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Abstract

How far can the curiosity push our capabilities? Is our thirst of knowledge stronger than
the fear of our human limits? This is not the incipit of a philosophy manual, but the
beginning of a magnificent idea. This idea led the great scientists at the European Orga-
nization for Nuclear Research (CERN) to start the huge project of the Future Circular
Collider (FCC). We have been asking for ages about the evolution of our Universe and
the nature of the matter, antimatter and particles describing it. The Large Hadron Col-
lider (LHC) is the first great machine built at CERN with the aim of satisfying all the
open questions related to the origin of the Universe. The discoveries it led to, together
with the breakthrough represented by the observation of the Higgs boson, can be consi-
dered the starting point transforming the need of exploring new physics into a worldwide
collaboration for the realization of a new extraordinary machine. In fact, the FCC aims
at pushing the energy and intensity frontiers of particle colliders towards reaching col-
lision energies of 100 TeV: the discovery of a new physics, possible when such energies
are at stake, can lead to an extension of the known ,,Standard Model“ and a better un-
derstanding of the Higgs boson. Within this study, scenarios for three different types of
particle collisions are examined: hadron (proton-proton and heavy ion) collisions, like in
the LHC, electron-positron collisions, as in the former LEP, and proton-electron collisi-
ons [1], [2], [3], [4]. This magnificent collider of the future will be the next large research
facility after the LHC and its High-Luminosity upgrade (HL-LHC), whose realization is
ongoing, once they approach the limits of their discovery potential [5].

According to CERN recently published conceptual design study for a future hadron col-
lider (FCC-hh), this extraordinary machine with its center-of-mass energy target of 100
TeV would be located in a 100 km circumference ring close to Geneva (Switzerland).
A key requirement for such a machine is the development of high-field superconducting
accelerator magnets, capable of satisfying the requirements given by a non-copper cri-
tical current density (J.) of at least 1500 A/mm? at 16 T and 4.2 K [1]. Nb3Sn, a low
temperature superconductor with a critical temperature T, up to 18.3 K, is currently
the best candidate for such magnets, since it is the only affordable material able to meet
the afore mentioned requirements. To feed the FCC-hh magnets, new superconducting
lines will be developed. Similarly to the LHC electrical layout, also for the FCC case the
transfer of the current from the surface to the tunnel, where the magnets are located,
would be possible via superconducting links containing tens of cables feeding different
circuits [6]. The work related to the realization of such links focuses on the development
of novel types of cables made out of MgBs. Furthermore, since the FCC-hh is expected
to produce unprecedented amounts of synchrotron radiation, a superconducting beam
screen is necessary in order to protect its sensitive components. Two suitable candidates
for the beam screen coating are the high temperature superconductors YBCO and the
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technologically still unexploited thallium-based cuprate T1-1223. Since YBCO is expen-
sive and has a complex preparation on large scale, T1-1223 could represent the proper
choice for the material addressed to the beam screen coating. The introduced materials
(NbsSn, MgBs and T1-1223), which represent the best candidates for some of the FCC-
hh fundamental components, are the ,,main characters® of my PhD thesis. In particular,
I investigated their structure on a micro- and nanoscale level, and a greater emphasis
was given to the study of NbsSn for the FCC-hh bending magnets.

The microstructural investigation is an essential tool for understanding how the mate-
rial superconducting properties can be enhanced, in order to exploit them for future
applications. The electron microscopy, the science allowing the material microstructural
analysis, plays a very important role in terms of studying the material intrinsic and
extrinsic attributes for understanding its superconducting behavior. The manufacturing
processes the superconducting materials come from are crucial in defining their cha-
racteristics: a key point in my work is to understand how the parameters involved in
such processes influence the material microstructural features, strictly connected to its
superconducting properties. In this way, it would be possible to give the manufactures
an effective contribution in terms of producing wires and thin films with enhanced su-
perconducting performance. For the material microstructural characterization electron
microscopes were employed: these instruments use accelerated electrons under vacuum
conditions in order to generate highly magnified images of specimens. In particular, both
a scanning electron microscope (SEM) and a transmission electron microscope (TEM)
were used. The first one provides information from the surface of a sample: in fact, elec-
trons scattered by or emitted from its surface are used for image generation. TEM uses
instead the electrons transmitted from a very thin specimen (approx. 100 nm) to build
images. Since these microscopes are equipped with several attachments such as X-ray
detectors (both SEM and TEM) or energy filters (TEM), they provide element-specific
information from the sample, e.g. chemical composition, elemental distributions, grain
size and shape, doping agents size and density.

This work is part of the Marie Sklodowska-Curie Action EASITrain, funded by the
European Union’s H2020 Framework Programme under grant agreement no. 764879.
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1 Introduction

1.1 The future hadron collider (FCC-hh) at CERN

The European Organization for Nuclear Research (CERN) recently published a con-
ceptual design study for a future hadron collider (FCC-hh) [1]. Figure 1.1 shows the
schematic of the ring (27 km) currently present at CERN (Geneva, Switzerland), the
large hadron collider (LhC), and of the FCC ring (100 km), in principle capable to host
three collider types [1], [2], [3], [4].

