝑂 ( 𝜌𝑇𝐸𝑂 = 6.6 𝑔/𝑐𝑚3). 



 

2.1.3 The cold mechanical deformation process  
 

2.1.3.1 Monofilamentary wire 

Once the initial tube is filled with the powders, the wire, called at this stage "Monofilament", 

undergoes a mechanical deformation process that usually consists of a series of drawing 

passages. The laboratory is equipped with drawing machines which can deform wires from an 

outer diameter of 21 𝑚𝑚 down to about 0.1 𝑚𝑚. 

Several parameters can have an important effect on the final wire transport properties in all 

the fabrication process. The most crucial parameter is essentially the deformation speed and 

the cross-section reduction per deformation step. They powerfully affect the unwanted 

"sausaging" effect and the final powder density, which are in turn correlated to the wire 

transport properties. [18] 

As reported in [18] and shown in Figure 2-2, the cross-section gets more and more irregular 

as the drawing speed increases. A deformation speed of about 2 𝑚/𝑚𝑖𝑛 has been considered 

a good compromise between homogeneity of the wire cross section and short enough 

preparation time. It has been therefore employed for all the deformation steps involved in 

the wire preparation. 

 

Figure 2-2 Transverse cross-section of 1mm in diameter wires drawn with different deformation speeds [18] 

Another essential condition for reaching high critical currents is achieving a high packing 

density of the powders inside the silver sheath at the final stage of the deformation process. 

The reduction in cross-section area is usually between 10 to 20% per pass to carry off the best 

compromise between achieving high densification of the powders and preventing failure 

during the process due to the hardening of the silver sheath. 
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2.1.3.2 Multifilamentary wire 

At this stage of the preparation, the last step is a drawing step with a hexagonal shaped die 

of suitable dimension.  The drawn wire is then cut into several pieces, which are stacked again 

inside a second silver tube to design the final stage's bundles' architecture.  

The stacking operation is crucial for the achievement of the homogenous distribution of the 

several filaments. In Figure 2-3, several options for the stacking configuration are proposed. 

It is well known that hexagon is the most regular shape to fill a circle with minimized voids. 

The filling factor depends on the number of hexagonal wires stacked inside the tube, provided 

that they are in well-defined number and disposed in a particular pseudo-hexagonal 

configuration. 

The "Magic Numbers" 𝑛 are given by the following series: 

𝑛 = [   ∑ 6(𝑥 − 1)

𝑚

𝑥=1

  ] + 1 

where 𝑚 is an integer that determines the number of subsequent layers of hexagonal wires 

accommodated inside the 𝐴𝑔 tube, starting from the centre. The number 𝑛 of filaments takes 

the following values: 1,7,19,37,61,91,127, etc.…, and all the configurations fill the 𝐴𝑔 tube by 

about 82% of the entire volume. 

Starting from the 61-filament configuration, it becomes profitable for the filling factor to omit 

the six filaments which are sitting on the corners of the pseudo-hexagonal composition, as 

shown in the bottom of Figure 2-3. In this way, it is possible to fit the filaments into a slightly 

smaller tube, increasing the filling factor to 86% (for the 55-filaments configuration) or even 

more. 



 

Figure 2-3 Common configurations for the stacking of the exagonal wires inside the second silver tube (r is the filling factor) 

In general, the configurations with 19,37 and 55 filaments are chosen because they present 

improved mechanical properties compared to the single-core wire and can still be prepared 

in relatively short lengths. 

After stacking the pieces of Silver sheathed 𝐵𝑖(2212) inside the second tube with the desired 

configuration, they underwent a first heat treatment at a temperature of 650°𝐶 for about 

one hour.  

After a few drawing steps in which the tube section is reduced by about 20% per step, a 

second heat treatment is performed, at a similar temperature to the first one, but for 10 to 

12 hours. 

These heat treatments are fundamental for achieving a homogeneous wire structure without 

crossing or entanglement between neighbour filaments.  

The first heat treatment is mainly necessary to soften the Silver of the outer tube to fill all the 

voids during the subsequent drawing. 

The second heat treatment is more extended, and its primary purpose is to bundle the outer 

silver tube with hexagonal wires. This process is carried by the diffusion of the silver atoms at 

high temperatures and should be taken at the highest possible temperature. 

After the bundling treatments, the tubes are usually deformed as for monofilamentary wires, 

this time by groove rolling and drawing, into round wire of the wanted diameter. There are 

two main differences with the mono's cold working: 
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- alternation of some drawing steps with some groove rolling steps. This expedient was 

developed at CNR-SPIN in Genoa. The goal of this mechanical deformation process is to 

increase the powder densification inside the sheaths. It is known as "GDG" (Groove rolling, 

drawing, groove rolling) process. See paragraph 2.3.2 for more details. 

- Some heat treatments are performed at around 300°𝐶 to prevent damages due to the 

hardening of the Silver. These low-temperature heat treatments are toggled between the 

mechanical deformation steps, and they are performed to relax all the stress accumulated 

during the cold deformations. 

 

Figure 2-4 Transversal cross-section of a 55-filaments first-restacked wire after the first four drawing steps done after 1 
hour of heat treatment performed at 650°C. AMBI041 sample. 

As before, the last step of deformation is a drawing passage with a hexagonal shape die of 

the desired dimension.  

The wire is then cut for the last time into several pieces, which are arranged again inside a 

third silver tube to design the final wire architecture. Finally, the wire undergoes to the 

alternation of GDG and heat treatment process.  

For 𝐵𝑖𝑆𝐶𝐶𝑂(2212), the cold mechanical deformation usually stops when filaments diameter 

is between 10 and 15 𝜇𝑚.  

 



2.2 Heat treatment: the Partial-Melting-Phase of 𝐵𝑖𝑆𝐶𝐶𝑂(2212) 
 

After the cold deformation of the silver tubes, usually into a 1 𝑚𝑚2 size second restacked 

wire, it is finally possible to react them at high temperature to enhance the formation of the 

2212 phase.  

 

Figure 2-5 Standard Heat treatment performed at CNR-SPIN in Genoa 

The heat treatment optimized by Oxford Superconducting Technology for their commercial 

𝐵𝑖(2212) wires, commonly used for conductor and magnet development, is the reference 

and can be divided into three main steps: 

1. Rapid heating up to 888°𝐶 and melting of the 𝐵𝑖(2212) phase; 

2. Texturing of the 𝐵𝑖(2212) phase on the slow cooling; 

3. Plateau step at 836°𝐶 and cooling down to room temperature. 

This treatment is performed in a 1 𝑏𝑎𝑟 of partial-pressure Oxygen atmosphere and, 

moreover, to improve the grain connectivity, a Partial-Melting Process (PMP) is performed on 

𝐵𝑖(2212) wires. During the subsequent slow cooling, this mixture reacts, forming a well-

connected 𝐵𝑖(221) phase. The final annealing and subsequent cooling at room temperature 

lead to an oxygen overdoping, enhancing the transport properties at high fields. [19]. 

Each step composing the whole heat treatment was deeply studied through an experiment 

performed at ESRF (European Synchrotron Radiation Facility) in Grenoble [20]. For the first 

time an in situ analysis, by mean of synchrotron x-ray and neutron diffraction, was performed 

during the heat treatment on 𝐵𝑖(2212) wires. The x-ray diffraction (XRD) analysis was carried 

out using a tubular furnace installed directly on the beamline. The quartz tube was closed by 

two Kapton plugs, and suitably shaped radiation screens were realized; in this way, the 

incident and diffracted radiation can be transmitted without interference across a takeout 

angle of about 3°.  
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Figure 2-6 Sketch of the experimental setup employed during the XRD data collection at the ID11 beamline of ESRF. The 2𝜃 
Bragg angle and 𝜂 azimuthal angle are indicated. 

 

XRD patterns were collected in transmission geometry; a two-dimensional detector was used, 

and images were integrated along the azimuthal direction to obtain q-scan type measurement 

for the study of the phase evolution. In [20] different samples were reacted under both an 𝑂2 

flux and an air flux with treatments with a reduced plateau step aimed to optimise the beam-

time (the TT2 and TT3 thermal treatments, respectively, reported in Figure 2-7).  

 

Figure 2-7 Not-in-scale scheme of the thermal treatment profiles used for the XRD experiment (TT3 and TT2) and the one 
usually performed (TT1). 

 

Obtained results show the thermal evolution of the 𝐵𝑖(2212) structure, the phase texturing 

and the role of the oxygen in the treatment. 



The first part of the heat treatment is the rapid heating up to 888°𝐶, above the melting point 

of the 𝐵𝑖(2212) phase. In this process 𝐵𝑖(2212) powders contained into the 𝐴𝑔 sheath are 

heated above the peritectic temperature (~882°𝐶); as a result, 𝐵𝑖(2212) decomposes into 

a "melt plus solid" (𝑆𝑟𝐶𝑎)14𝐶𝑢24𝑂4𝑥 ( 14: 24 𝐴𝐸𝐶 ) and 𝐵𝑖2(𝑆𝑟𝐶𝑎)4𝑂𝑥 (2: 4 𝐶𝐹 ) phases.  

 

Figure 2-8 In a 𝑂2-treated sample, above the peritectic temperature (~882°C) , BiSCCO decomposes in "melt plus solid" state. 
Below 876°C 𝐵𝑖(2212) crystallize with a self [110] preferred orientation 

The need of 𝑂2-atmosphere during the heat treatment is related to the fact that the 

crystallization of the 𝐵𝑖(2212) phase from the melt is remarkably ruled by the reacting 

atmosphere. In samples treated in 𝑂2-atmosphere, the 𝐵𝑖(2212) phase starts to crystallize 

during the slow cooling below 876°𝐶, exhibiting an evidently preferred orientation along the 

[110] direction. Conversely, in air-treated samples, the 2212-phase starts to grow only below 

869°𝐶; even in this kind of samples, the preferred orientation along the [110] is evident, but 

the remaining diffraction peaks exhibit noticeable differences intensities, thus indicating a 

lower degree of texturing. 
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Figure 2-9 Phase evolution in the multifilamentary wires during the first 12 hours of the thermal treatment in 𝑂2(on the left) 
and air (on the right)  

As reported in [20], 𝐵𝑖(2212) texture originates from the nucleation of the 𝐵𝑖(2212) grains 

and does not evolve during the successive steps of the treatment. 

 

Figure 2-10 Time dependance of the [110] diffraction line of the 𝐵𝑖(2212) phase during the thermal treatments in  𝑂2 and 
Air  

  



2.3 The basic problems and the development strategy of innovative PIT wires 

made of 𝐵𝑖 − 2212 

2.3.1 Limits of the current technology and possible solutions 
 

In the last decade, it has been shown [21] that the main problem to achieve high current 

density flowing through BSCCO wires is the presence of bubbles that come out during the 

melting phase in the final heat treatment as consequence of the agglomerations of the 

residual porosity in the compacted powders inside the filaments.  

 

Figure 2-11 SEM image of the bubbles grown during the heat treatment on filaments in a wire [21] 

The pressure caused by those bubbles provokes a 𝐵𝑖(2212) movement and even an 

expansion of the wire itself. This problem makes 𝐵𝑖(2212) wires very inhomogeneous over 

length longer than just 10 to 15 𝑐𝑚. [22] 

 

 

Figure 2-12 images of (a) the 1 m open-ended wire and (b) the 2.4 m open-ended wire with two shorter [22]. 
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Figure 2-13 The variation of (a) Ic and (b) the wire diameter along the length of the 1 m (on the left) and 2.4 m (on the right)        
open-ended wire. Ic was measured at 4.2 K, 5T [22]. 

As we can see in Figure 2-13, in a just 1-meter-long sample, the transport properties fall down 

by even 30% in the middle of the wire as if bubbles at the edges can vent out, the ones in the 

centre cannot. Besides, the longer is the wire, the more evident is the problem. 

Solutions adopted to try to avoid this kind of problem are mainly two. The first solution is the 

so-called Over Pressure (OP) method and is performed at ASC-NHMFL in Tallahassee (Florida, 

USA). This process concern with performing the final heat treatment on a commercial 

𝐵𝑖(2212) wire, made by Oxford Superconducting Technology (OST), in a furnace under  50 −

100 𝑏𝑎𝑟 of pressure with a flux of oxygen at 1 𝑏𝑎𝑟 of partial pressure. The OP process led to 

a substantial reduction of the bubble density and size and to a strong enhancement of the 

transport properties of 𝐵𝑖𝑆𝐶𝐶𝑂 wires [23]. Nevertheless, this solution is clearly not an easy 

industrial-scalable process. The other solution adopted to avoid bubbles is our so-called GDG 

process. At CNR-SPIN in Genoa, we developed a different approach to this problem keeping 

in mind as a key point its scalability over industrial length. 

 

2.3.2 A new concept of mechanical deformation process: GDG process 
 

The idea behind our mechanical deformation process is that the alternation of two different 

deformation techniques provides stronger powder densification compared to the full-

drawing process. This expedient allows to achieve higher compaction of the powders and 

then reduce the porosity in the final stage of the wire. Reduction of porosities, seen as 

vacancies in which gasses can flow during the melting phase in the heat treatment, 

circumscribe the agglomeration of critical-size bubbles, enhancing the transport properties of 

samples. 



The cold mechanical deformation process, performed at CNR-SPIN in Genoa, is carried out 

both on first and second restacked wires and deals in a suitable alternation of two different 

kinds of mechanical process which are: 

• Groove rolling: which mainly act along the transversal direction of the wire, squeezing 

the powders inside the tube;  

• Drawing: this mainly acts along the wire's longitudinal direction that lets powders 

flowing along the tube. 

The two deformation techniques involved give the name to this process: Groove rolling, 

Drawing, Groove rolling (GDG). 

Besides, it has already been observed on wires what hypnotized at the beginning. 

 

Figure 2-14 Filament view of a:  (a) fully drawn green wire; (b) green wire on which the GDG process was performed; (c) fully 
drawn reacted wire; (d) reacted wire on which the GDG process was performed. 

As shown in Figure 2-12, fully drawn green wires (a) powders in filaments are clearly 

distributed along straight lines. Instead, filaments of green wires on which the GDG process 

has been performed (b) look much more compacted already before the heat treatment. In 

GDG wires, voids are filled thanks to the compression in the transversal direction due to the 

groove rolling. Moreover, filaments of a GDG reacted wire look well compacted and 

connected (d), instead of the fully drawn reacted wire that looks plenty of voids (c). 

Moreover, the effectiveness of the Groove rolling, Drawing, Groove rolling (GDG) process on 

𝐽𝐶  homogeneity has already been shown [24] measuring the same 𝐽𝐶  in samples of the same 

wire with open ends (OE) and closed ends (CE). Samples treated with closed ends, whose 

closure was made by dipping them into a melt silver bath, keep the gas trapped inside as it 

happens for long-length wires, while in open ends samples the gas can vent. This means that 

CE wires are a good approximation of long-length samples in term of the problems related to 

the bubbles formation.  
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Figure 2-15 𝐼𝐶  (left axis) and 𝐽𝐸 (right axis) for  samples of the same wire with open and closed ends. [24] 

The observation of the same 𝐽𝐶  values in CE or OE samples confirm that this mechanical 

deformation process can diminish the porosity inside wires. Basically, the GDG process tries 

to prevent the bubble formation from lowering the porosity inside the wire before the HT 

instead of inhibiting bubble formation by applying a strong overpressure. On top, the 

effectiveness of the GDG process on the homogeneity has already been demonstrated over 

long length samples (up to 1-m) [25].  Figure 2-16 shows that very similar 𝐽𝐸  values were found 

in wire heat treated either as short or long samples.  



 

Figure 2-16 Superimposition of engineering critical current densities of short samples and long samples wound on barrels.  

