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Abstract 

 

Magnesium diboride (MgB2) is a superconducting material which can be potentially used 

in many applications such as magnetic resonance imaging system (MRI), wind turbine 

generators and high energy physics facilities. The major advantages of MgB2 over other 

superconductors include its relatively high critical temperature of about 39 K, its low cost 

of raw materials, its simple crystal structure, and its round multifilament form when in 

the form of superconducting wires. Over the past fourteen years, much effort has been 

made to develop MgB2 wires with excellent superconducting properties, particularly the 

critical current density Jc. However, this research has been limited by technical 

difficulties such as high porosity and weak connectivity in MgB2, relatively small flux 

pinning strength, low upper critical field Bc2 and relatively high anisotropy. 

 The goal of this dissertation is to understand the relationship between 

superconducting properties, microstructure, and reaction mechanisms in MgB2. In 

particular, the influences of connectivity, Bc2, anisotropy and flux pinning were 

investigated in terms of the effects of these variables on the Jcs and n-values of MgB2 

superconducting wires (n-value is a parameter which indicates the sharpness of resistive 

V-I transition). The n-values of traditional “Powder in Tube (PIT)” processed MgB2 wires 

were improved by optimizing precursor species after the identification of microstructural 

defects such as so-called “sausaging problems”. Also, it was found that “high porosity 

and weak connectivity” was one of the most critical issues which limited the Jc 
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performance in typical MgB2. To overcome this problem, highly dense, well-connected 

MgB2 conductors were successfully fabricated by adopting an innovative “Advanced 

Internal Magnesium Infiltration (AIMI)” process. A careful study on the reaction kinetics 

together with the microstructural evidence demonstrated how the MgB2 layer was formed 

as the infiltration process proceeded. As a result, it is possible to control the MgB2 layer 

growth in the AIMI-processed MgB2 wires. The best AIMI wires, with improved density 

and connectivity, accomplished an outstanding layer Jc, which was 1.0 × 10
5
 A/cm

2
 at 4.2 

K and 10 T, nearly 10 times higher than the Jcs of PIT wires. The engineering Je of AIMI 

wires, namely the critical current over the whole cross-sectional area in the wire, 

achieved 1.7 × 10
4
 A/cm

2
 at 4.2 K, 10 T, 200 % higher than those of PIT wires. Finally, 

two promising dopants, Dy2O3 and O, were engineered to incorporate with MgB2. Dy2O3 

nanopowders, co-doped with C in AIMI wires, enhanced the Jc performance at elevated 

temperatures such as 20 K. Oxygen, on the other hand, doped into MgB2 thin films 

through a newly-developed O2 annealing process, improved Bc2 to 14 T at 21 K. Both of 

the doping studies were helpful to understand the superconducting nature of MgB2.   
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Chapter 1:  Introduction 

 

1.1 Superconductivity and Superconducting Materials 

The moderate critical temperature (Tc) superconductor, MgB2, has attracted lots of 

research interest over the past decade. Much effort has been put into the development of 

MgB2 commercial superconducting wires. The purpose of this thesis is to understand the 

relationship between superconducting properties and microstructure in MgB2. Through a 

series of experiments and theoretical analyses, it is possible to deduce how parameters 

such as connectivity, anisotropy, and Bc2 affect the superconducting properties of MgB2, 

particularly the critical current density Jc. To start with, an introduction is given briefly 

regarding superconductivity and superconducting materials. 

1.1.1 Fundamentals of Superconductivity: Theories and Concepts 

Superconductivity was discovered in 1911 by Kamerlingh-Onnes and his 

collaborators [1]. They noticed that some materials completely lost electrical resistivity 

for the passage of direct current below a certain “critical” temperature, Tc. This 

phenomenon, also called “zero resistivity”, is one of the three elementary features for 

superconductors [2]. Besides zero resistivity, a superconductor is also featured by the 

Meissner effect [3] and the isotope effect [4]. The Meissner effect is a phenomenon of 

perfect diamagnetism in superconductors. When a superconductor is placed in a magnetic 

field, it excludes all the flux lines outside the body. In fact, the magnetic field can only 
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penetrate at the surface of the superconductor over a limited length, called the penetration 

depth, λ.  

To maintain superconductivity, a superconductor does not only need to work at a 

temperature lower than Tc, but also work in condition of limited current density and 

magnetic field. The maximum current density and the maximum magnetic field are 

named as the critical current density, Jc, and the critical field, Bc. respectively. As shown 

in Figure 1, three factors – Tc, Jc, and Bc, interact with each other, defining a critical 

surface for the superconductive state. The critical surface acts as a boundary surface and 

the superconductor returns to normal electrical state when the superconductor parameters, 

(Tc, Jc, Bc), are outside the critical surface. Therefore, the superconductor requires 

working at limited temperatures and magnetic fields, and can carry a finite (but often 

large) amount of current.  

 

 

Figure 1  Critical surface of a typical superconductor (Picture was drawn by Guangze Li). 
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For most superconducting materials, the superconducting mechanism follows the 

famous Bardeen-Cooper-Schrieffer (BCS) theory [5, 6]. Electrons form Cooper pairs via 

an electron-phonon interaction. The Cooper pairing has a slightly lower energy than the 

two-free-electron system, which leaves an energy gap above them on the order of 1 meV. 

The energy gap 2Δ(0K), even though a very small value, inhibits the kind of collision 

interactions which lead to ordinary resistivity. So a superconductor exhibits zero 

resistivity when the thermal perturbation is less than the band gap. Many typical low-

temperature superconductors such as Nb and NbTi follow the BCS theory. According to 

the BCS theory, Tc can be estimated by the following equation [7]: 

 c

B

(0 )

1.8

K
T

k


   (1) 

where kB is the Boltzmann constant (kB = 1.38 × 10
-23

 J/K). Since the energy gap is a 

small value, Tcs of the BCS-type superconductors are always expected to be no higher 

than 30 K. 

In addition, a special feature about the Cooper pair is the coherence length ξ. It is 

defined by the characteristic length for the size of Cooper pair or the statistically-obtained 

average distance between two correlated electrons. The coherence length ξ can be 

affected by the mean free path of the electrons, l. In a practical superconductor, ξ can be 

estimated based on the following equation [2]: 

 
0

1 1 1
.

l 
    (2) 

In equation (2), ξ0 is the coherence length in perfect materials without any defects 
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or alloying. If defects are introduced into superconductors, l gets reduced and thus ξ 

becomes shortened. 

The penetration depth and the coherence length are the most fundamental 

parameters in superconductivity. According to Ginzburg-Landau (G-L) theory, the two 

factors determine the theoretical upper limit of the critical current density (namely the 

depairing critical current density, JD) and the critical field Bc. Equations (3) and (4) show 

the relationships between λ, ξ, and JD, Bc [8]. Moreover, their ratio – Ginzburg-Landau 

parameter κ (κ = λ/ξ) decides the type of superconductors. 

 0
D 23 3

J


 
   (3) 

 0
c

2
B




   (4) 

where 0 is the magnetic flux associated with a single fluxon, equal to 2.07 × 10
-15

 Wb. 

There are two types of superconductors – type I superconductors and type II 

superconductors [2, 7]. Type I superconductors are the materials that ideally follow the 

Meissner Effect. Type II superconductors distinguish themselves from the type I 

superconductor not only by the higher Ginzburg-Landau parameter κ (κ > 0.71 for type II 

superconductors, and κ < 0.71 for type I superconductors) but also by their response to 

the applied field. Whereas type I superconductors exclude all the magnetic flux lines 

from their interiors, for type II superconductors the flux lines are allowed to enter their 

body, forming quantized units of flux called fluxons 0. All fluxons are parallel to the 

applied field direction. Each fluxon is composed of a normal cylindrical core with radius 

equal to ξ, and a circular surrounding supercurrent. The amplitude of the magnetic field 
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associate with the fluxon decays into the surrounding material over a distance of λ. This 

“mixed” stated enables type II superconductors to possess zero resistivity even in a very 

high magnetic field. The critical field in which a type II superconductor completely 

transforms from the superconductive “mixed” state to the normal state is called the 

“upper critical field, Bc2”.  

In a perfect type II superconductor the repulsive interaction between individual 

fluxons forces them to be distributed into a hexagonal periodic lattice, called the flux line 

lattice. If a transport current is applied to such a superconductor, as illustrated in Figure 2, 

the Lorentz force FL = J × B would force the flux lines to flow across the superconductor, 

causing an electric field gradient and the loss of the zero resistance. (J is the transport 

current density and B is the averaged flux density in a unit cross sectional area). As a 

result, the superconducting state diminishes early before the current density exceeds the 

depairing critical current density, JD. 

 

 

Figure 2  Schematic diagram of the relationship between the transport current density J, 

the applied field B, and the Lorentz force on the flux lines FL [9] (Reproduced with 

permission from Wiley).  
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However, in real superconductors there are many defects including precipitates, 

dislocations and interfaces, which behave as pinning centers by balancing the Lorentz 

force and preventing fluxons from migrating. This can be explained in terms of the 

energy change in the superconductor system. To nucleate a fluxon within the 

superconductor, the system must provide extra energy to transform the fluxon core into 

the normal state. This energy, called the “condensation energy”, is equal to ¼ Bc2
2 

κ
-2

 per 

unit volume. If the fluxon is superimposed on the normal pinning centers, the 

condensation energy required to produce the normal state fluxon core is reduced. The 

system is in the lower energy state and becomes more stable than the system without 

pinning centers – the flux then becomes energetically pinned. For this reason, to achieve 

a large Jc at a high field, it is crucial for a superconductor to have strong flux pinning 

capability. The effects of the flux pinning can be evaluated by the bulk pinning force 

density Fp: 

 p cF J B    (5) 

Many defects can act as pinning centers [10]. Their pinning ability varies 

depending on the interaction between the pinning centers and the fluxons. Generally 

speaking, for the optimal pinning effects, the size of the pinning centers should be 

comparable to the size of the fluxons (i.e. coherence length ξ). Dew-Hughes [11, 12] 

classified normal pinning centers into three types in terms of their dimensions compared 

with the geometry of the fluxon, and summarized their respective effects on the bulk flux 

pinning density, as shown in equations (6) to (8): 
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Normal volume pinning (d < a, b, c) 0 2( ) (1 )f h h h    (6) 

Normal surface pinning (c < d < a, b) 0.5 2( ) (1 )f h h h    (7) 

Normal volume pinning (a, b, c < d) 1 2( ) (1 )f h h h    (8) 

 

where h = B/Bc2 is the reduced field (0 ≤ h ≤ 1), f = Fp/Fp,max is the normalized pinning 

force density, Fp,max is the maximum Fp, a, b, c are the dimensions of the pinning centers 

and d is the inter-flux-line spacing, d
2
 = 0.17 0/B. The reduced field dependence of the 

normalized pinning force density is simply determined by the flux pinning types and thus 

collapses onto a single line in the f (h) plot, independent of materials and temperatures. 

For example, if a superconductor is assumed to be pinned by grain boundaries, according 

to equation (7), its f (h) curve will follow h
0.5 

(1 – h)
2
 at all temperatures (T < Tc). The 

characteristic pinning curves f (h), together with their specific peak positions, can be used 

to determine the flux pinning mechanism of a superconductor. It is noted that in practice 

h is often defined as B/Birr instead of B/Bc2, where Birr is the irreversibility field, i.e. the 

critical field at which Jc decreases to zero. 

 Finally, it is noted that the maximum pinning force Fp,max is dependent on the 

density of the pinning centers [11]. Increasing the critical field Bc2 increases the high field 

range where pinning center can operate. Hence enhancement in Bc2 and introduction of 

extra pinning centers are the two most commonly used methods to improve the 

effectiveness of flux pinning capability for a superconductor. 
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1.1.2 Typical Applied Superconducting Materials 

Superconducting materials are not as mysterious as they might seem. Over ten 

thousand materials [13, 14] are reported to have superconducting properties. Depending 

on their working temperatures, superconductors can be categorized into two types: high 

temperature superconductors (HTS) and low temperature superconductors (LTS). Some 

HTS, such as YBCO and Bi2223, can be operated at temperatures above 77 K in the 

cheap liquid nitrogen environment. However, various obstacles such as high anisotropy, 

brittleness of materials and high cost of components, limit their practical applications. On 

the other hand, most typical LTS, like NbTi and Nb3Sn with Tcs lower than 20 K, require 

expensive liquid helium as the coolant, which is economically undesirable. The research 

work by Japanese scientists at the beginning of the 21
st
 century provided the 

superconductivity community with two new classes of superconductors: MgB2 [15] and 

iron-based superconductors [16-18]. Both of these have Tcs around 25-50 K [16-18]. 

Hence in some references [19] they are called medium temperature superconductors 

(MTS). 

Table 1 lists the key parameters of typical applied superconducting materials. 

Compared with other materials, MgB2 exhibits unique advantages. Its Tc of 39 K is 

higher than conventional LTS; therefore, MgB2 can be used in liquid-helium-free 

environment. Its relatively low anisotropy ratio (γ = 1.2-5) and low cost of the raw 

materials (namely B and Mg) make it stand out from the limitations encountered by HTS. 

Moreover, the low density of MgB2 makes it possible to reduce the weight of the magnets. 

Vinod et al. [20] discussed the prospects for the application fields of MgB2. MgB2 is very 
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attractive for application in the fields of magnetic resonance imaging [21], 

superconducting wind turbine generators [22], fault current limiters [23] and high energy 

physics equipment [24]. They also suggested that, to find itself a place in the commercial 

superconductor market and to make the best of its relatively high Tc, MgB2 should be 

used at temperatures around 20-25 K. This viewpoint has been widely accepted by most 

researchers [25-27], working as a guideline for the research and development in MgB2. 

In spite of great advantages over typical LTS and HTS, MgB2 has presented some 

new challenges such as the problem of the intergranular connectivity and the 

requirements of enhancing Bc2 and flux pinning [28, 29]. These challenges should be 

properly overcome in order to make MgB2 into a magnet-grade superconductor [13].  

 

Table 1  A comparison between different types of superconducting materials [30-36] 

Material NbTi Nb3Sn YBCO Bi2223 Fe122 MgB2 

Cryst. structure BCC A15 
Layered 

perovskite 

Layered 

perovskite 

Layered 

perovskite 

P6/mmm 

hexagonal 

Anisotropy negligible negligible 7 ~50-100 negligible 1.2-5 

Tc, K 9 18 92 108 35 39 

Bc2, T 15 T 30 T >100 T >100 T >100 T 35 T 

Birr, T 
11 T (4 K) 24 T (4 K) 5-7 T (77 K) 

~0.2 T (77 K) 

~20 T (20 K) 
90 T (4 K) 25 T (4 K) 

Jc,77K-self field, 

A/mm
2
 

- - 20,000 1,000 - - 

Jc,4.2K-4T , 

A/mm
2
 

3,000 8,000 40,000 2,000 1,000 2,000 

n-value 80 30 20-30 20-30 20-30 30-50 

Wire length, km 10 5 1 2 - 6 

Price, 

US$/kA-m 

1 

(4.2 K, 4 

T) 

5 

(4.2 K, 4 

T) 

>150 

(77 K, self 

field) 

>200 

(77 K, self 

field) 

- 
6 

(4.2 K, 4 T) 
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1.2 Literature Review of MgB2 

1.2.1 Structures and Basic Properties 

The research on MgB2 dates back to one hundred years ago [37], shortly after the 

discovery of superconductivity [1]. However, it took several decades for people to 

unearth the mystery deeply hiding inside the material. In 1954, Jones et al. [38] 

investigated a Mg-B compound by X-ray diffraction (XRD). They identified the 

stoichiometry as MgB2 and determined the crystal structure to be a hexagonal unit cell 

similar to that of AlB2 [39], with lattice constants a0 = 3.0834 Å and c0 = 3.5213 Å. Their 

results have been verified by modern techniques [15, 40], which categorized MgB2 into a 

P6/mmm space group, with Mg atoms occupying (0, 0, 0) sites and B taking (1/3, 2/3, 

1/2) and (2/3, 1/3, 1/2) sites.  