This study aims at building a 100 km long tunnel and increasing the collision energy up
to 100 TeV, thanks to two counter rotating proton beams with an energy of 50 TeV each.
For this high-energy machine of the future, high performance superconducting bending
magnets with a nominal dipole field of 16 T are required [7],[8]. Such a field would be
about twice the 8.3 T generated by the Nb-Ti magnets in the LHC and about 5 T higher
than the 11 T of the NbsSn-based dipole magnet of the high-luminosity (HL) LHC up-
grade [1]. NbsSn, already being produced for the magnets of the upcoming HL-LHC
[9],[10],[11], is currently the only affordable superconducting material which can lead to
conductors delivering a critical current density (J.) of at least 1500 A /mm? at 4.2 K and
16 T [12]. The state-of-the-art internal tin restacked-rod-process (RRP®) Nb3Sn wires
can reach a J. between 1000 A/mm? and 1200 A/mm? at the afore-mentioned condi-
tions. Researchers and industrial partners are therefore collaborating in developing and
studying innovative wire manufacturing technologies, in order to achieve a higher J.
performance.

Why are the dipole magnets so important? Due to their magnetic field, these compo-
nents steer the proton particle beam, keep it in orbit inside the circular accelerator, and
confine it in a well-defined volume inside a vacuum pipe [13], [14].

Another important function is to focus the beam, giving it the required stability in
the plane perpendicular to the trajectory [13]. Beside dipoles, other magnet types
(quadrupoles, sextupoles and octupoles) take care of the stability of the beam in the
transverse space. A detailed overview of the accelerator magnet types can be found in
[13], [1], [15]. NbsSn superconductors manufactured via Internal-Tin (including RRP®)
and Powder-In-Tube (PIT) processes are envisioned for FCC-hh dipole magnets, and
have been studied in the conductor development program [7], [8], [16], [17]. Both man-
ufacturing technologies are described in the subsection 1.2.2.

In Figure 3.46, J. of state-of-the-art wires (between 1000 A/mm? and 1200 A/mm?) is
compared to the FCC target (1500 A/mm?). Three methods are principally used to raise
Je in Nb3Sn wires: reducing the inhomogeneities in terms of Sn concentration gradient
over the wire cross-section [18], [19], [20], introducing artificial defects [21], and reducing
grain size [22]. In this work, a major emphasis will be given to the first point.
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Figure 1.1: Schematic of the 27-km-long tunnel of the LhC, currently present at CERN
(light blue circle), and the about 100-km-long tunnel of the FCC (light brown
circle), in principle capable to host three collider types [1].

We investigated the Sn concentration gradient in NbzSn wires with different layouts
produced by TVEL and the Bochvar Institute (Moscow, Russia), and we analyzed doping
agents (artificial defects) size and density in wires produced by Hyper Tech Reasearch,
Inc. (Columbus, Ohio). The microstructural characterization of Nb3Sn wires through
several electron microscopy techniques is the main focus of this thesis (Chapter 3).

2500+

1500 4 _ Jg= 1500 A/ mm?

J. [A/mm?]

s 2
1000 Jg- 1000 A/mm?

500

HL-LHC

FCC
0 T T T 1

Field [T]

Figure 1.2: J. of state-of-the-art wires (between 1000 A/mm? and 1200
A/mm?) compared to the FCC target (1500 A/mm?).
Graph adapted from [23].
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Table 1.1 is showing a comparison between some of the main parameters forseen for
the FCC-hh and those currently charactering the LhC [1], [3].

Parameter FCC-hh  LhC

Collision energy [TeV] 100 TeV 14 TeV
Dipole field [T] 16 8.33
Circumference [km] 97.75 26.7
Synchrotron radiation power per beam [kW] 2400 3.6
Stored energy per beam [GJ] 8.4 0.39

Table 1.1: Some fundamental collider-parameters: FCC-hh vs LhC. Other important
parameters can be found in [1], [3].

As visible in Table 1.1, the proton beams circulating in the accelerator would produce
several tens of watts of synchrotron radiation per meter due to their high energy. A
beam screen is necessary to prevent this radiation from impinging on the dipole mag-
nets. This beam screen would be kept at 50 K for cryogenic efficiency (see ”working
point” in Figure 3.46). Its surface impedance needs to be minimized for beam stability
reasons: to guarantee a better performance than copper (used in LhC) would allow, the
only alternative materials are High Temperature Superconductors (HTSs).

The dashed lines of Figure 4.19 represent the irreversibility field (Hj,,) of different super-
conducting materials. The irreversibility field of a ”type II” superconductor is the field
up to which you can easily pass current and it is often about four times lower than the
critical field [24] (B). According to the displayed Hj,, lines, two suitable candidates for
the beam screen coating are YBCO and the technologically still unexploited thallium-
based cuprates T1-1223. As YBCO is expensive and has a complex preparation on large
scale [25], T1-1223 is currently being investigated for the FCC-hh beam screen [26], [27],
[28]. Specimens of both materials are typically prepared through deposition techniques
[29], [26], [30], [31]. The advantages of T1-1223 over YBCO [28] are summarized in Table
1.2.

Material Pros Cons Deposition-substrate requirements
T1-1223 High J. Toxic No sophisticated texture
High Hj,y

Higher critical temperature T¢: ~ 120 K [26]
Very tolerant for
out stoichiometry

YBCO Safe Very expensive High-quality biaxial texture
High J. Complex preparation
on large scale
High Hj,, Lower T¢: ~ 93 K [32]

Table 1.2: Advantages of T1-1223 over YBCO [27], [33].

In the next section (”The phenomenon of superconductivity: some fundamental as-
pects”), the concepts of type II superconductor, J., B¢, Hiy, and T, will be better
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Figure 1.3: Magnetic field (T) vs temperature (T) graph showing the beam screen work-
ing point (50 K at 16 T) [27]. The Hj, lines (dashed ones) of different
superducting materials are displayed.