With this in mind, in those years, we primarily focus on the improvement in term of critical 

current density carried by GDG wires with respect to the fully drawn wires. 
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2.4 Sample development and process optimization 
Table 4 Samples since January 2019 

 
Sample 
 

Mono 
Φ in/out 

tube 

I-restack 
# filaments 

and Φ 
(in/out) 

II-restack 
#fil x #bundles 
and Φ (in/out) 

Final cross 
section A and 

filament mean 
diameter �̅� 

 
AMBI030 
 

15/11 mm 
127 

(13/11.5 mm) 
127x7 

(9.5/8 mm) 
𝐴 = 1.09 𝑚𝑚2 

Φ̅ = (17 ± 4)𝜇𝑚 

 
AMBI031 
 

 
⁞ 
 

 
⁞ 
 

127x7(9.5/8 mm) 
External tube: Ag992Al 

𝐴 = 1.09 𝑚𝑚2 
Φ̅ = (17 ± 2)𝜇𝑚 

 
AMBI032 
 

 
⁞ 
 

 
⁞ 
 

127x7 
(9.5/8mm) 

𝐴 = 1.07 𝑚𝑚2 
Φ̅ = (17 ± 2)𝜇𝑚 

 
AMBI033 
 

 
⁞ 
 

 
⁞ 
 

 
⁞ 
 

 

 
AMBI034A 
 

 
⁞ 
 

 
⁞ 
 

127x18 
(7.6/6.1 mm) 

𝐴 = 1.01 𝑚𝑚2 
Φ̅ = (9 ± 1)𝜇𝑚 

 
AMBI034B 
 

 
⁞ 
 

 
⁞ 
 

 
⁞ 
 

𝐴 = 1.02 𝑚𝑚2 
Φ̅ = (9 ± 2)𝜇𝑚 

 
AMBI034X 
 

 
⁞ 
 

 
⁞ 
 

 
⁞ 
 

𝐴 = 1.02 𝑚𝑚2 
Φ̅ = (8 ± 1)𝜇𝑚 

 
AMBI035 
 

 
⁞ 
 

 
⁞ 
 

 
⁞ 
 

𝐴 = 1.03 𝑚𝑚2 
Φ̅ = (10 ± 1)𝜇𝑚 

 
AMBI036𝜶 
 

 
⁞ 
 

85 
(13/11.5 mm) 

85x18 
(15.25/12.7 mm) 

𝐴 = 1.03 𝑚𝑚2 
Φ̅ = (11 ± 2)𝜇𝑚 

 
AMBI036𝜷 
 

 
⁞ 
 

 
⁞ 
 

 
⁞ 
 

𝐴 = 1.03 𝑚𝑚2 
Φ̅ = (12 ± 2)𝜇𝑚 

 
AMBI036𝜸 
 

 
⁞ 
 

 
⁞ 
 

 
⁞ 
 

𝐴 = 1.08 𝑚𝑚2 
Φ̅ = (12 ± 2)𝜇𝑚 

 
AMBI036𝜹 
 

 
⁞ 
 

 
⁞ 
 

 
⁞ 
 

𝐴 = 1.10 𝑚𝑚2 
Φ̅ = (11 ± 1)𝜇𝑚 

 
AMBI037 
 

 
⁞ 
 

55 
(13/11.2 mm) 

55x18 
(16.9/14.5 mm) 

broken 
during 

processing 



 
Sample 
 

Mono 
Φ in/out 

tube 

I-restack 
# filaments 

and Φ 
(in/out) 

II-restack 
#fil x #bundles 
and Φ (in/out) 

Final cross 
section and 
filaments �̅� 

 
AMBI038 
 

 
⁞ 
 

55 
(13/11.2 mm) 

 
⁞ 
 

broken 
during 

processing 

 
AMBI039 
 

 
15/11 mm 

 

55 
(13/11.7 mm) 

55x18 
(16.9/14.5 mm) 

broken 
during 

processing 

 
AMBI040 

 
14/11 mm 

 

 
⁞ 
 

55x18 
(16.9/14.5 mm) 

broken 
during 

processing 

 
AMBI041Aa 
 

 
⁞ 
 

 
⁞ 
 

55x18 
(17.5/14.5 mm) 

𝐴 = 0.85 𝑚𝑚2 
Φ̅ = (13 ± 1)𝜇𝑚 

 
AMBI041Ab 
 

 
⁞ 
 

 
⁞ 
 

 
⁞ 
 

𝐴 = 0.9 𝑚𝑚2 

 
AMBI041Ba 
 

 
⁞ 
 

 
⁞ 
 

 
⁞ 
 

𝐴 = 0.85 𝑚𝑚2 

 
AMBI041Bb 
 

 
⁞ 
 

 
⁞ 
 

 
⁞ 
 

𝐴 = 0.9 𝑚𝑚2 

 

In these years, we hardly worked on the optimization of the mechanical deformation process. 

We developed different variants for every sample we prepared, adapting the switching 

between Groove Rolling and Drawing. 

Groove rolling steps help in squeezing the powders inside the tube, making filaments harder 

and harder. This process allows the compaction of the powders into the tubes and, 

consequently, the rising of the transport properties of the wires in terms of 𝐽𝑐 . Too many 

groove rolling steps, on the other hand, make filament harder enough to break silver 

interfilament walls. The merge of different filaments makes structures larger than 10-15 𝜇𝑚, 

considered the optimal filament width for this kind of wires [26]. In these structures, grains 

can grow with a random orientation that may block the current flowing through them.  

Drawing steps help powders flowing along the wire make the powder distribution along the 

wire more homogeneous. On the other hand, too many drawing steps after the groove rolling 

steps has a dedensification effect on powders. 

The significance of the continued work on optimization is visible on samples AMBI034 and 

AMBI035. These two wires share the same Mono and the same tubes for the restacking. The 

only difference they have is the mechanical deformation process. 
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The starting point of the optimization is the sample called AMBI035. This sample was done 

performing just the drawing operation. AMBI035 is the starting point of the optimization job 

because the drawing is the weakest deformation process performed on wires. OST 𝐵𝑖(2212) 

commercial wires are fully drawn wires. 

As written above, the idea is to achieve a better packaging of powders in the final stage of the 

wire, which is done by introducing some groove-rolling steps beside the drawing. On the 

AMBI034 wire-family different kinds of GDG process, with an increasing number of Groove-

rolling steps, have been performed.  

The effectiveness of the GDG is clearly visible in Figure 2-17. All the three AMBI034 samples 

have better performances than AMBI035, fully drawn wire. Moreover, is visible the effect of 

the increment of the groove rolling steps on transport properties. The more groove-steps, the 

higher the transport properties.  

The optimization of the GDG process aims to achieve the best compromise between high 

transport properties, which is the final goal for short samples, and good cross-section, that 

help in term of homogeneity over the long length, in wires. 

On top, it is visible the effect of too many groove steps. AMBI034B, Figure 2-17 (d), is the wire 

with the highest number of groove steps. Even if the transport properties on short sample are 

the best of the entire group, some bundles are merged, compromising the homogeneity over 

long lengths. The AMBI034X sample seemed to be the right compromise, leading to the 

preparation of the following wires, called AMBI036. 

AMBI036𝛿, the most performant GDG wire made at CNR-SPIN in Genoa, was produced, as 

written above, with Engi-Mat powders (batch n. KZA-87-67H) whose composition was 

𝐵𝑖2.10𝑆𝑟1.90𝐶𝑎0.86𝐶𝑢2.0𝑂𝑥.  

 

Figure 2-17 Overall critical current density 𝐽𝐸 measured on different samples. In these measurements is clearly visible the 
enhancement of the transport properties of wires with the increment of the groove steps. 

 On the right there are cross section of: (a) AMBI035, (b) AMBI034A, (c) AMBI034X, (d) AMBI034B. 



 

Figure 2-18 Cross section of squared (on the left) and normal (on the right) AMBI036𝛿. 

For the preparation, a pure Ag tube with outer (OD) and inner (ID) diameters of 15 and 11 

mm respectively was filled with the powder in O2-atmosphere and drawn. The obtained 

monofilamentary wire was cut into 85 pieces and restacked in a second 13/11.5 mm (OD/ID) 

pure Ag tube. From here on, the deformation process followed the GDG method. The 

resulting wire was hexagonally shaped, cut in 18 pieces + 1 (pure silver wire prepared ad hoc 

and placed in the centre) and restacked in a 15.2/12.7 mm (OD/ID) Ag tube. Finally, a 1530 

filaments (85x18) square wire with a size of about 1 × 1 mm2, visible in Figure 2-18, is obtained 

with a superconducting filling factor of about 15 %. The average filament diameter was 12 

m.  

It is important to highlight that the groove rolling operation gives a wire that is symmetric to 

the diagonals. This shape is related to the flattening induced by the groove. As can be seen in 

Figure 2-20, the wire touches the rollers on the planes located on the top and on the bottom, 

while there is the “escape” for the deformed material on the horizontal plane. 
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Figure 2-19 Square groove rolling machine. 

 

 

Figure 2-20 Representation of the operation of a square groove rolling machine. 

The way out makes the two sharper edges, while the two planes make the larger and 

smoother edges (Figure 2-18 cross section on the right). The expedient found to have a more 

homogeneous deformation with the groove rolling is to turn 90 degrees the wire between 

one step and the other. Moreover, after the last groove step before switching to the drawing, 

the wire undergoes again on the same groove but turning it 90 degrees (Figure 2-18, cross 

section on the left). This operation is called "squaring". It is performed to have a more 

symmetric cross section and then a more homogeneous deformation and stress accumulation 

when switching between the groove rolling and the drawing machine. 

Samples were heat-treated in 1 bar flowing O2 in a three-zone tubular furnace with 

homogeneity of ±0.5°C in 30 cm using the standard HT schedule shown in Figure 2-5.  

  



2.5 Optimized samples characterization 
 

2.5.1 Experimental setup for the 𝐼𝐶  measurement. 
 

2.5.1.1 The facility 

 

All the 𝐼𝐶  measurements in this work were made in the CNR-SPIN laboratory at the Physics 

Department of the University of Genoa.  

This custom facility, involved in the characterization of all the samples, is able to measure a 

Critical Current 𝐼𝐶  up to 800 𝐴 flowing in a sample on which is applied an external magnetic 

field perpendicular to longitudinal axis of the wire. 

The magnetic field is made by a 𝑁𝑏𝑇𝑖 𝑆𝑝𝑙𝑖𝑡-𝐶𝑜𝑖𝑙 superconducting magnet with a 7 𝑇 central 

field at 4.2 𝐾 and an axial bore of 5 𝑐𝑚. 

 

2.5.1.2 Sample holder for 𝐼𝐶  measurements at variable temperature up to 24 𝐾 

 

A sketch of the sample holder of our built-in-house 𝐽𝐶  probe is presented in Figure 2-21 

 

Figure 2-21 Sketch of the sample holder for the 𝐽𝐶  probe. 
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Two main characteristics makes it original and successful in preventing undesirable over-

heating of the sample. 

First, the horizontal configuration of the split coil magnet allows to have a sample space 

long enough to mount samples up to 15 𝑐𝑚 length. In such a setup, the joints between the 

sample and the current leads can be long up to 4.5 𝑐𝑚 making their resistance very low, 

reducing the heat generated by the Joule effect throughout the measure. Furthermore, as 

the currents joints are far from the voltage taps, the current transfer issue is negligible. 

Second, both the resistive joints are kept in thermal contact with the liquid helium at the 

bottom of the probe chamber (Figure 2-22): the lower one directly, while the upper one 

through a copper braid. 

In such a way, the temperature of the current links (monitored through a Cernox 

thermometer located in the C position visible in Figure 2-21) is always lower that the 

temperature of the sample (checked by another thermometer located in the “Cernox space” 

in the middle of the sample holder  visible in Figure 2-21), avoiding heat transfer toward the 

sample itself.  

The voltage taps can be placed up to 6 𝑐𝑚 apart, allowing the investigation of the sample 

homogeneity on a macroscopic scale. Going down in the details, in Figure 2-21 is possible to 

distinguish the two copper current leads (A and C) and the Bakelite holder (D). In the central 

part (the B part), there is a copper bridge: ton the lower side there are glued three 120 Ω 

heaters and the sample is stuck on the upper side. A layer of high thermal conductivity silicon 

grease maximizes the thermal contact. Finally, sample edges are tin soldered to the current 

leads. A Cernox thermometer, the one located in the “Cernox space” in Figure 2-21, measures 

the temperature very close to the sample and it is used in a PID (proportional-integral-

derivative) temperature control. The probe stick is inserted in a standard cryostat designed 

with concentric layers of thermal shielding with gradually increasing temperatures from the 

innermost to the outermost: Helium bath (liquid and gas) – vacuum – liquid Nitrogen – 

vacuum – room temperature. 

The probe chamber (Figure 2-22) within the cryostat is a tube with a variable nozzle through 

which the liquid helium can flow. The three heaters warm up the sample holder and make the 

helium inside the probe chamber evaporate, thus regulating the temperature. The pressure, 

and thus the liquid Helium level inside the chamber, is also controlled by acting on the valve: 

in such a way it is possible to change and stabilize the temperature of the sample. The 

temperature results homogeneous along the whole sample portion of interest. 

 

 

 



 

Figure 2-22 Cryostat sketch. The valve and the nozzle necessary to thermostat accurately are shown. 

 

2.5.2 Short samples 
 

A short sample, for our purpose, is a 10-12 cm long 𝐵𝑖(2212) wire. Open-ends samples of 

this length let bubbles vent out from the wire during the heat treatment, allowing measuring 

the best properties of wires. 

Critical currents of fully processed wires were measured using the four-probe method with a 

1 𝜇𝑉/𝑐𝑚 criterion at 4.2 𝐾 in a magnetic field up to 7 𝑇 applied perpendicular to the wire 

axis. The overall wire critical current density 𝐽𝐸  was calculated using the whole full-reacted 

wire cross-section (reported for all the wires in the last column of Table 4). 

Since the measurement performed at 4.2 𝐾 and in a magnetic field of 7 𝑇 were promising, 

AMBI036𝛿 transport properties were characterized even in function of the temperature. The 

transport critical currents as a function of variable magnetic field and temperature were 

measured by mean of the built-in-house system described in the previous paragraph and 

always using the 1 𝜇𝑉/𝑐𝑚 criterion. 



57 
 

 

Figure 2-23 𝐽𝐶  (left axis) and 𝐽𝐸 (right axis) of AMBI036𝛿 at different temperatures in function of the magnetic field. 

The minimum transport properties request for superconducting wires been involved in 

magnet applications is set to a 𝐽𝐸 > 400 𝐴/𝑚𝑚2 at the operative field and temperature. 

Figure 2-23 shows the transport properties of 𝐴𝑀𝐵𝐼036𝛿 at different temperature in 

function of the magnetic field applied on the sample, while in Figure 2-24 the behaviour is 

reported for different magnetic fields as a function of the temperature 



 

Figure 2-24 Engineering critical current density Je of AMBI036 at different magnetic fields in function of the temperature. 

A lot of information can be extracted  from these graphs. First, AMBI036𝛿 engineering critical 

current at 4.2 𝐾 in a magnetic field of 7 𝑇 is higher than 600 𝐴/𝑚𝑚2. Besides, from these 

graphs, it can be seen that the critical current behaviour is very slightly field-dependent in the 

measured field range, as indeed expected for 𝐵𝑖(2212), but it is the same for temperatures 

up to 12-14 𝐾. For higher temperatures, a faster decrease of the transport properties is 

evident. However, at 20 𝐾 the samples still maintain a remarkable 𝐽𝐸 > 200 𝐴/𝑚𝑚2 up to 

7 𝑇. On top, the temperature characterization shows that this kind of wire still have a 𝐽𝐸 >

400 𝐴/𝑚𝑚2, i.e. the minimum request in term of overall current density at the operative 

field to make any kind of winding, in a magnetic field of 7 𝑇 up to 12 𝐾.  

 

2.5.3 Long samples  
 

A long sample, for our purpose, is a treated sample with a length of about 1 meter. As written 

in paragraph 2.3,  the longers are samples, and the more evident is the problem related to 

the presence of bubbles due to the melt phase. GDG aims to prevent these bubbles from 

forming with a proper, and easily scalable industrial length, mechanical deformation process.  

Characterization of AMBI036𝛿 has been performed even on a 1 𝑚 long sample.  

 

In Figure 2-25 is shown the CNR-SPIN 1-m-long sample just after the heat treatment; the short 

straight sample visible in the centre (marked as OE in Figure 2-27) is the reference sample. As 
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can be seen in figure Figure 2-25 and Figure 2-26, just one leakage is visible on the entire 

length. The sample was cut into different pieces, Figure 2-27, and then measured at 4.2 𝐾 in 

a magnetic field of 7 𝑇. 

 

 
Figure 2-25 The 1-m-long CNR-SPIN sample after the heat treatment. Just one leakage, due to a defect of the silver sheath, 

is present. 

 
Figure 2-26 Detail of the leakage occurred on AMBI036𝛿. This was probably due to a defect of the silver matrix. 

 

Figure 2-27 AMBI036𝛿 cut in different shorter samples. 

Due to the restriction of the measurement system, the only measurable curved sample 

obtained from the wire was the 4th piece. 

