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ABSTRACT 

ASSESSMENT OF MECHANICAL DEFORMATION PROCESSES 

THROUGH MICRO-HARDNESS TESTS OF SUPERCONDUCTING 

MGB2 WIRE SAMPLES MADE WITH STANDARD AND POWDER 

INTERNAL MAGNESIUM DIFFUSION TECHNIQUES 

MSC THESIS 

MUEEZ UR REHMAN 

BOLU ABANT IZZET BAYSAL UNIVERSITY  

INSTITUTE OF GRADUATE STUDIES 

DEPARTMENT OF PHYSİCS 

(SUPERVISOR: PROF. DR. İBRAHİM BELENLİ) 

 

BOLU, JULY 2023 

 (xiii + 55)  

 

 

 

This research aims to investigate the mechanism of superconductivity and the 

production of MgB2 wires. The generation of high magnetic fields in practical 

applications requires long, homogeneous superconducting MgB2 wires. Various 

techniques, including the powder-in-tube (PIT) method and internal magnesium 

diffusion (IMD) technique, are employed to obtain superconducting wires. This 

study specifically focuses on the PIT method and IMD technique to create the MgB2 

phase. The effect of hardness will be examined using HV tests, as the hardness of 

the constituents of the composite MgB2 wire is modified during the cold drawing 

process. The cross sections of the wire samples will be analyzed to determine if the 

regions of boron, magnesium and iron exhibit different HV results between the 

Standard and Powder IMD methods. This research aims to relate these findings with 

the mechanical behavior, superconducting properties, structure and microstructure 

of MgB2, whether the microhardness values do or do not differ. 
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 ÖZET 

STANDART VE TOZ DAHİLİ MAGNEZYUM DİFÜZYON 

TEKNİKLERİYLE YAPILAN SÜPERİLETKEN MGB2 TEL 

NUMUNELERİN MEKANİK DEFORMASYON SÜREÇLERİNİN 

MİKRO-SERTLİK TESTLERİ İLE DEĞERLENDİRİLMESİ 

YÜKSEK LİSANS TEZİ 

Mueez Ur REHMAN 

BOLU ABANT İZZET BAYSAL ÜNİVERSİTESİ 

LİSANSÜSTÜ EĞİTİM ENSTİTÜSÜ 

FIZIK ANABİLİM DALI 

 

(TEZ DANIŞMANI: PROF. DR. İBRAHİM BELENLİ) 

 

BOLU, TEMMUZ - 2023 

(xiii + 55) 

 

 

 

Bu araştırma, süperiletkenlik mekanizmasını ve MgB2 tellerinin üretimini 

araştırmayı amaçlamaktadır. Pratik uygulamalarda yüksek manyetik alanların 

oluşturulması, uzun, homojen süperiletken MgB2 telleri gerektirir. Süperiletken 

teller elde etmek için tüp içinde toz (PIT) yöntemi ve dahili magnezyum difüzyon 

(IMD) tekniği dahil olmak üzere çeşitli teknikler kullanılır. Bu çalışma özellikle 

MgB2 fazını oluşturmak için PIT yöntemi ve IMD tekniğine odaklanmaktadır. 

Kompozit MgB2 telinin bileşenlerinin sertliği soğuk çekme işlemi sırasında 

değiştirildiğinden, sertliğin etkisi HV testleri kullanılarak incelenecektir. Bor, 

magnezyum ve demir bölgelerinin Standart ve Toz IMD yöntemleri arasında farklı 

HV sonuçları gösterip göstermediğini belirlemek için tel numunelerinin enine 

kesitleri analiz edilecektir. Bu araştırma, mikrosertlik değerleri farklı olsun veya 

olmasın, bu bulguları MgB2'nin mekanik davranışı, süperiletken özellikleri, yapısı 

ve mikro yapısı ile ilişkilendirmeyi amaçlamaktadır.   

ANAHTAR KELİMELER: MgB2, IMD, HV, Süperiletken Tel, Mg Difüzyonu 
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1. INTRODUCTION 

The great Dutch physicist Heike Kamerlingh Onnes, on 10th of July 1908, 

experienced the wonderful moment of his career. That was the day when he 

liquefied Helium (He), measured the resistance of mercury at very low temperature 

as shown in Figure 1.1 and started a new chapter of Low Temperature Physics (1). 

Superconducting behaviour was discovered more than a century ago and it took 

long time to understand its physics. As its name suggests, a conductor after 

becoming superconducting, does not show any resistance for the electrical 

conduction. Mostly materials show this behaviour at very low temperatures. 

 

Figure 1.1. Resistance and temperature relation of mercury (2). 

1.1 Historical Background 

Before Kamerlingh Onnes, electrical conduction was understood and it was 

established that the charge transport is influenced by electrons. Additionally the 

resistance of many metals had been measured and it was discovered that near room 

temperature, resistance decreases linearly with decreasing temperature. There were 

three possibilities to be discussed regarding resistance at very low temperatures (1). 

1. As the temperature drops, the resistance might become zero (Figure 1.2, 

curve 1). 
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2. There is a possibility for it to reach a finite limit (Figure 1.2, curve 2). 

3. At very low temperatures, it could go through a minimum and get close 

to infinity as the temperature approaches to zero Kelvin (Figure 1.2, 

curve 3) 

 

Figure 1.2. Illustration of temperature dependent electrical resistance (1). 

The great Dutch physicist Heike Kamerlingh Onnes, in 1911, discovered the 

phenomenon of superconductivity on mercury when he cooled it to liquid helium 

temperature (2). He received Nobel Prize in 1913 for this incredible discovery. 

Since then, this discovery raised new hopes of completely changing the world of 

technology. This event arises the possibility of making superconducting wires that 

will carry current from stations to homes with zero voltage, namely the power loss 

P = I2R consumed is zero, this will make power consumption and distribution very 

cheap. It had the possibility to completely change the world and that is why the 

discovery of superconductivity considered very important and until date it is still 

considered as an important area. After this remarkable discovery of 

superconductivity, researchers got interested in studying the behaviour of materials 

at very low temperatures. 

In 1933, W. Meissner and R. Ochsenfeld (3) German researchers discovered 

that superconductors could levitate a magnet in superconducting state, repulsion of 

magnetic field, which known as Meissner effect. In 1950, a similar experiment 

“isotope effect” was conducted by two different laboratories, Renolds et al (4) at 

Rutgers university and at National Bureau of Standards (5). This experiment 
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showed that there is inversely relation between critical temperature Tc and square 

root of average isotopic mass of material. After these discoveries, scientists were 

curious to understand the physics of superconductivity and the absence of resistance 

below Tc.  

Two basic phenomena in superconductors, zero resistance and the Meissner 

effect, could not be explained using classical theory. In 1935, Superconductivity as 

a macroscopic quantum effect defined by (the London brothers) F. London and H. 

London (6) by deriving electrodynamics equations. Their theory is established on 

two equations. The first equation (2.1) shows that the change in superconducting 

current density Js with time is proportional to the electric field E and second 

equation explains the relationship between superconducting current density and 

magnetic field B. So, the London equations successfully explain the zero resistance, 

Meissner effect and estimate the existence of penetration depth in superconductor 

(6). 

                                                     
𝜕𝑗𝑠

𝜕𝑡
=  

𝑛𝑠𝑒2

𝑚
𝑬                                                           (𝟐. 𝟏) 

 

                                              𝛻 × 𝑗𝑠 =  
𝑛𝑠𝑒2

𝑚
𝑩                                                           (𝟐. 𝟐) 

In 1953, an additional parameter, coherence length ξ0, was added to 

London’s equations by Pippard (7). He postulated that when superconducting 

electrons are in close proximity, they exhibit correlations, and this distance limit 

was termed the coherence length ξ0. Additionally, Pippard made an estimation of 

the mean-free-path l for superconducting electrons and compared it with the 

coherence length ξ0 to determine the behavior of the superconductor in both the 

‘clean’ (l >> ξ0) and ‘dirty’ (l << ξ0) limit (7). 

Pippard’s theory was incomplete and published in 1953. An argument was 

proposed by J.Bardeen (8) that an energy gap would be required if a coherence is 

present in superconducting state. Superconducting materials exhibit an energy gap 

between their normal and superconducting states. The relation between density of 
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states and energy of metal at normal and superconducting states is shown in Figure 

1.3. 

 

Figure 1.3. Density of states versus energy for conductor in (a) normal state and in 

(b) superconducting state (9). 