Figure 3(a) shows the crystal structure of MgB2. The hexagonal B atomic planes 

are intercalated with Mg planes, forming a layered structure. The six-fold symmetry and 

the anisotropy of the crystal structure are exhibited in MgB2 grains and single crystals, as 

shown in Figure 3(b-e), which, as will be discussed in section 4.6, greatly affect the 

superconducting properties. 
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Figure 3  (a) Crystal structure of MgB2 (picture was drawn by Guangze Li); (b-d) MgB2 

grains observed in MgB2 powder [41] (Reproduced with permission from RSC), wire and 

thin film [42] (Reproduced with permission from Nature Publishing), respectively; (e) 

MgB2 single crystal [43] (Reproduced with permission from APS), showing hexagonal 

shape. 

 

The discovery of the superconductivity in MgB2 was reported by Nagamatsu in 

2001 [15]. MgB2 follows the conventional BCS superconducting mechanism in which 

electrons form Cooper pairs via an electron-phonon interaction [44, 45]. This was proven 

by the existence of the isotope effect – a 1.0 K Tc shift when the boron isotope 
10

B was 



12 

 

used to replace 
11

B [46]. Further research revealed that the isotope effect for Mg was 

much smaller than that for B, indicating B played the dominant role in the 

superconducting process [47]. The electronic structure in MgB2 can be regarded as a 

combination of a two dimensional (2D) network of σ bands within the B atomic layer and 

a three dimensional (3D) delocalized π bands throughout the unit cell [48]. Thus two 

distinct energy gaps are observed corresponding to different types of bands – the strongly 

coupled σ band with broad zero-temperature energy gap Δ(0K) ~ 7 meV and the weakly 

connected π band with Δ(0K) ~ 2.2 meV [49-51]. The two-band nature of the electronic 

structure enables the Tc of MgB2 to go beyond the expected maximum as dictated by 

conventional BCS theory, reaching as high as 39 K [51].  

Because of its unique electronic structure, MgB2, to some extent, suffers from 

anisotropy in many properties such as Bc2 and ξ. For example, in Figure 4, the zero-

temperature upper critical field Bc2(0K) of a binary MgB2 single crystal is Bc2
//
(0K) ~ 16 

T and Bc2
┴
(0K) ~ 3 T, where // and ┴ correspond to the applied magnetic field parallel 

and perpendicular to the B atomic plane, respectively. The σ band coherence length 

ξab(0K) ~ 13 nm and penetration depth λab(0K) ~ 49 nm, while for π band ξab(0K) ~ 51 

nm and λab(0K) ~ 34 nm [29]. Moreover, as will be discussed later in section 1.2.3, the 

two-band superconducting structure in MgB2, which had never been previously seen in a 

real material, contributes to many unusual physical properties such as the unconventional 

Bc2(T) relationship. 
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Figure 4   Temperature dependence of upper critical field Bc2 of MgB2 single crystal [52, 

53] (Reproduced with permission from APS).  

 

 

1.2.2 Thermodynamics and Reaction Kinetics 

A typical phase diagram for the Mg-B binary system under the pressure of 1 atom 

is presented in Figure 5(a) [54]. Recent research by our group also confirms that MgB2 

can be formed when the B atomic percentage is smaller than 80 % and the temperature is 

lower than 1450 ºC [55]. Besides MgB2, several other borides including MgB4, MgB7 and 

MgB20, can be formed at appropriate stoichiometry and temperatures, none of which are 

superconducting. There are some debate over the Mg-B reactions at the temperature 

above 1000 ºC [55-58], and the phase identifications such as MgB12 [59, 60] or MgB20 

[61]. But for the purpose of superconductor fabrication, since most reactions occur at 
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temperatures below 1000 ºC with Mg over B ratio ≥ 1:2, it can be regarded that the 

thermodynamics of the MgB2 reaction are well understood. In addition, because of the 

high volatility of Mg, the Mg-B phase transformation is greatly influenced by the 

environmental pressure. Figure 5(b) is the pressure-temperature phase diagram for the 

Mg-B system (Mg:B atomic ratio is higher than or equal to the stoichiometry ratio, 1:2) 

[62]. This diagram is particularly helpful when the reaction occurs at variable Mg gas 

pressures such as MgB2 thin film deposition and hot-pressed MgB2. 

The mostly commonly used and the simplest route of preparing MgB2 is to react 

the B and Mg powder mixtures at temperature of 500-1000 ºC [63, 64], following the 

chemical equation Mg + 2B (s)  MgB2 (s). This method is often referred to the in situ 

“Powder in tube (PIT)” routine. However, thanks to the substantial molar volume change 

during the reaction (the molar volumes of Mg, B and MgB2 are 14.00, 4.39 and 17.21 

cm
3
/mol, respectively), a high quantity of dispersed voids are generated within the 

products [28]. 

The porosity impedes current flow and prevents the Jc of the MgB2 body from 

attaining its intrinsic intergranular value. Moreover, Mg is strongly reactive with O to 

form MgO [65], which is detrimental to the connectivity of the MgB2 polycrystal [66, 67]. 

So MgH2 [68] and MgB4 [69] have sometimes been chosen as alternative candidates for 

the sake of either reducing the oxide impurities or decreasing the porosity in MgB2.  

 



15 

 

 

 

Figure 5  (a) Temperature – composition equilibrium phase diagram for Mg-B system, 

under 1 atm [54, 55] (Reproduced with permission from Springer), and (b) pressure – 

temperature phase diagram for Mg-B system (Mg:B atomic ratio ≥ 1:2) [70] (Reproduced 

with permission from AIP). 
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The reaction kinetics has also been investigated. It was well accepted that 

amorphous B, rather than crystalline B, is preferable to obtain high quality MgB2 with 

homogenous structure, fine grain size and high Jc property [71, 72]. Some other 

parameters, such as reaction temperature and the product form, were also investigated. 

Ma et al. [73, 74] studied the isothermal low-temperature sintering of MgB2 using in situ 

XRD diffraction measurement. They found the reaction between Mg and B was firstly 

controlled by a phase boundary reaction and then dominated by the diffusion process. 

Kim et al. [75, 76] researched the MgB2 thin film growth and microstructure evolution by 

annealing amorphous B films in Mg vapor. The transmission electron microscopy (TEM) 

revealed that Mg atoms diffused into B layer and reacted into MgB2. This process, similar 

to the well-known “Si oxidation model” in semiconductor technology [77], explained the 

parabolic relationship of the MgB2 film thickness as a function of the annealing time. 

More interestingly, DeFouw and Dunand systematically studied the reaction activation 

energy of MgB2 in various forms using the in situ X-ray synchrotron diffraction [78, 79]. 

They derived the MgB2 reaction activation energy to be 70, 108, 146, and 360 kJ/mol 

when C-doped amorphous B powders, undoped amorphous B powders, undoped 

crystalline B powders, and undoped B fibers were selected as the precursors respectively. 

Their finding revealed the facts that amorphous B had a lower MgB2 reaction activation 

energy than crystalline B, and C-doped B had smaller MgB2 reaction activation energy 

than undoped B. As a consequence, MgB2 reaction proceeds much faster if amorphous B 

powders or C doping are adopted. 
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1.2.3 Upper Critical Field Bc2 

 

The application of MgB2 products has been limited by a few factors. One critical 

issue is the relatively low upper critical field Bc2 (Figure 6). Owing to the special two-

band electronic structure, MgB2 shows different Bc2(T) behavior from conventional LTS 

[80]. For example, for superconductors that follow the classic single-band BCS theory, 

the zero-temperature Bc2(0K) can be estimated by the following relationship [51, 81]: 

 
cc2 c c2(0 ) 0.69 ( / )TB K T dB dT    (9) 

where            
is the slope of the Bc2-T curve at Tc, and is proportional to the normal 

state residual resistivity ρn [28]. Therefore, an enhanced Bc2(0K) is expected when the 

superconductors exhibit higher ρn. This is usually achieved by introducing defects or 

disorders into materials through doping, irradiation, etc.  

However, it was found that MgB2 samples with higher ρn did not necessarily 

show higher Bc2s than the ones with low ρn [82]. Moreover, the reported upward 

curvature of Bc2-T curves in some MgB2 thin films [83] at low temperatures contradicted 

with the downward characteristic of Bc2(T) curve as expected by the single-band BCS 

theory [2]. 
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Figure 6   Critical surface of undoped MgB2 as compared with conventional low 

temperature superconductors – NbTi and Nb3Sn as well as the desired conditions for 

various applications (shaded areas in the J-B plane) [84]. 

 

Gurevich et al. [25, 85, 86] came up with a bilayer model and explained unusual 

temperature dependence of Bc2 in terms of the two-band superconductivity nature in 

MgB2 (Figure 7). He pointed out that the band structure in MgB2 could be modeled as a 

double layer structure in which two layers corresponding to the σ band and the π band 

were weakly attached. Thus the overall Bc2 of this weakly coupled bilayer was 

determined by the layer with higher Bc2. For instance, if the σ layer was much dirtier, it 

had higher Bc2 than the π layer at all temperatures. Therefore, the σ layer played most 

dominant role so the overall Bc2-T curve exhibited the similar characteristic of the σ layer. 

On the other hand, if the π layer was much dirtier (hence had higher Bc2) than the σ layer, 
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even if Bc2 was determined by the σ layer at higher temperature, the π layer would take 

over at lower temperatures, causing the upward curvature in the overall Bc2(T) curve 

(Figure 7). 

 

 
Figure 7   The mechanism of the upward curvature of Bc2(T) curve illustrated by the 

bilayer model shown in the inset. The red dashed curves indicate Bc2(T) calculated for σ 

and π bands in the single-band BCS theory. The green solid curve show Bc2(T) calculated 

by Gurevich’s two-gap dirty limit theory [86] (Reproduced with permission from 

Elsevier). 

 

According to Gurevich’s theory, the Bc2(T) curves were based on the electronic 

diffusivities associated with two bands (Dσ and Dπ). In particular, he presented the 

abbreviated expressions when the temperature was near Tc or close to 0 K [25]: 
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where λ1 and λ2 represent constants. As shown in equations (10) and (11), Bc2 near Tc was in 

inverse proportion to          , and Bc2(0K) varied reciprocally as the geometric 

average of Dσ and Dπ. Therefore,            
 was determined by the maximum diffusivity 

between Dσ and Dπ, and         was governed by the minimum of the two diffusivities. 

Given the π scattering was much stronger than the σ scattering in dirty MgB2 films (that 

was, Dπ << Dσ), Gurevich concluded that            
 was regulated by the σ scattering 

most likely due to the impurities or disorders on B sites, whereas the additional increase 

of         mainly originated from the π scattering on Mg sites. This finding is important 

because it instructs researchers to improve Bc2 by adding proper scattering centers. 

Generally, there are two effective methods to introduce scattering centers in MgB2 

– radiation exposure [87] and chemical doping [88, 89]. A suitable dose of radiation such 

as neutron [90], γ-rays [91, 92], or high energy electrons [93] generates a high density of 

defects or disorders in MgB2, thus decreasing the electronic diffusivities and enhancing 

Bc2 [87, 90]. Chemical doping, on the other hand, forms either coherent precipitates that 

contribute to localized lattice distortion or substitutional atoms by occupying atomic sites. 

So far C and carbon-related compounds have been widely acknowledged as the most 

effective dopants to enhance Bc2. The effects of C doping on Bc2 and other 

superconducting properties have been reported by many groups. Lee et al. [94] 

characterized C substituted MgB2 single crystals. As C doping preceded, the lattice 

constant c0 remained unchanged and a0 kept decreasing. This was accompanied by a 

suppression of Tc. Their following reports [95, 96] showed that in spite of Tc decrease, the 

steep increase in the slope         ensured the Bc2(0 K) of C doped MgB2 much higher 
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than that of the undoped MgB2 single crystals. This finding, together with the similar 

results by Krutzler [97] and Kazakov [98], was important not only because of the 

significant improvement in Bc2(0 K) but also because it was the direct evidence that C 

could substitute into B and hence affect the superconducting properties. Attempts were 

also made to dope C in MgB2 thin films as well as bulk polycrystals. Very high Bc2 up to 

70 T have been obtained for C doped MgB2 thin films in certain extreme experimental 

conditions, which showed the feasibility of alloying C into MgB2 to achieve high Bc2 [99, 

100]. Wilke et al [88] studied a series of Mg(B1-xCx)2 fibers by reacting Mg and C-doped 

B fibers into a Ta tube at 650-1200 ºC. The carbon doping level x changed from 0 to 3.8 

at. % depending on the pre-doped C on B fibers. The (110) peak shifted by 0.3º to the 

higher angle in XRD profile when 2 at. % C was introduced into the undoped sample, 

indicating shrinkage of the (110) plane spacing (Figure 8a). Meanwhile the (002) peak 

merely shifted as the doping level varied, representing no changes in the c lattice 

parameter in the hexagonal crystal structure. So the peak shift was interpreted as the 

effect from C doping. The rapid rise of Bc2(0 K), of about 5 T increase per at.% C doping, 

was observed, and the maximum Bc2(0 K) reached 32.5 T for the fiber with composition 

Mg(B0.962C0.038)2 (Figure 8b). By doping 10 at.% carbon nanotubes (CNT), Serquis et al. 

[101] was able to prepare a high Bc2 MgB2 bulk sample with Bc2(4 K) = 41.9 T and 

extrapolated Bc2(0K) = 44.4 T. Dou et al. [89, 102] successfully doped SiC nano-particles 

into MgB2 wires. The Bc2(0K) of the SiC-doped MgB2 wires achieved 35 T, 130% higher 

than the Bc2(0K) of undoped MgB2 wires. Our group [35, 103, 104] also investigated the 

effect of C doping on MgB2 wires. In collaboration with other groups, we were the first 
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team to report high Bc2s in MgB2 wires [105]. Proper C doping on our “continuous-tube-

filling-and-forming, CTFF” type MgB2 strands obtained increased Bc2(0 K) of up to 30 T. 

 

 

Figure 8  (a) (002) and (100) peak shift in XRD as a function of C doping level, 

representing C substitution. (b) Bc2(T) curves of Mg(B1-xCx)2, x: 0-0.038 [88] 

(Reproduced with permission from APS). 
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A couple of issues remain unsolved though the C doping effects have been 

extensively studied. Firstly, there is an argument over the mechanism of Bc2 

enhancement. Albeit it is widely accepted that C atomic substitution was the main reason 

for the improved Bc2, some reports claimed that Bc2 was enhanced due to different 

mechanisms. Kim et al. [106] characterized a malic acid doped MgB2 sample using a Cs-

corrected high resolution scanning transmission electron microscope (STEM) equipped 

with electron energy loss spectroscopy (EELS) and explained the role of C and Bc2 

improvement based on their results. Instead of detecting C in MgB2 grains, they 

discovered abundant B vacancies and stacking faults. Hence they attributed the lattice 

distortion caused by the vacancies and stacking faults to be the reason for enhanced Bc2. 

Although Kim’s conclusion contradicted with the generally-accepted viewpoint, his brave 

explorations encouraged researchers to seek the correlation between C doping and Bc2 

improvement. Secondly, the relatively large anisotropy ratio γ results in low Bc2 in certain 

particular crystal orientations. C doping is helpful to reduce γ. For example, Susner et al. 

[35] studied the effect of C doping level, ranging 0-4 at.%, on γ in a group of 

polycrystalline MgB2 wires. The anisotropy ratio was monotonically decreased by 

increasing C doping concentration. The value of γ decreased from 2.5 for the undoped 

MgB2 sample to 1.9 for the 4 at.% C doped wire. However, even for the MgB2 samples 

with least anisotropy, the Bc2(0K) in the weakest direction, Bc2
┴
(0K), was only 15 T as 

compared with Bc2
//
(0K) of 30 T for the C-doped MgB2. The influence of Bc2 anisotropy 

on Jcs was illustrated by Eisterer [107, 108]. The large Bc2 anisotropy was regarded as a 

main reason for the quick Jc decrease at high magnetic field. Although Eisterer’s model 
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somehow overestimates the influence of Bc2 anisotropy on low field Jcs [109], the great 

impact of Bc2 anisotropy on the superconducting properties of MgB2 should be carefully 

treated. Thirdly and most importantly, C-doping only shows negligible benefits at high 

temperature such as 20-30 K. The enhanced Bc2(0K) in C doped MgB2 is a compromise 

between lowered Tc and the enlarged          slope. Consequently, it is not effective to 

improve Bc2 at 20-30 K. Since MgB2 is mainly designed to work at the temperature of 

around 20 K, it is essential to improve the superconducting properties of MgB2 at this 

temperature. 