 Figure 2-28 shows a drop in terms of 𝐽𝐸  along the whole length of the 1-m-long sample with 

respect to the OE short sample. The performance drop is around 15% of the performance of 

the short sample. The measured 𝐼𝐶  drop is way less than the one reported for OP treated 

wires, which was around 30% (see paragraph 2.3.1 for more details).   



 
Figure 2-28 Je over the length of the 1-m-long AMBI036𝛿 sample. On the graph is also visible the Je of the OE short sample 

treated with the long sample. 

The good news is that 𝐽𝐸  is quite homogenous along the entire length of the wire and the 

falling trend visible in Figure 2-13 (OP treated wires) is not present here. Since the 

performances drop is still present the mechanical deformation process performed on 

AMBI036𝛿 can further be optimised. 

 

 

2.5.4 Magnetic measurements and characterization 
 

In order to have an all-around characterization of AMBI036𝛿, even the magnetic 

measurements were performed by a Vibrating Sample Magnetometer (VSM) up to 8 T 

between 8 K and about 80 K, on this wire. Besides, an analysis of the difference, for what 

concerns the irreversibility field, between the two main powder precursors suppliers for Bi-

2212 wire has been done [27].  This study was done to better understand any difference of 

the critical current behaviours between samples made with the two different precursors. 

The magnetization hysteresis loops as a function of the applied magnetic field (𝑀-𝐻), 

recorded at different temperatures, for a small piece length of about 0.515 cm cut from the 

same sample of AMBI036𝛿 used for 𝐽𝐶  measurements, with the applied magnetic field 
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perpendicular to the wire axis, are reported in Figure 2-29. The irreversibility field, 𝐻𝑖𝑟𝑟, can 

be directly obtained from the 𝑀-𝐻 curves, as the field at which the cycles close, only for T > 

27 K, where 𝐻𝑖𝑟𝑟 is lower than the maximum experimentally achievable magnetic field (8 𝑇). 

For lower temperatures 𝐻𝑖𝑟𝑟 can be estimated considering the functional expression of the 

macroscopic pinning force density  

 𝐹𝑃 =  𝐽𝐶   
0
𝐻 2.1 

  

 

Figure 2-29 Magnetization as a function of the applied magnetic field, up to 8 𝑇, recorded at 
70, 60, 50, 40, 30, 25, 20, 18, 16, 12, 10 and 8 𝐾. 

The pinning force can be ultimately derived from the hysteresis loop, applying the Bean 

critical state model [28]. Figure 2-30 shows the reduced pinning force density 𝐹𝑃/𝐹𝑃𝑚𝑎𝑥 

(𝐹𝑃𝑚𝑎𝑥 is the maximum value of the pinning force density) curves plotted as a function of the 

reduced field 𝐻/𝐻∗ (𝐻∗ is the magnetic field corresponding to 𝐹𝑃𝑚𝑎𝑥) within the temperature 

range 12 𝐾 – 60 𝐾, in which it is possible to evaluate 𝐹𝑃𝑚𝑎𝑥, whereas at 8 𝐾 and 10 𝐾, the 

maximum of pinning was not achieved within the investigated magnetic field (0 - 8 𝑇) hence 

those curves are not shown. It is evident, from Figure 2-30, that all the curves do not collapse 

on a single one when evaluated at different temperatures. The lack of the scaling behaviour 

of the pinning force in such an extended temperature range was often reported for 𝐵𝑖 −

2212 wires and tape and ascribed to the progressive change in pinning character from 2𝐷 to 

3𝐷, as 𝑇 decreases [28], [29]. 



The pinning forces scaling cannot be assumed by performing a simple Kramer-plot analysis 

(previously described in paragraph 1.3.4) on the investigated sample. Just as reminder, the 

scaling law for the pinning force density is (equation 1.16 in the paragraph 1.3.4) 

𝑓𝑃(𝐻/𝐻𝑖𝑟𝑟) =
𝐹𝑃

𝐹𝑃𝑚𝑎𝑥
= 𝑎 ( 

𝐻

𝐻𝑖𝑟𝑟
 )

𝑝

( 1 −
𝐻

𝐻𝑖𝑟𝑟
)
 𝑞

 

This implies that the 𝑝 and 𝑞 parameters will depend upon temperature.  

The temperature behaviour for 𝑇 >  27 𝐾 of both 𝑝 =  𝑝(𝑇) and 𝑞 =  𝑞(𝑇) is obtained by 

fitting the experimental 𝑓𝑝(𝐻) with equation1.16, considering the 𝐻𝑖𝑟𝑟 values determined 

from 𝑀-𝐻 loops, and 𝑝 and 𝑞 as fitting parameters. The 𝑞 parameter reveals a smooth 

decreasing trend with increasing temperature within the range 27 𝐾 < 𝑇 < 40 𝐾, whereas 𝑝 

exhibits a rather T-independent behaviour. For example, the obtained values at 27 𝐾 are 𝑝 =

(0.64 ± 0.01) and 𝑞 = (3.89 ± 0.01). [30] (See paragraph 1.3.4 for more details about the 

parameters) 

At this point, a comment on the meaning of the obtained parameters is necessary. However, 

the present values are rather inconsistent with those predicted by Dew-Hughes models. Thus 

a dominant pinning mechanism cannot be unambiguously identified. This is not a unique 

behaviour of the wires investigated in this work, but, on the contrary, the obtained p and q 

values well agree with those previously reported for similar systems, thus a quite general 

behaviour of Bi-2212 wires and tapes [9] [30].  

This might be due to the fact that parameter 𝑞, that was called 𝛿 in the Dew-Huges original 

work, is equal to 1 when the external field is equal to 𝐻𝐶2 for LTS. For HTS materials the 

equation must be referred to 𝐻𝑖𝑟𝑟 so the normalization might be slightly different. Moreover, 

we have to consider the behaviour of the 𝐻𝑖𝑟𝑟 in those materials. For very low temperatures, 

the pinning force measurement is precise, but the normalization to 𝐻𝑖𝑟𝑟 introduces 

uncertainties due to the evaluation of the irreversibility field itself (it cannot be measured 

because it is extraordinary high). On the other hand, for higher temperatures 𝐻𝑖𝑟𝑟 becomes 

investigable, but the measurement of the pinning force density starts to be inexorably 

affected by the flux creep effects. 

Nevertheless, the pinning force density of 𝐵𝑖(2212) wires is often discussed considering the 

characteristic dependence of grain boundary pinning with 𝑝 = 0.5 and 𝑞 = 2 [31]. The higher 

values reported for Bi-2212 samples can be ascribed to the microstructural nature with 

randomly distributed c-axis orientation in wire radial direction. Due to the anisotropic 

properties of 𝐻𝑖𝑟𝑟 in 𝐵𝑖(2212), the resulting macroscopic behaviour is determined by the co-

existence of grains with different 𝐻𝑖𝑟𝑟 and then dissipative state. In this scenario, a smoother 

behaviour (and thus higher 𝑞 values) in high field condition approaching  𝐻𝑖𝑟𝑟 is justified [9]. 

Coming back to the evaluation of 𝐻𝑖𝑟𝑟, for 𝑇 < 27 𝐾, the values of 𝐻𝑖𝑟𝑟 are estimated by 

fitting the experimental curves with the 𝑓𝑝(𝐻) functional dependence (eq.1.16) using 𝑝 and 

𝐻𝑖𝑟𝑟 as fitting parameters. The fitting procedure was performed keeping the 𝑞 parameter at 

either 𝑞 = 3.89 (the value at 27 𝐾) or higher values 𝑞 = 4, 4.25, 4.5 up to 𝑞 = 5 

(extrapolation of the 𝑞(𝑇) linear dependence for 𝑇 > 27 𝐾 in the low 𝑇 limit). The final value 

associated to 𝐻𝑖𝑟𝑟 at any given 𝑇 is then calculated as the average of 𝐻𝑖𝑟𝑟 obtained by the full 



63 
 

set of fitting processes with different 𝑞. The as calculated 𝐻𝑖𝑟𝑟 values are plotted in Figure 

2-31 and reported in Table 5, with errors provided by the root mean square values. 

 

Figure 2-30 Reduced pinning force density 𝑓𝑃  = 𝐹𝑃/𝐹𝑃𝑚𝑎𝑥 as a function of the reduced field 𝐻/𝐻∗, at 
60,50,40,30,25,20,16,12 K. 

As a further contribution to the work, we also try to compare the properties of this wire, 

prepared with Engi-Mat powders, with a very similar square wire realized with 𝐵𝑖(2212) 

powders produced by Nexans (batch n. 87), broadly used until 2017. AMBI016 – here labelled 

SPIN_016nexans and thoroughly described in [24] and [32]- was also processed via GDG 

method and had the same final filament size. The big difference lies in the variation of about 

a factor 2 in the critical current density 𝐽𝐶𝑆𝑃𝐼𝑁016𝑛𝑒𝑥𝑎𝑛𝑠
 (4.2 𝐾, 5 𝑇)  =  0.2 𝑀𝐴/𝑐𝑚2 and 

𝐽𝐶𝑆𝑃𝐼𝑁036𝑒𝑛𝑔𝑖𝑚𝑎𝑡
(4.2 𝐾, 5 𝑇)  =  0.45 𝑀𝐴/𝑐𝑚2. A similar difference in 𝐽𝐶  was reported also 

for the OP processed wires realized respectively with Nexans and Engi-Mat powders [16]. 

Adopting the same procedure described for AMBI036𝛿, here labelled SPIN_036engimat to 

underline the powder difference between the two samples, 𝐻𝑖𝑟𝑟 of AMBI016 has been 

calculated in the whole temperature range. The as obtained values are plotted in Figure 2-31 

and listed in Table 5 for easier comparison with sample 𝑆𝑃𝐼𝑁036𝑒𝑛𝑔𝑖𝑚𝑎𝑡. 



 

Figure 2-31 Irreversibility field as a function of temperature of CNR-SPIN wires AMBI036𝛿 (here labelled SPIN_036engimat), 
made with Engi-Mat powders (black balls), and AMBI016 (here labelled SPIN_016nexans), made with Nexans (red balls). 

The expression used for calculation is in agreement with the reference reported. The black line represents the fit of 
AMBI036𝛿 𝐻𝑖𝑟𝑟(𝑇) with the equation in [31]. The values of fitting parameters are also shown from which a good matching 

with 𝐻𝑖𝑟𝑟(𝑇) curves obtained in [31] can be inferred. 
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Table 5 Irreversibility field, 𝐻𝑖𝑟𝑟, values of the two investigated 𝐵𝑖(2212) wires AMBI016 (made with Nexans) and 
AMBI036𝛿(made with Engimat). High temperature values are obtained by isothermal 𝑀-𝐻 hysteresis loops, whereas for 
𝑇 < 25 𝐾 (AMBI016) and 27 𝐾 (AMBI036𝛿), values are associated to the average value obtained by fitting with equation 

1.16 (see text for more details) assuming different 𝑞. Data are also plotted in Figure 2-31. 

 

T [K] Hirr [T] Hirr [T] 

 SPIN_016nexans SPIN_036engimat 

8 / 127±11 

10 76±5 73±5 

12 50±4 48±4 

14  38±3 

16 22±2 22±2 

17  22±1 

18 16±1 17±1 

19  16±1 

20 11.5±0.7 13.2±0.8 

23 / 8.7±0.5 

25 6.0 7.2±0.5 

27 / 5.60 

30 3.52 4.89 

35  3.70 

40 1.34 2.79 

50 0.42 1.40 

60 0.18 0.150 

69.6 0.002 / 

70 / 0.08 

72.9 / 0.002 

78.4 0 / 

82 / 0 

 

As can be seen, in spite of the significantly different JC performances recorded in the two 

𝐵𝑖(2212) wires, their 𝐻𝑖𝑟𝑟(𝑇) curves exhibit very similar temperature behaviour and similar 

values, in the limit of the experimental uncertainties, in the whole temperature range. In 

Figure 2-31, the curve obtained by fitting the AMBI036𝛿 𝐻𝑖𝑟𝑟(𝑇)  with the predicted 𝑇-

dependence for 𝐵𝑖(2212)   wires is also plotted [31]. A satisfactory fit can be obtained with 

fitting parameter values in good agreement with previously reported results for 𝐻𝑖𝑟𝑟 curves 

measured on 𝐵𝑖(2212)  wires by dc transport methods.  

The similarity of the obtained 𝐻𝑖𝑟𝑟(𝑇)   curves can be explained considering that both wires 

exhibit similar vortex pinning mechanisms. Hence, as already proposed for 𝐵𝑖(2212) wires 

manufactured with different precursors, the origin of the discrepancy in 𝐽𝐶(𝐻) behaviours 

must be more likely ascribed to microstructural issues such as higher density and better grain 

connectivity rather than in improved pinning mechanisms [16]. 



As reported in Table 5, from our measurements of 𝐻𝑖𝑟𝑟 shown in Figure 2-31 we obtained a 

value of about 13 𝑇 at 20 𝐾. Looking at the few works reported in the literature we can find 

only an estimation of 𝐻𝑖𝑟𝑟, the so-called 𝐻𝐾, obtained by fitting the linear sections of Kramer 

plot 𝐽𝐶
0.5𝐵0.25 vs 𝐵 and considering the linear extrapolations to the field axis. In recent work 

[16] [33], values of 𝐻𝐾 of about 9 𝑇 at 20 𝐾 were reported for wires fabricated with the same 

powders used in the present work. Also, in our GDG samples, if we look at the evaluation of 

𝐻𝐾 shown in Figure 2-32, we see similar values and only a slight difference between the two 

wires perfectly in agreement with [34]. However, as described for example in [35], the Kramer 

model works only for a few types of high-field superconductors, such as Nb3Sn, and has very 

limited success in representing other materials, such as HTS. Here 𝐻𝑖𝑟𝑟 is more consistently 

estimated in the whole temperature range showing that 𝐻𝐾 largely underestimates the field 

range of applicability of 𝐵𝑖(2212) wires. For instance, a first result coming out from this 

approach is that at 20 𝐾 an irreversibility field of (13.2 ±  0.8) 𝑇 is obtained instead of 9 𝑇 

from Kramer fit, which is more consistent with the far from negligible 𝐽𝐸 = 200 𝐴/𝑚𝑚2  

measured at 7 𝑇.  

 

 

Figure 2-32 8 Fit of the linear part of the Kramer plot where is defined the HK as the intercept of the applied field axis. [27] 

As also this work confirms, the vortex pinning seems not to play any role in the improvement 

of 𝐽𝐶   performances of Engi-Mat based wires, at least up to about 18 𝐾. There might be some 

differences in pinning properties at a temperature higher than 20 𝐾, which might be 

interesting to investigate further. 
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2.5.5 Transport mechanisms induced by filament-coupling bridges-network in 

Bi-2212 wires 
 

One of the features unique in Bi-2212/Ag wires is the network of bridges between the 

filaments formed by grains grown through the Ag matrix during the partial-melt heat 

treatment process. Although these interconnections favour a redistribution of the current 

among the filaments allowing high critical current density, they represent a strong electrical 

coupling between the filaments themself. Such a coupling increases the AC losses, present 

also in case of charge and discharge of DC magnets that are the principal applications of this 

kind of superconductor. Through transport and magnetic measurements and their 

comparison, the behaviour of these bridges was studied as a function of applied magnetic 

field and temperature and their implications on the electrical coupling. This study has been 

performed on the same 𝐵𝑖𝑆𝐶𝐶𝑂(2212) samples made through the GDG-PIT technique 

(𝐴𝑀𝐵𝐼036𝛿, made with Engi-Mat powders, and 𝐴𝑀𝐵𝐼016, mande with Nexans powder) 

characterized in the previous paragraph. 

𝐵𝑖𝑆𝐶𝐶𝑂(2212) wires suffer the interfilament coupling problem because of two different 

aspects: 

1. the normal matrix is made by high purity Silver, whose resistivity is very low; 

2. during the partial fusion process in the heat treatment and subsequent 

recrystallization (see paragraph 2.2 for more details), some 𝐵𝑖(2212) grains grow 

through the Ag sheath, eventually forming an interconnected 3D network of filaments 

in the fully reacted strands. These interconnections, commonly called "bridges", are 

of different structure and size, and some of them improve the transport properties 

favouring, in fact, a redistribution of the current inside the filaments, thus allowing to 

bypass defects or obstacles such as bubbles. However, this interconnection between 

the filaments creates a strong electrical coupling and therefore an increase in losses. 