Afterwards, L. Cooper (10) successfully estimated that such an energy gap 

can be perceived by having a bound state between two electrons in superconducting 

state. In 1957, Bardeen and Cooper collaborated with R. Schrieffer (11) to propose 

a theory that would contain the current predictions of superconductivity and soon 

introduced the BCS theory of superconductivity. 

In the BCS theory, superconductivity is mediated by and dependent on 

phonons. Two electrons attract each other via an interaction between the vibrations 

of lattice and each of the two electrons. These two electrons form a so-called 

‘Cooper pair’ as shown in Figure 1.4. Electrons of cooper pairs have opposite spins 

to each other, and total momentum is zero. As a result, they can condense at ground 

state via Bose-Einstein Condensation (BEC). Once this phenomenon takes place, 

superconducting electrons are in the form of cooper pairs, then it requires energy to 

break a single pair and produce two electrons. So, that specific energy which is 

required to break a single pair is defined as energy gap (2∆). The density of states, 

superconducting electrons (cooper pairs) will remain in superconducting state until 

enough energy is given to system equivalent or higher than energy gap to break 

cooper pairs. 
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Figure 1.4. Attraction between two electrons caused by lattice vibration (12). 

In 1962, another major achievement occurred when Brian D. Josephson 

(13), a graduate student at Cambridge University, proposed the idea that an 

electrical current can flow between two superconductors that are separated by a 

non-superconducting material or insulator. Later on, this prediction was confirmed 

by an experiment, in which there was tunnelling of electrical current between 

superconductors. This tunnelling phenomenon named as Josephson Effect. By 

using this idea, new electronic devices have been built as SQUIDS which are 

capable to detect very weak magnetic fields. 

The period of 1986 was revolutionary step for the field of superconductivity, 

when Alex Muller and Georg Bednorz (14), two researchers at the IBM Research 

Laboratory in Switzerland prepared a ceramic which showed the behaviour of 

superconductivity at 30 K, which was highest temperature that time. They received 

Nobel Prize in 1987 for the discovery of superconducting copper oxides (cuprates). 

The discovery of superconductivity in ceramics was so surprising because ceramics 

are electrical insulators or very bad conductors at room temperature. The behaviour 

of superconductivity in ceramics is very interesting and has not been understood 

completely. The ceramic was synthesized of Lanthanum (La), Barium (Ba), Copper 

(Cu) and Oxygen (O) elements. A research team at University of Alabama-

Huntsville (15) performed an experiment, in January of 1987, in which they 

substituted Yttrium for Lanthanum in the compound discovered by Muller and 

Bednorz. This substitution causes the rise in Tc from 30 K to 92 K in YBCO. 

Afterward, a high Tc ceramic superconductor in mercuric-cuprates was synthesized 

with transition temperature of 134 K, by the team of Schilling et al (16) of Zurich, 

Switzerland. 
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In 2001, Nagamatsu et al. (17) discovered superconductivity in MgB2, a 

simple binary compound of magnesium Mg and boron B, having a remarkable Tc 

of 39 K. Due to its high critical temperature among conventional superconductors 

and easy fabrication in the form of long wires and tapes, MgB2 superconductors 

have a good chance to replace conventional superconductors NbTi and Nb3Sn in 

high magnetic field applications (18). 

1.2 Fundamentals of Superconductivity 

The state of a superconductor is determined by three critical parameters, 

namely the critical temperature Tc, critical current density Jc and critical magnetic 

field Hc. The relationship among these parameters is shown in Figure 1.5. To sustain 

superconducting state, all of these parameters should remain below the critical 

values. 

 

Figure 1.5. Critical surface as superconducting region below these parameters (19). 

1.3 The Cooper Pairs  

Whenever a superconducting material is cooled below its Tc, it changes from 

normal state to superconducting state. In the superconducting state, 

superconducting electrons flow in pairs which is called cooper pair and this pairing 

is influenced by interaction between the electrons and phonons in the material (11). 
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Two electrons with opposite momentum and spin form a pair with a net momentum 

of zero. In MgB2, the two types of atoms, magnesium Mg and boron B, form layers 

in the crystal structure. The superconductivity in MgB2 is mainly attributed to the 

B atoms, which form a hexagonal network of covalent bonds that provide a channel 

for the formation of Cooper pairs (20). 

 

1.4 Coherence Length 

It is a measure of distance over which superconductivity is maintained. It is 

defined as the characteristic length scale over which the wave function of Cooper 

pairs, which are responsible for superconductivity in the material, remains coherent 

(11). The coherence length, which is a fundamental length scale, varies as a function 

of temperature. 

                                                 ξ0
2(𝑇) =

ℏ2

2𝑚∗𝑎(𝑇)
                                                    (2.3)     

Where 2m* is the mass of a superconducting electrons in a cooper pair and 

a(T) is a temperature dependent parameter in the Ginzburg-Landau (GL) equation: 

                                                𝑎(𝑇) ≈ 𝑎0[(𝑇 𝑇𝑐⁄ ) − 1]                                        (2.4) 

 

1.5 The Penetration Depth 

The remarkable feature of superconductor is that exclusion of external 

magnetic field by forming surface shielding currents. So, whenever a 

superconductor is placed in an external magnetic field, the magnetic field penetrates 

the material from the surface for a specific distance, this specific distance is called 

penetration depth (1). The depth of the surface layer where the shielding current 

enters is designated as the penetration depth λ, and it varies with temperature 

according to the equation (2.5). 

                                                 λ(𝑇) =
λ0

√1 − (𝑇 𝑇𝑐⁄ )4
                                             (2.5)     
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In above equation, λ0 represents the penetration depth at 0K and it is a 

characteristic of a material. 

1.6 The Meissner Effect 

The characteristic of a superconductor that differs it from a perfect 

conductor is the Meissner effect. In 1933, Robert Ochsenfeld and Walther Meissner 

(3) discovered that whenever a superconductor is placed in a magnetic field, it does 

not allow the existence of magnetic flux density in the interior of superconducting 

material. So, the magnetic field inside a type- I superconductor is zero. This effect 

arises due to the perfect diamagnetism of the superconducting material, and is a 

consequence of the fact that in a superconductor, some of the free electrons form 

Cooper pairs and move without resistance. This phenomenon happens because the 

screening currents, induced on the surface of the superconductor or by the applied 

magnetic field, generate an interior field. These induced surface currents flow 

exactly in a direction to cancel the applied magnetic field within the material. But 

a perfect conductor (conductor with zero resistivity) does not show this 

phenomenon in normal state. 

Figure 2.6 shows the presence of Meissner effect. For the demonstration of 

the Meissner effect in a laboratory, a magnetic field is applied to a superconductor 

sample either before or after cooling. These two situations are respectively called 

field cooling (FC) and zero field cooling (ZFC). A perfect conductor has zero 

resistivity and when a material with zero resistivity is subject to magnetic flux 

density changes, an emf is produced in accordance with Faraday's law of induction. 

This results in flow of the surface currents, which cancel the applied magnetic field 

inside the material. 

 In field cooling, if the superconductor is not below its critical temperature, 

then the applied magnetic field will keep penetrating it. After cooling below its Tc, 

the screening currents will flow on the surface of superconductor generating an 

opposing magnetic field and consequently, a repulsive force is generated to cancel 

the field in the interior of a superconductor. But in the case of perfect conductor as 

shown in Figure 1.6, it becomes perfect conductor when temperature is below its 

Tc and cooling it below its Tc in the presence of magnetic field does not make it to 
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repel external magnetic field. So, in field cooling, perfect conductor and 

superconductor behave differently but in, zero field cooling, both behave in a same 

way. 

 

Figure 1.6. Illustration of magnetic behaviour for superconductor and perfect 

conductor (21). 

1.7  Type-I and Type-II Superconductors 

There are two groups of superconductors according to their behaviour in the 

presence of an applied magnetic field as shown in Figure 1.7. Type-I 

superconductors are characterized by a single critical magnetic field, above which 

the superconducting state is destroyed and the material becomes normal (non-

superconducting). In type-I superconductors, the state of superconductivity is 

abruptly terminated when the magnitude of the applied magnetic field exceeds a 

critical value Hc. The sample's geometry can lead to an intermediate state with a 

baroque pattern which include regions of normal material carrying a magnetic field 

mixed with regions of superconducting material without a field. Examples of type-

I superconductors include pure elements like mercury and lead etc.  

Type-II superconductors have two critical magnetic fields, known as the 

lower Hc1 and upper Hc2 critical fields. When the external magnetic field applied to 

a Type-II superconductor is below the lower critical field Hc1, the applied field can 

be fully expelled and the material behaves similarly to a Type-I superconductor. 

