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6.1 Introduction

Superconductors are advanced materials that exhibit exceptional electrical and
magnetic properties when cooled below a critical temperature ((Tc)). In this state,

their electrical resistivity becomes zero, allowing current flow without Joule losses

[18], [19].

Another fundamental property is the Meissner effect, where magnetic flux is expelled

from the material, giving superconductors unique magnetic behavior [19].

Superconducting materials are classified into low-temperature superconductors
(LTS) and high-temperature superconductors (HTS) depending on their operating
temperature range. Their ability to carry very high currents and generate strong
magnetic fields enables applications in energy systems, medical imaging, and

advanced transportation technologies [20].

6.2 Fundamentals of Superconductivity

Superconductivity occurs when certain materials are cooled below their critical
temperature, leading to a transition from a normal resistive state to a superconducting

state [18].

A. Zero Electrical Resistivity

The main characteristic of superconductors is the complete disappearance of

electrical resistance:

p=20

Therefore, electrical current can flow without energy dissipation by the Joule effect,

enabling highly efficient electrical systems [18].
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B. Meissner Effect

The Meissner effect describes the expulsion of magnetic flux from the interior of a
superconductor. This behavior makes superconductors perfect diamagnetic materials

and enables applications such as magnetic levitation [19].
C. Critical Parameters
The superconducting state depends on three limits:

— Critical temperature ((T c)): maximum temperature for superconducting
operation.

— Critical magnetic field ((H c)): maximum magnetic field before losing
superconductivity.

— Critical current density ((J_c)): maximum current density the material can

carry [18], [20].

Exceeding any of these limits causes a transition back to the normal resistive state.

6.3 Superconducting Materials

Superconductors are mainly divided into two categories according to their critical

temperature [18], [20].

A. Low-Temperature Superconductors (NbTi)

Niobium-Titanium (NbTi) is a widely used low-temperature superconductor:

T, ~ 9.2K

It requires cooling using liquid helium ((= 4.2K)).
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Main characteristics[18]:

High current capacity.

Good mechanical flexibility.
Suitable for superconducting coils.

B. High-Temperature Superconductors (YBCO)

Yttrium Barium Copper Oxide (YBCO):
YBa,Cu30,_,

has:

T. = 92K
It can operate using liquid nitrogen cooling ((z 77K ))
Advantages:

— Higher operating temperature.
— Reduced cooling cost.

— High current capability.
Limitation:

Ceramic structure with mechanical brittleness [19], [20].
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6.4 Applications of Superconductors

The unique properties of superconductors, especially zero electrical resistivity and
the ability to generate strong magnetic fields, make them suitable for advanced

electrical, medical, and transportation applications [18], [20].

A. HTS Power Cables

High-Temperature Superconducting (HTS) cables are designed
to transmit large amounts of electrical power with very low

losses.

LN2 Coolant

Their main advantages include:

Multiple HTS
conductinglayer

— Very high current-carrying capacity.
— Reduced Joule losses.

Copper former

— Smaller dimensions compared with conventional

copper or aluminum cables. OuterCryostat  InnerCryostat

Wall Wall HTSshieiding ayer High Voltage Dielectric

These properties make HTS cables attractive for high-density

urban power networks [20].

B. Superconducting Magnets

heating, allowing the production of very strong magnetic fields.
Applications include:

— Scientific research equipment.

— Particle accelerators.

— High-field magnetic systems.

fields with high efficiency [18].
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C. Magnetic Resonance Imaging (MRI)

MRI systems use superconducting coils,
commonly made from NbTi, to produce
stable and powerful magnetic fields for
medical imaging.
— The use of superconductors
provides:

— High magnetic field stability.

— Improved image quality.
Continuous operation with reduced energy

losses [19].

D. Maglev Trains

Magnetic  levitation (Maglev) trains use
superconducting magnets to generate lifting and
propulsion forces.

’. Advantages include:

; — Elimination of mechanical contact between

train and track.

Superconducting Magnet Very hlgh Operatlng SpCCdS.

(onboard) .o .

Guideway Sidewall — Reduced friction and maintenance
Guideway

requirements.
Maglev systems represent one of the most
advanced  transportation  applications  of

superconducting materials [20].

Common Core in Science and Technology / Faculty of Science and Technology / University of Biskra



Electrical Engineering Materials Chapter 6: Superconductors

6.5 Technological Challenges

Despite their advantages, superconductors face several practical limitations [18],

[20].
A. Cooling Requirements
Superconductivity requires operation below (T _c).

— NbTi1 — liquid helium cooling.
— YBCO — liquid nitrogen cooling.

Cooling systems increase complexity and operating cost.

B. Mechanical Limitations

Many superconducting materials, especially ceramic HTS materials, are brittle and

sensitive to mechanical stress.
Challenges include:

— Difficult manufacturing.

— Risk of cracking.

Need for protective structures [19], [20].
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