Furthermore, the typical distance between the bridges is of the order of tens of 

microns [19], less than the typical twist-pitch length (≥  10 𝑚𝑚), making the twisting 

process itself less effective. 

Some works on AC loss measurements point out that the behaviour of these bridges is 

unclear, so it is difficult to determine on which length scale the filaments, actually, couple and 

consequently evaluate the contribution of the so-called coupling-losses [36]. The interest and 

the need to deeply investigate their behaviour also arise from the fact that they consist of 

grains of Bi-2212 grown at a high angle, that is, with a worse orientation than those of the 

filaments. This makes them “weak-links” with different behaviour in magnetic field and 

temperature and which differ from that of an oriented filament. In addition to the 

implications in the application field, such a study might provide an important contribution to 

the complete understanding of the properties of the microstructure and grain boundaries in 

this superconductor, a subject that still arouses interest in the scientific community [37]. In 

this study, through a comparative analysis of transport and magnetic measurements as a 

function of field and temperature, we investigate in detail the impact of filament bridging on 



the Bi-2212 wire performances. The experiments have been performed on two types of 

samples that differ mainly in the used Bi-2212 powders: Nexans powders, used by several 

wire manufacturers until a few years ago, and the new Engi-Mat powders, which are showing 

very high performances in terms of wire critical current density. Both types of samples have 

been processed through the Groove-Die-Groove Powder-In-Tube (GDG-PIT) process 

developed at CNR-SPIN (see paragraph 2.1.3 for more details), but the studied network of 

bridges connecting the filaments is very much similar to that which grows in samples 

manufactured with other methods such as drawing followed by Over Pressure (OP).  

The bridges (visible in Figure 2-33) form during the 𝐵𝑖(2212) recrystallization after the 

melting stage growing through the silver grain boundaries. The interconnections created in 

this way are completely random, with different degrees of alignment and quality in terms of 

effective sc-dimension and section. For this, the behaviour as a function of temperature and 

magnetic field strongly affect these connections. Through the 𝐼𝐶-transport measurement the 

actual current passing through the wire, which leads all the mean contributes from the 

filament coupling up to the contribute ascribable to the single filament, is directly obtained. 

 

Figure 2-33 SEM micrographs of the transverse cross sections of: (a) wire AMBI016 and (b) AMBI036𝛿 showing merged 
filaments with evidence of filament connection induced by growth across the Ag matrix that produces bridges among 

filaments. 
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Figure 2-33 is a SEM micrographs of the transverse cross sections of: (a) wire 𝐴𝑀𝐵𝐼016 and 

(b) 𝐴𝑀𝐵𝐼036𝛿 showing merged filaments with evidence of filament connection induced by 

growth across the Ag matrix that produces bridges among filaments. The scanning electron 

microscope images present the cross-section morphology after the standard heat treatment 

already discussed in paragraph 2.2. In particular, on the right of Figure 2-33(a) and (b), are 

reported the magnifications of the filaments to highlight the peculiar structure induced by 

the partial-melting process where 𝐵𝑖(2212) grains grow in the silver matrix in between the 

filaments connecting them through superconducting bridges. 

The critical current was measured by the dc electric method measuring I-V curves as a 

function of the temperature and field with magnetic field direction perpendicular to the wire 

axis (exactly as reported for 𝐴𝑀𝐵𝐼036𝛿 in paragraph 2.5.2.) The investigated sample was 

mounted on the custom-made 𝑇-variable sampleholder described in paragraph 2.5.1.2. 

The usual electric field criterion of 1 µV/cm is used for the calculation of 𝐽𝐶 . However, for this 
work, the reported 𝐽𝐶  were re-calculated with the criterion of 0.1 µV/cm in order to keep the 
value as closer as possible to the value estimated with the magnetic methods (see below). 

The as calculated dc 𝐽𝐶  values throughout this paragraph are identified as𝐽𝐶
𝑑𝑐. 

After dc electric measurements, short segments (about 0.5 cm) of the investigated samples 

have been cut and prepared for magnetic measurements. The magnetic behavior of the 

samples was studied using the same Oxford Instruments Vibrating Sample Magnetometer 

(VSM) in a He-gas flow cryostat equipped with an 8 T superconducting magnet involved for 

the study described in the previous paragraph. Critical current density values have been 

calculated in the framework of the Bean critical state model from the magnetic hysteresis 

loop M-H measurements collected with the magnetic field direction perpendicular to the 

sample axis [28] assuming a proper filament size. For the case of 𝐴𝑔/𝐵𝑖(2212) multi-

filamentary composite wire, the magnetization is obtained by dividing the magnetic moment 

by the superconducting volume, 𝑉𝑆𝐶  =  𝑉𝑊𝐼𝑅𝐸/(1 +  𝑝) being 𝑝 the given ratio of non-

superconducting/superconducting wire volume components. For sake of clarity, these values 

are identified as 𝐽𝐶
𝑚𝑎𝑔

. Considering the field ramp rate of 0.3 T/min, the corresponding electric 

field criterion for 𝐽𝐶
𝑚𝑎𝑔

 could be estimated as  ≈ 3 × 10-2 μV/cm. 

Figure 2-34 here below shows the critical current density (𝐽𝐶
𝑑𝑐) as a function of the 

temperature (T) obtained from electric dc I-V measurements, in the range of 4.2 K and 25 K, 

for the two samples 𝐴𝑀𝐵𝐼036, Figure 3(left), and 𝐴𝑀𝐵𝐼016, Figure 3(right), recorded at a 

different applied magnetic field. The difference in 𝐽𝐶
𝑑𝑐, as already deeply discussed in the 

previous chapter, is not ascribed to discrepancies in vortex pinning capability but more likely 

to the improved quality of powder precursors in line with what was observed in other works 

for Bismuth-based (BiSCCO) wires manufacture by OP approaches [16]. 



 

Figure 2-34 Dc critical current density as a function of temperature, with the applied magnetic field normal to the rod axis, 
for the sample AMBI036 (on the left) and AMBI016(on the right). 

While the dc electric I-V characteristic allows a direct measure of the critical current density, 

JC value can also be determined inductively from isothermal magnetic hysteresis loop 

measurements. 

Figure 2-35 shows the behavior of the magnetization as a function of the applied magnetic 

field M-H, for both samples, 𝐴𝑀𝐵𝐼036 left panel and 𝐴𝑀𝐵𝐼016 right panel, a different 

temperature, ranging from 8 K to 70 K. The value of the magnetization for the sample w-36E 

is greater than the sample w-16N, confirming the better superconducting performances of 

the sample w-36E already shown in Figure 2-34. 

 

Figure 2-35 Hysteresis loop recorded at different temperature with the applied magnetic field normal to the rod axis for the 
sample AMBI036 (a) and AMBI016 (b) for the field normal to the rod axis. 

Based on the critical state models proposed by Bean [28], 𝐽𝐶  is calculated if the geometry of 
screening currents flowing through the sample is well known. In fact, this method is often 
adopted for uniform and homogeneous samples in which the current path is not affected by 
extrinsic effects such as grain boundaries, secondary phases, or cracks. In those cases, 
shielding currents can flow over the entire bulk of the sample (if full penetration is achieved) 
and the current path is determined by the filament geometry.  

On the other hand, since the 𝐽𝐶
𝑚𝑎𝑔

 is known, to characterize the magnetization properties of 
the wire it is convenient to define an effective filament diameter 𝑑𝑒𝑓𝑓, from the width Δ𝑀 of 
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the magnetization loop at a field larger than the full penetration field [38]. The corresponding 
formula in the CGS system of unit for a cylindrical rod with effective diameter 𝑑𝑒𝑓𝑓 is:  

 
 

𝐽𝐶
𝑚𝑎𝑔

=
30𝜋Δ𝑀

4𝑑𝑒𝑓𝑓
 2.2 

 

for magnetic field direction normal to the rod axis, being Δ𝑀 the magnetization width of the 

hysteresis loop at a given field. 

If 𝑑𝑒𝑓𝑓 is equal to the geometrical filament diameter, 𝑑𝐹, then the filaments behave as if 

uncoupled and as expected from the critical state model. This is what is observed 

experimentally in 𝑁𝑏𝑇𝑖 wires [39]: a reasonable matching with 𝐽𝐶
𝑑𝑐  curves is typically achieved 

with 𝑑𝑒𝑓𝑓  𝑑𝐹, i.e., the single filament diameter. Similar behavior has been also observed in 

the MgB2 conductor where the diameter of the filaments is well defined even in reacted wires 
and transport and magnetic JC are in very good agreement with 𝑑𝑒𝑓𝑓 = 𝑑𝐹 [40] [41]. 

On the other hand, internal-Sn 𝑁𝑏3𝑆𝑛 wires, this 𝑑𝑒𝑓𝑓 is always larger than the individual 

filament diameter prior to reaction, which is indicative of filament bridging. This is a common 
occurrence even in bronze processed wire for power-in-tube, (PIT), 𝑁𝑏3𝑆𝑛 wires [38] [42], 

the bundle diameter, i.e. 𝑑𝑒𝑓𝑓   𝑑𝐵, often provides the best matching with dc transport 

measurements. This discrepancy is justified by the wire microstructures mainly derived by the 
different manufacturing processes.  
Based on previous considerations, a similar approach can be followed for 𝐵𝑖(2122) 

multifilamentary wires. In Figure 2-36a, the 𝐽𝐶
𝑚𝑎𝑔

 curve from the hysteresis loop at 10 K is 

plotted together with 𝐽𝐶
𝑑𝑐  at the same temperature, for the sample AMBI016. In spite of a 

small difference at extremely low magnetic field range, which can be reasonably associated 
to self-field effect, good agreement on both absolute values and magnetic field behavior in 

the whole investigated range (𝜇0𝐻 ≤  7 𝑇) between 𝐽𝐶
𝑚𝑎𝑔

 and 𝐽𝐶
𝑑𝑐  curves is obtained 

assuming the screening current circulating within 𝐵𝑖(2212) filament bundles, i.e. 𝑑𝑒𝑓𝑓 = 𝑑𝐵 

in equation 2.2 with 𝑑𝐵  =  254 𝜇𝑚 the bundle mean diameter. The diameter is determined 
by the optical microscope image of the wire cross section. On the contrary, if the filament 
diameter is considered (𝑑𝐹  =  14 𝜇𝑚), the obtained values are about one order of 

magnitude greater than 𝐽𝐶
𝑑𝑐.  

Interestingly, as 𝑇 is increased to 16 𝐾, the matching between dc and magnetic  𝐽𝐶  curves is 

still valid but in a smaller field range due to a stronger field sensitivity of  𝐽𝐶
𝑚𝑎𝑔

 for 𝜇0𝐻 >  5 𝑇 
(Figure 2-36 b). The same feature is recorded in a progressively narrower field range at 20 𝐾 
and eventually at 25 𝐾 overlap between the two curves is obtained only for zero field (Figure 
2-36c and Figure 2-36d).  

In Figure 2-36c and Figure 2-36d the critical current behavior of 𝐽𝐶
𝑚𝑎𝑔

 calculated assuming the 
screening current circulating within individual 𝐵𝑖(2212) filaments, i.e., with the filament 

diameter 𝑑𝐹, are also plotted as dashed lines. As can be observed 𝐽𝐶
𝑑𝑐curves approach in high 

field region these 𝐽𝐶
𝑚𝑎𝑔

 and, at 𝑇 =  25 𝐾 curves overlap for 𝜇0𝐻 >  5 𝑇. 
 

 



 

Figure 2-36 Critical current density curves as a function of the applied magnetic field for the sample AMBI016 at  
T = 10 K (a), T = 16 K (b), T = 20 K (c) and T = 25 K (d). The 𝐽𝐶  data points determined by electric dc I-V characteristics are 

shown with the symbols; the value from the magnetic M-H measurements are showed by a continuous line with the bundle 
diameter (𝑑𝐵  =  254 𝜇𝑚), and a dashed line for the value calculated with filament diameter (𝑑𝐹  =  14 𝜇𝑚). 𝑑 =
 𝑑𝑒𝑓𝑓(𝐻), reported in e) for all the analyzed temperatures is calculated from equation 2) (see text), the orange line 

represent the value of dB while the green line represent the value of 𝑑𝐹. The dotted lines are only a guide for the eyes. 

In order to emphasize this behavior, a different approach is proposed by a direct calculation 

of the 𝑑𝑒𝑓𝑓(𝐻) from equation 2.2, imposing 𝐽𝐶
𝑚𝑎𝑔

 =  𝐽𝐶
𝑑𝑐, which implies: 

 
 

𝑑𝑒𝑓𝑓 =
30𝜋Δ𝑀

4𝐽𝐶
𝑑𝑐  2.3 

 

In Figure 2-36(e) the symbols represent the as calculated deff at different temperature and 
magnetic fields for which dc experimental data exists. At 10 𝐾 𝑑𝑒𝑓𝑓  𝑑𝐵, whereas a 

significant decrease at higher 𝑇 is observed, with deff approaching 𝑑𝐹 at 25 𝐾 in high field 
limit.  
This analysis suggests that the domains of screening currents in such a multifilamentary wire 
are not fixed to a given value but conversely continuously change depending on the 
temperature and applied field conditions within the interval 𝑑𝐹   𝑑𝑒𝑓𝑓  𝑑𝐵.  
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Figure 2-37 Critical current density curves as a function of the temperature for the sample AMBI016  at 𝜇0𝐻 =  1 𝑇 (a), 
𝜇0𝐻 =  3 𝑇 (b), and 𝜇0𝐻 =  7 𝑇 (c). The 𝐽𝐶  data points determined by electric dc I-V characteristics are shown with the 

open black square symbols; the from the magnetic 𝑀 − 𝐻 measurements are labeled with the red circles symbols for the 
values calculated with the bundle diameter (𝑑𝐵  =  254 𝜇𝑚), whereas green triangle symbols are used for the value 

calculated with filament diameter (𝑑𝐹  =  14 𝜇𝑚). Moreover the blue star symbols are used for the values of  

𝐽𝐶 (𝑑𝑒𝑓𝑓(𝐻)). 

In Figure 2-37, 𝐽𝐶  data of sample 𝐴𝑀𝐵𝐼016 are plotted as a function of the temperature for 

selected magnetic fields with 𝐽𝐶
𝑚𝑎𝑔

 data calculated from equation 2.2 for 𝑑𝐵, 𝑑𝐹, and 𝑑𝑒𝑓𝑓(𝐻). 

As can be seen, a clear trend emerges from the comparison with the 𝐽𝐶
𝑑𝑐(𝑇) curves further 

supporting previous findings.  
At 𝜇0𝐻 =  1 𝑇 (Figure 2-37a), similar 𝑇-dependence for dc and magnetic data derived with 
𝑑𝐵 is observed within the full investigated temperature range. At higher field values, different 

behavior can be revealed for 𝐽𝐶
𝑚𝑎𝑔

 curves with respect to 𝐽𝐶
𝑑𝑐. In particular, in the low 𝑇-limit 

for 3 𝑇 and 7 𝑇, 𝐽𝐶
𝑚𝑎𝑔

 calculated with 𝑑𝐵 overlaps 𝐽𝐶
𝑑𝑐  but as 𝑇 increases 𝐽𝐶

𝑑𝑐(𝑇) approaches 

𝐽𝐶
𝑚𝑎𝑔(𝑇) calculated with 𝑑𝑒𝑓𝑓  =  𝑑𝐹, as can be clearly observed in Figure 2-37c for 𝜇0𝐻 =

 7 𝑇 and 𝑇 >  20 𝐾. 



The critical current density, 𝐽𝐶 , derived by dc electric I-V curves and magnetic hysteresis loops 

𝑀 − 𝐻, for the sample𝐴𝑀𝐵𝐼036, have been measured and also compared in Figure 2-38. 

 

Figure 2-38 Critical current density curves as a function of the applied magnetic field for the sample AMBI036 at 𝑇 =  10 𝐾 

(a), 𝑇 =  16 𝐾 (b), 𝑇 =  18 𝐾 (c) and 𝑇 =  20 𝐾 (d). The JC data points determined by electric dc I-V characteristics 

are shown with the symbols; the value from the magnetic M-H measurements are showed by a continuous line 

with the bundle diameter (dB = 192 m), and a dashed line for the value calculated with filament diameter 

(dF = 12 m). d = deff(H), reported in e) for all the analyzed temperatures is calculated from equation 2) (see 

text), the orange line represent the value of dB while the green line represent the value of dF. The dotted lines 

are only a guide for the eyes 

Moreover, in Figure 2-39, the behavior of the critical current density, for the sample 
𝐴𝑀𝐵𝐼036 is plotted as a function of the temperature for two different magnetic fields, with 

𝐽𝐶
𝑚𝑎𝑔

 data calculated from equation 2.2 for 𝑑𝐵, 𝑑𝐹, and 𝑑𝑒𝑓𝑓(𝐻). As can be seen, a similar 

trend to 𝐴𝑀𝐵𝐼016 emerges from the comparison with the𝐽𝐶
𝑑𝑐(𝑇) curves.  