However, when the field is increased above Hc1 but below the upper critical field 
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Hc2, the magnetic flux cannot be completely excluded, and instead, it penetrates the 

superconductor partially in the form of vortices. This phenomenon is referred to as 

the mixed state. In a type-II superconductor, the vortices can move through the 

material if the material is in the mixed state, leading to dissipation of energy and a 

gradual transition to the normal state as the magnetic field is increased. Examples 

of type-II superconductors including high-temperature superconductors like MgB2, 

YBa2Cu3O7 and low temperature superconductors NbTi, Nb3Sn etc. 

 

Figure 1.7. Phase diagram of Type I and Type II superconductors (22). 

1.8 Practical Implications of Superconductors 

The most useful superconductors are those that have the highest transition 

temperature and the highest critical current density under highest magnetic field. 

Currently, low-temperature superconductors (LTS), such as Nb3Sn (Tc of 18K) and 

NbTi (Tc of 9K), are employed in various applications, including nuclear magnetic 

resonance (NMR), magnetic resonance imaging (MRI) and magnets for plasma 

fusion devices (18).  

Nonetheless, the utilization of Nb3Sn in low-field electromagnet 

applications can be costly due to the material's fragile nature, challenging 

manufacturing process and operation at liquid helium temperature. In contrast, 

high-temperature superconductors (HTS), such as bismuth strontium calcium 

copper oxide (BSCCO), specifically Bi-2223 (Tc of 110K), Bi-2212 (Tc of 85K) 

and YBa2Cu3O7-x (YBCO, Tc of 92K) are being employed in various electric power 

applications (15). The high cost of HTS and their unfavourable properties, such as 
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high anisotropy, weak links and AC loss can result in undesirable factors during 

magnet fabrication (23). 

Another class of superconductors that has been gaining attention are the 

iron-based superconductors, such as FeSe, LiFeAs, Fe(Se,Te), they have relatively 

high transition temperature (Tc of 20-30K). The challenge is the material’s quality, 

it's hard to get a large enough high quality single crystals.  

Superconductors have a wide range of applications, including: 

1. Magnetic Resonance Imaging (MRI) machines, which use superconducting 

magnets to create detailed images of the inside of the body. 

2. High-energy particle accelerators, such as the Large Hadron Collider, which 

use superconducting magnets to accelerate particles to high speeds. 

3. Power transmission and distribution, where superconductors can be used to 

transmit large amounts of electricity with minimal energy expenditure. 

4. Electric power generation, such as wind and solar power, superconductors 

are used to increase the efficiency of the generators. 

5. Sensors and detectors, for example, superconducting sensors are used in the 

search for dark matter and in the detection of gravitational waves. 

6. High-speed trains, Maglev trains, which use superconducting magnets to 

levitate and propel the train, are being developed for high-speed 

transportation. 

7. Superconductors have been used to create qubits, which are the basic 

building blocks of a quantum computer. Superconducting qubits are 

currently one of the most promising candidates for building large-scale 

quantum computers. 
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2. AIM AND SCOPE OF STUDY 

The discovery of superconductivity in MgB2, a binary intermetallic, by Jun 

Akimitsu in Japan was a remarkable leap among scientific community in applied 

superconductivity research. Immense research have been done to make it viable for 

commercial applications since then. Due to its remarkable properties as high critical 

temperature of 39K, simple crystalline structure, weak link free grain boundaries 

and low material cost make it potential candidate for replacing conventional Low 

Temperature Superconductors (LTS) and High Temperature Superconductors 

(HTS). Furthermore, MgB2 has large coherence length and low anisotropy than 

HTS which make it more viable superconductor economically and technologically.  

For the generation of high magnetic field, it requires homogenous and long 

MgB2 wires. The performance of MgB2 wires can be increased mainly by enhancing 

the critical current density Jc, which is the upper limit of capacity of carrying 

resistanceless current. Several approaches have been executed to enhance the Jc in 

MgB2 wires, such as increasing grain connectivity, reducing porosity (voids), 

reduction of MgO content in ceramic core, addition of dopants and modifying the 

flux pinning mechanism. PIT is most common method for fabrication of long MgB2 

wires but wires fabricated by IMD method show higher Jc than the wires fabricated 

by PIT method.  

In this work, standard and powder IMD wires were fabricated. Mechanical 

behaviour and homogeneity of structure are important for fabrication of long wires. 

The microhardness of iron, boron and magnesium regions of cold-drawn wires can 

be measured by Vickers Hardness tests. The results of these mechanical tests can 

be related to the superconducting performance of standard and powder IMD wires. 

Usually mechanical deformation causes hardening of material, but magnesium rod 

shows work softening behaviour and microhardness of magnesium powder 

increases more than that of pure magnesium rod during cold drawing. So, the aim 

of research is to evaluate mechanical and superconducting behaviour of powder and 

standard IMD wires, which will be helpful in future for the fabrication of long wires 

having the capacity to carry large amount of resistanceless currents to generate 

magnetic fields.
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3. MAGNESIUM DIBORIDE SUPERCONDUCTOR 

3.1 MgB2 Breakthrough 

The discovery of superconductivity in MgB2 has been announced by 

Japanese researchers in 2001 (17) in a paper published in the journal Nature, titled 

"Superconductivity at 39 K in magnesium diboride". The team was led by Jun 

Akimitsu, a physicist at Aoyama Gakuin University, who discovered the 

superconducting properties of MgB2 while investigating the properties of a new 

class of compounds called "borocarbides." The team found that a sample of MgB2 

had a superconducting transition temperature of 39 K as shown in Figure 3.1, which 

was much higher than the transition temperatures of other known binary 

superconductors at the time. The discovery of MgB2 as a superconductor opened 

up new possibilities for the use of high-temperature superconductors in a wide 

range of applications and has led to significant research efforts in the field of 

superconductivity. 

 

Figure 3.1. Temperature dependence of the resistivity of MgB2 under zero 

magnetic field (17). 

3.2 Lattice Structure of MgB2 

MgB2 has a hexagonal crystal structure, also known as the AlB2-type 

structure and the lattice parameters are a = b = 3.086 Å and c = 3.522 Å (17). The 

crystal structure of MgB2 is composed of layers of boron atoms stacked on top of 

each other, boron atoms are arranged in graphite-like honeycomb planes that are 
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separated by hexagonal layers of magnesium atoms, as depicted in Figure 3.2. The 

crystal structure of MgB2 can be described as follows: 

1. The B atoms form a hexagonal lattice in each layer. 

2. The Mg atoms occupy the sites between the layers, forming a hexagonal 

close-packed (HCP) arrangement. 

3. The Mg atoms form covalent bonds with the B atoms in the adjacent layers, 

creating a three-dimensional network of B-Mg-B bonds. 

 

Figure 3.2. Crystal structure of MgB2 (17). 

 

The distance between boron atoms is shorter in the ab-plane than in the c-

direction, with a B-B layer distance of 1.780Å and an Mg-Mg layer distance of 

3.084Å. Its crystal structure shows anisotropy in the interatomic distances between 

B-B atoms because of its hexagonal structure and relatively the longer distance 

between boron planes than boron atoms. MgB2 exhibits superconductivity with a 

high transition temperature due to strong electron-phonon interactions. The high 

vibrational frequencies of the light B atoms in MgB2 facilitate these interactions, 

resulting in a higher critical temperature compared to other inter-metallic 

compounds (24). 
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3.3 Electronic Configuration of MgB2 

The superconductivity in MgB2 is due to the presence of two types of 

electron bands, which are three dimensional π-bands and two dimensional σ-bands. 

The 2-Dimensional σ-bands are mainly formed by the overlap of in-plane B-B 

bonds, while the 𝑃𝑧 orbitals of the boron planes give rise to the 3-Dimensional π-

bands (25). The π-band in MgB2 consists of both holes and electrons as charge 

carriers. In the crystal structure of MgB2, magnesium and boron atoms form an ionic 

bond, with magnesium atoms donating their valence electrons to the boron layer 

and becoming fully ionized (26). At the Fermi level of MgB2, the electrons are 

mainly p-electrons (electrons that occupy the p orbitals) of boron along with 

magnesium donating s-electrons (electrons that occupy the s orbitals) to the 

conducting bands (27). 