Beside C, there are a few reports [110-112] about the unintentionally O-added 

MgB2 which obtained extremely high Bc2 and improved Jc under high field even at 20 K. 

However, O is very reactive with Mg [65], so no intentional O-doping study has 

succeeded so far on enhancing the Bc2 of MgB2. The existing attempts [113] on 

depositing MgB2 thin films in O2 atmosphere resulted in the generation of extra oxide 

pinning centers in MgB2 rather than the enhancement of Bc2 through O substitutions. In 

this thesis, I attempt to intentionally alloy O into MgB2. 

 

 

1.2.4 Flux Pinning 

To obtain a high critical current density Jc, particularly in high magnetic fields, it 

is necessary to improve the flux pinning ability. Soon after the report of the 

superconductivity in MgB2, Larbalestier et al. [63] suggested that the flux pinning 

mechanism of binary MgB2 bulk samples was grain boundary pinning. The normalized 
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flux pinning density Fp/Fp,max as a function of the reduced field strictly followed the 

normal surface pinning curve, equation (7). The grain boundary pinning mechanism 

remained dominant over a wide range of temperatures from 4.2 K to 35 K.  

Thus, people increased the grain boundary density in order to obtain better 

pinning strength Fp,max or higher Jc. Martinez et al. [114, 115] prepared MgB2 samples at 

640-1000 ºC using different preparation techniques. The vast change in the 

thermodynamic conditions resulted in significant variation in MgB2 grain size ranging 

from 50 nm to 2 μm. The Jcs of these MgB2 samples at 20K, 2 T changed linearly with 

the reciprocal of the grain size, d (Figure 9a), which is a clear evidence of grain boundary 

pinning in MgB2. A similar Jc versus d relationship was also reported by Togano and 

Matsushita [116]. They summarized the Jcs of different MgB2 samples in the literature 

and correlated them with the grain size. As shown in Figure 9(b), Jc exhibits a linear 

change as a function of d
-1

.  

Moreover, Martinez’s further investigation on the Fp curves revealed that the flux 

pinning capability of the MgB2 polycrystal followed the Hampshire-Jones expression 

[117]: 
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where d is the grain size and vacuum permeability μ0 is 4π × 10
-7

 H/m. So to more 

effectively utilize the magnetic field range where pinning center could operate, people 

have to either increase Bc2 or reduce the grain size. 
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Figure 9  (a) Jc as a function of MgB2 grain size at 20 K, 2 T. The blue line fits to the 

linear dependence. The red dots correspond to undoped samples and the green dots to the 

samples with nanoparticles (SiC, Al2O3, TiO2, SrTiO3, BaTiO3, Ni) [114, 115] 

(Reproduced with permission from APS). (b)Universal linear relationship between Jc at 

4.2 K, 5 T and the grain boundary density, d 
-1

 [116] (Reproduced with permission from 

Springer). Here d is the MgB2 grain size.  
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 In fact, both methods were attempted by researchers. The former one, 

improvement in Bc2, has been discussed in section 1.2.3. In short, people use C doping 

and irradiation to generate disorders or defects into crystals, reducing the electronic 

diffusivities and hence increasing Bc2. The later method – grain refinement was also 

eagerly pursued. This can be achieved by optimizing many parameters, such as B choice, 

heat treatment conditions and mechanical processing. The nano-sized B powders can 

provide more nucleation sites and larger reaction surface. Therefore they are preferable to 

obtain MgB2 polycrystals with tiny grains and a high grain boundary density. Chen et al. 

[72] prepared MgB2 using B precursors with different crystalline form and particle size. 

He found the sample made by smallest B size with amorphous character exhibited the 

best Jcs and Fps. The amorphous, nano-sized B precursors are so widely used that most 

state-of-the-art MgB2 wires were produced by these types of B powders [118-120]. The 

optimization of heat treatment temperatures and time is also very crucial to the grain 

refinement. A suitable choice of heat treatment conditions will allow MgB2 grains to 

form in a high speed without too much coarsening. Our group found that 650-700 ºC, 

which is little above the melting point of Mg, is the optimal temperature for fast reaction 

and grain refinement [120-122]. By choosing amorphous nano-B powders and heat 

treating the samples at 675 ºC for 30 min, we were able to prepare MgB2 wires with grain 

size equal to 50-100 nm. A drawback associated with the nano-sized B precursors is its 

high cost. To this end, some groups adopted cheap crystalline coarse B powders to 

fabricate MgB2. Instead of directly reacting B with Mg, they ground the precursors by 

high energy ball milling prior to the wire fabrication [123-126]. With this technique 
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Wang et al. [125] prepared MgB2 with grain size as small as 50 nm. The Jc reached 4.3 × 

10
4
 A/cm

2
 at 4.2 K, 10 T. 

 Besides grain boundary pinning, other pinning centers were also added into MgB2 

in order to attain enhanced pinning strength. Various kinds of chemical species were 

added in MgB2 for this purpose, which include metals, borides, oxides, carbides, and 

silicates. Table 2 listed parts of the doping studies in MgB2. Rare earth oxides like Dy2O3 

[127, 128] and Y2O3 [121, 129] are very effective in flux pinning in MgB2. Chen et al. 

obtained high Jc sample by adding 0.5 wt.% of 1-3 μm sized Dy2O3 into the precursor Mg 

and B powder mixture [127]. He found nanosized (~10 nm) DyB4 and MgO inclusions 

were incorporated in the MgB2 grains. The DyB4 particles and their associated strain 

fields were also regarded as effective pinning centers to enhance Jc [127]. 

 

Table 2  List of non-carbon dopants which has been added into MgB2 in the literature 

Borides 
Nitrides 

Silicides 
                      Oxides 

 
Metals 

WB [130] AlN [131] Ag2O [132] Ho2O3 [133]  Al [134] Pt [135] 

AlB2 [136] WSi2 [137] ZnO [138, 139] Nd2O3 [140]  Ag [141] Ru [142] 

TaB2 [136, 143] ZrSi2 [137] CeO2 [144] Sb2O3 [145, 146]  Fe [147] Sb [145] 

TiB2 [148, 149] SiCl4 [150] GeO2 [151] Co3O4 [152]  Ge [151] Sc [153] 

NiCoB [154, 

155] 

Si3N4 [132, 

156] 

TiO2 [157] Fe3O4 [158, 159]  Co [160, 

161] 

Te [162, 

163] 

ZrB2 [164, 165]  TeO2 [163] Td4O7 [166]  Mo [167] Sn [168] 

CeB4 [169]  Bi2O3 [145] Pr6O11 [170, 171]  Mn[172] Ti [173] 

SmB6 [169]  Y2O3 [121, 129] CuFe2O4 [174]  Ni [175] W [176] 

Ca3B6N4 [177]  Al2O3 [178] YBCO [141]  La [179] Zn [161] 

VB2 [136]  Eu2O3 [171] Dy2O3 [127, 180]  Hf [181] Se [162] 

  (Bi,Pb)-2223 

[182] 

  Bi [145, 

162] 

Cu [183, 

184] 
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In certain conditions, nanoinclusions could feasibly become more dominant than 

grain boundary, acting as the dominating flux pinning centers in MgB2. For instance, 

Collings et al. [28] reported that, for a 5 at.% SiC doped MgB2 wire, the normalized bulk 

pinning force curve f(h) shifted from the expected scaling curve of grain boundary 

pinning at 4.2 K to the characteristic of point pinning at temperatures above 20 K. This 

observation, quite different from Larbelestier’s results for an undoped sample [63], is 

interesting because it suggested the possibility that other pinning mechanisms might 

effectively work in MgB2 at higher temperature (T ≥ 20 K). 

 

1.2.5 Porosity and Intergranular Connectivity Issues 

Strictly speaking, the “porosity and intergranular connectivity” issue are two 

separate problems [20, 28]. However, both issues reduce the superconductor’s effective 

cross-sectional area for the conduction of transport current, hence suppressing the Jc.   

The porosity in MgB2 firstly comes from the geometric nature of random powder 

packing. When preparing MgB2, either MgB2 powders or (Mg + B) mixture is to be 

packed in a container. Nonetheless, even for the most compact packing plan, about 65 

vol.% of the packing density can be accomplished [185]. Thus at least 35 vol.% of the 

product is occupied by pores at the very beginning of the sample fabrication.  

The porosity issue becomes even serious in condition of choosing (Mg + B) 

mixture, i.e. in situ PIT route [186]. The theoretical volume of the precursors (VMg + 2VB) 

is larger than the volume of the reacted MgB2. The volume ratio of MgB2 over the 

precursors      
            is 76.7% [69]. Owing to the above-mentioned two 
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reasons, a typical MgB2 product is highly porous [187]. Figure 10 shows a typical porous 

microstructure in an in situ PIT MgB2 superconducting wire. It can be seen that the active 

superconducting area fraction of MgB2 is significantly less than unity. 

 

 

 

Figure 10  Porous microstructure in a MgB2 wire (Image was pictured by Guangze Li in a 

PIT type MgB2 wire). 

 

 

There are three methods to fabricate relatively dense MgB2 products. The first 

method involves using small molar volume alternative reactants to replace Mg or B. For 

example, Nardelli et al. [69] used MgB4 to replace B as the precursor powders. For the 



31 

 

reaction Mg + MgB4 (s)  2MgB2 (s), the volume ratio       
            

  is 85%, 

much higher than the volume ratio for the (Mg + B) reaction. So they are able to make a 

dense MgB2 structure, with Jc reaching 10
6
 A/cm

2
 at 0.2T, 20 K. The second way is to 

use the infiltration method. Unlike the (Mg + B) mixtures in typical “powder in tube, 

PIT” method, Mg vapor or liquid is driven through the B skeleton and reacts with B 

simultaneously. Since MgB2 is typically formed in the previous B sites and pores are 

generally formed in the initial Mg sites, most pores are left outside the MgB2 body and 

almost 100% dense MgB2 product can be manufactured. The infiltration method was 

adopted to prepare MgB2 thin films [188], fibers [189, 190], bulks [191-193] and wires 

[194-196]. All samples made by this concept achieved dense structures. The third method 

is to press the samples. This process applies a high pressure onto MgB2 so that the voids 

could be squeezed out during the MgB2 fabrication. Wang et al. [197] compared MgB2 

tapes with and without hot pressing. They found that the effective superconducting cross-

sectional area, AF, was increased by almost 100% when the tapes were hot pressed. 

Flükiger et al. [198, 199] obtained the dense structure of MgB2 by cold pressing. His 

method, the “cold high pressure densification, CHPD”, successfully enhanced AF by up to 

90% [200]. As a result, the Jc of the pressed MgB2 tapes was improved by 300% at 20 K, 

5 T with respect to the same sample without densification [198]. Table 3 presents a 

simple comparison between the three methods. 
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Table 3  Comparison of three densification methods 

Methods Advantages Problems 

alternative reactants easy; 

large scale production. 

no commercial reactants available; 

voids cannot be completely eliminated. 

   
infiltration method highly dense MgB2; 

good connectivity; 

less contamination; 

widely used. 

difficult for wire fabrication; 

leaving a central hole in wire structure.  

   
pressing highly dense MgB2. not friendly for large scale production; 

strict requirements for sheath materials. 

 

 

Impaired connectivity is another common issue in polycrystalline MgB2 products. 

This extrinsic property is as important as Bc2 and the flux pinning because a non-

optimized connectivity could severely suppress Jc. Its importance is revealed by 

comparing the well-prepared thin films with the MgB2 bulk samples. High 4.2 K self 

field Jcs of about 10
7
-10

8
 A/cm

2
 are frequently reported in well connected thin films [42, 

201] , while the 4.2 K self field Jcs of high performing MgB2 wires or tapes are in the 

magnitude of 10
6
 A/cm

2
 [202, 203]. Since the Bc2 and flux pinning ability of MgB2 wires 

or tapes are comparable to those of thin films, more than 90% of the Jc achieved by the 

thin film samples is inhibited because of the detrimental effect of the low intergranular 

connectivity in wires or tapes.  

Rowell first recognized this issue by analyzing the temperature-dependent 

resistivity performance of MgB2 reported in the literature [66]. He found (i) the residual 

resistivity ρ(50 K) ranged from 0.5 μΩ cm to 10 Ω cm, extending more than seven orders 

of magnitude, (ii) Tc remained around 39 K, independent of resistivity and (iii) the ρ(T) 
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curve followed the power law dependence (ρ ~ T
2
 or T

3
) above Tc in low resistivity 

samples. By comparing the ρ-T characteristic of MgB2 with the properties of other 

superconductors such as Nb3Sn, LuRh4B4, granular Al film and YBCO, Rowell pointed 

out that the large quantity of impurities like MgO which were aggregated at the grain 

boundaries were the major contributors to the resistivity. Consequently, these impurities 

insulated or at least limited the intergranular supercurrent, causing the deficiency of the 

effective cross-sectional superconducting area compared to the measured dimensions of 

the samples.  

 Rowell’s conclusion was supported by the high resolution microscopic 

observations conducted by Klie [66, 67]. Klie’s examination (Figure 11) on MgB2 grains 

and the grain boundaries showed that some oxygen existed at the grain boundaries in the 

form of MgO and BOx. These oxides coalesced with each other, forming BOx-MgO-BOy 

trilayer plates. Because the thicknesses of the MgO and BOx secondary phases were ~10 

nm and ~2 nm, respectively, thicker than the coherence length of MgB2, the BOx-MgO-

BOy sandwiched structures blocked the grain boundaries and reduced intergranular 

connectivity. Nevertheless, Klie did not provide a quantitative report on the density of 

MgO layers. Therefore it was difficult to determine whether the impedance behavior by 

the MgO and BOx secondary phases was the dominant reason for the suppressed 

connectivity. On the contrary, microscopic results conducted by other groups [204-207], 

together with Klie’s later findings [208], showed this sandwiched oxide structure was not 

that frequently seen in MgB2. 
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Figure 11   (a) Z-contrast STEM image of a single-phase MgB2 grain. The feature “A” 

pointed by arrows indicates the presence of an MgO layer. (b) Enlarged micrograph of 

the grain boundary (G.B.) area A. The EEL spectrum shows the BOx – MgOy(B) – BOz 

sandwiched structure [66, 67] (Reproduced with permission from AIP). 
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Much effort has been made to eliminate oxygen from MgB2, including 

purification of the B precursors [209, 210], using MgH2 instead of Mg as reactants [211], 

and sintering the powders in the Ar and H2 reducing atmosphere [212]. Though in these 

specially processed samples oxide phases were still detected by XRD, their quantities 

were significantly reduced and the resulting Jcs were remarkably improved [68, 210, 211]. 

All the above findings show that: oxides indeed have negative effects on the connectivity 

of MgB2, even though people are not quite sure about their actual forms.  

 The discussions in sections 1.2.4 and 1.2.5 pose a question to researchers: is 

oxygen always bad for MgB2? The answer is no. Jiang et al. mixed a suitable amount of 

nanometer scale (~10 nm) MgO powders with the MgH2 and B precursors [213]. A 50% 

Jc enhancement was obtained when adding 1.25 wt.% nano-MgO particles as effective 

pinning centers. This interesting result reminds us that the effect of MgO on the Jcs of 

MgB2 depends on the forms and locations of MgO in the material. If MgO insulating 

chunks are minimized at the grain boundary and fine MgO nanoinclusions are uniformly 

distributed within grains, it is quite possible to produce a high performing MgB2 sample 

[208]. 

 

1.2.6 Eisterer’s Percolation Model 

Now that Bc2, flux pinning and connectivity are widely regarded as the most 

important parameters in MgB2, it is essential to see how they work together and influence 

the current-carrying capability of a MgB2 superconductor.  
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Eisterer et al. came up with a model describing the bulk critical current density 

Jc(B) in a polycrystalline sample based on the upper critical field anisotropy and the grain 

boundary pinning mechanism of MgB2, combined with the percolation theory [8, 108]. 