As thallium-based superconductors are still little known, it is important to find the
optimal recipe in terms of thin film deposition. Electrochemical deposition performed
at CNR-SPIN in Genoa, Italy (subsection 1.3.2) is demonstrating high potential for the
production of increasingly optimized T1-1223 thin films [26]. Once the most effective
recipe is defined, large-scale production could be possible [33]. The microstructural in-
vestigation we performed on the produced thin films aimed at assessing the formation
of the desired TI-1223 phase, and the substrate coverage, together with the connection
between grains (Chapter 4). In the case of HT'Ss, J. is strongly dependent on the grain
boundary misalignment and is drastically suppressed if the misorientation angles are too
big, i.e. the grains are not well connected. The results of our analyses will contribute to
a better understanding of the potential of the still mysterious thallium-based supercon-
ductors to advance the FCC-hh design project.

The FCC-hh magnets would be powered by superconducting lines made out of MgBs [6],
[34]. These superconducting links, being already under study for the CERN HL-LHC
project, would be located in the FCC-hh tunnel to transport current from the power
supplies to the magnet coils [6], [11],[1], [9], [10]. The power converters and the current
leads (see Figure 1.4) would be located either in surface buildings or in underground
areas [6], and the MgBs superconducting links carrying current to the magnets ”would
contain tens of cables transferring altogether more than 150 kA” [6].
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Current Leads

2 % SC Links ™

Tummer ™

Figure 1.4: Schematic of two superconducting links powering the magnets developed in
the context of the CERN HL-LHC upgrade. Figure adapted from [6].

As for NbsSn, the increase in J. plays an important role for MgBs as well. The
Je enhancement was observed as a consequence of partial substitution of B by carbon,
after the reaction with C based compounds [35]. In this framework, we characterized
the microstructure of C-doped MgBs wires produced at CNR-SPIN (Genoa) [36] using
haemoglobin and inulin as C sources. We investigated C dispersion within the MgBo
matrix to better understand the role of C in raising the J. value (Chapter 5).

Dipole magnets, beam screen, and superconducting links just a few of the major com-
ponents necessary for the operation of FCC-hh. A complete picture of the design of this
grand machine of the future can be found in [1].

1.1.1 The phenomenon of superconductivity: some fundamental aspects

This section will review some key steps in the history of superconductivity. We will then
focus on some aspects of this phenomenon to better clarify the scope of this work.

e 1908: H. Kamerling Onnes succeeded in liquefying helium and began to study the
electrical properties of conductive materials at very low temperature (up to 1K).

e 1911: following his research on cryogenic techniques, and studying the conduction
of mercury at low temperatures, H.K. Onnes discovered the phenomenon of super-
conductivity: below a characteristic critical temperature T. the material resistance
drops abruptly to zero.

e 1913: H.K. Onnes reported that there was a critical value of the current density
(J¢) in mercury, temperature dependent and above which the resistance-free state
disappeared. This value increases as the temperature is reduced below T.. He
also understood that superconductivity disappears in presence of a magnetic field
above a critical and temperature-dependent value (B.). He won the Nobel prize.

e 1933: H.K. Onnes, W. Meissner, R. Ochsenfeld discovered that the superconductor
is not only a perfect conductor, but also has the property to prevent magnetic fields
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to penetrate it. In fact, a superconducting material develops on its surface screen
currents that induce a magnetic field, inside the superconductor itself, able to
compensate the external one (perfect diamagnetism or Meissner effect).

1934: C.J. Gorfer and H.B.G. Casimir proposed a two-fluid model providing a
macroscopic description of the thermodynamic properties of superconductors, by
defining the existence conditions of "normal” and ”superelectron” electrons.

1935: Brothers F. and H. London developed two equations that describe macro-
scopically the state of zero resistance and the Meissner effect.

1950: H. Froehlich, V.L. Ginzburg, L.D. Landau, A.B. Pippard, E. Maxwell, C.A.
Reynolds et al. explained the superconducting state through a theory focusing on
electron-phonon interaction.

1954: B. Matthias found NbgSn to be a superconductor with T, of about 18 K.

1956: S.C. Colins and L.N. Cooper experimentally determined the upper limit
of the resistivity of a superconductor. Introduces the concept of electron pairs
(Cooper pairs).

1957: J. Bardeen, L.N. Cooper, and J.R. Schrieffer developed the microscopic the-
ory of superconductivity based on quantum mechanics and known as BCS Theory.
This theory is still the most comprehensive explanation of the superconductivity
of metallic materials.

Alexei Abrikosov discovers an essentially new mechanism of superconductor in-
teraction with the magnetic field for the new class of superconductors, called by
him "type II superconductors”; he envisions the possibility of vortex lattice forma-
tion. The way for applications of superconductivity in intense magnetic field (but
still at low temperature), is open. He won the Nobel prize in 2003.

1961: J.E. Kunzler et al., B.S. Deaver, W.M. Fairbank identified a group of su-
perconducting compounds and alloys capable of carrying very high currents (10°
A/cm?) in very intense fields (30 T), awakening interest in power applications
(type II superconductors). They experimentally verified the quantization of the
flux enclosed by a ring-shaped superconductor.

Ability to support high currents and magnetic fields was discovered in NbsSn.
The era of superconductivity for large-scale applications started.

1962: B.D. Josephson analyzed what happens between two superconductors sep-
arated by a thin insulating layer (Josephson junction), thus paving the way for
future electronic applications of superconductivity.