The Fermi surface of MgB2 is mainly derived from the boron orbitals, as the 

boron bands are more effective in the formation of valence bands than the 

magnesium bands. Many researchers have proposed that the metallic boron layers, 

which has been observed by charge density distribution (28), play a significant role 

in the superconducting properties of MgB2 (29). Upon examination of the density 

of states (DOS) and band structure of MgB2, it is observed that there is a major 

transfer of electrons from the Mg atom to the two B atoms. The p-orbital 

contribution of Boron atoms is dominant on the overall shape of the total DOS (30). 

Additionally, electronic structure calculations demonstrate that, despite the weak 

bonding between magnesium atoms, there is a strong covalent bond between boron 

atoms, leading to a strong electron-phonon interaction. 

3.4 Energy Gap Symmetry of MgB2 

            The superconducting energy gap have influences on the properties of a 

superconductor.The superconducting energy gap have influences on the properties 

of a superconductor. In the case of conventional superconductors, the 

superconducting gaps are isotropic while for the high temperature superconductors 

the superconducting gaps are anisotropic (31). S-wave superconductors have a 

superconducting gap which is isotropic, whereas d-wave superconductors have a 
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superconducting gap which is anisotropic. Over the Fermi surface of MgB2, the 

phase of the gap does not change, indicating that MgB2 is an s-wave superconductor 

(32). 

 

3.4.1 Explaination of Two Gap Superconductivity 

            The mechanism of superconductivity in MgB2 is still under debate, but it is 

widely accepted that it involves two distinct energy gap, rather than the single 

energy gap typically found in conventional superconductors. Figure 3.3 shows that 

the presence of these two gaps has been observed in various experiments including 

angle-resolved photoemission spectroscopy (ARPES) and tunnelling measurements 

(33). Two band gaps in MgB2 were first estimated by Choi (25). The larger band 

gap σ is 6.8 meV and smaller band gap π is 1.8 meV. The first gap, which is smaller 

and located near the Fermi level, is associated with the in-plane bonding boron 

atoms and is believed to be responsible for the s-wave pairing state. This gap is 

thought to be caused by electron-phonon interactions, with the phonons in MgB2 

being responsible for the pairing. The phonon frequency at the zone centre is found 

to be relatively high and are found to be responsible for the high Tc of MgB2 (29). 

The second gap, which is larger and located farther from the Fermi level, is 

associated with the out-of-plane boron atoms and is believed to be responsible for 

the d-wave pairing state. This gap is thought to be caused by electronic interactions 

between the boron and magnesium atoms. The electronic interactions between out-

of-plane boron atoms and Mg atoms are believed to be responsible for the d-wave 

pairing (29). The presence of two gaps in MgB2 is thought to contribute to its 

relatively high superconducting transition temperature Tc of 39 K, as well as its 

high critical magnetic field. 
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Figure 3.3. Two band structure from theory (Top) and tunnelling spectrum 

(Bottom) (33). 

 

 

 

3.5 Anisotropy γ  

Anisotropy refers to the phenomenon where the electrical and magnetic 

properties of the material depend on the crystal orientation. The anisotropy of MgB2 

is 1.5 – 5, which is comparatively lower than HTS having 50 – 200 (18). The crystal 

structure of MgB2 causes its electromagnetic properties to exhibit anisotropy, with 

a longer coherence length in the a-b plane compared to the c-axis (26). As a result, 

when the magnetic field is applied along the c-axis perpendicular to the plane, the 

upper critical field has a lower value, as shown in Figure 3.4. 
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Figure 3.4. The temperature dependence of the upper critical field in a single crystal 

of MgB2, the inset represents the anisotropy γa of the upper critical field (34). 

 

In Figure 3.4, the mathematical expression of anisotropy γa for upper critical 

field is represented by Equation (3.1) 

                                               γ𝑎   = 𝐻𝑐2
𝑎𝑏 𝐻𝑐2

𝑐⁄                                                           (3.1)     

The coherence lengths calculated from the upper critical fields are 

approximately ξc(0) = 9.6 nm and ξab(0) = 2.0 nm. 

3.6 Isotope Substitution Effect 

In 1950, isotopic substitution effect for mercury was conducted by two 

different laboratories, Renolds et al (4) at Rutgers university and at National Bureau 

of Standards (5) known as isotope effect. The isotope effect for MgB2 refers to the 

phenomenon in which the superconducting properties of the material are affected 

by the isotopes of the constituent elements. Isotope effect indicates that the 

superconductivity is phonon mediated. Specifically, it has been observed that 

replacing the isotope of Mg with a heavier isotope can lead to an increase in the 

critical temperature Tc. The isotope effect is represented by the relation Tc ∝ Mα 
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where M is atomic mass of element. The isotope effect α for some element is shown 

in Table 3.1. 

Table 3.1. Isotope effect for some elements (35). 

Element Isotope Effect α 

Mg 0.5 

Sn 0.46 

Mo 0.33 

Re 0.4 

Zr 0 (±0.05) 

 

It has been observed that Mg10B2 and Mg11B2 showed the existence of boron 

isotope effect with coefficient of α= 0.26 ±0.03 and 1K shift at critical temperature 

Tc (36). The isotope effect is related to the change in the phonon spectrum and this 

provided evidence that MgB2 exhibits BCS superconductivity. 

3.7 Effective Grain Connectivity 

Grain connectivity, porosity and weak link are related to the microstructure 

of the superconducting material and can impact its superconducting properties. It 

has been estimated that the grain size changes between 10nm to 200nm in MgB2 

(37). Grain connectivity refers to the degree to which the grains in a sample of MgB2 

are connected to one another. A higher degree of grain connectivity is associated 

with a higher critical current density Jc in MgB2 (38). This is because a higher 

degree of grain connectivity leads to a more homogeneous distribution of the 

superconducting current throughout the material, which reduces the number of 

weak links and improves the overall superconducting properties. 

 In contrast to high-Tc superconductors, the weak link problem is almost 

absent in MgB2 (39). The natural grain boundaries are regarded as the source of 

pinning centres in MgB2 superconductors. 

Porosity refers to the presence of voids or empty spaces within a sample of 

MgB2 and it is always present due to volume shrinkage caused by the reaction of 
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Mg with B for an in-situ processed MgB2 sample. During the reaction between Mg 

and B, there is a volume contraction that reduces the density of the ceramic core of 

the wire and the final mass density of the wire core is about 50% of the theoretical 

density of pure MgB2 (40).These voids and empty spaces act as barriers to the flow 

of superconducting currents and can reduce the overall connectivity of the grains. 

3.8 MgB2 Phase Formation 

MgB2 is achieved by the reaction between boron and magnesium elements 

at specific temperature. In Figure 3.5, the process of phase formation is illustrated 

with Differential Thermal Analysis (DTA) measurement. The occurrence of two 

reactions is indicated by the presence of two peaks in the DTA curve, as depicted 

below. 

 

Figure 3.5. Differential Thermal Analysis (DTA) curve for the mixture of Mg:B in 

a ratio of 1:2 (41). 

                                              𝑀𝑔 (𝑆)   
𝑎
→  𝑀𝑔 (𝐿)                                                 (3.2)        

 

                          𝑀𝑔 (𝐿) + 2𝐵 (𝑆)   
𝑏
→  𝑀𝑔𝐵2 (𝑆)                                               (3.3)        

In the above equations, ‘S’ and 'L' denote the solid and liquid phases, 

respectively. Reaction (a) indicates the transition of Mg from a solid to a liquid 
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state, whereas Reaction (b) signifies the formation of the MgB2 phase. It is evident 

that the formation of MgB2 in Equation (3.3) occurs immediately after the melting 

of Mg in Equation (3.2), and this reaction proceeds rapidly. The vapour pressure at 

the melting point of Mg (650°C) is only 135 Pa, indicating that the evaporation of 

Mg at this temperature is minimal (41). 

The growth and formation of MgB2 phase can be defined in three-step 

process:  

1. Firstly, there is rapid infiltration of Mg into surrounding boron and then 

melting of remaining magnesium into liquid. Highly dense B layer can 

suppress the Mg infiltration. 

2. Secondly, magnesium reacts with boron. As heat-treatment proceeds, more 

and more B particles transform into MgB2 grains which continue to grow 

and merge together. As molar volume of B (4.59 cm3 mol−1) is four times 

smaller than that of MgB2 (17.46 cm3 mol−1) (42), so MgB2 reaction fills up 

the gap between initial Boron particles. As a result, 100% dense MgB2 layer 

is formed close to surface of prior Mg which prevents further infiltration of 

Mg into B particles. 