Considering a group of identical grains (i.e. same Bc2
//
 and γ) randomly oriented within 

the sample, since the angle θ between the applied field and the B atomic planes is 

different for each grain, the MgB2 grains tend to show variable upper critical fields. The 

relationship between the upper critical field Bc2 and the angle θ which is between the 

applied field and the B atomic planes is given by the anisotropic G-L relation [8]: 
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The discrepancy in Bc2(θ) of each grain then results in the variation in their Jcs. 

When a low magnetic field is applied, all grains are superconducting. The supercurrent 

passes the sample along the current direction. And the bulk Jc equals to the collective 

contribution of Jc from each grain in the material. However, the field induced 

inhomogeneity in Jc causes parts of the grains losing their superconductivities once the 

applied field rises above Bc2
┴
. Consequently, the supercurrent has to percolate through 

the superconducting grains instead of directly transporting along the current direction. 

Assuming grain boundary pinning is the dominant pinning mechanism in MgB2, 

according to the Dew-Hughes expression: 
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where the coefficient Jc0 represents the pinning strength [8, 107]. Equation (14), together 

with equation (13), is combined with the integration function derived from the 

percolation theory [108, 214]: 
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  B < Bc2 (16) 

where p(J) indicates the fraction of grains with Jc larger than J, the percolation threshold 

pc is defined as the minimum fraction of MgB2 sustainable for a continuous 

superconducting path, and it is around 0.2 for dense samples and higher in samples with 

secondary phases or voids. Jc,max(B) is given by the condition p(Jc,max) = pc. In practice, 

the integral is usually replaced by a summation over the discrete grains [108]. 

Four parameters (i.e. Jc0, Bc2, γ and pc) are usually chosen as variables to simulate 

Jc based on the percolation model. To examine the influences of each factor on Jc, the 

Jc(B) curve calculated from the fitting parameters of a iron-sheathed wire was used as 

reference and only one parameter was altered by 30% at a time [107]. Figure 12 shows 

the calculated Jc(B) curves. Three strategies were proposed as the most effective ways to 

improve Jc: (i) increasing Jc0, representative of strengthening flux pinning, could improve 

Jc at all fields, (ii) enhancing Bc2 mainly contributes to the increase of high field Jc, (iii) 

lowering pc, which can be realized by making a homogeneous dense sample, is capable to 

achieve the enhanced high field Jc as well. In addition, a low anisotropy ratio γ is 

preferable. But since γ is always accompanied with Bc2, it is difficult to manipulate this 

parameter. 
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Figure 12   Effects of various parameters on Jc. Only one parameter of original data set 

(red curve) is changed in each panel [107] (Reproduced with permission from AIP).  

 

Eisterer’s model was widely used by many groups to fit the Jc – B characteristics 

of MgB2 [122, 215, 216]. There were a few modifications for the purpose of better 

describing the MgB2 samples. For example, Eisterer [217, 218] further developed the 

model for weakly textured MgB2, which was commonly seen in MgB2 tapes by rolling 

and pressing. Also Eisterer [219, 220] claimed that in most PIT-type MgB2 wires, voids 

and non-superconducting particles reduce the superconducting cross section and thus p(J) 

should be reduced to pSC·p(J). The term pSC denoted the fraction of superconducting 

grains (herein MgB2 grains). Hence, equation (16) can be rewritten as 
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In this case, the percolation threshold pc can only rely on the arrangement of 

MgB2 grains and must be a constant with respect to temperature and field changes. By 

analyzing a highly dense well-connected MgB2 wire, it has been found that pc was nearly 

equal to 0.2 [103], close to the expected value in percolation theory [221].  

It is noted that Susner [103] used the percolation model to investigate a powder-

in-tube type MgB2 wire and an infiltration-processed MgB2 wire. Because the latter one 

has almost completely dense structure and improved connectivity as compared with 

powder-in-tube wire, the infiltration-processed MgB2 wire exhibited an enhanced Jc. By 

considering the changes in γ and pc, he was able to quantitatively analyze effects of 

connectivity and anisotropy on Jcs. He claimed that at 4.2 K, 10 T, 59% in the decrease 

from theoretical Jc of a dense isotropic MgB2 is attributed to anisotropy and 41% is 

resulted from porosity and connectivity issue. 

 

1.2.7 Fabrication of MgB2 Wires 

For magnet manufacturing, kilometer-long MgB2 superconducting wires with 

uniform, high critical current densities (in terms of both superconducting core current 

density Jc and engineering current density Je) are to be fabricated. Herein Jc is defined by 

Ic over the cross-sectional area of MgB2, and Je is Ic over the whole cross-sectional area 

of the superconducting wire [222]. Owing to over 50 years of experience of conductor 

fabrication in LTS and about 25 years of experience in HTS, the development of the 
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MgB2 strands progressed very fast. At the present time (2015), 10 km long MgB2 wires 

are commercially available. There are three methods to fabricate MgB2 wires or tapes: the 

ex situ PIT method, the in situ PIT method and the infiltration method.  

The ex situ PIT-type MgB2 wires are fabricated by using already formed MgB2 

powders [223]. After a certain suitable process such as chemical etching and milling, 

commercially available MgB2 powders are filled into metallic tubes and drawn into the 

desired, smaller diameter size. The as-drawn MgB2 wires already show good 

superconductivity [224, 225]. Followed by a heat treatment process, usually at 900-1000 

ºC for a few hours, the ex situ PIT wires have MgB2 grains coalesce with each other, 

exhibiting greatly enhanced Jc. The ex situ method is reliable for obtaining highly dense 

and homogenous MgB2 structure because the voids in ex situ PIT wires only come from 

the powder packing. However, this type of wires suffers from several problems: (i) since 

the MgB2 powders are covered with a layer of oxide, the connectivity of ex situ PIT wires 

is usually poor; (ii) the heat treatment temperature is so high that MgB2 grains coarsen 

very easily. This temperature also poses a strict requirement for the selection of sheath 

materials; (iii) the as-formed MgB2 powders make it difficult for doping; and (iv) severe 

work hardening is typically accompanied with this type of wires. It can be partially 

solved by several stages of intermediate heat treatment, but the heat treatment also 

aggravates the grain coarsening. The ex situ PIT-type MgB2 wires are commercially 

available and mostly manufactured by an Italian company (Columbus Superconductors 

SpA).  
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The in situ PIT-type MgB2 wires are prepared by using a mixture of Mg and B 

powders. After the powder filling and wire drawing, the composite strands are heat 

treated at 600-800 ºC so that Mg could react with B, forming MgB2. Since MgB2 grains 

are generated through the chemical reaction, they have relatively clean surface and hence 

good intergranular connectivity as compared with the ex situ PIT wires. However, a pre-

treatment of the starting powders such as acid washing or ball milling is necessary to 

minimize the oxide phases in MgB2 and improve the connectivity [226].  

For the ease of large scale manufacturing, a local company with which we have 

collaborations, Hyper Tech Research, Inc, uses a variant process of the in situ PIT route, 

i.e. the “continuous tube filling and forming, CTFF” process [227]. As shown in Figure 

13, in the CTFF process the precursor powders are dispensed onto a strip of metal as it is 

formed into a tube, which significantly improves the efficiency of wire fabrication. 

Nowadays, Hyper Tech is able to produce 5.1 km long, 0.83 mm outer diameter (OD) 

continuous in situ CTFF-type multifilamentary MgB2 wires [228]. It is noted that most 

MgB2 wires mentioned in this thesis work are fabricated by the CTFF process, even 

though they are called “PIT wires” for simplicity. 
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Figure 13  Schematic picture of the continuous tube filling and forming (CTFF) process 

by Hyper Tech Research [27]. Inserted pictures: a monofilament CTFF wire and a 

multifilament CTFF wire. 

 

The advantages of the in situ PIT wires include simplicity of production, low 

reaction temperatures, good connectivity, fine grain size, and the ease in adding dopants 

or other additives into the wire. The low reaction temperature is particularly important 

because it minimizes the possibility of powder-sheath or powder-barrier reactions. 

Typically for Hyper Tech’s CTFF wires, the optimal heat treatment temperature ranges 

from 650 ºC to 700 ºC [120, 121]. The inserted images in Figure 13 show the typical 

geometry of the in situ strands, which is composed of central MgB2 cores together with a 

Nb barrier and Monel sheath double-tube. Depending on the specific requirements, the 

alternative barrier materials could be Ti, Ta and Fe, and the sheath materials could be Cu, 

stainless steel, iron besides Monel [227]. The major problem associated with the in situ 
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PIT wires is the resultant high porosities.  

Unlike the in situ PIT route, the infiltration method uses a Mg rod instead of Mg 

powders. This process starts with a tube of non-reactive metal containing an axially 

mounted Mg rod packed in B powder. The subsequent wire drawing and heat treatment 

lead to a dense MgB2 hollow cylindrical wire. This method not only increases the density 

of MgB2 in the superconducting volume. The intergranular connectivity is also enhanced 

due to less MgO incorporated in MgB2 [191, 192]. Owing to these benefits, the 

infiltration-processed MgB2 wires exhibit pronounced Jc properties [119, 194, 196].  

There are a few technical problems encountered by the infiltration process, which mainly 

come from the wire fabrication side. For example, it is difficult to obtain a fully reacted 

wire, especially when a certain amount of C is doped in. Also it requires significant effort 

and patience to fabricate long length conductors with good homogeneity. Right now 150 

meter long fully-reacted infiltration-processed multifilament MgB2 wires have been 

successfully fabricated by Hyper Tech Research in collaboration with The Ohio State 

University [228]. 

 

1.2.8 Infiltration Processed MgB2 

The “infiltration route” is referred to the process in which reactive Mg infiltrates 

into B matrix to obtain MgB2. Given the choice of the B matrix density, another name, 

the “Mg diffusion route”, is sometimes called when choosing dense B. This technique 

was firstly introduced by Giunchi with his patented “Reactive Liquid Mg Infiltration, 
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Mg-RLI” process [229, 230]. Highly dense MgB2 bulk materials were prepared by Mg-

RLI for the extensive researches on physical and superconducting properties [231, 232]. 

Other researchers have proposed some related methods to produce MgB2, 

including: (i) Canfield et al. [190] who diffused Mg vapor into B fibers, (ii) Kang et al. 

[188] who sintered amorphous B precursor films in Mg vapor, (iii) Dunand [191] who 

synthesized in situ Mg/MgB2 composites by pressure infiltration of a B perform with 

liquid Mg, (iv) Ueda et al. [192] whose “Power-in-closed-tube diffusion” method 

consisted of the reactive infiltration of Mg at 800-900 °C from a Mg compact into a B 

compact, and (v) Pan et al. [233] in whose proposed “improved Mg-diffusion” method 

10% Mg powder was mixed in B compact to facilitate the Mg infiltration and improve 

the grain connectivity. But as evidenced by a copious volume of literatures published 

since 2001, the Mg-RLI process has emerged not only as the dominant method for 

producing dense MgB2 bulks but also as the forerunner of the several wire-fabrication 

techniques (i.e. “internal Mg diffusion, IMD” and “advanced internal Mg infiltration, 

AIMI”). 

MgB2 Bulks Processed by Reactive Liquid Mg Infiltration 

 The Mg-RLI technology consists of the reactive infiltration of liquid Mg into a 

compacted body of crystalline β-rhombohedral B powder, a process that has been 

discussed by Giunchi and his colleagues [229, 230, 234-236] as well as others [237]. The 

ground-and-sieved B powder (<100 μm) is pressed under 1 kbar (i.e. 1 × 10
8
 Pa) into a 

nonreactive container (usually Nb or stainless steel) to achieve about 54% theoretical 
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density along with some massive piece of pure Mg. The container is sealed by welding 

and heat treated at 900-950 °C for 3 hours. After reaction an ingot of polycrystalline 

MgB2 with a density more than 90% of theoretical replaces the B powder compact and a 

hole replaces the original pieces of Mg. As a refinement of the process the infiltration 

depth may be reduced by replacing large pieces of Mg with a suitable number of small 

Mg sphere (0.2-0.5 mm in size) [161] and, according to Gozzelino et al. [238], residual 

intergranular Mg may be reduced by aggressive dynamic low vacuum annealing at 

900 °C for 23 hours. With regard to the choice of precursor materials, Saglietti et al. [239] 

have investigated the influences of B types and purification, milling process, and the 

perform packing density on the behavior of the B and Mg reactants during Mg-RLI 

process [240]. The influences of starting B types on mechanical properties [241], thermal 

conductivity [242], and superconducting properties [193, 243] have also been 

investigated. The Mg infiltration process has been considered in detail by Giunchi et al. 

[229, 230] with particular reference to the CLAPHAD-computed pressure-temperature 

Mg-B phase diagram [57, 70]. In a reaction kinetics study based on SEM/EDS and XRD, 

Albisetti et al. [59] have presented evidence indicating that a new magnesium boride 

phase “Mg2B25”, which was observed earlier by Giunchi et al. [235, 244], was a 

precursor to MgB2 formation during the Mg-RLI formation process. This Mg2B25 phase 

has a similar crystal structure to β-rhombohedral B, hence easily transformed to MgB2 as 

the reaction proceeds. Residual Mg2B25 present at the nanoscale level was considered as a 

possible flux-pinning inclusion [59]. During the Mg-RLI process, the B reacts with liquid 

Mg to form MgB2/Mg2B25 particles which, as they grow, release B to react with more Mg 
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to form interstitial MgB2 that welds the particles together. Thus the bulk product of the 

process can be regarded as a composite formed by growing MgB2/Mg2B25 grains welded 

together by intergranular MgB2 [245]. Based on this mechanism Giunchi et al. [245] have 

described several Mg-RLI-based techniques for forming superconducting joints between 

bulks and between bulks and wires. 

 Various kinds of dopants were added in MgB2 bulks in the process of Mg-RLI. 

SiC doping of Mg-RLI bulks was achieved by adding suitable amount of SiC 

nanopowders into the starting B precursors [161, 238, 246, 247]. Both the pinning energy 

and the critical fields Bc2 and Birr were improved due to SiC doping. Also investigated 

were the effects of metal element dopants such as Zn, Cu, and Co [161, 238]. However, 

no superconducting property enhancement was observed for metal-doped MgB2 bulks. 

Moreover, the doping of MgB2 with borides of the rare-earth elements Ce, Sm, and Gd as 

well as with the metals themselves has been investigated by Saglietti et al. [169]. SmB6, 

GdB6 and CeB4 were vibratory disc milled with B. Then the mixture was sealed along 

with a piece of Mg into a stainless steel container and heated at 850-900 °C for 2 hours. It 

turned out that SmB6 doped MgB2 bulk exhibited slightly improved magnetic Jcs. For 

example, Jc increased from 3.6 × 10
3
 A/cm

2
 to 1.0 × 10

4
 A/cm

2
 at 10 K, 5 T. Of particular 

interest was the complete absence of low field (0-2 T) flux jumping in SmB6 doped 

samples. So the adiabatic thermal stability conditions could be maintained to the 

maximum [236]. This effect was possibly due to the large low temperature heat capacity 

of the Sm-based inclusions.   
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 The mechanical properties and the thermal conductivities of the Mg-RLI 

processed bulks were investigated by Cavallin et al. [242] and Giunchi et al. [241]. Both 

properties strongly depended on the B characteristics including crystallinity, particle size 

and purity. The sample made from ~100 μm size, crystalline B powders had highly 

inhomogeneous structure, with large compact grains embedded in a matrix of fine grains.  

Thus its microhardness is well dispersed, with 35 GPa inside the large grains and 1.9 GPa 

along the intergrain region. This sample also showed relatively low fracture toughness 

KIC (around 2.6 MPa m
0.5

), small ultimate tensile strength σt (325-350 MPa) and large 

Young’s Modulus E (120-130 GPa). In contrast, the sample prepared by the micron size, 

amorphous B had homogenous structure, with microhardness of around 6.5 GPa, high KIC 

(2.8 MPa m
0.5

), large σt (up to 660 MPa) and small Young’s Modulus E (80-90 GPa). 

Also the former sample exhibited much higher thermal conductivities than those of the 

latter at the temperature of 4.2-30 K. 

 

 

Figure 14 MgB2 cylinders and disks fabricated by the Mg-RLI process [235] 

(Reproduced with permission from Elsevier). 
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 With applications in mind (generally 15-30 K, 2-3 T), Giunchi described various 

bulk forms – cylinders, tubes and disks – that can be produced by Mg-RLI process. 