T. G. Berlincourt and R. R. Hake discovered the outstanding superconducting



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

1 Introduction

properties of Nb-Ti which made its alloys as the most widely used superconduc-
tors.

1970: The first reliable superconducting magnets are realized.

1972-1973: J. Bardeen, L.N. Cooper, J.R. Schrieffer, and I.Giaever and B.D.
Josephson won the nobel prize.

1973: J.R. Gavaler prepares a compound of Nb3Ge with a T, of about 23 K,
the highest among conventional metal superconductors or low critical temperature
superconductors (LTSs).

1986: As a result of extensive studies on the electronic properties of perovskites,
A. Mueller and G. Bednorz observed the transition to the superconducting state
at 34 K in the compound Las_ Ba,CuQOy4:this is the first discovered cuprate su-
perconductor. This experiment opened the way to a new class of superconductors
with transition temperatures T. above 90 K and that can be cooled with liquid
nitrogen. These are called high critical temperature superconductors (HTS)s.

1987: The post-doctoral researcher Zhengzhi Sheng and Allen M. Hermann dis-
covered Tl-based superconducting cuprates (T. between 90 K and 130 K).

2001: J. Akimitsu discovers superconductivity at 40 K in the simple binary com-
pound MgBs.

2003: A.A. Abrikosov, V.L. Ginzburg, A.J. Leggett won the Nobel Prize for
pioneering contributions to the physics of superconductivity and superfluidity.

2008: H. Hosono et al. discovered superconductivity at 25 K in LaFeAs(O,F).
The era of iron-based superconductors began.

2013: Room-temperature superconductivity was obtained in YBaoCu3zQOg5 for
picoseconds, using short pulses of infrared laser light to deform the material crystal
structure.

2017: Undiscovered superhard materials, such as critically doped beta-titanium
Au, were pointed out as possible candidates for new superconductors with high
Te, up to 233 K (exceeding the T known to be the highest, 134 K of HgBaCuO).

2018: Researchers noted a possible superconducting phase at 260 K in LaH;g
achievable with very high pressure (200 GPa).

2020: Room-temperature superconductivity at 288 K was reported in a carbona-
ceous sulfur hydride at 267 GPa.

More information about the history of superconductivity can be found in [24], [37],
[38], [39], [40], [41], [42], [43], [44].
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1.1.1.1 Type | and type |l superconductors
The information here provided is based on [24], [45], and [46].

Type 1 superconductors, according to the afore-mentioned Meissner effect, expel the
magnetic field completely for an applied field smaller than B.. Above B, the material
abruptly reverts to the normal resistive state (Figure 1.5a). Type I superconductivity
is represented by most elementary superconductors (e.g., Pb, Hg, Sn, etc.), except Nb,
V, and Tc [47]. The values of T for type I superconductors are usually < 10 K, those
of B. are in the range of 5-200 mT [47]. Due to their low T, and B. values, Type I
superconductors have limited use in terms of applications.

As observable in Figure 1.5b, type II superconductors have two critical magnetic fields
(Be1 and Beg). Below Bei, the type II superconductor behaves like the type I one,
expelling completely the magnetic flux (Meissner effect). For B between B.; and B,
the magnetic flux begins to penetrate the sample in the form of discrete bundles called
"flux lines” and the sample goes into the mixed state or “vortex state”. A.A. Abrikosov
demonstrated that the magnetic field penetration here occured as single tubes contain-
ing a quantum of magnetic flux and electrical current flowing around them to shield the
sorrounding superconducting region from magnetic field. Such tubes look like vortices
because of the way the electrical current circulates around them (see Figure 1.6 in the
next section). For B higher than Beg, the superconductor is in the normal resistive state.
Type II superconductivity is typical of metal compounds, alloys, and complex oxide ce-
ramics. All materials analyzed in this work (NbsSn, T1-1223, and MgB3) are type II
superconductors. The critical magnetic fields and J. values characterizing this type of
superconductors are much higher than those of type I. Therefore, these materials have
a higher potential for practical applications.
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Figure 1.5: Schematic of type I (a) and type II (b) superconductors showing a clear
separation between superconducting and normal resistive state (a), and a
gradual transition from superconducting to normal state due to the presence
of a mixed state (b).

To further clarify type I and type II superconductors, two concepts will be introduced:
the coherence length ¢ and the penetration depth A.

The London brothers, with their equation, showed that magnetic fields are excluded
from a superconductor (Meissner effect) but that the field could penetrate a very short
distance into the superconductor surface. This distance is the London penetration depth
A

Pippard defined as coherence length ¢ the distance needed for superconductivity to turn
on, measured from a region where there is no superconductivity. According to this, it is
not possible to have a clear interface between superconducting and non-superconducting
regions: the transition takes place gradually over a transition layer of thickness related
to €. In we consider the superelectrons as Cooper pairs (BCS Theory [48]), € could be
simply described as the length within which electrons can still be considered paired.

In type I superconductors, € is much larger than A. In this case, the energy cost of
destroying superconductivity near the interface superconducting-normal state exceeds
the energy bonus of allowing the field to penetrate a little. The interface between the
superconducting and the normal state is costly and the system prefer not to make an
interface unless it is necessary. In type II superconductors, A is much longer than €. The
energy cost of destroying superconductivity near the interface superconducting-normal
state is outweighed by the energy bonus of allowing the field to penetrate: this means
that having an interface between superconducting and normal state saves energy, and
thus the formation of interfaces is extremely favorable. A type II superconductor will
be full of interfaces (vortices).