3. Finally, Mg have to diffuse through dense MgB2 layer to react with 

remaining B particles, which is slower than previous steps (43). The 

schematic diagram of reaction between magnesium and boron is shown in 

figure 3.6, Mg (S) and Mg (L) represents Mg-rich solid and liquid phases, 

also B (S) represents solid phase of boron. 
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Figure 3.6. Schematic model for MgB2 formation (44).
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4.  WIRE PRODUCTION TECHNIQUES 

There are various techniques for the fabrication of MgB2 wires and tapes. 

Every technique has its advantages and disadvantages over other techniques but the 

main goal is to enhance superconducting properties which are affected by 

fabrication techniques. Current transport capability (critical current density, Jc,B) in 

a magnetic field is the most crucial characteristic of superconducting wires for 

practical applications. For fabrication, most reliable in-situ techniques are Powder-

In-Tube (PIT) (45), Continuous Tube Filling and Forming (CTFF) (46) and Internal 

Magnesium Diffusion (47).  

4.1 Powder in Tube Technique 

To fabricate MgB2 wire using Powder in Tube (PIT) technique, one end of 

a pre-cleaned metallic tube is first closed using an appropriate plug material such 

as aluminium or lead etc. by squeezing. The empty tube is then filled with the 

powder mixture, MgB2 or Mg + 2B. Finally, the open end of the filled tube is closed 

using the same material as the other closed end, and the metallic tube is ready to be 

deformed into a wire as shown in Figure 4.1. If the precursor powder is reacted 

before filling into metal tube, then this process is called ex-situ. On the other hand, 

if filled powder is not reacted then it is called in-situ method. 

 

Figure 4.1. PIT technique for fabrication of wires (48). 

 

PIT is the most common technique for the fabrication of MgB2 wires but the 

Jc is relatively lower compared to other fabrication technique such as IMD, 
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primarily due to reduced connectivity. The Jc of MgB2 can be improved by using 

high purity of Mg and B powders. 

4.2 CTFF Technique 

Hyper Tech uses a patented process for manufacturing MgB2 wires (46) and 

this process is called the continuous tube filling and forming (CTFF) as shown in 

Figure 4.2, a quick MgB2 wire fabrication method. A continuous metal strip of 

niobium Nb is used as inner barrier in this method. It gradually deformed into ‘U’ 

shape as this metal ribbon passes through the tube forming dies. Then, the mixture 

of Mg and B powders is poured into a metal strip shaped like 'U'. The tube is then 

sealed using closing dies. To provide additional protection, the filled tube is inserted 

into another tube, and the combined tubes pass through a series of dies to reduce 

the diameter and achieve the desired final shape. Similar to PIT method, it has also 

connectivity problems. On the other hand, IMD method ensures better connectivity. 

CTFF technique enables the rapid production and allows for the fabrication of 

longer lengths of wires in comparison to other fabrication techniques but CTFF 

method is not promising to obtain highly dense and compressed precursor powders. 

 

Figure 4.2. Schematic view of CTFF Method (49). 
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4.3 IMD Method 

A new fabrication technique was introduced by Giunchi et al. (47) in which 

a uniform Mg rod was placed into the centre of metallic tube and then gap was filled 

by boron powder as shown in Figure 4.3. High Jc can be achieved by using IMD 

(Internal Magnesium Diffusion) technique. Disadvantage of using the IMD method 

is that it can result in the formation of a hole at the center of the wire. This occurs 

because the infiltration of Mg into the B material creates a gap existance of which 

reduces the engineering critical current density Jce of the wire. Jce is calculated by 

dividing the critical current Ic to the total cross-sectional area of the wire. The 

optimal precursor B powder and selection of effectual additives resulted in the 

fabrication of high Jc second generation MgB2 wires by using IMD technique (50). 

Due to its high performance, still research is going on for the production of long 

wires by using IMD method (51). 

 

Figure 4.3. Fabrication Process for IMD wires (48). 

 

4.3.1 Standard IMD Technique 

In Standard IMD technique, Mg rod is placed in the middle of tube and rest 

of tube is filled with boron as shown in Figure 4.3. By using this technique, 

sometimes Mg does not fully diffuse into boron, and the presence of un-reacted Mg 

and an un-reacted boron layer close to the sheath region suppresses the 

superconducting properties. 
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4.3.2 Powder IMD Technique 

For the Powder IMD, all process is same as standard IMD but Mg powder 

is used instead of Mg rod in this technique. One benefit of using magnesium powder 

in the centre is that it facilitates complete diffusion of magnesium due to its faster 

diffusion rate in powder form (52). The reaction rate is typically faster in a 

powdered solid compared to an equivalent mass present as a single lump. This is 

due to the powdered solid having a larger surface area than the single lump. 

Compared to using magnesium rod, the use of magnesium powder is more 

advantageous as it allows for greater control over the size of the magnesium 

particles and the Mg/B ratio. This is particularly important as magnesium rods are 

not available in all sizes. 

4.4 HIP and CHPD Techniques 

Mostly, in-situ PIT processed MgB2 wires possess porosity and weak 

connectivity between grains of MgB2, which can be overcome by using IMD 

method, but porosity still occurs because of Mg reaction with B. During the reaction 

between Mg and B, there is a volume contraction that reduces the density of the 

ceramic core of the wire and the final mass density of the wire core is about 50% 

of the theoretical density of pure MgB2 (40). 

The densification of the core of PIT MgB2 wires has been extensively 

studied with regards to grain connectivity and porous structure. The Hot Isostatic 

Pressure (HIP) method (53), which uses high pressure to complete the reaction, can 

significantly increase the density of the MgB2 core, but is only applicable to short 

wire samples. Conversely, the Cold High Pressure Densification (CHPD) method 

can be used at longer length scales (54) and can produce a denser starting Mg+2B 

in-situ wire core than the conventional in-situ PIT method. However, it is not as 

effective in improving core density and reducing porosity as the HIP process. The 

schematics of HIP is shown in Figure 4.4. 
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Figure 4.4. Schematics of Hot Isostatic Pressing (55). 

 

4.5 Dopping Effects on the Superconductivity of MgB2 

Several techniques have been introduced to enhance the Jc of MgB2, 

including chemical doping, thermo-mechanical processing, ball milling and proton 

irradiation. Among these methods, chemical doping has been found to be the most 

effective approach to improve the superconducting properties of MgB2. Doping 

enhances the Jc while concurrently suppressing the growth of the MgB2 layer by 

acting as a barrier during infiltration of Mg. 

Various elements such as Al and C, and various compounds such as SiC and 

hydrocarbons have been used as dopants to enhance the critical current properties 

of MgB2 (56). In SiC-doped MgB2 bulk, both silicon Si and carbon C are believed 

to contribute to the improvement of Hirr and Jc by substituting at the boron B site. It 

has been reported that the small amounts of carbon and aluminium (up to 2.5%) as 

dopants can increase the Jc by a factor of 2, while keeping the Tc unchanged (57). 

When carbon is used as a dopant, the carbon atoms that remain at the grain 

boundary or interstitial sites can serve as  pinning centres for vortices, leading to 

extrinsic pinning and hence helps in enhancing the Hc2, Hirr, and Jc values (58). Fine 

powders of Y2O3 (59), SiO2 (60), and metal carbonates (61) like Li2CO3, Na2CO3 

and Mg2CO3 have also been found to be effective dopants for enhancing Jc.  
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4.6 The Sheath Material 

The sheath material plays an important role in the fabrication of MgB2 wires, 

as it serves as a protective layer for the superconducting material inside the wire. 

The selection of a sheath material for MgB2 wires is important for following 

reasons: 

1. Mg/B is a reactive material that can easily oxidize in air, leading to a loss in 

superconducting properties. A suitable sheath material can protect the MgB2 

wire from oxidation and maintain its superconducting properties. 

2. MgB2 wires can be brittle and fragile, and a suitable sheath material can 

provide mechanical support and protection against mechanical stress. 

Examples of sheath materials that have been used for MgB2 wires are Iron 

(Fe), Stainless Steel (SS), Nickel (Ni), Copper (Cu), Silver (Ag) and Niobium (Nb). 

All of them have advantages and disadvantages over each other. Stainless steel and 

niobium are difficult to machine and silver, niobium are expensive. Copper is 

ductile but the higher rate of reaction with Mg is an obstacle and at the same time 

the softness of the copper metal as sheath material is a disadvantage 

for wire drawing. The use of Iron as a chemical barrier lowers the initial cost for in-

situ wires, but there are highly chances of B diffusion into Fe sheath (62). 

4.7 Cold Drawing 

Cold drawing is a process in which a material is deformed at room 

temperature passing it through a die by mechanical pulling. During this process, 

compression stresses and tensile stresses occur, causing the elongation of material. 