As already pointed out and shown in Figure 2-34 andFigure 2-35, 𝐴𝑀𝐵𝐼036 exhibits better 
performances with respect to 𝐴𝑀𝐵𝐼016 likely due to the different nature of the precursor 
powder. 
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Figure 2-39 Critical current density curves as a function of the temperature for the sample 𝐴𝑀𝐵𝐼036 at 𝜇0𝐻 =  4 𝑇 (a), 
and 𝜇0𝐻 =  6 𝑇 (b). The 𝐽𝐶  data points determined by electric dc I-V characteristics are shown with the open black square 

symbols; the value from the magnetic 𝑀-𝐻 measurements are labeled with the red circles symbols for the values calculated 
with the bundle diameter (𝑑𝐵  =  192 𝜇𝑚), and green triangle symbols for the value calculated with filament diameter 

(𝑑𝐹  =  12 𝜇𝑚). Moreover the blue star symbols are used for the values of  𝐽𝐶 (𝑑𝑒𝑓𝑓(𝐻)). 

The 𝐽𝐶(𝑇) behavior for the sample 𝐴𝑀𝐵𝐼036 at 𝜇0𝐻 =  4 𝑇 and 𝜇0𝐻 =  6 𝑇 plotted in 
Figure 2-39 a and b, respectively, are qualitatively similar to the one previously reported in 

Figure 2-37 for sample𝐴𝑀𝐵𝐼016. A cross over from the low-𝑇 regime, where 𝐽𝐶
𝑑𝑐  is finely 

reproduced by 𝐽𝐶
𝑚𝑎𝑔

 assuming screening current circulating over the bundle, to high-𝑇 limit, 
in which screening currents circulate within single filaments, can be easily identified even if 
in a different 𝑇-range with respect to 𝐴𝑀𝐵𝐼016. These features can be explained by invoking 
the peculiar microstructure of 𝐴𝑔/𝐵𝑖(2212) multifilamentary wires characterized by a high 
density of bridges connecting adjacent filaments [19] clearly visble in Figure 2-33. The 
presence of such a network of bonded filaments, formed during the phase growth thermal 
process, is beneficial for transport properties providing a more effective percolation path for 
current flow mechanisms. On this basis, it is justified the use of the 2212 filament bundle 

diameter 𝑑𝐵 in the Bean equation 2.2 for the calculation of 𝐽𝐶
𝑚𝑎𝑔

. On the other hand, some 
connections can act as weak links due to unfavorable texturing (high angle grain boundary) 
with poorer critical temperature and critical fields. The contribution of this kind of bridges to 
the wire carrying current capability is then limited to a narrower range of both 𝑇 and 𝐻 values. 
Consequently, when the temperature and magnetic field are too high for weak links, filaments 
behave as individual carrying current elements. In this limit, it is likely that the wire 𝐽𝐶  

behavior can be more properly described by the 𝐽𝐶
𝑚𝑎𝑔

 assuming the single filament 𝑑𝐹 
diameter.  



The direct comparison of 𝐽𝐶  curves allows the identification of 𝑇- and 𝐻-ranges within the two 
opposite regimes are valid as well as the interval of cross over between them. For example, 

in Figure 2-40 data points, for the sample𝐴𝑀𝐵𝐼016, calculated (𝑑𝐵  −  𝑑𝑒𝑓𝑓(𝐻)) /𝑑𝐵  5% 

and (𝑑𝑒𝑓𝑓(𝐻) − 𝑑𝐹)/𝑑𝐵  5% are plotted as circles and squares symbols, respectively. The 

former data define the boundary in the H-T plane in which current percolates within the 
whole bundle (𝑑 =  𝑑𝐵). On the contrary, in the cross-over regime, the percolation occurs 
among a limited number of neighboring filaments comprised in 𝑑 =  𝑑𝑒𝑓𝑓. 

The same plot for the sample 𝐴𝑀𝐵𝐼036 cannot be shown because only a few data points are 
available in a very limited H-T range.  
Further studies are needed to extend the validity of the H-T phase diagram reported for the 
sample 𝐴𝑀𝐵𝐼016 to 𝐴𝑀𝐵𝐼036 and eventually to samples obtained with other wire 
processing techniques and layouts. 
 
 

 

Figure 2-40 Range of validity of the current transport regimes for the sample AMBI016. The graph wants emphasize the 
result obtained. In the space Temperature (K)-Magnetic Field (T) we observe through the comparison between magnetic 
and transport measurements a behaviour resumable in the diagram reported. Up to certain values of Temperature and 

magnetic field, the current flows in the conductor percolating within the whole bundle through the filament bridges 
(greenish part). These connections, randomly oriented and grown, are superconducting weaker respect to the well textured 

phase in the filament; in our data we observed a regime where the connections begin to behave not anymore like a 
superconductor switching them off (blended colours), leading to the Individual filament regime (lilac part) nearer and 

nearer. The graph portion with the pois shows with the blended colors an intuitive behavior for the T-B plot but it’s a region 
to be completed with high magnetic field measurements. 
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Achievement of all the results shown in this chapter allows thinking about a winding made 

with 𝐵𝑖𝑆𝐶𝐶𝑂(2212) wire that can work at 10 or even 12 𝐾. Such a working temperature 

open the way to commercial cryocoolers, avoiding all the problems related to the availability 

of helium, its cost and its complicated cryosystem. However, other parameters and technical 

aspects have an impact too, in some cases even more remarkable, on the costs and reliability 

of a cryogen-free system, strictly depending on the working temperature. A commercial 

system with an input power of about 2 𝑘𝑊 can provide a cooling capacity of 20 𝑊 at 20 𝐾, 

6 𝑊 at 10 𝐾 and only 1 𝑊 at 4 𝐾 [43]. The majority of the metals used to build parts of the 

cryostat and the magnets (or conductor used for) to be cooled, such as for example Copper 

and Silver, show an increment of the thermal capacity of factor 20 and 100 passing from 4 𝐾 

to respectively 10 𝐾 and 20 𝐾 [44]. These parameters are preferred to be as high as possible 

to have high efficiency and thermal stability in the cooling system and the superconducting 

magnets.  Finally, at a temperature below 20 K, the system is more demanding in terms of 

thermal insulation, which entails a more complicated and expensive construction technology. 

Therefore, it is clear that being able to operate devices, such as superconducting magnets, at 

temperatures around 20 K or at least above liquid helium boiling temperature represents a 

great advantage. This makes very important and useful for magnet manufacturers to have 

access to a thorough and exhaustive properties characterization of the technological 

superconductors in this temperature range. If we consider the applications at medium-high 

magnetic fields, i.e. above 10 T, such as in nuclear fusion or NMR, we have to refer to HTS 

rather than LTS superconductors.  



 

3 Chapter 3 – Preliminary study of the deformations due to the 

cabling operation with finite elements metodologies 
  

3.1  From the wire to the Rutherford cable 
 

Currently, all the large particle accelerators (Tevatron, HERA, RHIC, LHC) are based on 
superconducting technology. The most common solution to achieve the desired overall 
current in all their superconducting magnets is to arrange the superconducting wires into 
cables. One of the most used designs for cables is the Rutherford architecture. A Rutherford 
cable is a multi-strand twisted cable in which the strands are wound around a mandrel and 
then flattened into a rectangular or trapezoidal cross section. These types of cables are ideal 
for accelerator magnets because they are characterized by having: 
- strands fully transposed with respect to the magnetic field; 
- significant compaction that assures a large engineering critical current density; 
- a geometry that allows efficient winding of the coils. 
 

 
Figure 3-1 LHC Rutherford Cable cross section 

The geometry of the Rutherford cable is characterized by a trapezoidal cross section with a 

keystone angle and, as reported in Figure 3-2, its main parameters are: 

- diameter 𝒅 of the wires involved; 

- the thin edge 𝒕𝟏 and the thick edge 𝒕𝟐 thickness of the trapezoidal structure; 

- width 𝒘 of the cable; 

- the pitch length 𝑳𝒑 and the correlated cabling pitch angle 𝝋 defined as 𝜑 = arctan
2𝑤

𝐿𝑝
 . 
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Figure 3-2 Geometry of the LHC Rutherford cable. SS core in LHC Rutherford cables is necessary to reduce AC losses. 

3.2  Known effects induced by deformations 
A Rutherford cabling machine can be typically described via three main subsystems (Figure 

3-3 and Figure 3-4): 

1) the spool wheel housing the spools of wires to feed up the process; a different number 

of spools can be installed on the wheel to produce Rutherford cables with a different 

configuration.  

2) the Turk Head, the core of the system, guides the wires into the rollers via the rotating 

plate and the fixed mandrel. The rollers (two vertical and two horizontal) can be 

precisely positioned forming a rectangular window (or trapezoidal for key-stoned 

cables) imposing the final shape on the cable with consequent large plastic 

deformation of each wire; 

3) The caterpillar provides a continuous pulling force on the cable out of the Turk Head 

ensuring kinematic stability to the process. 

 

Figure 3-3 Detailed view of the CERN cabling machine sub-systems: spool wheel, Turk Head and caterpillar. [45]. 



The detailed CAD model in Figure 3-4 shows in more detail the main components of the 

cabling machine as well as the main geometrical parameters that influence the kinematics of 

the cabling process. 

During the cabling process, the wires experience large plastic deformations that strongly 

modify the geometrical dimensions of the sub-elements. These deformations are particularly 

severe on the cable edges and can result in a significant reduction of: 

1. The cable critical current; 

2. RRR of the stabilizing material (that can totally fall down with a catastrophic impact 

on the magneto-thermal stability of the magnet). 

 

 

Figure 3-4 Detailed CAD model of the spool wheel and the Turk Head with exploited view of main components and relative 
kinematic scheme. [45] 
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Figure 3-5 (Top) Cross section of 40-strand Rutherford cable; cross section of undeformed (Bottom-Left) and plastically 
deformed (Bottom-Right) Rutherford Nb3Sn strand. 

 

3.3 𝐽𝐶-strain relation in 𝐵𝑖(2212) 
 

3.3.1 𝐽𝐶-strain relation along the longitudinal direction 
 

The model for 𝐽𝐶-strain behaviour was proposed by tenHaken et al, and further improved by 

Cheggour et al [46] [47] [48] [49] [50] [51]. According to this model, 𝐽𝐶  will immediately 

degrade irreversibly in longitudinal compression at almost constant rate. In longitudinal 

tension there is a range of slight reversible decrease of 𝐽𝐶; after that, 𝐽𝐶  will degrade 

irreversibly extremely fast. This reversible limit, according to various pushed data, is between 

0.3% and 0.6% for the state-of-art wires. 

Figure 3-6 shows the strain dependence of 𝐽𝐶  in both tension and compression. Characteristics 

of 𝐵𝑖(2212) wires used in these experiments are summarized in Table 6. [52] 



 

Figure 3-6 The  figure shows 𝐽𝐶-strain relation for Bi-2212 wires from published data (Sugano [50], Lu [53], Godeke [51], Dai 
[54]). 

Table 6 Wire configuration and test condition for data in Figure 3-6 

 
Reference 
 

2006  
Sugano 
 [50] 

2011 
Lu  
[53] 

2015 
 Godeke 
 [51] 

2015 
Godeke 
 [51] 

2018 
Dai 
 [54] 

Filament Configuration 61x7 85x7 61x7 37x18 19x18 
Matrix & Sheath 𝐴𝑔/𝐴𝑔-𝑀𝑔-𝐶𝑢 𝐴𝑔/𝐴𝑔-𝑀𝑔 𝐴𝑔-𝑀𝑔-𝑆𝑏 𝐴𝑔/𝐴𝑔-𝑀𝑔 𝐴𝑔/𝐴𝑔-𝑀𝑔 
Wire Supplier Showa OST Showa OST NIN 
Diameter (mm) 0.8 0.8-1.0 0.8 0.8 1 
Fill Factor 21% 25-30% 33% 25% 24.30% 
Densify Method None None OP process OP process None 
Test Condition 6𝐾, 8𝐾, 10𝐾;  

20𝑇 𝑎𝑛𝑑 30𝑇  
4𝐾; 
5𝑇 𝑡𝑜 15𝑇;  

4.2 𝐾;  
5𝑇 𝑎𝑛𝑑 15𝑇;  

4.2 𝐾;  
5𝑇 𝑎𝑛𝑑 15𝑇;  

4.22 𝐾;  
14𝑇  

Sample Holder Material 𝐶𝑢-2𝑤𝑡%𝐵𝑒 𝐶𝑢-2𝑤𝑡%𝐵𝑒 𝑇𝑖-6𝐴𝑙-4𝑉 𝑇𝑖-6𝐴𝑙-4𝑉 𝑇𝑖-6𝐴𝑙-4𝑉 

 

As shown in Figure 3-6, with a compression of −0.4% the degradation of 𝐽𝐶  is between 10% 

and 20%. Figure 3-6 also shows the 𝐽𝐶-strain relation for 𝑁𝑏3𝑆𝑛 [55]. Unlike other HTS 

materials, 𝐽𝐶(휀)  of 𝑁𝑏3𝑆𝑛 strongly depends on magnetic field, so the relation at 15 𝑇, which 

is the field range of interest of that data (15 𝑇 − 20 𝑇 as reported in Table 6), is plotted. 

𝐵𝑖(2212) wire shows less 𝐽𝐶  degradation than 𝑁𝑏3𝑆𝑛 in the strain range of interest, but the 

difference is that in 𝑁𝑏3𝑆𝑛 the reduction of 𝐽𝐶  is reversible, while in 𝐵𝑖(2212) is not. 
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3.3.2 𝐽𝐶-strain relation along the transversal direction 
Unlike for the longitudinal direction, the 𝐽𝐶-strain relation along the transversal direction of 

𝐵𝑖(2212) wires is not known. This kind of strain may induce a mechanical deformation on 

the strand (Figure 3-5 bottom-right) affecting, as written in Chapter 2 the transport properties 

of the wire. 

Considering the complexity of the cabling process and the significant impact it might have on 

the cable performances, it was decided to develop a model to simulate the mechanical 

deformation of the sub-elements during the cabling. The final aim is to create a preliminary 

simulation tool to support the cable process optimization. 

Moreover, to evaluate the effects of the mechanical deformations induced on the wires by 

the cabling process, a similar approach has been performed on a series of wires by flat rolling. 

The relative transport properties have been measured as a function of the level of applied 

deformation. 

Understanding the interplay between the strand deformation, the distribution of the forces, 

and the superconductive properties of the wire itself is of utmost importance for developing 

high-quality cables.  

 

3.4 Finite element approach 
 

A Finite Element Method (FEM) code in Ansys™  was made to understand which areas of the 

wires are most stressed in the course of the whole cabling process. 

As a first step in developing a simulation, a simplified approach has been implemented to get 

acquainted with the main parameters governing calculations. 

For this preliminary approach, 𝐵𝑖𝑆𝐶𝐶𝑂 was taken to be elastoplastic and was modelled using 

the standard Mises theory (for more details, see Appendix paragraph 6.1).  It has to be taken 

into account that powder is intrinsically a pressure-dependent material, and thus, the 

Drucker-Prager theory would be the correct assumption for this kind of study. Unfortunately, 

this theory requires many parameters to be known and, in our case, there are no data present 

in the literature.  

The whole model is tailored on AMBI036𝛿 wire described in Section 2.4. This wire, visible in 

Figure 3-7 here below, is a 55x18 wire, so it is made by 18 bundles made by 55 filaments each. 

In the simulation, the wire is flattened with different compression, going from compression 

of 10% to compression of 25% of the height of the wire. This range of compression is 

comparable with the one made on wires in the meanwhile of the cabling operation. 



 

Figure 3-7 Green AMBI036𝛿. Cross section area: A= 1.10 𝑚𝑚2. 