Figure 14 presents the cylinders and disks produced by Giunchi. The products were 

proposed to be applied in many areas including magnetic levitation [235], magnetic 

screening [193, 235, 243], inductive fault current limiter [193], bulk magnets by pulsed 

field magnetization (PFM) [243, 248] and superconductive inserts in metallic substrates 

(SIMS)[249].  

MgB2 Wires Processed by Reactive Liquid Mg Infiltration and Internal Mg Diffusion 

 Beginning in 2003 Giunchi et al. [194] described adaptations of the Mg-RLI 

process, initially developed for bulk samples, to the fabrication of MgB2 wires. Then 

starting in 2007 researchers at National Institute for Materials Science (NIMS) in Japan 

adopted their own version of the above process by referring to it as the “internal Mg 

diffusion process, IMD”. More recently a collaboration of the author’s group and Hyper 

Tech Research, Inc. has resulted in the development of an improved version of the earlier 

strands by the “advanced internal Mg infiltration, AIMI” process, the principal subject of 

Chapter 4 and this thesis.  

 Giunchi et al. [194] were the first to recognize that the infiltration process could 

be developed into a wire-manufacturing technique. The new method relied on the 

surprisingly high drawing ductility of suitably clad Mg rods. Magnesium is generally 

regarded as having very poor ductility, with an elongation-to-fracture of ~7% under static 
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strain. The key to the new manufacturing technique was the discovery by Giunchi that 

Mg could be extensively co-reduced to very high area reduction ratios when embedded in 

fine B powders [250]. B powders, either crystalline or amorphous, were packed around a 

Mg rod axially mounted in a Nb-lined steel tube. After diameter reduction ratio to about 

24:1 the monocore composite wire was heat treated at 850 °C for half an hour. In general 

the heat treated temperatures for the Mg-RLI wires ranged from 750 °C [247, 251], 

850°C [194], 900 °C [194, 252] to 950 °C [247]. The layer Jcs of the early wires were 

rather low, typically 2.6 × 10
4
 A/cm

2
 at 4.2 K, 5 T for monofilament strand and 2.1 × 10

4
 

A/cm
2
 for a seven filament sample. Subsequent developments included fill-factor 

increase, wire diameter reduction, and the introduction of C doping via colloidal C [252, 

253] or nano-SiC [247] have led to a recently reported layer Jc of 1.2 × 10
5
 A/cm

2
 at 4.2 

K, 5 T [254]. Microstructural studies relating to the packing density and choice of B 

powder type were undertaken [251]. Looking ahead to future large scale applications of 

MgB2 wire (operated at regime of 20 K, 4 T) the need for high current conductors has 

emerged in response to which several designs have been proposed, including a 12 mm 

diameter hollow monofilament strand and a 12 mm diameter 7 × 7 bundled multifilament 

cable [250]. 

The Mg-RLI process with its heat treatment temperatures of from 750 °C to 900 

°C, well above the melting point of Mg (namely 650 °C) is clearly based on the Mg 

liquid infiltration. The NIMS group has taken the earlier Mg-RLI process to a new level. 

The fact that their heat treatment temperatures were sometimes below the melting point 

of Mg [226, 255, 256], sometimes a little above it [195, 257, 258], but rarely higher than 
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700 °C, justified their use of the term “internal Mg diffusion, IMD”. In specifying the 

critical current density of MgB2 wires three metrics are in use:  

1. The engineering critical current density, Je, which is the critical current Ic 

normalized to the wire’s overall cross-sectional area.  

2. The layer critical current density, layer Jc (frequently called Jc in NIMS’s 

publications), which is Ic normalized to the area of reacted MgB2. 

3. The non-barrier critical current density, “non-barrier” Jc (occasionally mentioned 

as Jc(core)  in some NIMS’s paper [257]), which is analogous to the non-Cu Jc of 

Nb3Sn wires and is Ic normalized by the area inside the chemical barrier. 

Caution must be used when comparing the Jcs of PIT and IMD strands since a 

layer Jc cannot be assigned to the PIT wires. As evidenced by a long list of publications 

the NIMS group has extensively developed the IMD process, for description of which the 

review article by Kumakura is recommended [226]. 

The prototype IMD wire appears quite different from its present form. In 2006 

Togano et al. came up with the idea to fabricate MgB2 tapes by making a Fe-Mg-

alloy/B/Fe-Mg-alloy sandwiched structure [259]. The interfacial diffusion reaction 

between the Fe-Mg alloy substrates and the B layer successfully generated a dense MgB2 

layer inside the tape, with a high layer Jc of 3.0 × 10
4
 A/cm

2
 at 4.2 K, 7 T. The immediate 

success of fabricating dense MgB2 through diffusion method encouraged them to 

manufacture MgB2 round wires, which was more flexible for magnet construction.  Their 

modified diffusion-processed MgB2 wires constituted of a Mg-Li alloy (LA141) and Fe 

double-tube filled with B powders or a mixture of B and SiC dopants [260]. The Mg-Li 
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alloy provided Mg for the diffusion reaction. Also because of its BCC structure, the Mg-

Li alloy had higher ductility than pure Mg, hence better drawability at room temperature. 

As a result, the prototype sample achieved a good “non-barrier” Jc of 7 × 10
3
 A/cm

2
 at 

4.2 K, 4 T. However, it was noticed that, due to the consumption of Mg, voids were 

formed along the interface between the Fe sheath and the reacted core, resulting in a 

weak current transfer from the sheath into the superconducting region [260, 261].  

The issue of poor current transfer in early wires was resolved by the design of 

IMD. The basic process is actually the “reverse version” of the prototype. Instead of 

filling B powders in Mg tubes, the IMD route starts with a tube of non-reactive metal 

containing an axially mounted Mg rod packed in B powders. Such a monocore element 

can be cold-worked into a monofilament wire or rebundled into a Cu-Ni alloy tube for 

drawing into a multifilament composite. Compared with the original design, this new 

configuration allowed Mg for an outward diffusion, thus successfully confining voids to 

the initial central Mg region and resulting in a hollow cylindrical structure with compact 

sheath/MgB2 interface along with excellent capability for current transferring. The “non-

barrier” Jc of the IMD wires attained of 3 × 10
4
 A/cm

2
 at 4.2 K, 4 T, about 4 times as 

high as that of the prototype wire. Figure 15 compared the two configurations which 

NIMS reported for the fabrication of diffusion-processed MgB2 wires. 

Many variants of this process have been explored. An initial concern was the 

drawability of the Mg rod. It is well known that Mg, an HCP metal, has limited ductility 

with an elongation-to-facture of ~7% under static strain. So in order to obtain a more 

ductile BCC version the Mg-Li alloy LA141 was chosen as a substitute in the early days 
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[260, 261]. Nevertheless, the inclusion of Li is accompanied by poor superconducting 

properties: a lowering of Tc and Bc2 and usually low Jc values. Subsequent research by 

this group revealed that the deformation ability of Mg rod was remarkably improved 

when the Mg rod was dressed by fine B powders [195]. This effect, also identified by 

many researchers [103, 250, 262], made it feasible to choose a pure Mg rod for the 

monofilament (and later even multifilament) IMD fabrication. Consequently, the choice 

of a pure Mg rod in the IMD process led to very large increases in Jc. The layer Jc of a 

SiC doped AIMI wire reached 4.1 × 10
4
 A/cm

2
 at 4.2 K, 10 T [195].  

 

 

Figure 15 Two configurations for NIMS’s diffusion-processed MgB2 wires [260, 261] 

(Reproduced with permission from IOP). Prototype: (a) schematic of the wire fabrication 

process, (b) fractural SEM of reacted wire, and (c) OM of a longitudinally polished 

segment. IMD wire: (a) schematic of the wire fabrication process, (b) fractural SEM of 

reacted wire, and (c) OM of a longitudinally polished segment. 
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Unlike Mg-RLI in which undoped crystalline B was mostly used as precursors, 

the IMD process prefers a mixture of micron-sized amorphous B powders (typically 300 

mesh, 99.9% in purity) and SiC nanoparticle dopants [255, 257, 263, 264]. Very fine 

grains as well as a high density of grain boundaries exist in IMD wires, acting as strong 

pinning centers. Also the Bc2 is enhanced by SiC doping. These efforts contributed to 

excellent layer Jcs achieved by IMD. Some of the best SiC-doped IMD wires achieved 

layer Jc of 1.1 × 10
5
 A/cm

2
 at 4.2 K, 10 T [263]. Other variants in dopant option included 

hydrocarbon liquids, such as toluene, ethyltoluene, and dimethylbenzene, which were co-

doped with SiC in IMD [258]. Beside precursors, different chemical barrier materials 

were also applied to obtain properties. The most commonly used materials are Ta [226, 

255, 257, 263], Nb [263], and Fe [258, 264-266]. The Jcs decrease in the sequence of Ta, 

Nb, and Fe sheathed IMD wires. Typically at 4.2 K, 5 T, the layer Jcs were 4.17-4.53 × 

10
5
 A/cm

2
 for Ta- sheathed wires [255, 263], 2.57 × 10

5
 A/cm

2
 for Nb- sheathed wires 

[263], and 1.45 × 10
5
 A/cm

2
 for Fe- sheathed wires [266]. At 4.2 K, 10 T, the layer Jcs 

were 8.22-8.71 × 10
4
 A/cm

2
 [255, 263], 4.42 × 10

4
 A/cm

2
 [263] and 1.74 × 10

4
 A/cm

2
 

[266] for Ta-, Nb-, Fe- sheathed IMD, respectively. Though Ta works best on improving 

the Jcs of IMD wires, it is noted that the unit market price for Ta tube is 35 times higher 

than the price of Nb tube, and over 600 times higher than the price of Fe tube. Hence 

from the perspective of manufacturing cost, Nb or Fe is more suitable to be used as 

chemical barriers in IMD.  

Different heat treatment strategies were applied, with heat treatment temperatures 

ranging from 600 °C to 700 °C [257, 263, 267]. Due to unknown reasons, the IMD wires 
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show the highest layer Jcs when they were heat treated at about 640 °C, the temperature 

slightly below the melting point of Mg [257, 263]. Above 650 °C, both layer Jcs [263] 

and engineering Jes [257] dropped rapidly with the rise of heat treatment temperature.  

In addition, multifilament IMD wires were produced. Though containing some 

non-uniform filaments and unreacted B particles, their 19-filament IMD wires exhibited 

excellent superconducting properties. The layer Jcs at 20 K of a 19-filament IMD wire 

were as high as 3.3 × 10
5
 A/cm

2
 at 1 T and 4.9 × 10

4
 A/cm

2
 at 5 T [257].  

Even though the IMD wires achieved high layer Jcs, the engineering Je of all of 

these IMD wires were actually lower than state-of-the-art PIT wires. The MgB2 layer 

growth stopped shortly after the onset of heat treatment, leaving the maximum MgB2 

layer thickness to at most 20-30 μm, and thus limiting the total current density Je in the 

wire [226]. Also noted by Kumakura was that SiC doping suppressed diffusion depth of 

Mg in the B layer, which made it even more difficult for complete reaction in AIMI 

wires. This problem has not been understood until a thorough understanding of the MgB2 

layer growth mechanisms in IMD wires was developed very recently [196]. Different 

approaches were adopted to enlarge the MgB2 layer thickness, as well as engineering Je. 

Fabrication of multifilament wires could reduce the filament size and the thickness of the 

B precursor layer, so it was helpful to obtain a complete reaction in AIMI wires [257]. So 

far Kuamkura’s group was capable of producing 37-filament IMD wires [268]. But the 

multifilament wire production was usually accompanied with some technique issue 

including optimization of the MgB2 fraction, drawability of the filaments and wire 

homogeneity. Another method proposed by Ye et al. was to add Mg particles in the B 
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precursor layer [264]. The Mg particles in the B layer provided extra Mg sources for the 

MgB2 formation, which greatly reduced the Mg diffusion depth. Albeit Ye’s method 

resembled a hybrid process combining the traditional PIT route and the IMD process, a 

moderate control of the Mg addition level in his smart wire design indeed yielded fully 

reacted MgB2 wires with fairly dense structure (with very few porosity) and high 

engineering Je [269]. With this hybrid method, Ye was able to fabricate 1.2 mm thick 

IMD wires with best engineering Je as high as 5.8 × 10
3
 A/cm

2
 at 4.2 K, 10 T. 

Additionally, following our group’s work, Ye et al. successfully fabricated fully reacted 

IMD wires by reducing the wire diameter [270]. This effort reduced the thickness of B 

precursor layer so that it was easy for full Mg penetration. Meanwhile, to prepare IMD 

wires with better performance, Ye et al. fabricated strands with different types of B 

species [270]. Most recently, their work on developing new C-doping source via a C-

coated nano-sized B powders enabled them to produce high quality IMD wires with the 

layer Jc of 1.12 × 10
5
 A/cm

2
 and the corresponding engineering Je of 1.07 × 10

5
 A/cm

2
 at 

4.2 K, 10 T [119]. 

 

1.2.9 MgB2 Thin Films 

The research on MgB2 films is critical for developing superconducting electronic 

devices. The explorations in this field include Josephson junctions [271, 272], 

superconducting quantum interference devices (SQUIDs) [273], single phonon detectors 

(SSPD) [274], radiation detectors [275], hot electron bolometers (HEB) [276], and 

superconducting radiofrequency (SRF) cavities [277-279]. From a fundamental aspect, 
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the study on MgB2 films is helpful to understand the physics in this material [280]. MgB2 

films were found to possess quite distinct properties – their  normal state resistivity (300 

K) can range from 10
-6

 ·cm to 10
5
 ·cm [66]; their Tcs vary from 6 K [281] to 40 K 

[281, 282]; and more importantly, the Bc2(0 K)s differ from 12 T [201] to 70 T [283, 

284]. To fabricate high performance MgB2, it is worth knowing why properties like Bc2 

vary from sample to sample and how to intentionally construct a high Bc2 MgB2 film.  

The MgB2 films can be made by different deposition techniques including pulsed 

laser deposition (PLD) [110, 188], molecular beam epitaxy (MBE) [285, 286], hybrid 

physical-chemical vapor deposition (HPCVD) [42, 100], sputtering [287] and e-beam 

evaporation[288, 289]. Because of the high Mg vapor pressure at elevated temperatures 

and strong reactivity of Mg with oxygen, the probability for Mg sticking onto substrate 

and reacting with B atoms drops to near zero above 250 ºC. Hence it is difficult to obtain 

high quality MgB2 films via direct in situ deposition [65, 280]. Instead, amorphous B 

films are deposited. Then the precursor films are encapsulated with Mg flakes or powder 

in a quartz tube, and annealed in the inert gas environment at suitable temperatures. This 

creates an Mg-rich environment so that Mg can react with B properly.  This route is often 

called the “ex situ route”.  

Though difficult, MgB2 films still can be obtained by the in situ route. PLD and 

HPCVD are the two mostly used techniques to directly deposit MgB2 films. HPCVD, 

developed by Xi’s group in Penn State University [65], uses heated bulk Mg as the Mg 

source for the physical vapor deposition and diborane, B2H6 as the boron precursor gas 

for the chemical vapor deposition [65, 290]. As shown in Figure 16 (a), the Mg vapor 
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segregates around the substrate, generating a Mg-rich environment. So Mg reacts with 

B2H6 when the precursor gas flows in and forms MgB2 thin films. With this method, high 

quality MgB2 films with small surface roughness were prepared [42]. By mixing 

bis(methylcyclopentadieny) magnesium [(MeCp)2Mg] into the gas flow, C doping can 

also be easily achieved .  

 

 

Figure 16   Schematic pictures of (a) the HPCVD reactor and (b) PLD system (modified 

from [291, 292]) (Reproduced with permissions from Nature Publishing and Wiley). 

 

Compared with HPCVD which is specially designed for MgB2 deposition, PLD is 

a more commonly used technique and widely available for research institutions. In PLD, 

a high-power pulsed laser is focused inside the vacuum chamber to strike the target 
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materials (Figure 16b). The material is vaporized from the target in the form of plasma 

plume, and then deposited onto the substrate. Typically a deposition at 200-300 ºC could 

result in a Mg-B composite film. Nonetheless, the as-deposited film is amorphous and not 

superconducting [293]. Hence at the second step an annealing process at around 500-600 

ºC is necessary to crystallize the film and gain the superconductivity in MgB2 [294]. 