The ratio of A over ¢ defines the Ginzburg-Landau parameter k. Type I superconductors

satisfy the condition k < %, whereas for type II superconductors x > %

11
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1.1.1.2 Critical current density J; and flux pinning

The concept of ”vortices” characterizing the mixed state of type Il superconductors was
introduced in the previous section. Abrikosov considered the vortices as the explanation
for many superconductors appearing to exhibit an imperfect Meissner effect by letting
the magnetic field penetrate through them [45].

The critical current density (J.) is a crucial parameter of a superconductor and it’s
directly related to its potential for practical applications [49], [50], [51], [45]. It is de-
termined by the T¢, electronic structure, and the so-called ”flux pinning mechanism”
due to naturally or artificially generated microscopic defects in the material [45]. As
previously described, the magnetic flux penetrates into the superconducting sample in
the form of tubes with normal-conducting cores and surrounded by vortex-shaped su-
percurrents. Such tubes or vortices are also known as fluxons. An example of fluxon can
be observed in Figure 1.6 (brown cylinder). Vortex currents cause any two vortices to
repel each other forming an ordered lattice called the ” Abrikosov vortex lattice” [45]. If
an electric current flows through a superconductor in its mixed state, the vortices would
experience a Lorentz force Fy=Jx B for which they would begln to move in a direc-
tion perpendicular to the directions of the transport current J and the applied magnetic
field B. However, certain types of defects or impurities in superconducting materials
(dislocations, voids, grain boundaries, etc.) act as pinning centers for the vortices and
the magnetic flux is trapped. Simply said, these defects would prevent the fluxons from
moving across the material and so leading it to go into the normal resistive state. They
are said to "pin” the fluxons, which is why they are commonly referred to as pinning
centres. What does it mean that they are pinning the vortices/fluxons? The force with-
standing the motion of fluxons under the influence of F} is the ” pinning force” F;,, which
is the one related to the presence of defects in the material. The flux lines remain static,
as long as F, > Fy [45]. If F; > F,, fluxons start moving across the superconductor with
a velocity v, and an electric field is generated. As both the current and the generated
electric field would be parallel, a certain amount of power would be dissipated in the
system and the superconductor would lose its ability to sustain a current flow without
dissipation. A schematic of the forces involved is presented in the figure 1.6.

The penetration of magnetic flux into a type II superconductor is gradual over a wide
range of applied magnetic field [45]. The presence of lattice defects can change the struc-
ture of the vortices, leading them to be ”stuck” at the defect sites and thus no longer
free to move. The defect sites are surrounded by an energy barrier that the vortex must
be able to overcome to start moving. The Lorentz force lowers this energy barrier and
the J. of a sample would be reached when the pinning force is balanced by the Lorentz
force. Thermal activation also lowers the height of this energetic barrier, resulting in a
Jc that is strongly temperature dependent [45].

12
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Figure 1.6: Schematic of flux pinning in type II superconductors. The brown cylider
represents a vortex.
Figure inspired by the similar one in [48].

Introducing the concept of pinning centers will help to know its meaning when we talk
about it for Nb3Sn in chapter Chapter 3 and for MgBs in chapter Chapter 5.

1.2 Nb3Sn for the FCC-hh bending magnets

In this section, some general properties of NbsSn are explored along with the related
wire manufacturing technologies.

1.2.1 General properties

NbsSn is a type II superconductor and a LTS with T, up to 18.3 K [52]. It is a brittle
intermetallic compound with a Cr3Si structure type, also known as A15 phase, belonging
to the space group Pn3n (O?L) In the course of this thesis we will sometimes refer to
Nb3Sn as A15. The A15 phase corresponds to a Sn content in the range between 18 at.%
and 25 at.% [53], [54]. According to J. P. Charlesworth et al. [55], this range would be
even wider (between 17 at.% and 27 at.%). A phase diagram of the Nb-Sn system can
be found in [54].

Figurel.7 exhibits a schematic of the NbsSn unit cell: the Nb atoms are located at
(%, %, %) (lying on the sides of the unit cell in three chains orthogonal to each other),
and the Sn atoms at (000) and (3,3, 3) (on bec sites) [56],[49]. The NbsSn lattice pa-
rameter is 0.529 nm [52].

13
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Figure 1.7: Crystal structure of NbzSn where the Sn atoms (big spheres) are located at
corner and centre sites of the cube, and the Nb atoms (small spheres) lying
in three orthogonal chains.

Figure adapted from [49].

If we speak about multi-filamentary NbsSn composite wires, we refer to a conductor
where thin superconducting filaments are distributed in a normal low resistance matrix,
which is typically Cu (see Figure 1.8) [53]. Due to its high thermal conductivity, this
matrix carries heat away from the surface of the superconducting filaments, it absorbs a
significant amount of heat because of its specific heat, and decreases Joule heating when
the superconductor transit into the normal resistive state [53].

If single-phase NbsSn is formed by solid-state diffusion above approximately 930 °C in
the binary Nb-Sn system, the presence of Cu in the ternary system Nb-Sn-Cu effectively
lowers this temperature to practical values in industrial wires of about 650°C [53]. Grain
growth would thus be limited, so retaining a higher grain boundary density, which is a
fundamental aspect for flux pinning in NbsSn [53], [54], [57].

Considering the brittle nature of NbgSn, its formation through heat treatment and dif-
fusion process (described in the next section) is postponed until the desired conductor
configuration is obtained [53]. The conductor configuration studied in this work is multi-
filamentary wire.