3.5  Young modulus (𝐸) and Poisson's ratio (𝜈) estimation 
Due to a lack of information about 𝐵𝑖𝑆𝐶𝐶𝑂 mechanical properties, the development of the 

model required several steps. First of all, neither the 𝐵𝑖(2212) Young Modulus nor the 

Poisson's Ratio are known. In order to overcome this problem, two different simulations were 

made: one with a higher ( 5000𝐺𝑃𝑎) and one with a lower (5 𝐺𝑃𝑎) Young Modulus than the 

silver one. 𝐵𝑖𝑆𝐶𝐶𝑂 Poisson's ratio was set to be equal to the Silver one because the metal 

might rule the calculations.  

Almost no differences were observed comparing the results of the two different simulations, 

and that suggested that 𝐵𝑖𝑆𝐶𝐶𝑂 Young Modulus should not affect results for this kind of 

simulations.  

Material properties used in the model for these two materials are given in Table 7. 

Table 7 Material properties of Silver and 𝐵𝑖(2212) powder used in the model simulation. 

 
 
 

Silver 𝐵𝑖(2212) 

 
Young Modulus (𝐸)  
 

80 𝐺𝑝𝑎 5 𝐺𝑝𝑎 

 
Poisson's Ratio ( 𝜈)  
 

0.37 0.37 

 
Yield Stress (𝑌)  
 

50 𝑀𝑝𝑎 50 𝑀𝑝𝑎 
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3.6  A method for speeding up calculations: the mean material 
 

The whole simulation aims to develop a preliminary tool that gives information about the 

stress accumulation on the sub-elements. As written a little above, the lack of information 

related to the mechanical properties of 𝐵𝑖𝑆𝐶𝐶𝑂 (2212) powder makes the point-to-point 

information less significant. 

A new model was developed to speed up the simulation and to have more interpolated 

information. So, no filaments were considered and was made a model with just full bundles 

made by a "mean material". Moreover, to simplify and test this code, a symmetric geometry 

was built (Figure 3-8 ) 

 

 

Figure 3-8 Simplified geometry model. On the left the model with all the filaments(blue area is the silver matrix, yellow 
circles are the filaments), on the right the one with bundles made with the mean material (the silver matrix here is in purple 

and the turquois areas are the mean-material bundles). 

 

Mechanical properties of this new material were calculated interfering correctly the Silver 

matrix and the 𝐵𝑖𝑆𝐶𝐶𝑂 filaments, so the series and parallels laws for the mechanical 

properties were applied. 

First of all the definition of the Representative Elementary Volume (REV), the smallest volume 

over which a measurement can be made, is needed for the correct definition of the 

micromechanics of the composite materials. The REV definition is crucial in order to let the 

composite material, intrinsically not homogeneous, macroscopically homogeneous. Figure 

3-9 (a) shows the schematic representation of a slice of the wire bundle. The filaments are 



taken as straight and regularly aligned. Let the filaments spacing be 𝑏𝑐 and 𝑡𝑐 in the width and 

thickness directions, respectively. Then, we take an REV of size 𝑙𝑐 × 𝑏𝑐 × 𝑡𝑐  as shown in Figure 

3-9 (b) such that by placing the REVs repeatedly next to each other, we can obtain the 

complete lamina. Further, it is presumed that the responses of the REVs to applied loads are 

identical, and thus, the analysis of an REV is sufficient for determining the characteristics of 

the complete lamina [56]. The Rev is so simplified as shown in figure Figure 3-9 (c) 

 

Figure 3-9 (a) Schematic representation of a unidirectional lamina. (b) Representative volume element. (c) Idealized volume 
element. 

Now, the total cross-sectional area of composite in the REV, 𝐴𝑐, the cross-sectional area of 
the filaments, 𝐴𝑓, and the cross-sectional area of the matrix, 𝐴𝑚, are, respectively, given by: 

 
 𝐴𝑐 = 𝑏𝑐𝑡𝑐  3.1 
 𝐴𝑓 = 𝑏𝑓𝑡𝑐 3.2 

 𝐴𝑚 = 𝑏𝑚𝑡𝑐 3.3 
 
It is easy to see that for zero voids fraction 𝐴𝑐 = 𝐴𝑓 + 𝐴𝑚. This argument can be easy 

extended to volumes and masses. For the density, the Rule of Mixture method is considered, 
so 
 
 

𝜌𝑐 =
𝑀𝑐

𝑉𝑐
=

𝑀𝑓 + 𝑀𝑚

𝑉𝑐
=

𝜌𝑓𝑉𝑓 + 𝜌𝑚𝑉𝑚

𝑉𝑐
= 𝜌𝑓𝑉�̅� + 𝜌𝑚𝑉𝑚̅̅̅̅  

 

3.4 

 
Where 𝑉𝑓 ̅̅̅̅  and 𝑉𝑚̅̅̅̅  are the fibers and matrix, respectively, fraction of the total volume. 

Through the mean value theorem, we can define a mean stress. 
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{𝜎}∗ =

1

𝑉𝑐
 ∫ {𝜎} 𝑑𝑉

𝑉𝑐

=
1

𝑉𝑐
[ ∫ {𝜎} 𝑑𝑉

𝑉𝑓

+ ∫ {𝜎} 𝑑𝑉
𝑉𝑚

] 

 

3.5 

 
Defining the mean stress of the filaments and matrix volume as follow 
 

{𝜎𝑓}
∗
=

1

𝑉𝑓
∫ {𝜎} 𝑑𝑉
𝑉𝑓

 
3.6 

 
 
 

{𝜎𝑚}∗ =
1

𝑉𝑚
∫ {𝜎} 𝑑𝑉
𝑉𝑚

 

 

3.7 

 
it is possible to rewrite the {𝜎}∗ relation as  
 
 {𝜎}∗ = 𝑉𝑓 ̅̅̅̅ {𝜎𝑓}

∗
+ 𝑉𝑚̅̅̅̅ {𝜎𝑚}∗ 3.8 

 
 Same things for the strains, so 
 
 {휀}∗ = 𝑉𝑓 ̅̅̅̅ {휀𝑓}

∗
+ 𝑉𝑚̅̅̅̅ {휀𝑚}∗ 

 

3.9 

 
On this background, it is possible to evaluate either the longitudinal elastic modulus, along 
the direction of the filaments, or the transverse elastic modulus, normal to the direction of 
the fibres. 
 

3.6.1 Evaluation of longitudinal (𝐸1𝑐) Young Modulus 
 

Let's consider a unidirectional lamina under uniaxial load in the filament direction. The REV 

under this loading condition, shown in  Figure 3-10 (a), can be compared with a system of 

springs with different stiffnesses in parallel, Figure 3-10 (b). 

 

 

Figure 3-10 (a) Representative Elementary Volume under uniaxial stress in the filament direction. (b) Springs-in-parallel 
analogy 

Now, the total force taken by the volume element is shared by the fibres and the matrix. Thus, 



 
 𝐹𝑐 = 𝐹𝑓 + 𝐹𝑚 3.10 

Where 
𝐹𝑐  is the total force on the representative elementary volume; 
𝐹𝑓 is the force shared by the fibers; 

𝐹𝑚 is the force shared by the matrix. 
 
Equation 3.10 can be rewritten (see the appendix paragraph 6.1 for more details) as  
 
 𝜎1𝑐𝐴𝑐 = 𝜎1𝑓𝐴𝑓 + 𝜎1𝑚𝐴𝑚 3.11 

 
Where: 

𝜎1𝑐  is the longitudinal stress in the composite material; 

𝜎1𝑓 is the longitudinal stress in the filaments; 

𝜎1𝑚 is the longitudinal stress in the matrix. 

Now, under the restriction that composite, fibres and matrix are elastic, it is possible to bring 

in Hooke's law equation 3.11 and write 

 𝐸1𝑐휀1𝑐𝐴𝑐 = 𝐸1𝑓휀1𝑓𝐴𝑓 + 𝐸1𝑚휀1𝑚𝐴𝑚 3.12 

 

The fibres and matrix are perfectly bonded, and thus, the longitudinal strains in the 

composite, fibres and matrix are equal, that is 휀1𝑐 = 휀1𝑓 = 휀1𝑚. Then, equation 3.12 becomes 

 
𝐸1𝑐 = 𝐸1𝑓

 𝐴𝑓

𝐴𝑐 
+ 𝐸𝑚

𝐴𝑚

𝐴𝑐
   

3.13 

Now it is possible to multiply the numerator and the denominator by the length 𝑙𝑐 of the REV 

to obtain the expression for the longitudinal modulus as follows: 

 𝐸1𝑐 = 𝐸1𝑓𝑉𝑓 ̅̅̅̅  + 𝐸𝑚𝑉𝑚̅̅̅̅  3.14 

 

So, also the longitudinal modulus of a unidirectional composite is given by the "Rule of mixture". Under 
the restriction that there are no voids in the composite, it is possible to write the equation as  

 𝐸1𝑐 = 𝐸1𝑓𝑉𝑓 ̅̅̅̅ + 𝐸1𝑚(1 − 𝑉�̅�)  3.15 

 

3.6.2 Evaluation of transverse (𝐸2𝑐) Young Modulus 
 

An REV stressed in the transverse direction, as shown in Figure 3-11(a), is considered next. In 

this case, the REV can be compared with a system of springs with different stiffnesses in 

series, Figure 3-11(b).  
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Figure 3-11 (a) REV under transverse stress. (b) Springs-in-series analogy. 

The cross-sectional area normal to the transverse stress is the same for the composite as a 
whole as well as the fibres and matrix. Thus, 
 

𝜎2𝑐 = 𝜎2𝑚 = 𝜎2𝑓 

Looking at the spring analogy, the overall transverse extension is the sum of the total 

transverse extensions in the fibres and matrix. So, 

 휀2𝑐𝑏𝑐 = 휀2𝑓𝑏𝑓 + 휀2𝑚𝑏𝑚 3.16 

 

This can be written as 

 
휀2𝑐 = 휀2𝑓

𝑏𝑓

𝑏𝑐
+ 휀2𝑚

𝑏𝑚

𝑏𝑐
= 휀2𝑓𝑉�̅� + 휀2𝑚𝑉𝑚̅̅̅̅  

3.17 

 

Moreover, strains are related to the respective moduli as 

 휀2𝑖 =
𝜎2𝑖

𝐸2𝑖
 3.18 

Then, 

 𝜎2𝑐

𝐸2𝑐
=

𝜎2𝑓

𝐸2𝑓
𝑉�̅� +

𝜎2𝑚

𝐸2𝑚
𝑉𝑚̅̅̅̅  3.19 

 

But all the transverse stresses are the same, then: 

 1

𝐸2𝑐
= 

𝑉�̅�

𝐸2𝑓
+

𝑉𝑚̅̅̅̅

𝐸2𝑚
⇒ 𝐸2𝑐 =

𝐸2𝑓𝐸2𝑚

𝐸2𝑚𝑉�̅� + 𝐸2𝑓𝑉𝑚̅̅̅̅
 

3.20 

  



   

3.6.3 Models comparison 
 

Once that all the parameters are set, models must be tested in order to understand if the 

model with all the filaments present and the one with the mean-material-bundles are 

equivalent or not.  

 

Figure 3-12 Comparison between (a) the models (on the left the one with all the filaments, on the right the one with just the 
bundles) with a simple geometry and (b) AMBI036δ green-wire cross section. 

 

Here below are shown the comparisons of different quantities obtained solving the two 

models. In particular, Von Mises equivalent stress (Figure 3-13), total strain (Figure 3-14), 

Principal Stress 1 (Figure 3-15) and 3 (Figure 3-16) are reported for compression of 15% . On 

the left there are results from the simulation with filaments, while on the right there are 

results for the simulation with just the bundles.  
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Figure 3-13 Von Mises equivalent stress comparison. 

 

Figure 3-14 Equivalent strain comparison. On the left there is the model with all the filaments present, on the right the one 
with bundles made by the mean-material. 



 

Figure 3-15 Principal Stress 1 comparison. 

 

Figure 3-16 Principal stress 3 comparison 
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As can be seen, the two models are equivalent. The clustered model is easier and faster. To 

build up the wanted preliminary tool, the mean-material based model has been chosen. 

The next step in the model refinement is the construction of a model with more realistic 

geometry. As can be observed in Figure 3-12(b), the silver matrix is not symmetric. This 

asymmetry is due to the groove shape of the groove-rolling machine as explained in 

paragraph 2.4. 

 

Figure 3-17 Refined geometry cross section.  



3.7  Real and calculated deformations comparison 
 

Here below is the comparison between a calculated geometry and the real cross-section of 

the corresponding rolled wire. The wire with a rolling reduction of 15% is shown as an 

example (Figure 3-18). 

 

 

Figure 3-18 Comparison between the real AMBI036𝛿 wire rolled with a reduction in height of 15% (left) and the corresponding 
calculated geometry (right) 

 

The simulated cross-section is in good accordance with the real one. Looking at the total stress 

on the wire induced by the flat rolling, a preferred direction of accumulation can be 

recognized (Figure 3-19 ). 



95 
 

 

Figure 3-19 Equivalent Von Mises Stress on the overall flattened wire. Reduction factor of 15%. 

The reason for this "X-like" shape for the stress accumulation lies in the cold mechanical 

deformation process done to make the wire that has been flat-rolled. As described in 

Paragraph 2.4, the main working direction of the groove rolling machine is the line connecting 

the two larger edges. Having already at the beginning a preferred working direction, the flat 

rolling emphasizes the phenomena and locates the stress along the diagonals connecting the 

sharper edges ( Figure 3-19, from the top-left to the right-bottom side of the wire) and the 

smoother ones ( Figure 3-19, from the top-right to the bottom-left side of the wire).  

Moreover, here is possible to see that the core of the wire is a place where the stress 

accumulates. The silver core helps taking out stress on the resistive matrix without affecting 

the effective cross-section in which the current flows. With a superconducting core, some 

problems related to stress accumulation may occur. 

The same goes for the total strain of the wire ( Figure 3-20). 



 

Figure 3-20 Total strain on the wire flattened with a 15% reduction factor. The X-like shape due to the past groove rolling 
operations is clearly visible. 

 

3.8 Experimental measurements on flattened samples 
 

The measurement of the transport properties of the flattened samples has been performed. 

Critical currents of fully processed wires were measured using the four-probe transport 

method with a 1 𝜇𝑉/𝑐𝑚 criterion at 4.2 𝐾 in a magnetic field up to 7 𝑇 applied perpendicular 

to the wire axis. The overall wire critical current density 𝐽𝐸  was calculated using the whole 

full-reacted wire cross-section.  

Here below (Figure 3-21) the graph with the deformation rate along the X-axis and the 

normalized critical current ( 
𝐼𝐶
𝑑𝑒𝑓𝑜𝑟𝑚𝑒𝑑

𝐼𝐶
𝑠𝑡𝑑  ) on the Y-axis. The 𝐼𝐶

𝑠𝑡𝑑 is the critical current of the 

virgin 𝐴𝑀𝐵𝐼036𝛿 sample. 
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Figure 3-21 Normalized critical current behaviour in function of the flattening factor. 

 

As shown in Figure 3-21, no data are available for the wire flattened with a deformation rate 

of 15%. All the samples prepared with a reduction rate of 15% were quenched and broke 

themselves. Something wrong might have happened during the flattening operation.  

Table 8 Behaviour of the normalized critical current density in the function of the deformation rate of the samples. 

Flattening deformation rate 𝐼𝑛𝑜𝑟𝑚 = 𝐼𝑑𝑒𝑓𝑜𝑟𝑚𝑒𝑑/𝐼𝑆𝑇𝐷 

0% 1 

10% 1.03 

20% 0.92 

25% 0.87 

 

From the data available, it can be understood that 𝐵𝑖𝑆𝐶𝐶𝑂(2212) GDG wires are not so 

sensible, in terms of transport properties, to the flattening operation up to a deformation rate 



of 10%. Indeed, a slight enhancement of the performances is visible in samples with a 

flattening deformation rate of 10%. This might be the consequence of the additional 

compression that squeezes more the powders inside the wire without affecting too much the 

architecture itself. On the other hand, for higher compressions, performances of the samples 

fall with a drop of the normalized  𝐽𝐶  of around 13% for the sample underwent a deformation 

rate of 25% of the initial height. 

The correlation between the stress accumulation, the strain on the bundles and the behaviour 

of the normalized critical current density in function of the deformation rate has been studied. 

The idea behind this kind of study is that there might be a maximum pressure or strain which 

can be absorbed by 𝐵𝑖𝑆𝐶𝐶𝑂. Exceeding these values may negatively impact the transport 

performances of wires, as a consequence of the rupture of the interfilament barriers, for 

example. 