Specifically, this process is named as the “two-step in situ process”. 

MgB2 thin films with exceptional Bc2 have been obtained. Pogrebnyakov et al.  

[100, 295] used HPCVD to prepare a series of MgB2 thin films with different C doping 

level. The Bc2
//
(0K) of their best sample was higher than 60 T. Braccini et al. studied the 

Bc2(T) performance of HPCVD-made MgB2 thin films in high field magnets [283]. They 

reported extraordinary Bc2(0K) values as high as 70 T. However, it seemed that the Bc2 

enhancement of C-doping on MgB2 thin films is not universally effective for other 

deposition techniques beside HPCVD. No successful results have been reported in this 

area as far as the author knows [296]. Other elements, especially O, was suggested to 

increase the electron scattering and improve the Bc2 [25]. Eom et al. fabricated a set of ex 

situ thin films using PLD [110]. They found one of the films had outstanding Bc2 of 

above 50 T [283]. By comparing with other films, they attributed the high O 

concentration to the reason of the Bc2 improvement. This accidental finding reminded 

people the feasibility to alloy O into MgB2 thin films. Matsumoto et al. [111, 112] also 

deposited MgB2 thin films by PLD. Their samples had extrapolated values of Bc2 of 45 T 

at 0 K and best-ever Jc – B results reported so far (Figure 17). They claimed the O 

alloying together with the strong grain boundary pinning to be the reason for the 
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enhanced Bc2 and Jc. The excellent Jc result exhibits great potential of O doped MgB2 

products. Interestingly, Singh et al. [285, 297] postannealed MgB2 films in the O 

environment, successfully achieving the O incorporation in MgB2. Their report [285] 

showed the Bc2 was remarkably high because of the O alloying. In some particular cases, 

MgB2 thin films had enhanced Bc2 even without chemical doping. Zhao et al. [298] 

compared two undoped MgB2 films prepared by in situ and ex situ route, respectively. 

The in situ film showed much higher Bc2 than the ex situ films at 0-35 K. Zeng et al. [42] 

prepared undoped in situ MgB2 thin films by MBE. The Bc2
//
(0K) of his sample reached 

29.2 T, much higher than the upper critical field of the MgB2 single crystal [52]. Shen et 

al. [284] processed MgB2 films using a two-step annealing process. The Bc2 of MgB2 

films was also remarkably improved after a multiple heat treatment stages at different 

temperatures. 

 

 
Figure 17   Comparison between Jcs of a MgB2 film, Jcs of NbTi and Nb3Sn, and Jcs of a 

state-of-the-art MgB2 wire (modified from [111, 299]). 



60 

 

 

1.3 Research Motivations 

1.3.1 Summary 

This chapter, as a literature review, summarizes the basic superconducting 

knowledge in MgB2, as well as the popular topics in MgB2 superconductor research. 

MgB2 has a great potential to be commercial superconductor, even though the 

development of MgB2 superconducting wires encounters some technical problems – the 

limited upper critical field Bc2, the porosity and intergranular connectivity issues, and the 

requirement for strong flux pinning. The Bc2 can be enhanced by C doping, even though 

the improvement is not high enough at 20 K due to the trade-off in Tc. So for the 

application at 20-25 K, other doping options are needed. The porosity and connectivity 

issue is expected to be solved by the infiltration-method, which is also the main focus in 

this thesis. Grain refinement down to tens of nanometers is key to increase the flux 

pinning force. As shown in Figure 17, the Jcs of MgB2 could be comparable to those of 

the typical LTS, if MgB2 superconductors are properly optimized.  

 

1.3.2 Research Motivations 

The purpose of this thesis work is to gain a thorough understanding of the 

microstructure, properties, performance, processing and their intrinsic relationships in 

MgB2. In particular, the research motivations are as follows: 
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1. Study the structure-property relationship in typical PIT-type MgB2 wires. Identify 

the major structural defects in MgB2, such as connectivity issues and sausaging 

problems. Improve the properties including Jcs and n-values according to the 

understanding of microstructural defects and superconductivity-structure 

relationship.  

2. Understand the reaction kinetics in infiltration processed MgB2. Determine how 

processing parameters such as heat treatment conditions, powder packing density 

and C doing concentration affect the MgB2 layer growth as the reaction proceeds. 

Based on this knowledge, develop a new processing route – second generation, 

“Advanced Internal Mg Infiltration, AIMI” process.  

3. Investigate the effects of Dy2O3/C co-doping on AIMI processed MgB2 wires, 

particularly at 20 K. 

4. Research the Bc2 enhancement by O doping in MgB2. Gain an understanding of 

oxygen reaction thermodynamics in different MgB2 synthesis processes. Develop 

a new method to dope O into MgB2 thin films.  

 

 

 

 

 

 

  



62 

 

 

 

Chapter 2: Samples and Experimental Methods 

 

2.1 Sample Preparation 

2.1.1 MgB2 Wire Fabrication 

All MgB2 strands in this thesis were manufactured by Hyper Tech Research, Inc 

(HTR) using the CTFF process. The advantage of the CTFF process is the strong 

capability to fabricate long wires with excellent homogeneity. As shown in the inserted 

pictures in Figure 13, a typical in situ PIT wire fabricated by the CTFF process is 0.83 

mm in outer diameter (OD), with a central MgB2 core covered by a Nb barrier and a 

Monel outer sheath. Depending on the specific research purposes, wire construction 

parameters can be adjusted in terms of B powder choice, C doping level, sheath 

materials, heat treatment conditions, and wire diameters.  

For the fabrication of AIMI wires, the initial wire billet is a Mg rod positioned 

along the axis of a B-filled nested tube of Nb and Monel. The billet is drawn down to the 

desired size, typically 0.55 mm OD. Then the as-drawn wire is placed in a tube furnace 

for the final heat treatment. 

The B powders used in the wire fabrication are provided by Specialty Materials 

Inc (SMI), via the plasma assisted reaction of BCl3 gas with H2 [300]. A hydrocarbon 

gas, e.g. CH4, can be concurrently added to achieve C doping. The resultant B, hereafter 

called “SMI B”, is 10-100 nm in size and partially amorphous [300]. For C-containing B 
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powders, a variety of C-doping levels, ranging from 1 mol% to 4 mol%, is achieved, 

which makes it easy for fabrication and homogenous C doping. Kim et al. studied the 

microstructure of the C-doped SMI B powders using the zero-loss energy-filtering TEM 

(EFTEM) [118]. He found C mainly segregated outside the surface of B, forming a core-

shell structure (Figure 18). These TEM studies offer us a deep understanding of the 

materials we are working with. The MgB2 wires made by the SMI B exhibited excellent 

Jcs in comparison with MgB2 made by other commercial B powders, possibly because of 

its fine B size and amorphous structure. Hence this kind of powders has been widely used 

in MgB2 research by many groups [78, 118, 270, 301]. 

 

 

Figure 18   (a) High resolution TEM of C-doped SMI boron powders. The lattice fringes 

show some particles are amorphous and some are crystalline. (b) Selective area 

diffraction (SAD) of picture (a), showing the partially amorphous structure [300] 

(Reproduced with permission from AIP). (c) and (d) are the boron K map and carbon K 

map of the zero-loss EFTEM image respectively. The brightness indicates the intensity of 

signals, in other words, the concentration of elements[118] (Reproduced with permission 

from Wiley). 
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The heat treatment conditions also significantly affect the grain size and thus final 

properties. In this work, the MgB2 wires are placed in a tube furnace, ramped to soak 

temperature in about 80 min, kept at certain temperature for a few hours, and furnace 

cooled to room temperature. According to experience, a heat treatment temperature of 

675 ºC is often regarded as the optimal temperature for both CTFF-processed PIT wires 

and AIMI wires. Heat treatments above 750 ºC usually cause severe oxidation and grain 

coarsening, resulting in MgB2 wires with low quality. 

 

2.1.2 MgB2 Thin Film Deposition 

MgB2 thin films were prepared by pulsed laser deposition (PLD). Shown in 

Figure 19, the PLD system was manufactured by Neocera, Inc. The laser is a Lambda-

Physik KrF excimer laser with a maximum energy of ~400 mJ. The laser beam is guided 

by a set of optical devices into the vacuum chamber and well focused by a condenser lens 

before the laser spot strikes the target surface. An Ophir Orion energy meter with a 

PE50BB-SH-V2 sensor was used to monitor the energy loss of the laser beam. 10-20% of 

the energy loss is expected when the laser passes along the optical path. 

The vacuum chamber is a 46 cm OD (about 50 L in volume) stainless steel vessel 

made by Kurt J. Lesker, Co. A Pfeiffer T600 turbo pump (1000 Hz in maximum rotation 

speed) with a dry backing pump was used to maintain a high vacuum up to 10
-8

 Torr. The 

target carousel can accommodate six 2.54-cm-OD targets. So it is feasible to deposit a 

complex materials structure such as a multilayer and a multi-component system. The 

substrates were mounted onto an Inconel 400 substrate holder (5 cm OD), which was 
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attached to a heater so that an elevated temperature up to 1050 ºC can be achieved. The 

target-to-substrate distance can be adjusted from 20 mm to 40 mm in order to gain the 

best film quality.  

For MgB2 thin film deposition, a Mg-B composite target with stoichiometric ratio 

larger than 1:2 was used. The target was prepared by a high temperature, high pressure 

furnace in our lab [302]. Commercial sapphire substrates were used in most cases, even 

though Si and MgO substrates were also chosen for certain occasions. 

 

 

 

Figure 19 Pulsed laser deposition system used in this thesis work, with the left part is the 

deposition chamber and the right part is the KrF excimer laser (Picture was taken by 

Guangze Li). 
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2.2 Experimental Methods 

2.2.1 Transport Jc Measurement 

The transport Jc measurement system is a 15 T Oxford Instrument research 

magnet controlled by a Labview-based interface. This system uses the conventional “four 

point method” to investigate the voltage-current (V-I) characteristics of the 

superconducting wires [222]. The samples are tested in transverse magnetic fields B of up 

to 15 T, and temperatures T, from 4.2 K to at least 40 K.  

Two kinds of samples are studied: (1) “ITER barrel” samples made with 1.5 m-

long segments of the strands helically wound onto 32-mm-diameter Ti-Al-V alloy 

holders. The gauge length was 500 mm. (2) Short straight wires (ranging from 35-50 mm 

long) were also measured. In this case the gauge length was 5 mm. 

Figure 20 (b) and (c) shows the sample probes for testing the “ITER barrel” [303] 

samples and short straight wires in a pool of boiling He at 4.2 K. A variable-temperature 

insert was specially designed for measurements at 10-40 K. The insert, located in the bore 

of the superconducting magnet, was a brass-can 150 mm long and 52 mm in diameter 

(Figure 20d). In it, the sample was mounted between a pair of massive brass busbars 10 

mm × 10 mm in cross section and 100 mm in length separated by a G10 plate, all 

suspended from a pair of 30 mm long, 2 mm diameter, current leads. A heater was 

attached to the plate and the sample temperature was measured by a Cernox temperature-

sensitive resistor attached to one of the busbars near the sample position. Thermal 

equilibrium at each temperature of measurement was established between sample-block 

cooling (by exchange gas and conduction along the current leads) and resistive heating. It 
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is noted that in all cases the gauge-length/sample length ratio was adequate to ensure 

complete current sharing into the MgB2 layers [121].  

 

 
Figure 20 (a) 15 T Oxford Instrument magnet for the transport Jc measurement system. 

(b-d) sample probe heads for “ITER barrel”, short straight wires at 4.2 K, and short wire 

at 10-40 K, respectively (Pictures were taken by Guangze Li). 

 

Two types of parameters are obtained from the transport Jc measurement – Jcs and 

n-values. The transport Jc is determined from the V-I curves, usually following the 

electric field criterion Ec = 1 μV/cm. The n-value is taken from the empirical power law 

relationship,     . The intrinsic n-value is a measure of the effective strength of the 

pinning centers, but in practical wire samples, particularly multifilamentary samples, the 

n-value can also been limited by the extrinsic wire defects [122, 304]. Any defects in the 
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wire such as filament sausaging, impurities, and cracks, will cause degradations in n-

values. In practice, a superconductor is usually required that the Jc is higher   

 

2.2.2 Physical Property Measurement System 

The Model 6000 Physical Property Measurement System (PPMS) was made by 

Quantum Design, Inc. It is a multi-functional measurement instrument designed for 

various physical properties tests, including resistivity, heat capacity, and Hall coefficient. 

This model has a temperature range of 1.8 K to 400 K and is capable for producing 

magnetic fields up to 14 T. The resolution of the magnetization detection is ~10
-6

 emu. 

This thesis mainly used two modules – the resistivity module and the vibrating sample 

magnetometer (VSM) module. 

The resistivity module was primarily used for determining the critical surface, 

“Bc2-T curve”, of MgB2 thin films. Samples were mounted onto the DC sample puck 

following the four point method. The puck was then placed into the PPMS sample 

chamber for the resistivity vs. temperature (-T) test. The -T test measures the 

superconductivity transition temperature Tc of the samples. Thus by measuring Tcs at 

different magnetic fields, the Bc2-T curve can be determined. The current limit for the 

resistivity test is 2 A (current-switching mode), with resolution of 10 nA. To ensure a 

homogenous temperature distribution in the sample, the temperature change rate is 

usually equal to or less than 1 K/min. 

The VSM measures the magnetic properties of a material by positioning the 

sample in a static magnetic field and vibrating it at a fixed frequency near the detection 
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coil. An oscillating voltage is induced in the detection coil at the same frequency as the 

vibration of the sample. This signal was amplified and translated to the magnetization 

values, M, output to the users. By measuring the M-B curves at a particular temperature 

and analyzing the results with the Bean model [305], we are able to determine the 

magnetic critical current density Jcm. Together with the transport Jc measurement 

mentioned before, this method is one of the two major techniques to measure the critical 

current density of superconductors. 

 

2.2.3 Electron Microscopy 

Scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

and related techniques such as energy dispersive spectroscopy (EDS) and focused ion 

beam (FIB) were used for microstructure characterization and elemental analysis. These 

apparatus are described in Refs. [306, 307]. This part of work was completed at the 

Center for Electron Microscopy and Analysis (CEMAS) at The Ohio State University. 

Three SEM instruments were used to study MgB2. The FEI Sirion SEM and FEI 

XL-30 ESEM were mainly used for imaging secondary electron (SE) images. Both 

microscopes were equipped with a field emission electron source (FEG) so that a high 

resolution down to 1.5 nm at high beam voltages and 2.5 nm at 1 kV can be achieved. 

The FEI Quanta 200 SEM is tungsten sourced SEM with an ultra-thin-polymer-window 

EDS system. This equipment was used for back scattered (BSE) SEM imaging and EDS 

analysis. It is noted that even with the low fluorescence yield and strong absorption effect 
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in B, it is still feasible to obtain qualitative EDS results of MgB2 by using standard 

samples and proper SEM/EDS parameters [306, 308].  

 The TEM samples were prepared in an FEI Helios NanoLab™ 600 Dual Beam 

system using the FIB technique. The FIBed foils were 5 μm × 20 μm in size and mounted 

onto OmniProbe copper grids for TEM characterization. The FEI CM-200T TEM and the 

FEI Tecnai F20 scanning TEM were ultilized for TEM studies. The CM-200T has 200 

kV accelerating voltage with LaB6 cathode. Its resolution is 2.7 Å, with sample tilt angle 

equal to ±70°. The Tecnai F20 is with high brightness FEG, and can do STEM and EELS 

analysis. Details about all the above mentioned instruments can be referred to the official 

website of CEMAS. 

 

2.2.4 Optical Microscopy  

The microstructures of the polished cross-sections of infiltration-processed wires 

and MgB2 thin films were also characterized using an Olympus PME-3 optical 

microscope (OM). As shown in Figure 21, the OM pictures provide better contrast to 

discern the MgB2 and B-rich layers than the SEM images. With a resolution of less than 1 

μm, OM can be regarded as a cheap but reliable way to study the MgB2 layer growth 

behavior in infiltration-processed MgB2 wires [121, 254, 257].  
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Figure 21 Comparison of (a) OM and (b) back-scattered SEM images for a partially 

reacted AIMI wire. OM shows better contrast between MgB2 and B-rich layers (Pictures 

were taken by Guangze Li). 