In the modern multi-filamentary NbsSn wires, ternary compounds such as (Nb,Ti)3Sn
and (Nb,Ta)3Sn are formed by adding 1 at.%-2 at.% of Ti or 2 at.%—4 at.% of Ta. This
is a stratergy adopted to enhance Bcp without sacrificing T [58], [59]. The highest Bco
values in ternary NbzSn wires was found to be around 30 T [60], [61].

14
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Cu
Nb barrier

Figure 1.8: SEM images taken with the backscatter detector - BCS (details in Chapter
2) and representing (a) a typical overview of a multifilamentary NbsSn wire,
and (b) the filament (or sub-element) features. A filament or sub-element is
pointed out in (a) with a red circle.

As described in the beginning of this thesis, the J. enhancement represent one of the
main goals of the FCC-hh project. Previously, we mentioned a "non-Cu J.”: as a typical
NbsSn wire consists of different phases (NbgSn, Nb and Cu), T. can be mainly defined
in three ways [60].

1. The engineering J. is intended as the average critical current density over the whole
wire cross-section, including the A15 phase, the Cu one, the Nb barrier, and the residual
Cu and Sn in the sub-element core.

2. The layer J. is represented by the critical current density of the A15 phase.

3. The non-Cu J, the one used for the FCC-hh target value (1500 A/mm? at 16 T and
4.2 K), is the average critical current density of the A15 phase, the Nb barrier, and the
residual Cu and Sn in the sub-element core.

Some of the main application areas of NbsSn conductors are the following [60]: tokamak
fusion devices (such as International Thermonuclear Experimental Reactor, ITER) for
the central solenoid (CS) and the toroidal field (TF) coils, high-energy physics (FCC
projects) in terms of dipole and quardrupole magnets, magnetic resonance imaging
(MRI), and nuclear magnetic resonance (NMR).

1.2.2 Manufacturing process of Nb3Sn wires

We can classify NbsSn wire production technologies into standard processes and internal
oxidation method. The standard manufacturing techniques are mainly three: the bronze
process, the internal tin (IT) process including the RRP® variant and the powder-in-
tube (PIT) process [16], [53]. All production techniques are characterized by a final
high-temperature heat treatment step for the formation of the A15 phase. The entire
heat treatment process consists of several steps with different temperatures (up to around
700°C) and duration. Details about the heat treatment steps can be found in [62], [16],
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[52], [63].

In the bronze process, the Sn source is represented by a Cu-Sn bronze matrix [64],
[60]. A certain number of Nb rods is inserted into this matrix. The composite is now
wrapped with a Ta foil and inserted into a Cu can, and the stacked system is then drawn
down to the final size [60]. Ta foils have the function of preventing Sn leakage into the
Cu matrix during heat treatment. Each Nb alloy rod in the bronze matrix transforms
to a Nb3Sn sub-element after heat treatment, leading to small filament size (2-3 pm).
As solubility of Sn in bronze is limited, Sn content in the formed NbsSn phase is low,
and so J. is [60].

Considering the previously mentioned high J. requirements, and the need to produce
in large quantities, only Nb3Sn IT, including RRP®, and PIT wires are currently con-
sidered (among the standard produced wires) for high-energy physics applications [59],
[12], [16].

As a variation of the IT process, the RRP® maintained the record for the produc-
tion of wires with the best performance for many years, until PIT wires with artificial
pinning centres (or internally oxidized APC wires) achieved the J. FCC-hh specifications
in short samples (2019) [16]. The specimens investigated in Chapter 3 of this manuscript
are mainly IT wires. A part of this work is also dedicated to the preliminary analysis of
internally oxidized APC wires (for simplicity, we will call them APC).

In the IT RRP® process, Nb rods (filaments) are stacked into a Cu matrix. A Sn or
Sn-alloy rod is located in the core (central hole) of this matrix, and the whole composi-
tion is formed into easily stackable hexagonal rods. A thin Nb or Ta barrier is typically
used to prevent Sn from diffusing into the Cu matrix. Multiple of these sub-elements
are inserted into a copper tube. The final wire size is achieved by cold drawing. During
the heat treatment, Sn diffuses outwards and meets the Nb rods, so forming the Nb3Sn
phase. IT wires usually show high J. values due to their optimal Sn content [65], [16],
[52]. Doping of such wires is performed by inserting Ti or Ta rods between the Nb
filaments inside sub-elements: Ti has the role of lowering and optimizing the heat treat-
ment temperatures. Ta rods, as previously said, help enhancing B.o without sacrifying
T. [16], [58], [59].

A simplified schematic of the I'T process is reported in Figure 1.9.

In the PIT process, tubes made of Nb or Nb-alloys are filled with fine NbSny powder
and Cu (few at.%) to help A15 phase formation occurring faster below a temperature
of 700 °C. The filled tubes are inserted into a Cu matrix and the wire is then drawn to
its final size. For the A15 phase formation, a final heat treatment step at a temperature
of about 675 °C is performed (it typically lasts a few days). More details about this
production technology can be found in [65], [19], [16].
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7. Assemble
V. | of composite
3. Assemble billet

1. Extrusion of composite 4. 6. Drawing

Drawing billet Extrusion /

/

8. Drawing

2. Bimetal Cu/Nb rod 5. Insertion of tin rod /
Wire ~ 1 mm in diameter

Figure 1.9: Simplified schematic of manufacturing steps to produce a IT wire. In the
"insertion of tin rod” (step 5) you may notice that the Nb filaments area is
divided into 3 regions by Cu insertions. This is the specific case of a NbzSn
IT wire with cluster layout. This layout type will be discussed in Chapter 3.
Figure adapted from [66].