 

Figure 3-22 Interpolated trend (the redline) of the normalized critical current density in function of the deformation rate 
imposed on the different samples. 

Thus, the first step was investigating the bundles’ strain as a consequence of the sample 

flattening. The imposed deformation on the overall wire gives different strains on different 

areas of the sample due to the change of shape and material. The assumption for this study 

is considering the drop of the normalized critical current 𝐼𝑛𝑜𝑟𝑚  the consequence of loss of 

effective superconducting area. Hence, the strategy is to find the bundles’ strain threshold, 
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after which the superconducting area is no longer considered able to carry any current.  

Once the proper equivalent strain range and the relative areas have been found (Figure 3-23), 

the equivalent stress related to the involved nodes has been studied (Figure 3-24). The two 

figures below (Figure 3-23 and Figure 3-24) show the results of the two just described steps 

of this study for the sample flattened with a deformation rate of 25%. 

 

 

Figure 3-23 Equivalent strain on the bundles in the interested range. Sample flattened at 25% of its initial height. 

 

Figure 3-24 Stress distribution the interested range. Sample flattened at 25% of its initial height 



Table 9 Results obtained from the possible correlation between deformation rate of the sample, strain of bundles and stress 
accumulation on the effective area. 

Flattening deformation 
rate 

Strain threshold 
Stress threshold 

(MPa) 𝐼𝑛𝑜𝑟𝑚 = 𝐼𝑑𝑒𝑓𝑜𝑟𝑚𝑒𝑑/𝐼𝑆𝑇𝐷 
 

0% 
 

 

 
 

 
 
 

1 
 

10% 
 

 
 
 

 
 
 

1.03 
 

15% 
 

0.3096 84 0.98%   (estimated) 
 

20% 
 

 

0.3032 
 

 

81 
 

 

0.92 
 

25% 0.3452 85 
 

0.87 
 

 

Obtained results are resumed in Table 9 here above. 

It is helpful to remember again that the assumption of this study is considering all the 

superconducting areas subjected to a too high deformation as well as an area no longer able 

to carry current. Even if it is so strong, this assumption is supported by the fact that 

𝐵𝑖𝑆𝐶𝐶𝑂(2212), along its heat treatment, goes through a melting phase and then crystallises 

(See Chapter 2, paragraph 2.2 for more details). If the material does not crystallize with the 

correct orientation, which generally occurs when there are cracks in the wire, then 𝐵𝑖𝑆𝐶𝐶𝑂 

loses its excellent transport properties. 

Looking at data in Table 9, bundles’ equivalent strain and the loss of critical current, mostly 

due to a loss of effective superconducting area, seem to be correlated. It seems that the 

bundles’ equivalent strain threshold for this kind of wires might be around 30% and the 

relative equivalent stress threshold is around 80 𝑀𝑃𝑎. 

Due to the lack of information in literature, it is hard comparing those data. The study is still 

a work in progress. Further measurement sessions are needed to fill the gaps of information 

about the Critical Current behaviour in function of the deformation rate imposed in the 

overall wire.  

 

3.9  Further model development: Drucker-Prager criterion 
 

The Drucker-Prager (DP) yield criterion is a pressure-dependant model for determining 

whether a material has failed or undergone plastic yielding. The criterion was introduced to 

deal with the plastic deformation of soils. It and its many variants have been applied to rock, 

concrete, polymers, foams, and other pressure-dependent materials. 

The DP theory should be the best way to describe the behaviour of powders, being 

intrinsically pressure-dependant. 

The DP yield criterion has the form 
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 √𝐽2 = 𝐴 + 𝐵𝐼1 3.21 

where 𝐼1 is the first invariant of the Cauchy stress,  𝐽2 is the second invariant of the deviatoric 

part of the Cauchy stress (see Appendix chapter 6.1 for more details and explanations), while 

𝐴 and 𝐵 are constant determined from experiments. 

The DP yield surface is a smooth version of the Mohr-Coulomb yield surface (see paragraph 

6.1.5 for more details).  

Exploiting equation 3.21 in terms of principal stresses, it is possible to define DP model as 

  

 √
1

3
[
(𝜎1 − 𝜎2)2 + (𝜎1 − 𝜎3)2 + (𝜎2 − 𝜎3)2

2
] = 𝐴 + 𝐵(𝜎1 + 𝜎2 + 𝜎3) 

 

 
 
3.22 

If 𝜎𝑡 is the yield stress in uniaxial tension and 𝜎𝑐  is the yield stress in uniaxial compression, the 

DP criterion implies that 

 

 1

√3
𝜎𝑡 = 𝐴 + 𝐵𝜎𝑡 

3.23 

 

 1

√3
𝜎𝑐 = 𝐴 − 𝐵𝜎𝑐 

3.24 

 

That give: 

 
𝐴 =

2

√3
(

𝜎𝑐𝜎𝑡

𝜎𝑐 + 𝜎𝑡
) 

 

 
3.25 

 

 
𝐵 =

1

√3
(
𝜎𝑡 − 𝜎𝑐

𝜎𝑐 + 𝜎𝑡
) 

 

 
3.26 

The DP model predicts different uniaxial yield stresses in tension and in compression. The 

uniaxial asymmetry ratio for the DP model is 

𝛽 =
𝜎𝑐

𝜎𝑡
=

1 − √3𝐵

1 + √3𝐵 
 

Moreover, since the DP yield surface is a smooth version of the Mohr-Coulomb yield surface, 

it is often expressed in terms of the cohesion value ( 𝑆0) and the angle of internal friction (𝜙) 

that are used to describe the Mohr-Coulomb yield surface. 

Assuming the DP yield surface circumscribes the Mohr-Coulomb yield surface, then the 

expressions for 𝐴 and 𝐵 are 



 
𝐴 =

6𝑆0 cos𝜙

√3 (3 + 𝑠𝑖𝑛𝜙)
 

 

 
3.27 

 

 
𝐵 =

2 sin𝜙

√3 (3 + 𝑠𝑖𝑛𝜙)
 

 
3.28 

 

Otherwise, if the DP yield surface inscribes the Mohr-Coulomb yield surface, then 

 
𝐴 =

6𝑆0 cos𝜙

√3 (3 − 𝑠𝑖𝑛𝜙)
 

 

 
3.29 

 

 
𝐵 =

2 sin𝜙

√3 (3 − 𝑠𝑖𝑛𝜙)
 

 

 
3.30 

Once the general behaviour is defined, some cut-off both in tension and n compression must 

be imposed to make it more realistic.  

The last step for the characterization of the plastic behaviour of a pressure dependant 

material is the definition of a flow rule. This rule is a function of the dilatancy angle 𝜓. The 

dilatancy angle is a parameter proper to the material that defines the volumetric strain rate 

to shear strain in the function of the hydrostatic pressure. Its role in the plastic potential 

function is analogous to the role of the friction angle 𝜙 in the yield function. 

𝜓 can be evaluated just through triaxial compression and shear tests, to be performed once 

on the drained and once on the undrained material. 

Parameters needed to simulate the DP behaviour of 𝐵𝑖(2212) powders are not available in 

literature yet. 
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4 Chapter 4 – Preliminary studies on small coils 
 

In view of the results obtained in this 3-years-long PhD activity and thanks to the collaboration 

between Genoan sections of INFN and CNR-SPIN, the very first preliminary studies about the 

manufacturing of a small GDG-𝐵𝑖(2212) coil were made. In particular, the studies were 

focused first on the research of a useful material to be carved that can be involved in the 

realization of the mechanical support and then on the winding operation. 

4.1 Manufacturing problems and specific components development 
 

Above all the technical difficulties related to the development of a wire with all the specifics 

to be involved in any kind of application (discussed in detail in Chapter 2), two of the most 

critical aspects related to the construction of a CCT solenoid are: 

- The complex geometry of the winding (look paragraph 1.7 for details) requires a 5-axis 

milling and turning machine with a long working length; 

- The mandrel must be treated in 𝑂2 atmosphere, so its material must have a melting 

temperature above 888°𝐶 and must be resistant to an oxidant atmosphere(see 

paragraph 2.2 for details about the heat treatment). 

Considering these two aspects, the materials choose for the mandrel are Inconel 625 and a 
𝐶𝑢𝐴𝑙 alloy. To be more precise, the 𝐶𝑢𝐴𝑙 alloy is called BZ-AL CC333G. 

Table 10 Characteristics of Inconel 625 used for the mandrels. 

Nominal Composition 𝑁𝑖𝐶𝑟21.3𝑀𝑜8(𝐶𝑏 + 𝑇𝑎)3.24𝑆𝑖0.12𝐴𝑙0.11 

Yield Strength 567 𝑁/𝑚𝑚2 
Tensile Strength 995 𝑁/𝑚𝑚2 

Elongation (%) 58 

Melting Temperature Range > 1090 °𝐶 
Table 11 Characteristics of CuAl alloy used for the mandrels. 

Nominal composition 𝐶𝑢𝐴𝑙9.5𝐹𝑒4.6𝑁𝑖4.5𝑍𝑛0.3 

Yield Strength > 280 𝑁/𝑚𝑚2 

Tensile Strength > 650 𝑁/𝑚𝑚2 
Elongation (%) > 13 

Melting Temperature Range 1050 − 1080 °𝐶 

 

The former material (characteristics are reported in Table 10) was already used to make some 

supports to test 𝐵𝑖𝑆𝐶𝐶𝑂(2212) wires, while the latter (for the properties, see Table 11) is 

used for the construction of the mandrel for the 𝑀𝑔𝐵2 layer and after will be studied its 

behavior during an heat treatment in oxidant atmosphere.  



Two mandrels, one in Inconel and one in the cupro-alluminum alloy, are made for the 

preliminary tests. The two mandrels are 100 𝑚𝑚 long cylindrical structures with an external 

diameter of 50 𝑚𝑚 with 15 solenoidal turns carved on. 

4.2 𝑀𝑔𝐵2 small coil 
The first, and easier, attempt was made with the 𝑀𝑔𝐵2 conductor. In particular, the wire 

(Figure 4-1) is an in-situ wire made by Hypertech.  

 

Figure 4-1 Overall section of the 𝑀𝑔𝐵2 wire involved for this kind of study. Some properties of the wire are reported. 

Being an in-situ wire, the Wind&React technique is also needed for this kind of conductor. 

 

Figure 4-2 𝑀𝑔𝐵2 wire winded on the 𝐶𝑢𝐴𝑙 mandrel with solenoidal grooves. The mandrel is blocked on its custom support 
for the heat treatment. 
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4.2.1 Heat treatment and test 
 The small coil was winded and reacted with an optimized heat treatment due to the thermal 

inertia of the mandrel.  

Both 𝑀𝑔𝐵2 and 𝐵𝑖𝑆𝐶𝐶𝑂(2212) treatments have some plateau, and the presence of the 

mandrel may change the temperature on the conductor. For this reason, the temperature on 

the mandrel through the whole process was monitored with an external calibrated 

thermocouple. The furnace for the heat treatment of the coil is a three-zones tubular furnace 

with a 125 𝑚𝑚 bore and a homogeneity of ±2°𝐶 over 50 𝑐𝑚. 

 

Figure 4-3 Ideal heat treatment for Hypertech 𝑀𝑔𝐵2 wires. 

 In Figure 4-4 Different thermal profiles of the same heat treatment with (the red line) or 

without (the black line) the 𝐶𝑢𝐴𝑙 mandrel inside the furnace. The heat treatment shown is 

the one for the 𝑀𝑔𝐵2 wire.Figure 4-4 is clearly visible that the presence of the mandrel inside 

the furnace reflects in a change of the shape of the sample’s temperature profile. This 

discrepancy force to modify the coil’s heat treatment in order to treat the conductor at the 

correct temperature. 

 

Figure 4-4 Different thermal profiles of the same heat treatment with (the red line) or without (the black line) the 𝐶𝑢𝐴𝑙 
mandrel inside the furnace. The heat treatment shown is the one for the 𝑀𝑔𝐵2 wire. 



After the heat treatment, performed in 𝐴𝑟 atmosphere, the coil has been installed and tested. 

The test for this kind of windings required the construction of a custom 𝐼𝐶  measurement 

system with a dedicated sample holder. The system built can read up to 4 channels at the 

same time, it is equipped with a 8 𝑇 common coil magnet and current leads in which can flow 

a maximum current of 1000 𝐴. All the measurements are performed at 4.2 𝐾. Figure 4-5 

shows the coil with the voltage taps put between the end of: 

• 1st and 14th turns; 

• 2nd and 6th turns; 

• 7th and 8th turns; 

• 9th and 13th turns. 

 

Figure 4-5 𝑀𝑔𝐵2 coil with the 4 voltage taps. 

Before installing the solenoid on the custom sample holder, the winding was covered with 

Kapton to ensure the conductor's and the voltage taps' electrical insulation with the current 

leads. 
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Figure 4-6 Insulated 𝑀𝑔𝐵2 coil. 

The coil was then installed and tested. During the test, the voltage taps between the 9th and 

the 13th turns breaks away. Joining copper wires on the Monel sheath is not an easy task, and 

the problem of the voltage taps breaking is quite common.   

 

Figure 4-7 Critical current (on the Y axis) behavior in function of the magnetic field (on the X axis). Criterion of 1𝜇𝑉/𝑐𝑚 at the 
operative field has been applied as threshold to determine the critical current. 



In Figure 4-7 are reported the values of 𝐼𝐶(𝐵) measured at 4.2 𝐾 for different magnetic fields. 

In the same graph are also visible the transport properties of two short samples of the same 

wire.  

From the graph in Figure 4-7 is clearly deducible that the transport properties of the short 

samples and the coil are almost the same.  

 

4.3 Preliminary studies on 𝐵𝑖𝑆𝐶𝐶𝑂(2212) small coil 
 

𝐵𝑖𝑆𝐶𝐶𝑂 short coil is more critical than the 𝑀𝑔𝐵2 coil. The three most critical aspects of 

making a winding with 𝐵𝑖𝑆𝐶𝐶𝑂(2212) wire are: 

• The low mechanical properties of the wire, due to the Silver matrix. 

• The complicated heat treatment, especially the 12 𝑚𝑖𝑛 plateau to be performed at 

888°𝐶; 

• The drop of 𝐽𝐶  in samples of wire longer than just 10/15 cm, due to the formation of 

bubbles during the heat treatment; 

As written in Chapter 2, Silver is the only metal involved in the development of 𝐵𝑖𝑆𝐶𝐶𝑂 wires 

made in Genoa. This means that the mechanical properties of the wire are pretty low, so the 

winding operation is critical. For this reason, a custom winding machine (Figure 4-8) has been 

homebuilt to minimize the problems related to the winding operation on these test solenoids. 

 

Figure 4-8 Picture of the custom winding machine. The Blue winder is equipped with a clutch that allows always winding 
with the same tension. 
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In order to try not to stick the wire to the Inconel mandrel along the heat treatment, the 

mandrel was brushed with an Aluminium Oxide and ethanol mixture. 

 

Figure 4-9 Detail of the grooves of the mandrel brushed with the mixture of Aluminium oxide and Ethanol. 

After the ethanol evaporation, the grooves are covered with a layer of inert Aluminium Oxide 

(Figure 4-9). 

Through a winder equipped with a clutch (the blue structure visible in Figure 4-8), constant 

winding tension of 1 𝐾𝑔 has been set on the 𝐵𝑖𝑆𝐶𝐶𝑂 wire for the whole operation. 

 

Figure 4-10 Winded BiSCCO(2212) coil. 



As for 𝑀𝑔𝐵2, heat treatment of 𝐵𝑖𝑆𝐶𝐶𝑂(2212) small coil is critical. As reported in paragraph 

2.2, 𝐵𝑖𝑆𝐶𝐶𝑂(2212) undergo to a complicated heat treatment to enhance the formation of 

the superconducting phase. The most crucial transient of the treatment is the so-called Partial 

Melting Phase. 𝐵𝑖𝑆𝐶𝐶𝑂, going through a fast and complicated temperature profile, first 

decomposes into a “melt plus solid” state and then begins to crystallize (for more details, see 

paragraph 2.2). Thermal inertia of the Inconel mandrel forces to optimize the temperature 

profile to perform the correct heat treatment. 

After the heat treatment, the winding appears with some brownish areas and with no 

apparent 𝐵𝑖𝑆𝐶𝐶𝑂(2212) leakages, whose characteristic colour is dark green.  

 

Figure 4-11 Small 𝐵𝑖(2212) coil after the heat treatment performed at 1 𝑏𝑎𝑟 in Oxygen atmosphere. 