 

2.2.5 Experimental Errors and Sample Variations 

There are three places which possibly generate experimental errors and sample 

variations during the transport Jc measurement. Hence it is necessary to evaluate these 

uncertainties in order to obtain data with high confidence. 

Firstly, experimental errors caused by the measurement method. As described in 

section 2.2.1, the critical current, Ic, is measured through the “four point method” in a 15-

T magnet at 4.2 K. The resolution of the measurement is 0.01 A. The results might be 

affected by a couple of factors. For example, experimental errors are generated if the 

samples are not properly prepared (e.g. bent, dropped, not well attached onto the current 

leads, or their gauge-length/sample length ratios are too small). Also experimental errors 

are likely to appear if the samples are not positioned in the center of the magnet or if the 
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magnet is not calibrated after months of usage. To avoid these problems, samples are 

always carefully prepared and tenderly mounted onto the sample probe. Then they are 

slowly cooled down to cryogenic temperatures in order to reduce the stresses caused by 

thermal expansion. The Ics are tested from high magnetic fields to low magnetic fields so 

that no quench happens before Ic data are collected. Moreover, both sample probes and 

the magnet are well maintained and frequently calibrated. To demonstrate the 

repeatability of the measurement system, a sample was installed in the magnet and 

measured in the same temperature and field for a couple of times. As a result, most V-I 

curves overlaps with each other, showing a good repeatability. In fact, according to the 

previous studies on NbTi and Nb3Sn wires, the intrinsic error of the critical current 

measurement is about 2% for a superconducting with high quality. 

Secondly, experimental errors caused by the measurement of MgB2 area. MgB2 

area is used to estimate Jc. It is typically measured through a SEM or OM image. To 

obtain a value of MgB2 area with high accuracy, the image should be well focused. The 

cross-sectional polishing plane should be perpendicular to the wire direction. These 

efforts are adequate to obtain an accurate result of MgB2 area in PIT wires (error < 2%). 

However, a relatively large error (~5%) can still be generated in measuring the MgB2 

area in infiltration-processed wires. This is because the infiltration-processed wires have 

a MgB2-B transition layer (see Figure 37). The transition layer is not as good as the MgB2 

layer in current conduction. But it is difficult to discern the boundary between the 

transition layer and the MgB2 layer. In this dissertation, I used both SEM and OM images 

to determine the area of MgB2 layers. In most cases, a small portion of the transition layer 
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area was counted into the MgB2 area, which resulted in a conservative estimation of layer 

Jc. 

Thirdly, variations caused by the inhomogeneity along the wire direction. All 

wires are fabricated by the CTFF process, which is capable to produce long MgB2 wires 

in very high homogeneity. To quantify the uncertainty along the wire direction, 10 pieces 

of short straight wires were sampled along a 200 meter long MgB2 PIT type wire. Then 

Jcs were measured at 4.2 K and 10 T on each of the samples. As a result, a narrow Jc 

distribution was obtained, with the mean, Jc,mean, equals to 2.5 × 10
4 

A/cm
2
, and standard 

deviation σ equals to 1.2 × 10
3 

A/cm
2
. 

In summary, experimental critical current test, MgB2 area measurement, and wire 

homogeneity along the length direction could cause experimental errors in the reported 

results. The experimental errors caused by the MgB2 area measurement and critical 

current test are less than 5% in total. In the presentation of the Jc plots, the data bars of 

such errors are typically comparable to the size of symbols so in most occasions they are 

not shown in the plots. 
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Chapter 3: Superconducting Properties and Structures of in situ  

Powder-in-Tube (PIT) Type MgB2 Wires 

 

3.1 Introduction 

In most literature, evaluation of MgB2 strand properties has been based on the 

results of transport Jc measurements. Most of these are performed at 4.2 K for 

convenience. Other researchers have gauged property improvement in terms of 

magnetization-derived Jc results, sometimes performed over a range of temperatures. 

Thus, in general, the characterization of MgB2’s electromagnetic properties and their 

improvement has tended to be rather narrowly focused – those examining transport 

properties are usually content to restrict themselves to 4.2 K, and only selected 

publications include the n-value analyses. However, to assess an MgB2 strand for a 

particular application, it is important to have a complete data set, one in which magnetic 

and transport data taken on the same strands are shown side by side, with the Jcs and n-

values presented as a function of temperature and field.  

This thesis started with re-evaluating the properties of MgB2 strands fabricated by 

traditional routines, particularly the in situ PIT process. In this chapter, both 

monofilament and multifilament in situ PIT-type MgB2 wires were investigated in terms 

of Jcs and n-values at different temperatures and fields. The superconducting properties 

and microstructures of in situ PIT wires were compared with those of an infiltration-

processed wire. By fitting Jc results with the percolation model, we were able to 
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understand how the parameters like connectivity and critical field affected the Jc 

properties of MgB2 conductors. 

 

3.2 Critical Current Densities and n-values of MgB2 Monofilament Wires  

over a Wide Range of Temperatures and Fields 

A series of three in situ PIT-type monofilament strands (designated P0, P2, and 

P3), typically 0.83 mm OD, with a Nb barrier and a Monel® outer sheath were 

manufactured by Hyper Tech Research, Inc. using the CTFF process [227]. For 

comparison purpose, one other strand (I2) was made following the “Mg-reactive liquid 

infiltration, Mg-RLI” [194] or “internal Mg diffusion, IMD” technique [195] based on 

positioning a 3.2 mm OD Mg rod along the axis of a B-filled double tube of Nb7.5Ta and 

Monel®. All samples were heat treated in a tube furnace with Ar gas protection after wire 

drawing. The strand specifications and conditions are listed in Table 4. MgB2 fill factors 

are calculated based on the MgB2 area measurements, which are averaged over more than 

five samples for confidence. The 95% confidence intervals of the data are within ±0.8%. 

 

Table 4  Monofilament strand specifications and conditions 

Name Process MgB2 core  

diam. (μm) 

Dopant conc.  

(mol% C) 

MgB2 fill  

factor  (%) 

Heat treatment  

at soak 

P0 PIT 419 (d0) 0 25.2 675 ºC/20 min 

P2 PIT 325 (d0) 2.09 15.2 675 ºC/20 min 

P3 PIT 302 (d0) 3.15 13.1 700 ºC/20 min 

I2 Infiltration 270 (d0) 

204 (di) 

2.09 5.2 675 ºC/30 min 
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3.2.1 Effect of Carbon Doping Level on Critical Properties 

 

 

Figure 22 Transport and magnetic Jc versus B in transverse applied fields at temperatures 

between 4.2 K and 30 K for (a) strand P0 (undoped PIT), (b) strand P2 (2% C-doped 

PIT), (c) strand P3 (3% C-doped PIT), and (d) strand I2 (2% C-doped infiltration-

processed wire). The transport Jcs are represented by lines through data points; the 

magnetic Jcs are represented by the ‘corresponding’ full lines (arranged right-to-left in 

descending order of temperature). The ‘non-barrier’ Jcs for infiltration-processed strand 

I2 is defined by Ic over the total area inside of the Nb barrier [104]. 

 

Figure 22 displays the magnetic and transport derived Jcs of all four samples. 

Considering first the transport results only, the data are limited at lower values by either 

strand instabilities (all strands in this study are monofilaments) or the current limitation 
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of the probe (220 A). Table 5 compares the transport Jcs at both low temperature (4.2 K) 

and high temperatures (20 K and 25 K). C doping significantly enhances the Jcs at 4.2 K. 

The Jc of P2 at 10 T is 1.4 × 10
4
 A/cm

2
, 26 times higher than that of the undoped MgB2 

sample P0. The Jc improvement becomes more pronounced as C doping level increases – 

the 3% C-doped sample P3 attains Jc of 4.2 × 10
4
 A/cm

2
 at 10 T, 80 times as high as that 

of P0. 

As discussed in literature, the Jc enhancement by C doping at 4.2 K is primarily 

due to the improved critical fields Bc2. To examine the Bc2 of these strands, as well as 

other properties like Birr and Tc, the resistance versus temperature (R-T) measurements 

were carried out in perpendicular fields of up to 14 T using the PPMS in our group. The 

same samples were measured by our group at the National High Magnetic Field Lab 

(NHMFL) for the high field measurements. The resulting Bc2(T) and Birr(T) data are 

shown in Figure 23. The critical fields extrapolate to zero at the critical temperature Tc, 

which for strands P0, P2, P3, and I2 are 38.2, 35.4, 33.2, and 34.8 K, respectively. 

 

Table 5  Comparison of transport Jcs at different temperatures (unit: A/cm
2
) [109] 

Name C doping level (mol%) 4.2 K (10 T)
1
 20 K (5 T) 25 K (2.5 T) 

P0 0 523 1.1 × 10
3
 8.1 × 10

3
 

P2 2 1.4 × 10
4
 6.9 × 10

3
 8.0 × 10

3
 

P3 3 4.2 × 10
4
 5.1 × 10

3
 2.2 × 10

3
 

I2 2 4.0 × 10
4
 1.1 × 10

4
 7.1 × 10

3
 

 

 

                                                 
1
 Different magnetic fields were chosen at different temperatures. This does not cause obvious change in 

the comparison. 
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Figure 23 Temperature dependence of (a) the upper critical field Bc2, and (b) the 

irreversibility field Birr [103]. 

 

It is well known that atomic substitution of C into the B sublattice increases 

charge-carrier scattering with (i) reduces Cooper-pair coupling, lowers Tc, and hence 

tends to lower Bc2, and (ii) increases normal-state resistivity which has the opposite effect 

on Bc2. With carbon doping the latter effect is dominant at lower temperatures while at 

higher temperatures the former effect dominates as T approaches Tc. The steady decrease 

in Tc from 38.2 K to 33.2 K corresponds to an increase in the nominal starting C level 
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from zero to 3 mol% and indicates that proportionate levels of C are substituting into the 

B lattice. Furthermore, strands P2 and I2 with 2 mol% C have reasonably similar Tcs 

(35.4 K and 34.8 K). Carbon substitution, according to the above description, also 

explains the behaviors of the critical fields. At temperatures below 20 K the substitution 

by C produces a strong increase in the critical fields. But in the vicinity of 20-25 K the 

critical field curves cross over as effects of the lower Tcs of the C-doped strands begin to 

be felt. 

 Similarly, C doping becomes less effective in improving the transport Jc at 

elevated temperatures. As shown in Table 5, C doping contributes only 4-5 times of the Jc 

enhancement at 20 K and causes negligible or even negative effects on Jc at 25 K. The 

ineffectiveness of C doping on MgB2 at 20-25 K may be due to the suppressed Bc2. Also 

the insulting phases generated from C doping weaken the connectivity and deteriorate the 

Jc. Since the MgB2 products are mainly designed for the applications at 20-25 K, efforts 

are still required to develop more effective dopant choice at higher temperatures. 

 Particularly noticeable in Figure 22 is the premature drop-off of magnetic Jc with 

increasing field strength. As explained by our group [309] this effect is a result of the 

difference between the Jc along the strand, which is of course transport Jc(B),  and that 

transverse to the strand axis, say Jc2(B). The CTFF-type PIT strand is known to have a 

fibrous macrostructure stemming from the elongation of the starting Mg powder particles 

during wire drawing [309, 310]. Consequently, it is less well connected transversely than 

longitudinally. Furthermore magnetic measurements with the field directed along the 

strand axis have shown that the transverse currents are associated with a lower transverse 
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irreversibility field, Birr, trans. In a magnetic Jc measurement the loop current that supports 

the magnetization is controlled by the smaller of transport Jc(B) and Jc2(B). Thus although 

at low fields the magnetic Jc is equal to (or may turn out to be a bit higher than) the 

transport Jc, as the applied field tends towards Birr, trans, magnetic Jc drops further and 

further below the transport Jc. 

 

3.2.2 Transport Jc and Connectivity 

It is generally accepted by now that MgB2 exhibits grain boundary pinning whose 

Jc(B) follows the well known Kramer-Dew-Hughes relationship [11, 63]. Nevertheless, as 

shown in Figure 22, over a broad intermediate field range, to a first approximation, log(Jc) 

decreases linearly with field. So for this reason and for analytical convenience (see below) 

we have chosen to fit the data of Figure 22 (at all fields, B, and temperatures t ≡ T/Tc) to 

 0

0

( , ) ( )exp[ ]
( )

c c

B
J B t J t

B t
    (18) 

where Jc0(t) is the zero-field temperature-dependent Jc, and B0(t) is a temperature-

dependent field-normalization quotient. When analyzing the dependence of n-value on Jc, 

B, and T we went on to empirically fit the temperature dependencies of Jc0(t) and B0(t) 

leading to 

 2

0 00( ) (1 )c cJ t J t    (19) 

 0 00( ) (1 )B t B t    (20) 

where Jc00 represents (0 T, 0 K) critical current density and B00 is the 0 K value of B0 , 

and in which the fitting constants from Figure 22 were found to be α = 1.3 and β = 1.0.  



81 

 

(Subsequently, in order to better fit the n(B,T) data of Figure 26, adjustments to α = 1.8 

and β = 1.2 were required). Also, values of Jc0, and B0 at 10 K and the maximum bulk 

pinning force densities, Fp,max,  at 4.2 K and 10 K have been extracted from the transport 

data of Figure 22 and are presented in Table 6. It is noted for the strand I2, the results 

were obtained by fitting the layer Jc(B) curve, rather than the “non-barrier” Jc. The layer 

Jc describe the current density in the dense MgB2 structure, so this parameter presents an 

accurate evaluation on the pinning ability and connectivity. Figure 24 exhibits the layer Jc 

and engineering Je of I2. 

 

 

 

Table 6  Transport properties of the strands [104] 

Strand P0 P2 P3 I2 

Trans. Jc0, 10K (10
5
 A/cm

2
) 18.4 8.1 10.4 59.6

2
 

B0, 10 K (T) 1.07 1.86 2.30 1.90 

Fp, max, 10 K (GN/m
3
) 7.2 5.5 8.7 41.5 

Fp, max, 4.2 K (GN/m
3
) 5.6 8.4 11.3 60.9 

Estimated connectivity, K (%) 12 9 15 69 

 

 

                                                 
2
 Extrapolated from the layer Jc of I2.  
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Figure 24 Field dependence of (a) layer Jc and (b) engineering Je of strand I2 [109]. 

 

Previous analysis of a PIT strand of MgB2 doped with 5 mol% of 30 nm SiC, gave 

an Fp,max,10K  (i.e. Fp,max at 10 K) value of 4.53 GN/m
3
 [311]. When compared with the 

resistively measured connectivity, K, of a pellet prepared from the same powder (K = 

6.41%) [28], this same analysis indicated that if a 100%-connected C-doped MgB2 were 

possible it would have a Fp,max,10K  of about 70 GN/m
3
. Taking the next step and referring 

to averaged data from Table 6 (strands P2 and P3) which provides Fp,max,4.2K / Fp,max,10K  = 
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1.41 we conclude that such a perfectly connected strand, if it existed, would have an 

Fp,max,4.2K  = 99 GN/m
3

  a value which is in reasonable accord with the Fp,max,4.2K =  90 

GN/m
3
 estimated by Matsushita for fully connected well characterized bulk MgB2 [312]. 

It is instructive to compare these estimates to corresponding results for the infiltration 

processed strand, whose MgB2 reaction layer is very dense, albeit with the possible 

presence of blocking layers.      

 We then can compare, for example, P2 and I2 in terms of both transport Jc0 and K, 

in Table 6. For the PIT strand P2 the transport Jc at 10 K, Jc0, 10K =  8.1 × 10
5
 A/cm

2
, 

while that for infiltration-processed sample I2 is tabulated as 59.6 × 10
5
 A/cm

2
. When 

normalized to the whole area inside the chemical barrier (see Table 4) although the “non-

barrier” Jc0,10K of I2 reduces to 25.6 × 10
5 

A/cm
2
, it is still a factor of 3 greater than that 

of P2. In other words, on the basis of “non-barrier Jc”, the superior connectivity of the 

reaction layer provides the infiltration-processed strand with a greater current density 

than that of the PIT. Most interesting from a scientific point of view, is the direct 

comparison of the infiltration-processed “layer Jc” with the PIT core Jc which indicates 

just how much of an increase in transport properties is available for very dense MgB2 

structures. 