In 2019 new generation APC wires manufactured by Hyper Tech Research Inc. have
achieved a J close to the FCC target of 1500 Amm™ at 16 T, corresponding to a J. of
3600 Amm™ at 12 T [16].

In these wires, NbgSn grain refinement (fundamental aspect contributing to flux pinning)
was obtained by adding Zr and O to Nb and Sn before heat treatment, so leading to the
internal oxidation of Zr and the formation of ZrOs nanoprecipitates. As a consequence,
a reduction in NbsSn grain size was achieved [22], [60]. An internally oxidized wire is
like a PIT wire where O is supplied by adding SnOs powder. 1 at.% Zr is alloyed with
Nb. An example of PIT APC wire is reported in [67]. Intra-granular ZrOg precipitates
could potentially act as pinning centres contributing to the increase of the pinning force
in such a wire type [68]. As the affinity of Zr to O is much stronger than the affinity
of Nb to O, a Nb-Zr alloy is typically used. The oxygen required to oxidize Zr atoms
during the heat treatment is usually supplied in the form of oxide powders located in-
side the sub-elements. The resulting ZrOo nanoprecipitates were observed both at grain
boundary and in the grains with diameters of approx. 2-15 nm.

Recently, internally oxidized NbsSn wires were found to have an average grain size of 36
nm and J. values significantly increased (almost twice as high as in conventional Nb3Sn
wires) [69].

The internal oxidation process is also performed with Hf instead of Zr, since both ele-
ments show a high affinity to O. Both Zr and Hf routes were employed with and without
an O source in the form of SnO,, and the highest pinning performance was obtained
using a Nb4TalHf alloy without SnOy [70]. The addition of Ti to APC wires has been
explored with success, leading to small sub-elements (25 pm in diameter) [68]. In the
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newest generation of APC wires, the addition of Ta brought B.o values of 28T.

1.3 TI-1223 for the FCC-hh beam screen

In this section, some general properties of T1-1223 are explored along with the electrode-
position process performed at CNR-SPIN to produce thin film samples.

1.3.1 General properties

T1-1223 is a type II superconductor and a HTS with T. ~ 120 K [71], [72]. It is de-
scribed by the general formula of Tl-based cuprates TImBa2Can-1CunO2n+m+2 (ab-
breviated as Tl-m2(n-1)n), where m = 1 and n = 3. Among Tl-based superconduc-
tors, T1-1223 is one of the preferable candidate in terms of applications due to its
high T, and its efficient flux pinning properties [73], [74], [75]. Liu et al. reported
a simultaneous partial substitution of T1 with Bi and Pb, and Sr for Ba in the form
of (TlpePbp2Big2)(Sr;sBag2)CasCuszOgys leading to an increase of T, with respect
to the other Tl-based compounds, and an accelerated formation of the T1-1223 phase
citeliul994improvement, [76]. TI-1223 crystal structure belongs to the space group
P4lmmm [77] and the dimensions of the unit cell are: a = 3.814A and ¢ = 15.29 A
[77][78]. A phase diagram for this compound is reported in [79]. This compound shows
a single insulating TI1-O layer between the current carrying Cu-O layers [76]. The re-
duced spacing between Cu-O layers causes an increase in the coupling energy between
the Cu-O planes [76]. It was suggested that such an increase in the coupling energy
prevents the vortex lattice from being thermally activated (which would cause the tran-
sition to the normal resistive state) [80], [76].

Figure 1.10 shows T1-1223 primitive tetragonal unit cell.

Figure 1.10: Crystal structure T1-1223 showing T1 split positions (black atoms), Ba
(blue), Ca (green), Cu (orange), and O (red). Figure adapted from [81].

18



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1 Introduction

1.3.2 Manufacturing process of TI-1223 thin films

T1-1223 thin films were produced at CNR-SPIN in Genoa via electrodeposition process
in a 3-electrode system by employing a flat cell [26], [82].

This manufacturing process consists in depositing a film of a complex oxide compound
based on T, Bi, Pb, Ba, Sr, Ca, and Cu on Ag and SrTiO3 (STO) substrates (metallized
via sputtering) [83], [82]. Considering the required properties for the future application,
we selected T10_7Bi().2Pbg.gSI‘LGBaOACal.gCu?,Og +x [26]

The working, counter and reference electrodes were represented respectively by substrate,
platinum grid, and Ag/AgNOs 0.1 M in Dimethyl Sulfoxide (DMSO, Sigma-Aldrich,
99.9%, anhydrous, suresealed grade). Nitrates of the phase elements were dissolved in
250 ml of DMSO. At this process step, the stoichiometry of the solution is far from
the one required on the substrate due to the large difference in the overpotential for
the different ions [26]. By iterative analysis of the deposited precursors using dispersive
X-ray spectroscopy (EDX, described in Chapter 2), we obtained the required element
contents: 0.25 g of TINOgs, 0.18 g of Bi(NOg3)s - 5Hy0, 0.18 g of PbNOs3, 2.73 g of
Sr(NO3)g, 1.52 g of Ba(NO3)2, 1.63 g of CaNOs3 - HoO and 1.33 g Cu(NOj3)s - H2O. The
film deposition was performed between - 2.9 V and - 3.1 V for 600 s with a commercial
potentiostat. Since DMSO is a high boiling point solvent, samples were dried under
vacuum at 120 °C before performing the final high-temperature heat treatment. They
were then processed in a three-zone tube furnace in a partially closed system inside a
gold foil crucible for 10 min at 885 °C.