Figure 4.5 represents the schematic structure and 3-D view of die set. 
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Figure 4.5. The standard drawing die: (a) The schematic structure; (b) The 3-D 

model with a die set (63). 

A standard wire drawing die typically consists of four segments, as depicted 

in Figure 4.5. The first segment, known as the inlet (or entry zone), plays a role in 

facilitating the entry of billets and the formation of lubricant films. Subsequent to 

the inlet is the reduction zone (or drawing zone), which serves as compacting the 

lubricants to create a denser lubricant film and inducing plastic deformation to 

decrease the diameter of the billets. The bearing section (or calibration zone) that 

follows the reduction zone is used to calibrate the final diameter and refine the 

surface profile. Ultimately, the primary function of wire drawing is accomplished 

by the end of this process (63). 

Cold drawing can have several effects on the material's properties, 

depending on the specific material and the conditions of the process. Some of the 

main effects of cold drawing on a material include: 

1. Cold drawing can effect the strength and ductility of a material. By applying 

a tensile stress to the material, the dislocations within the material become 

more densely packed, which makes the material stronger and more resistant 

to further deformation. 

2. Cold drawing can also improve the microstructure of a material by aligning 

the grains in the direction of the elongation. This improves the overall 

mechanical properties of the material until a certain total reduction ratio is 

reached. 



30 

During cold drawing, there is possibility of wire defects known as the wire 

break, internal crack and surface crack as shown in Figure 4.6. The optimization of 

die angle and reduction per pass are important factors for the prevention of defects. 

Usually defects happens because of difference of tensile stress and compression 

stress during cold drawing, and wire break occurs when internal tensile stress 

increases up to maximum tensile strength (64). 

 

Figure 4.6. During cold drawing: (a) Occurrence of stresses; (b) Wire break; (c) 

Internal Crack; (d) Surface Crack (64). 

4.7.1 Work Softening Behaviour of Mg 

Mostly, deformation does work hardening. Usually, the strength and 

hardness of all alloys and Mg-alloys increases during cold drawing but magnesium 

shows work softening behaviour at a particular level of strain. There are 

dislocations during deformation and accumulation of dislocations causes hardening 

of material. Heat treatment is required to get rid of dislocations. During cold 

drawing of Mg rod, initially there is rapid increase in hardness and strength, and 

then it shows work softening behaviour. It can be attributed to dynamic recovery 

and recrystallization of pure Mg at room temperature during cold drawing (65). 

Susner et al. (66) investigated the effect of elongated-Mg particles during 

cold drawing, shown in Figure 4.7, and heat treatment time on the superconducting 

properties of PIT in-situ processed MgB2 strands. During the heat treatment 

process, the Mg in the wire forms a fibrous macrostructure of MgB2 as it reacts with 

the B powder. This reaction leaves behind long voids, resulting in fibres or veins 

that are approximately 20 µm long and 2.5 µm across (the macrostructure), 

comprise a collection of grains that are randomly oriented, relatively well connected 

fine polycrystalline MgB2 grains typically 50 nm in size (66). Within the strand, the 
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veins of polycrystalline MgB2 are preferentially oriented longitudinally and the 

electrical connectivity between them differs in the transverse and longitudinal 

directions. Hence, poor connectivity causes the large difference between the 

longitudinal and transverse critical current densities. 

 

Figure 4.7. Conceptualization of Mg elongation during wire drawing process (66). 

4.8 The Potential of MgB2 Superconductor 

The MgB2 superconductor has attracted significant attention due to its 

potential in various technological applications. Its low cost and several intrinsic 

properties, such as low mass density, low anisotropy, high critical current density 

and high critical temperature (Tc = 39K), make it advantageous over conventional 

superconductors. Enormous research has been done to enhance Jc of MgB2 in order 

to enable it to replace conventional superconductors. By using the method of 

CHPD, the relative mass density inside MgB2 filaments of in-situ mono and 

multifilament wires were increased from 40% to 60% by pressure above 1 GPa, 

which in result enhanced the Jc strongly (67).  

The best physical Jc of MgB2 monofilament wire with 3 mol% C, by using 

the advanced internal Mg infiltration method (AIMI), has been reported to be 

1.5×105 A.cm-2 under 9.5T at 4.2K (68). In case of IMD method, there are 

significant limitations in terms of filling factor, mechanical strength and reliability. 

Still, MgB2 has several potential advantages over other superconductors, which 

make it an attractive candidate for various applications. Here are some of the 

superiorities of the MgB2 superconductor: 
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1. The critical temperature Tc of MgB2 is around 39K, which is higher than 

conventional superconductors like Nb3Sn, NbTi, and Pb. This makes MgB2 

more suitable for superconducting applications at higher cryogenic 

temperatures. 

2. For practical applications, MgB2 can operate at temperatures in the range of 

10-30K, and modern cryocooler systems can achieve this temperature range. 

3. MgB2 has a relatively low anisotropy compared to other superconductors, 

which means that it is easier to manufacture wires and tapes of this 

superconductor. This makes it more suitable for large-scale applications like 

power transmission. 

4. MgB2 is made of low-cost materials, magnesium and boron, which are 

abundant and inexpensive. This makes it a cost-effective alternative to other 

high-temperature superconductors like YBa2Cu3O7 (YBCO). 

5. Potential applications for MgB2  superconductors can be MRI machines 

(69), the superconducting Wind Turbines (70), Fault Current Limiters (71) 

and electrical power transformers (72). 
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5. EXPERIMENTAL WORK 

In this part of the thesis, the whole experimental setup is discussed. 

Preparation of samples and various experiments were performed to study the 

superconducting and mechanical behaviour of MgB2 wires. 

5.1 Fabrication of Standard and Powder IMD Wires 

Two wires were fabricated using standard and powder IMD techniques. For 

both types of wires, an iron tube was used as sheath material. 

5.1.1 Powder IMD Wire 

For the fabrication of powder IMD wire, we used 15 cm long iron tube. 

Outer diameter of iron tube was 12 mm and inner diameter was 9 mm. After 

cleaning the iron tube with ethyl alcohol, one end of iron tube was sealed with 

aluminium with the length of 7.5 cm. Then the guide rod (copper rod) was placed 

in the middle of iron tube and filled the remaining space with boron powder. Boron 

powder that was used for filling was 98% pure. The diameter of guide rod (copper 

rod) was 6mm. After filling with boron, the guide rod was removed carefully 

without damaging the surrounding Boron layer. After successfully removing the 

guide rod, the central bore region was filled with Magnesium powder. The Mg 

powder that was used for the filling process was 99% pure. Finally, the iron tube 

was sealed with aluminium having length of 1.5 cm. 

5.1.2 Standard IMD Wire 

We used a 12 cm long iron tube to prepare a standard IMD wire. Inner and 

outer diameters of this iron tube were again 9 mm and 12 mm, respectively. Iron 

tube was cleaned thoroughly, then one end of iron tube was sealed with aluminium 

and the filling length of aluminium was 6 cm. Then magnesium rod was placed in 

the middle of iron tube and remaining space was filled with boron. For this process, 

it was important to keep the magnesium rod in the middle region. The diameter of 

Mg rod was 4.66 mm. After filling the boron completely, the end of iron tube was 

sealed with aluminium.  
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5.2 Cold Drawing 

For the deformation of filled iron tube until desired diameter, cold drawing 

steps were performed. The outer diameter of the iron tube was 12 mm at the 

beginning and cold drawing steps were performed until the outer diameter of the 

wire sample was reduced to 1.08mm diameter. Dies were applied in such manner 

that for every pass there was area reduction between 5 and 10 percent. After every 

30% reduction of diameter, intermediate heat treatment was applied to the wire in 

the furnace. 

                                              𝑅𝑡 =
𝐷𝑓

𝐷𝑖
 × 100 [%]                                                        (5.1) 

The Equation (5.1) was used to calculate the percentage of total reduction in 

diameter, Di is diameter before drawing and Df is diameter after drawing.  

Table 5.1. Cold drawing steps for powder and standard IMD wires. 