The brownish areas are the trace of the heat treated 𝐴𝑙2𝑂3.  

 

Figure 4-12 Detail of the Bi𝑆𝐶𝐶𝑂 treated coil showing the two critical issues found. In the bottom, some light can pass 
between the conductor of some turns and the mandrel. No Visible leakage are present. 
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After a more accurate and detailed inspection (Figure 4-12), two important events occurred 

were found:  

o The more evident one is the relaxation of the whole winding induced by the heat 

treatment. The coil was treated in horizonal position (Figure 4-12), and, in the bottom, 

it is visible that some turns are detached from the mechanical support. 

o No visible leakage is present in this 3-m-long coil made by GDG-𝐵𝑖(2212) wire while, 

as already discussed in paragraph 2.3, are present in shorter OP-treated fully drawn 

wires. 

The possibility of using the 𝐶𝑢𝐴𝑙 alloy mandrel even for 𝐵𝑖(2212) is under evaluation 

because it can be treated in an Oxygen atmosphere and is easier to carve than Inconel 625. 

The final test on the prototype could not be performed within the time limit of the submission 

of this research.  



5 Conclusions 
 

The PhD research presented in this work is part of the project BISCOTTO, born from the 

collaboration between Genoan sections of INFN and CNR-SPIN, whose goal is the 

development of key technologies to be involved in the design and construction of a 

superconducting canted cosine theta (CCT) solenoid using HTS conductors. 

Aims of the research doctorate were first the development of silver sheathed 𝐵𝑖(2212) wires 

with optimized transport properties, avoiding the overpressure heat treatment, to be 

involved in the construction of a prototype magnet in order to demonstrate their potential 

for future applications, and then the investigation of the possibility to assemble the GDG wires 

made in Genoa for composing a high current cable, which is the real interesting object for a 

large class of applications.  This latter objective was pursued through the development of 

numerical codes based on FEM approach for a better understanding of the degradations due 

to the cabling deformations. 

The optimization of the transport properties of 𝐵𝑖(2212) GDG-wires has required a deep 

investigation of all the fabrication processes, that can be divided into three main phases: 

1. the filling procedure;  

2. the cold mechanical deformation process;  

3. final reaction treatment leading to the formation of the right superconducting 

structure. 

This study led to the preparation of PIT 𝐵𝑖(2212) wires with an overall current density 𝐽𝑒 

higher than the minimal transport properties required to make a winding for practical 

applications, set at 500 𝐴/𝑚𝑚2 at the operative field.  

The wire presented in this work (𝐴𝑀𝐵𝐼036δ) shows an overall current density higher than 

600 𝐴/𝑚𝑚2 at the temperature of 4.2𝐾 and in a magnetic field of 7 𝑇.  

At higher temperatures, the overall current density 𝐽𝐸  is still higher than 500 𝐴/𝑚𝑚2 up to 

around 7 𝑇 in a temperature of around 10 𝐾.  

Besides, the 𝐻𝑖𝑟𝑟(𝑇) of virgin wires has been measured and calculated through an original 

approach showing an irreversibility field higher than 70 𝑇 at 10 𝐾. 

Characterization of the transport properties of the wire here presented was also performed 

at 4.2 𝐾 as a function of the transversal strain in order both to understand the possibility of 

making cables and the possible degradation due to the winding process of magnets, with 

GDG-𝐵𝑖𝑆𝐶𝐶𝑂 wires. Moreover, a FEM code written in Ansys™ was developed to investigate 

the problem of the stress accumulation inside the wire due to the cabling operation. In this 

preliminary study has been proposed a general method to evaluate the mechanical threshold 

properties of a deformed 𝐵𝑖(2212) wire correlating the calculated stress and strain 

distribution in the rolled wire with its measured transport properties. This study showed that 

for the typical range of flattening, which usually go from 10 to 20% of the initial height of the 

wires making the cable, the cabling operation might be not so critical as other brittle 

superconductors, such as 𝑁𝑏3𝑆𝑛. 
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Moreover, through the comparison of the transport and the magnetic properties of different 

samples, underwent on the GDG-process but made with different powder provided by 

different powder suppliers, we were also able to preliminary characterize the electrical 

coupling between the superconducting filaments constituting  the 𝐵𝑖(2212) wires induced 

by the final heat treatment. The direct consequence is that these bridges, since they are made 

by superconducting material, act as weak links with a peculiar behaviour in function of the 

operation field and temperature. In particular, it has been highlighted how the effective 

coupling length is also temperature-dependent, going from a regime in which the bundle is 

whole coupled to a single filament regime. 

For the first time, the actual behaviour of the connected filaments has been noticed and 

investigated. Performances and properties characterization of these optimized wires, 

performed in function of both the magnetic field and the temperature, went to fill an 

information lack in the literature on the behaviour of this material. 

So, the most important parameters to be involved in the design of a magnet were studied and 

defined. 

These results pave the way to the use of GDG-𝐵𝑖(2212) to wind possible magnets working at 

high fields at temperatures above liquid helium opening to the use of commercial cryocoolers.  

In addiction, in the wake of the obtained results, even if no standards for 𝐵𝑖(2212) coils are 

available and no winding’s operation parameters are known, a preliminary study of the  

GDG-𝐵𝑖(2212) winding operation has been started. The first small coil with 𝐵𝑖(2212) GDG-

wire has been wound and treated on a mandrel made of Inconel 625 and the very first 

problems were found.  



6 Appendix 
 

 

6.1 Stress and strain: definitions and yield criteria 
 

6.1.1 Stress and strain tensors 
It is well known that stress in three dimensions is not a number but is a 3x3 tensor in which: 

- The diagonal is made by perpendicular stresses ( 𝜎); 

- Off-diagonal entrance are shear stresses ( 𝜏); 

Moreover, the angular momentum conservation implies that the shear stress cannot 

generate a rotation and then 𝜏𝑖𝑗 = 𝜏𝑗𝑖. So, the stress tensor is symmetric with only 6 

independent entrances 

𝜎 = [ 

𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧

𝜏𝑦𝑥 𝜎𝑦𝑦 𝜏𝑦𝑧

𝜏𝑧𝑥 𝜏𝑧𝑦 𝜎𝑧𝑧

] 

Being symmetric, the stress tensor is diagonalizable. Eigenvectors of the tensor are the 

directions of the principal stresses, and the eigenvalue are the principal stresses  

𝜎 = [ 

𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧

𝜏𝑦𝑥 𝜎𝑦𝑦 𝜏𝑦𝑧

𝜏𝑧𝑥 𝜏𝑧𝑦 𝜎𝑧𝑧

]    →    𝜎′ = [ 
𝜎1 0 0
0 𝜎2 0
0 0 𝜎3

] 

With 𝜎1 > 𝜎2 > 𝜎3. Usually, 𝜎1 is the biggest stress in absolute value and is defined positive, 

instead 𝜎3 is the lower stress. 𝜎1 is the stress in traction, while 𝜎3 represent the compression 

stress. 

The characteristic polynomial associated to 𝜎 , i.e det[𝜎 − 𝐼𝜆] = 0, gives a cubic equation in 

𝜆 that always has 3 real solutions: 

𝜆3 − 𝐼1𝜆
2 + 𝐼2𝜆 − 𝐼3 = 0 

Where: 

𝐼1 = 𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧 = 𝑡𝑟(𝜎)  

𝐼2 = 𝜎𝑥𝑥𝜎𝑦𝑦 + 𝜎𝑦𝑦𝜎𝑧𝑧 + 𝜎𝑥𝑥𝜎𝑧𝑧 − 𝜎𝑥𝑦
2 − 𝜎𝑥𝑧

2 − 𝜎𝑦𝑧
2 =

1

2
 (𝜎𝑖𝑖𝜎𝑗𝑗 − 𝜎𝑖𝑗𝜎𝑗𝑖) = 

=
1

2
[ (𝑡𝑟(𝜎))

2
− 𝑡𝑟(𝜎2) ]  

𝐼3 = det[𝜎]  

Coefficients 𝐼1, 𝐼2 and 𝐼3, called the first, second and third stress invariants, respectively, 

always have the same value regardless of the coordinates system's orientation. 

Moreover, it is always possible to write 𝜎𝑖𝑗 as the sum of two other tensors: 
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1) a mean hydrostatic stress tensor (also called volumetric stress tensor) 𝜋𝛿𝑖𝑗, which gives 

information about any change of the volume of the stressed body; 

2) a deviatoric component called stress deviator tensor 𝑠𝑖𝑗, which gives information about 

distortions of the body. 

So 𝜎𝑖𝑗 = 𝜋𝛿𝑖𝑗 + 𝑠𝑖𝑗, where 𝜋 =
𝜎𝑘𝑘

3
=

1

3
𝐼1 and, consequently, the deviatoric stress can be 

obtained by subtracting the hydrostatic stress tensor from the Cauchy tensor 𝑠𝑖𝑗 = 𝜎𝑖𝑗 −
𝜎𝑘𝑘

3
𝛿𝑖𝑗. 

As the stress tensor, the deviatoric stress tensor can be diagonalized and a set of invariants 

can be found. It can be shown that the principal directions of the stress deviator tensor 𝑠𝑖𝑗 

are the same as the principal directions of the stress tensor 𝜎𝑖𝑗. Thus, the characteristic 

equation is 

|𝑠𝑖𝑗 − 𝜆𝛿𝑖𝑗| = −𝜆3 + 𝐽1𝜆
2 + 𝐽2𝜆 + 𝐽3 = 0, 

where 𝐽1, 𝐽2 and 𝐽3 are the deviatoric stress invariants that can be expressed as a function of 

components of 𝑠𝑖𝑗  

 

6.1.2 Elasticity 
 

A material is said to be elastic if it deforms under stress but then returns to its original shape 

when the stress is removed. The amount of deformation caused by the stress is called strain. 

If the strain is linearly related to the force that caused the deformation the stress-strain 

relation is called Hooke's Law. When working with a three-dimensional stress state, a 4𝑡ℎ  

order tensor must be defined to link the stress tensor 𝜎𝑖𝑗 to the strain tensor (or Green 

tensor) 휀𝑘𝑙: 

𝜎𝑖𝑗 = ∑𝐶𝑖𝑗𝑘𝑙휀𝑘𝑙

𝑘𝑙

 

Due to symmetry of stress and strain tensors, the C tensor has 36 independent elements. If 

it is possible to define an elastic potential to the material, i.e. the material is hyperelastic, 

independent entrances are just 21. For an isotropic and homogeneous material, the stress-

strain elastic relation can be described through only two independent elements: 

휀𝑖𝑗 =
1+𝜈

𝐸
 𝜎𝑖𝑗 −

𝜈

𝐸
𝜎𝑘𝑘𝛿𝑖𝑗   ⇔ 𝜎𝑖𝑗 =

𝐸

1+𝜈
[ 휀𝑖𝑗 +

𝜈

1−2𝜈
휀𝑘𝑘𝛿𝑖𝑗 ] 

where E is the elasticity modulus, also called Young modulus, and 𝜈 is the Poisson ratio, that 

gives the relation between the strain in one direction and the strains along the perpendicular 

ones. 

6.1.3 Yield 
 



The yield strength, or yield point, of a material is defined in engineering and materials science 

as the stress at which a material begins to deform plastically. Prior to the yield point the 

material will deform elastically and will return to its original shape when the applied stress is 

removed. Once the yield point is overcome some fraction of the deformation will be 

permanent and non-reversible. In the three-dimensional space of the principal stresses 

( 𝜎1, 𝜎2, 𝜎3), an infinite number of yield points form together a yield surface. 

Knowledge if the yield point is vital when designing a component since it generally represents 

an upper limit to the lead that can be applied. It is also important for the control of many 

materials production techniques such as rolling or pressing. 

It is often difficult to precisely define yielding due to wide variety of stress-strain curves 

exhibited by real materials. In addition, there are several possible ways to define yielding. 

 

 

Figure 6-1 Schematic representation of a stress vs strain curve. 

 

6.1.4 Yield criteria: Von Mises criterion 
 

The von Mises yield criterion suggests that a material's yielding begins when the potential 

energy of the deformation overcome a critical value. 

By definition, the deformation energy stored is equal to 

 
𝑈 = ∮𝜎𝑖𝑗  𝑑𝜖𝑖𝑗 

6.1 

that can be rewritten, exploiting the relationships between stress and strain tensors, as: 

 𝑈 = 𝑈ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 + 𝑈𝑑𝑒𝑣𝑖𝑎𝑡𝑜𝑟𝑖𝑐 6.2 

But  

 
𝑈ℎ𝑦𝑑𝑟𝑜 =

1 + 𝜈

2𝐸
( 𝜎𝑖𝑗𝜎𝑖𝑗 −

1

3
𝜎𝑘𝑘𝜎𝑘𝑘) = 0 

 
6.3 
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𝑈𝑑𝑒𝑣 = 𝜎𝑖𝑗𝜎𝑖𝑗 −

1

3
𝜎𝑘𝑘𝜎𝑘𝑘  

 
6.4 

 

So, this means that the yielding of the material starts when the second deviatoric stress 

invariant 𝐽2 reaches a critical value 𝐾. For this reason, it is also called 𝐽2- plasticity or 𝐽2-flow 

theory. Von Mises theory is part of a plasticity theory that applies best to ductile materials, 

like metals. Prior to the yield, the material response is assumed to be elastic. 

Because the von Mises yield criterion is independent of the first stress invariant, 𝐼1, it is 

applicable for the analysis of plastic deformation for ductile materials, as the onset of yield 

for these materials does not depend on the hydrostatic component of the stress tensor. 

The Von Mises criterion can also be formulated in terms of the Von Mises stress, or equivalent 

tensile stress, 𝜎𝑉𝑀 which is a scalar stress value that can be computed from the stress tensor. 

In this case, a material is said to start yielding when its von Mises stress reaches a critical value 

known as the yield strength 𝜎𝑌. The von Mises stress is used to predict the yielding of 

materials under any loading condition from the simple uniaxial tensile test results.  

Performing a single-axis traction test on the material can be easily found the relation between 

the energy stored in the material and the beginning of its yield 

 
𝐾 = 𝜎𝑧𝑧𝜎𝑧𝑧 −

1

3
𝜎𝑧𝑧𝜎𝑧𝑧 =

2

3
𝜎𝑧𝑧

2 =
2

3
𝜎𝑡

2 

 

 
6.5 

Exploiting 𝐽2 in equation 6.5, it can be found the relation between 𝜎𝑦 and the second 

invariant: 

 
𝐽2 =

2

3
𝜎𝑌

2 → 𝜎𝑦 = 𝜎𝑡 = √3𝐽2 → √𝐽2 =
𝜎𝑡

√3
 

 

 
6.6 

From equation 6.6, is clearly visible that 𝐽2 is the distortion energy stored in the material while 

√𝐽2 is related to the maximum shear stress before the beginning of the yield. 

More in general, the von Mises criterion can be written as  

  

𝜎𝑉𝑀 = 𝜎𝑦 = √
(𝜎1 − 𝜎2)2 + (𝜎1 − 𝜎3)2 + (𝜎2 − 𝜎3)2

2
 

 

 
 
6.7 

   
   

  



6.1.5 Mohr-Coulomb Criterion 
 

Mohr-Coulomb theory is a mathematical model describing the response of brittle and 

pressure-dependant materials to shear stress as well as normal stress.  

In geotechnical engineering, it is used to define the shear strength of soils and rocks at 

different effective stresses. 

In structural engineering, it is used to determine failure load as well as the angle of fracture 

of a displacement fracture. 

The Mohr-Coulomb failure criterion represents the linear envelope obtained from a plot of 

the shear strength of a material versus the applied normal stress. 

For each initial condition of applied normal stress 𝜎𝑖, the circle centred in 𝜎𝑖  and with radius 

the maximum shear stress applicable to the material 𝜏𝑖
𝑚𝑎𝑥  is drawn. 

The line tangent to all the failure states is called the Mohr-Coulomb failure criterion. 

 

Figure 6-2 Linear envelope of the Mohr-Coulomb failure criterion. Positive values of hydrostatic mean stress mean 
compression states, while negative values mean traction states. 

The linear envelope can be evaluated as: 

 𝜏𝑚𝑎𝑥(𝜎) = 𝑆0 + 𝜎 𝑡𝑎𝑛𝜙 6.8 
Where: 

o 𝑆0 is the Cohesion strength. If 𝑆0 ≠ 0 the material is defined as concrete. 

o 𝜙 define the angular coefficient of the linear envelope and is called the Angle of 

internal friction. 
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