Thallium oxide is volatile above 710 °C, so it is very important to keep the sample in
a thallium atmosphere. The latter was created by keeping TloO3 powder (4 mg) and
T1-1223 pellets (whose production is described in [26]) along with the precursor film
during the heat treatment. For the last films produced, a thallium atmosphere was
created using only TlyO3 powder in a different amount (more details will be given in
Chapter 4). By doing so, we aimed at finding the best compensation between losses
and reabsorption of thallium-bismuth-lead: the precursor-pellet releases with an already
balanced stoichiometry and this helps the growth of T1-1223 phase.

Further details about this T1-1223 thin film electrodeposition process can be found in
[26].

In Figure 1.11, the electrodeposition system used at CNR-SPIN is shown.
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Figure 1.11: Electrodeposition system used at CNR-SPIN (Genoa, Italy).
Credits: Alessandro Leveratto, Emilio Bellingeri, CNR-SPIN (Genova).
FElectrodeposition process described in [26].

1.4 MgB, for the FCC-hh superconducting links

In this section, some general properties of MgBs are explored along with its typical wire
manufacturing technologies, and the freeze-drying process (FDP) performed at CNR-
SPIN.

1.4.1 General properties

MgB; is a type II superconductor with T, = 39 K [84], which is lower than those of
HTSs, but significantly above the value of the LTS NbsgSn (approx. 18 K) [35], [85].
It is a binary compound with simple hexagonal structure of AIB2 type, space group
P6lmmm [86], [87], [49] which is quite common among borides [88], [89]. The structure is
characterized by the superposition of graphitic-type boron planes separated by hexagonal
planes of magnesium atoms. The dimensions of the unit cell are: a = b = 3.084 A and
c=352A a=p8=90¢ ~v = 120° [78]. B atoms form honeycomb planes, whereas
Mg atoms are at the centres of the hexagons inbetween boron planes [90]. Similar to
graphite, MgBs exhibits a remarkable covalent nature for B-B bonding between B atoms
belonging to the same plane [91].The binary phase diagram for the Mg - B system, in
the form known at the time of the discovery of the superconductivity of MgBs can be
found in [92].

In Figure 1.12, a representation of MgBs crystal structure is shown.
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Figure 1.12: Crystal structure of MgBy showing Mg and B layers. As shown, small
spheres represent B atoms and big ones represent Mg.
Figure adapted from []9].

1.4.2 Manufacturing process of MgB, wires

Most of the information in this section is based on [93], [35].

The Powder-In-Tube process (PIT) is a commonly used manufacturing method for long
length production of wires. As the name of the technique says, the process starts with
precursor powder and it is known to have two main routes: ex-situ, in which pre-reacted
MgBs powder is inserted into a tube, and in-situ, where Mg and B powders are well
mixed before being inserted into a tube. The MgBsy phase is therefore formed during
this heat treatment in this case.

Tubes are typically made of Ni, Monel, in some cases characterized by a Nb barrier and
a Monel outer sheath [35]. In both methods, the filled tubes are deformed into single-
core wires, which are then stacked into a multi-filament billet (as shown in Figure 1.13).
After deformation of the billet into a wire, typically done by drawing, a heat treatment
is performed. The purpose of this heat treatment is increasing the cross-section of the
current path from grain to grain by sintering the powder grains (ex-situ process), and
leading to MgBs phase formation (in-situ process, as previously mentioned).

Another technique used for the production of MgBs wires is the so-called ”internal Mg
diffusion” (IMD). This method will only be mentioned, as the wires investigated in this
work were produced by PIT (ex-situ): the related details can be found in [35] and [94].

The studied wires were manufactured by ex-situ PIT starting with a C-doped nano-
boron (nB). An innovative B nanostructuration method was developed at CNR-SPIN in
Genoa and patented in 2010 [36]. B plays a fundamental role in enhancing the super-
conducting properties of MgBs [95], [96], [36].

Their nB production method allows to homogeneously disperse a carbon source (in this
case inulin and haemoglobin) into boron oxide (B203) molecules through the atomiza-
tion of solutions in cryogenic liquids [36]. A homogenous dispersion of C in B2O3 solid
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phase was achieved by freeze-drying process (FDP), which removed water. The nanos-
tructured B2O3 was reduced to C-doped nB by magnesiothermic process [97], [98], [99].
For the wire preparation, 260 g of BoO3 powder was solubilized in 5 liters of deionized
water, then atomized in liquid nitrogen. A dispersion of very small boric acid molecules
(B203 + 3H20) was thus obtained in equally small ice particles. To produce different
C-doped powders, carbon sources (inulin, haemoglobin) were added and a homogeneous
solution was obtained. The FDP was used to remove water from the frozen powders, and
nanostructured BoO3 extracted from the freeze-drying machine was reduced to raw nB
[97] through the Moissan process (reduction of boric oxide with Mg [100]). The reaction
performed in stainless-steel crucibles at 800 °C for 5 h under Ar flow led to a mixture of
pure nB, MgO, and unreacted BoOg. The purification phase is typically characterized
by a sequence of leaching steps with hot hydrochloric acid. Finally, the product was
dried in an electric oven at 80 °C for several hours to remove residu