Starting 

Diameter  

Diameter 

after Drawing  

Total 

reduction 

% 

Intermediate 

Annealing 

Drawing 

speed 

Die Material 

12  mm 8.4 mm 30 300oC for 2h 39 cm/min Tungsten 

Carbide 

8.4 mm 5.8 mm 30 300oC for 2h 39 cm/min Tungsten 

Carbide 

5.8 mm 4.1 mm 30 300oC for 2h 39 cm/min Tungsten 

Carbide 

4.1 mm 2.8 mm 30 300oC for 2h 39 cm/min Tungsten 

Carbide 

2.8 mm 2.0 mm 30 300oC for 2h 39 cm/min Tungsten 

Carbide 

2.0 mm 1.4 mm 30 300oC for 2h 39 cm/min Tungsten 

Carbide 

1.4 mm 0.9 mm 30 300oC for 2h 39 cm/min Tungsten 

Carbide 

 

5.2.1 Intermediate Heat Treatment 

During cold drawing, intermediate annealing was applied to standard and 

powder IMD wires for 2 hours after every 30% reduction of diameter at 300oC and 

intermediate annealing of deformed Mg at 300oC shows better mechanical 

properties  (73) . A long furnace was used for intermediate annealing of wires. Work 

hardening is caused due to plastic deformations during cold drawing. The cold 
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drawing process induces excessive stresses in the microstructure of the cold drawn 

wire and the induced excessive stress causes non-uniformity, which effects 

mechanical properties of material. For that reason, intermediate heat treatment is 

necessary after a few steps of cold drawing process because it improves the 

microstructure of wire by promoting a recovery, recrystallization of grain structure 

and reducing the presence of defects. So, this process causes the material to return 

to a more ductile state by mitigating the negative effects of work hardening. 

5.2.2 Mechanical Behaviour of Mg 

During cold drawing of standard IMD wire, mechanical behaviour of Mg is 

important because Mg rod is used for the fabrication of standard IMD wires, so 

uniformity of Mg in the core of wire is very important for superconducting 

properties. Cold drawing induces mechanical deformation, leading to work 

hardening and dislocation accumulation. To maintain the strength and elongation 

properties of Mg during cold drawing, it is crucial to perform intermediate 

annealing after reducing a specific amount of cross sectional area. According to 

Meng et al. (73) intermediate annealing at 300oC for 30 minutes of deformed Mg 

shows better mechanical properties, as shown in Figure 5.1. 

 

Figure 5.1. (a) Elongation of pure Mg during tensile tests with different annealing 

treatments (73) and (b) microhardness of Mg with different annealing treatments  

(73). 
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5.3 Final Heat Treatment 

The final heat treatment for the formation of the MgB2 phase in wires was 

carried out at a temperature of 650°C for a duration of 1 hour. The tube inside the 

cylindrical furnace was cleansed by vacuum pumping and argon filling process. 

After cleaning process, the heat treatment was performed in the presence of 5-10 

bars of Argon gas pressure for the prevention of oxidation. 

5.4 Vickers Hardness 

The powder IMD and standard IMD wires are two different techniques so 

there could be a possibility of having different strengths for different layers after 

cold drawing. To observe miscrohardness of different regions, Vickers Hardness 

tests were performed. Firstly, samples were moulded by using phenolic resin. After 

making the mould, the samples were polished carefully so that three regions (Iron, 

Boron and Magnesium) became clearly visible. Total 18 samples were produced 

for HV measurements. The Equation (5.2) was used to calculate HV value. 

                                        𝐻𝑉 = 0.1891 
𝐹

𝑑2
[𝑁 𝑚𝑚2⁄ ]                                               (5.2) 

In above formula, F is the applied force in newtons (N) and d is diagonal 

distance (mm).  The indentation mark or trace left behind because of diamond is 

shown in Figure 5.2. 

 

Figure 5.2. Indentation trace and diagonals of trace (74). 
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5.5 Transport Current Measurement Technique 

The electrical properties of MgB2/Fe wires were examined through 

resistance-temperature (R-T) and current-voltage (I-V) measurements. The closed-

cycle helium cryostat system was used to perform the transport experiments. When 

using this system, maximum 1 A dc current can be applied and performed 

measurements with an applied field of up to 7T. The samples were placed in the 

cryostat in such a way that they were perpendicular to the magnetic field and the 

system was cooled in a zero magnetic field (ZFC). To measure temperature 

dependent sample resistance, a 50 mA direct current (DC) was applied in the 

temperature range of 20K to 45K by using four probe method. 
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6. RESULTS AND DISCUSSION 

In this thesis, the detailed fabrication processes and measurement results for 

Powder IMD wire and Standard IMD wire were presented and discussed. Various 

experimental works which were performed to observe the superconducting and 

mechanical properties of Powder and Standard IMD wires such as Temperature-

dependent resistivity measurements, in-field current-voltage measurements and 

Vickers Hardness measurements are discussed below. 

6.1 The ρ-T Curves 

The temperature dependent resistivity curves of Powder and Standard IMD 

wires in a zero magnetic field are shown in Figure 6.1. Both samples were heat 

treated at 650oC for 1 hour. The resistivity measurements of superconducting wires 

were performed on the round wires with outer diameters of 1.08mm by applying 

50mA dc transport current. 

 

Figure 6.1. Temperature dependent resistivity curves of (a) powder IMD wire, (b) 

standard IMD wire and (c) reduced resistivity for powder and standard IMD wires. 

The resistivity for both wires is less than 2 µΩ.cm and there is 10 times 

difference between resistivity of samples at 45K. Powder IMD sample showing 

better superconducting behaviour than standard IMD sample in terms of critical 

transition temperature. For powder IMD sample, at transition, the resistivity is 

nearly 2 µΩ.cm while for standard IMD sample, at transition, the resistivity is 

nearly 0.15 µΩ.cm. There is one order of magnitude difference and it can be 

referred to the presence of the un-reacted Mg in standard IMD wire sample. The 

slope of ρ-T curves above 40K is indicative of the grain connectivity in the core 
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region. The low slope observed in the ρ-T curve of powder IMD wire above 40K 

suggests that the grains in the core region of are well connected than the grain 

connectivity in the core of standard IMD wire. 

Furthermore, powder IMD wires showed better superconducting properties 

than standard IMD wire. There was an un-reacted Mg layer in standard IMD wire 

that caused transition in standard IMD wire at lower zero resistivity temperature 

than powder IMD wire. The Tc 37.5K of standard IMD wire was also lower than 

the Tc 38.3K of powder IMD wire. Also the transition for powder IMD sample was 

sharper than standard IMD sample. 

6.1.1 Optical View of MgB2 Core 

The reacted powder and standard IMD wires were polished and their cross 

sections were observed under optical microscope.  There is a clear distinction 

between MgB2 layer and un-reacted Mg layer for the case of standard IMD sample, 

Figure 6.2. 

 

Figure 6.2. Cross section and longitudinal section views of core for Standard IMD 

heat treated wire. There is un-reacted layer of Mg for the case of Standard IMD 

wire. 

The kinetics of MgB2 phase formation in standard IMD wire can be divided 

into two stages. During Stage-I, heat treatment of the IMD wire results in a core 
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that is depleted of Mg, surrounded by a thin cylinder of almost fully dense MgB2, 

which was produced by the initial rapid infiltration of liquid Mg. In Stage-II, the 

reaction of the remaining B outside of this cylinder requires the diffusion of Mg 

through the dense MgB2 inner layer. This causes drastic drop in Mg transport rate 

from infiltration to diffusion, stage-II proceeds slowly and leads to incomplete 

MgB2 layer formation (75). By controlling the particle size of B or adjusting the 

rate of Mg diffusion into B, it is possible to prolong the duration, Stage-I, for the 

formation of a dense MgB2 layer. As a result, the thickness of the MgB2 layer can 

be expanded. So, it is obvious that remaining un-reacted Mg layer has caused the 

inferior superconducting behaviour in Standard IMD wire. 

 

Figure 6.3. Cross section and longitudinal section views of core for powder IMD 

heat treated wire. 

In Figure 6.3, powder IMD wire, there is no un-reacted layer of Mg and also 

there were no remnants of un-reacted Mg in the powder IMD wires identical as the 

one used in this work reported by Yetiş et al (52). The reaction and evaporation of 

Mg are directly proportional to its morphology (76). During the drawing process of 

powder IMD wire, the elongation of Mg particles causes an increase in the aspect 

ratio of Mg particles, as the wire is drawn to smaller and smaller diameters (66). 

The initial spherical Mg particles become elongated after wire drawing, resulting in 

a substantial increase in the free outer area per unit volume. The elongation of the 

initial composite Mg in powder method impacts the morphology of the Mg particles 

and increases the diffusion rate of Mg vapour into boron particles and results in the 

formation of fully dense MgB2 layer (52). 
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6.2 The E-J Curves 

The current-voltage measurements were carried out under an external 

magnetic field ranging between 0 to 5T at a temperature of 25K by using a closed-

cycle cryostat system. In order to prevent Joule heating on the wire samples, the 

transport current running through the samples was linearly increased up to 1A 

maximum value. The critical current Jc values of the wires were calculated by using 

1µV/cm criteria. The four probe method was used to measure voltage difference 

and a perpendicular magnetic field (B⊥I) was applied during measurements. The 

E-J curves were plotted by dividing the applied current to cross sectional area 

of MgB2 layer, which was 1.87×10-3 cm2 in powder IMD wire and 1.52×10-3 

cm2 in standard IMD wire. 

Curves in Figures 6.4 and 6.5 show that the critical current density of 

powder IMD wire samples is 300 A-cm-2 while standard IMD wire samples can 

carry maximum current density 70 A-cm-2 before transition to normal state in the 

applied field of 5T at 25K. That means the powder IMD wires have the capability 

to carry four times larger critical current than the standard IMD wires. 

 

Figure 6.4. E-J curves for Powder IMD wire, at 25K in different B fields. 4.5T and 

4.75T curves lie on top of each other.  
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Figure 6.5. E-J curves for Powder IMD wire, at 25K in different B fields. 

 

Figure 6.6. Comparison of E-J curves for Powder and Standard IMD wires, at 25K 

in different B fields. 
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By observing E-J curves in Figure 6.6, it is obvious that powder IMD wires 

show better current voltage behaviour than standard IMD wires do. By observing 

the above graph, standard IMD wire shows transition to normal state at lower 

current density under 4.75T magnetic field. However, under a magnetic field of 5T, 

powder IMD wire is superconducting without any transition to normal state. Being 

more specific, in the applied magnetic field of 4.75T at 25K, powder IMD wire can 

carry a current density above 450 A-cm-2 while standard IMD wire can carry 200 

A-cm-2, which is nearly half for powder IMD wire. Also, it has been estimated by 

Yetiş et al (77) that powder IMD wires present potential for even higher Ic values 

at 25K in external magnetic fields. 

6.3 Evaluation of Cross Sectional Areas of Samples  

The cross sectional areas of iron, boron and magnesium regions were 

measured using the Kameram software on an optical microscope with a 5× 

magnification, to observe deformation effect on different regions during cold 

drawing. By observing Figure 6.7, the cross sectional areas of iron regions of 

different diameters for both powder and standard IMD wires are nearly same. Also 

for the case of boron and magnesium regions, the cross sectional areas are quite 

similar for both wires as shown in Figures 6.8 and 6.9. This behaviour shows a good 

homogeneity of boron and magnesium during cold wire drawing, which improves 

the superconducting properties of the wires. 
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Figure 6.7. Cross sectional area of iron regions for powder and standard IMD wires 

having different diameters. 

 

 

 

Figure 6.8. Cross sectional area of boron regions for powder and standard IMD 

wires having different diameters. 
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Figure 6.9. Cross sectional area of magnesium regions for powder and standard 

IMD wires having different diameters. 

Cold drawing was performed for both standard IMD and powder IMD wires 

until the outer diameter was reduced to 1.08mm. During cold drawing, cross 

sectional areas of samples having different diameters were measured for both wires, 

and cross sectional areas were quite similar for both wires. That indicates 

homogeneity of boron and magnesium inside iron sheath and nearly same amount 

of compression during deformation. Initially (before cold drawing) the diameter of 

magnesium region was 6mm in powder IMD wire and the diameter of magnesium 

region in standard IMD wire was 4.66mm. Even though the diameter of Mg region 

in powder IMD wire was larger than that of standart IMD wire, both wires had the 

same diameter of magnesium region after cold drawing (deformation). This 

indicates that more stress has been accumulated during the cold drawing on powder 

IMD wire than standard IMD wire.  

6.4 Vickers Hardness Test 

Hardness of magnesium, boron and iron layers in powder and standard IMD 

wire were measured.  There were total 18 samples, 9 samples for powder IMD wire 

and 9 samples for standard IMD wire having different diameters. Hardness was 

measured after every 30% reduction of diameter during cold drawing and also after 
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applying intermediate heat treatment, to observe the behaviour of heat treatment for 

different regions.  

 

Figure 6.10. The indentation traces of (a) Mg region and (b) iron region. 

Figure 6.10 shows the indentation traces on magnesium and iron regions. 

1.96N force was applied on iron Fe regions in the powder and standard wires to 

measure HV, the hardness was nearly same before and after strain relief heat 

treatment for different diameters. As shown in Figure 6.11, there was linear 

increment in hardness as there was reduction in diameter during cold drawing of 

both wires. For final outer diameter of 1.08mm, hardness of iron regions were same 

for both wires. 
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Figure 6.11. HV of iron region for powder and standard IMD wire samples having 

different outer diameters. 

For the case of boron regions, the 0.098N force was used to measure HV. 

First and final values of HV for boron regions in powder and standard IMD samples 

were same, while there was deviation in middle values as shown in Figure 6.12. 

Usually the indentation traces of boron regions are not quite clear, this may hinder 

the precise measurement of traces and it might have caused larger error margins. 

Boron regions in the wire diameters of 2.85mm and 2.04mm showed larger HV 

value for powder IMD wire than standard IMD wire. Whereas initial diameter 4mm 

and final diameter 1.08mm showed the same HV of boron regions for standard and 

powder IMD samples. There was sudden increment of HV values of boron regions 

in powder IMD wire for the samples having outer diameter 2.85 mm and 2.04 mm, 

it could be due to instabilities resulting from powder structure of the boron layer. 
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Figure 6.12. HV of boron regions for powder and standard IMD wire samples 

having different outer diameters. 

 

 

Figure 6.13. HV of magnesium regions for powder and standard IMD wire samples 

having different outer diameters. 

 

In the case of Mg regions, the 0.98N force was applied. It is clearly obvious 

from Figure 6.13 that Mg regions of powder IMD wire showing higher HV values 
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than standard IMD wire samples. Microhardness of magnesium regions in all 

samples decreases after intermediate annealing for both powder and standard IMD 

wires. It is crucial to note that when exposed to air, magnesium readily forms 

oxides, resulting in the formation of MgO and Mg(OH)2 layers (78) . Furthermore, 

the thermal expansion coefficient of magnesium hydroxide is greater than that of 

magnesium, leading to compressive stress within the magnesium hydroxide layer. 

Subsequently, upon annealing at temperatures above 200°C, Mg(OH)2 decomposes 

into MgO, creating nano-sized pores within the oxide layers (79). These pores can 

be filled during the cold drawing process, thereby enhancing the microhardness of 

magnesium in powder IMD wire. In addition, it has been reported that presence of 

MgO in magnesium powder increases the microhardness of Mg (containing MgO) 

during powder metallurgy (80). 

Furthermore, HV results showed that the microhardness of iron and boron 

regions in powder and standard IMD wires with different diameters were nearly 

same. Mg rod was used in standard IMD and Mg powder was used in powder IMD 

wires. However, magnesium regions in powder IMD wire samples showed higher 

microhardness than magnesium regions in standard IMD wire samples. This can 

also be contributed to the work softening behaviour of Mg rod during cold drawing.  

As magnesium is highly reactive with oxygen, so there is high possibility of 

MgO formation during filling and powder IMD wire formation process. The MgO 

particles form good interfacial bonding with Mg particles and cause to decrease 

porosity during cold drawing. So, enhancement of microhardness of Mg region in 

powder IMD wire during cold drawing is promising from mechanical perspective 

for the production of long wires since a small increase in MgO content can be 

justified when cross sectional uniformity along the wire is improved. 
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7. CONCLUSION 

In this study, two different types of wires were fabricated using powder and 

standard IMD methods. The powder IMD wires show better superconducting 

behaviour than standard IMD wires. The HV results indicated that the 

microhardness of iron region was nearly same in both standard and powder IMD 

wire but microhardness of the magnesium region was enhanced during the cold 

drawing process for powder IMD wire compared to the standard IMD wire. Hence, 

mechanical behaviour of powder IMD wire makes the drawing process safe since 

mechanical strength improves drawing process. 

 There was a difference of 0.5K between the superconducting transition 

temperatures of standard and powder IMD wires, superconducting properties of 

standard IMD wire was suppressed by un-reacted Mg layer when both wires were 

sintered at 650oC for 1h. J-E behaviour of powder IMD wire at 5T is better than 

that of standart IMD wire at 4.75T. So, powder IMD wires are more promising than 

standard IMD wires in terms of superconducting properties. 
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