 

3.2.3 Empirical Relationship for n-values in Monofilament MgB2 Wires 

Extracted from the transport V-I data (the source of Figure 22), n is the index of 

the electric-field current-density (E-J) curve in the vicinity of Jc expressed in the form, 

E/Ec = (J/Jc)
n
, in which E is electric field (the voltage drop across the sample’s gauge 
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length) and J is current density. In these measurements, the criterion Ec was set to 1 

µV/cm and data from 2Ec to 20Ec were collected to obtain the n-values. 

Several groups of authors have measured the dependencies of n-value on (i) 

temperature, T [313], (ii) applied field strength, B [313-315], and (iii) critical current or 

critical current density, Jc [313, 315-317]. Although no quantitative relationships between 

n-value and T and B were established, two of the research groups [313, 316] did point out 

that n ∝ Jc
m
. Kim et al [316] measured a pair of 0.83 mm diameter CTFF-processed 

monofilamentary Nb/monel-sheathed MgB2 strands heat treated at 650 °C/30 min, one 

undoped and the other C-doped using an addition of 10 wt% malic acid. Analysis of their 

data yielded m-indices of 0.37 (undoped) and 0.40 (doped). Based on measurements of 

HIPed and resistively heated bulk samples of undoped and doped MgB2 and ex-situ-

processed doped and undoped PIT strands Martínez et al [313] reported m-indices of 0.5 

and 0.7. Implicit in the results of Martínez et al [315] and Kitaguchi et al [317] were m-

indices of 0.72 [315] and 0.69 [317]. It seems that the m-index does not vary much (0.56 

± 0.16, based on [313, 315-317] and 0.52 ± 0.11, based on the present work, Figure 25). 

On the other hand, hidden strand-to-strand differences show up in the prefactor N of the 

equality n = NJc
m
. Thus, in the above-cited studies we find N varying widely, from 0.02 

[315] through 0.04 [313], 0.24 [313], to 0.28 [316] and 0.56 [316], and in the present 

studies from 0.01 to 0.50. It seems that the prefactor N responds to strand type, 

processing conditions, and measurement temperature. 

To further investigate the relationship between n-value and Jc and hence its 

dependence on field (0~12 T) and temperature (4.2~30 K) we performed transport 
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measurements of Jc(B,T) and the associated n(B,T)-values and plotted the results as in 

Figure 25(a) for strand P0 and Figure 25(b) for all the strands. The data, fitted to n = NJc
m
 

give for each strand unique values of N and m which are independent of temperature and 

applied field strength. The n-values in this work are for high quality monofilament 

strands, and although not necessarily “intrinsic” (those associated with measurements of 

pinning potentials), they do represent what can be expected from transport measurements 

of MgB2 strands in the absence of gross extrinsic limitations. 

 

 

Figure 25 n-value versus transport Jc(B, T) for (a) undoped strand P0 and (b) for all 

strands at all fields (up to 12 T) and temperatures (4-30 K) [104]. 
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The results of transport property (combined Jc(B) and n-value) measurements can 

also be displayed in plots of n-value versus B. Several of the above authors have 

presented such plots [313-315], all of which indicate that log(n) ∝ -pB with a 

temperature dependent slope, -p. In agreement with this trend are the results of the 

present transport property measurements as plotted in the format log(n) versus B, Figure 

26. 

The field dependence of n can be quantified in the following way:  Starting with 

the empirical relationship n = NJc
m
 we next insert Jc = Jc0 exp(-B/B0) and find: 

 0

0

log( ) log( ) log[ exp( )]c

B
n N m J

B
     (21) 

  0 0

0 0

log( ) log( ) 0.434 ln[exp( )] log( ) 0.434m m

c c

B B
n NJ m NJ m

B B
        (22) 

  0log( ) log( ) .n n pB    (23) 

such that, in a plot of log(n) versus B,  log(n0) ≡ log(NJc0
m
) is the intercept and -p ≡ -

0.434m/B0 is the slope. Simply stated, just as n ∝ Jc
m
 so is n ∝ B

-p
. 

Considering by way of example just the 10 K results, the experimentally 

determined values of the extrapolated intercept, log(n0), and the slope, -p, are compared 

with the expectation from Equation (22) in Table 8, to demonstrate self-consistency. In 

that table the experimental values of Jc0 and B0 are from linear fits to the 10 K data of 

Figure 22(a-c) and Figure 24(a), and the m- and corresponding N-values are from data-

fits to Figure 25. 
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Figure 26 n-value versus B in perpendicular applied fields at temperatures between 4.2 

and 40 K for: (a) undoped PIT strand P0, (b) 2% C-doped PIT strand P2, (c) 3% C doped 

PIT strand P3, and (d) 2% C-doped infiltration-processed strand I2  [104]. 

 

Table 7  Analysis of the 10 K transport property results  [104]  

Strand P0 P2 P3 I2 

Trans. Temp. Tc (K) 38.2 35.4 33.2 34.8 

J0 (10
5
 A/cm

2
) 18.37 8.07 10.40 59.56 

B0 (T) 1.07 1.86 2.30 1.90 

m10 K 0.537 0.434 0.417 0.491 

N10 K 0.138 0.333 0.242 0.134 

p10 K = 0.434 m/B0 0.208 0.115 0.084 0.145 

p10 K, measured, Figure 26 0.219 0.102 0.083 0.112 

n0,10 K, calculated = N10 K Jc0
m(10K)

 316 121 78 286 

n0,10 K, measured, Figure 26 316 123 87 281 
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The expression for n(B,T) or n(B,t) to be developed is based on the exponential 

approximation for Jc(B) and the observation (Figure 25) that for a given strand at all 

temperatures log(n) ∝ log(Jc) and hence that n = NJc
m
.  Then since N and m are 

temperature independent the temperature dependence of n(B,t) can be assigned to that of 

Jc(B,t), in other words: 

 
2

00

00

( , ) [ (1 1.8 )exp( )]
(1 1.2 )

m

c

B
n B t N J t

B t
  


  (24) 

This leads to the following prescription for predicting the temperature dependence of   

n(B,t):  

 At some convenient fixed temperature, designated Tmeas (e.g. 10 K), and over a 

wide range of fields, measurements are made of Jc(B) and the corresponding n(B), after 

which 

1. n(B) is fitted to  NJc
m
(B) and values of N and m determined, 

2. Jc(B) is fitted to Jc(B) = Jc0 exp(-B/B0) and values of Jc0(Tmeas) and B0(Tmeas) 

determined, 

3. values of Jc00 and B00 are determined following Equations (19) and (20), 

respectively. 

The quantities N, Jc00, B00, and m having been obtained in this way n(B,t) can be 

determined by substitution into Equation (24). 

By way of example Figure 27 is presented. Using only 10 K data for samples P2 and 

P3 we use Equation (24) to predict n(B) for five temperatures between 10 K and 20 K and 

compare the resulting curve with the experimentally measured n(B) data. 
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Figure 27 n-value versus B at temperatures between 10 K and 20 K for PIT strands (a) P2 

and (b) P3 based on equation (24) (full lines) [104]. 

 

3.2.4 Discussion 

As a useful starting point for the analysis of MgB2 strands for application, a 

comprehensive set of transport and magnetic measurements was performed on strands 

representing state-of-the-art MgB2 conductors over a wide range of temperatures and 
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fields. Measured were three PIT-processed strands, P0, P2, and P3, with nominal 0, 2 and 

3 mol% C additions, and one infiltration-processed strand, I2, with 2 mol% C addition. 

Transport and magnetic critical current densities were measured in perpendicular applied 

fields of up to 12 T and at temperatures in the range 4.2-40 K. The observed linear 

decrease of log(Jc) over a broad intermediate field range justified data fits to the 

expression Jc(B) = Jc0 exp(-B/B0). As the fields increased above the mid-range values 

rapid divergences of transport Jc(B) and magnetic Jc(B) were observed. The premature 

decreases in magnetic Jc(B) in the case of P0, P2, and P3, were attributed to weakness in 

the transverse Jc caused by the strands’ fibrous longitudinal macrostructure. Extracted 

from the Jc(B) data of PIT strands at an arbitrarily chosen 10 K values of the maximum 

bulk pinning force Fp,max,10 K were calculated to be in the 7-8 GN/m
3
 range, and, based on 

estimated connectivity values would be expected to be roughly 100 GN/m
3
 at 4.2 K if full 

connectivity were possible (compared to a previously estimated 90 GN/m
3
 for a bulk 

sample of MgB2). It is interesting to compare this to the actual measured values for the 

very dense infiltration-processed samples where the Fp,max at 4.2 K is seen to reach 60 

GN/m
3
, relatively close to the expected value for fully connected strands with the given 

grain size. Even though the filament is hollow, as a consequence of the very high layer 

Jc0 resulting from an estimated strong connectivity, the “non-barrier” Jc0 (that normalized 

to the whole area within the Nb barrier) of strand I2 turned out to be a factor of 3 greater 

than the Jc0 of PIT strand P2. 

The “90% and 10% transition points” of R(T) curves taken over a wide range of 

fields led to plots of Bc2(T) and Birr(T) after which short extrapolations to zero field 
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provided the critical temperatures, Tc. Carbon content and Tc were directly related; Tc 

decreased monotonically with increasing mol% C (suggesting C substitution into the B 

sublattice) and the Tcs of P2 and I2 were practically the same. Charge-carrier scattering 

by C-substitution tends to lower Tc and increase normal-state resistivity. At lower 

temperatures the latter effect dominates and the critical fields increase with the addition 

of the C; the opposite occurs at higher temperatures as Tc is lowered by C substitution.  

Transport Jc(B,T) measurements also provided corresponding values of n(B,T) 

which were subjected to detailed analysis. It turned out that for all fields and 

temperatures the n-data all condensed onto a single linear plot of log(n(B,T)) versus Jc 

leading to n ∝ Jc
m
, a relationship frequently noted by others. But by extending the 

analysis further we determined the constants N and m in the relationship n = NJc
m
. The 

function log(n(B,T)) was also plotted versus B for each temperature of measurement (4.2-

30 K), and the resulting linearity described in terms of a proportionality n ∝ B
-p

 in which 

the index p is temperature dependent. Further analysis of the field (B) and temperature (t 

= T/Tc) dependencies of n-value resulted in the expression                   

                                 which enabled n(B,T) for all B and T to be 

estimated for a given strand based on the results of transport Jc(B) measurements made at 

one arbitrarily chosen temperature. We expect that this data, taken together with the 

transport data from the first part of the work, can be useful for choosing applications and 

operational regimes for MgB2 conductors, and also useful for models of system 

performance. 
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3.3 Critical Current Densities and n-values of MgB2 Multifilament Wires 

Superconducting wires with multiple filaments are demanded given the 

application issues including wire stability and AC losses [13]. The MgB2 filament with 

small diameter is helpful for the thermal dissipation and the reduction of the AC losses. 

Typically, a multifilament wire is 0.83 mm thick, with 18 or 36 filaments stacked in the 

matrix (corresponding to the filament size of 100 and 70 μm, respectively) (Figure 28). 

Depending on the requirements, thinner multifilament wires with finer filament size are 

possible for the long length wire fabrication. The filament size can be smaller than 15 μm. 

 

 

 

Figure 28 Cross-sectional SEM images of typical 18- and 36- filament MgB2 wires (wire 

diameter: 0.83 mm) (Images were pictured by Guangze Li in internal reports). 
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Figure 29 Cross-sectional OM images of 54-filament MgB2 wires with wire diameter of 

0.51-0.20 mm for low AC loss purposes (Images were pictured by Guangze Li in internal 

reports). 

 

 

The strict requirement for the filament size in multifilament MgB2 wires poses 

great challenges for the wire fabrication. It is therefore necessary to investigate whether 

the wire properties degrade as the filament size gets reduced. To answer this question a 

group of 2% C doped “ITER barrel” type MgB2 strands with filament number from 1 to 

36 is studied. 

 Table 8 lists sample specifications. As shown in Figure 30(a), no obvious effect of 

filament numbers was observed with regard to Jc. Nonetheless, as displayed in Figure 30 

(b), n-values become somewhat diminished as a higher number of MgB2 filaments are 

used in a strand. The single filament sample M10 shows the best n-values, nearly 40 at 7 
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T. But n-values of some 30- or 36- filament strands, like M2 and M3, saturate at 20 or 

less when the applied field is lower than 8 T. 

 

Table 8  Sample specifications of “ITER barrel” type MgB2 samples with different 

filament number
3
 [304] 

Name Trace 

No. 

Filament 

No. 

Central 

Filament 

C, 

mol% 

MgB2 

F.F., 

%  

Dia., 

mm 

Heat treatment, 

°C/min 

M1 2584 36 Cu10Ni 2 23.3 0.92 700/60 

M2 2760 36 Cu 2 26.9 0.92 675/60 

M3 2687 30 Cu 2 14.2 0.83 675/60 

M4 2814 30 Cu 2 17.7 0.83 675/60 

M5 2823 24 Cu 2 11.9 0.92 650/120 

M6 2627 24 Cu 2 14.2 0.83 675/60 

M7 2774 18 Cu10Ni 2 20.5 0.83 675/60 

M8 2590 18 Cu 2 22.0 0.83 675/60 

M9 2748 6 Cu10Ni 2 26.0 0.83 675/60 

M10 2575 1 - 2 17.6 0.83 675/60 

                                                 
3
 All strands use Nb barriers and Monel® outer sheathes, with Mg:B atomic ratio = 1:2. Trace No. is for 

internal purpose. MgB2 FF: “MgB2 fill factor”, cross sectional area fraction of MgB2 in the whole strand. 
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Figure 30 Field dependence of (a) Jcs and (b) n-values for MgB2 wires with different 

filament numbers at 4.2 K [304]. 
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Figure 31 Defects in multifilament MgB2 wires (as pointed by arrows): (a) barrier 

breakage and Cu poisoning, (b) inhomogeneous barrier, (c) micro-cracks in MgB2 

filaments, and (d) a particle in MgB2 filaments (Images were pictured by Guangze Li in 

internal reports).  

 

The degradation of n-values for these multifilament wires is possibly caused by 

extrinsic defects within the strands, such as filament sausaging, impurities, or voids and 

micro-cracks [223]. As shown in Figure 31, various wire defects exist in the 

multifilament MgB2 conductors, acting as weak points. These defects result in negligible 

effects on the wire performance if a small current is applied. However, when a large 

supercurrent is transported along the wire, the defects cannot maintain the 

superconducting state. So the current previously passing the defect regions is 
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redistributed along the transverse cross-section of the wire. For multifilament wires, the 

current has to cross the normal metal matrix, which causes the voltage drop along the 

strands. Thus the voltage is generated even before the current is lower than Ic. The 

resistive transition in the superconducting V-I characteristics becomes broad and the n-

values are small [318-320]. To sum up, the homogeneity and the defect level determine 

the Jcs and n-values of multifilament MgB2 wires. 

The study on the previous multifilament MgB2 wires lead to an improvement on 

powder choice, wire drawing process, and heat treatment conditions. A new series of in 

situ PIT-type multifilamentary MgB2 wires, with improved n-values, were manufactured, 

with sample information listed in Table 9. All five are “ITER barrel” type strands. 

Another 50-mm-long short wire N1 is provided for transport Jc test at different 

temperatures and fields. 

 

Table 9  Sample specifications of new in situ PIT-type multifilament MgB2 wires
4
 [122] 

Name Trace 

No. 

Filament 

No. 

Central 

Filament 

C% MgB2 

F.F., % 

Dia., 

mm 

Heat treatment, 

°C/min 

N1 3139 24 Cu 2 11.7 0.83 675/60 

N2 3124 30 Cu 2 23.3 0.92 675/60 

N3 3255 36 Cu 2 14.4 0.92 675/60 

N4 3107 36 Nb 2 15.5 0.92 675/60 

N5 3287 36 Cu 2 15.8 0.92 675/60 

 

                                                 
4
 All strands use Nb barriers and Monel® outer sheathes, with Mg:B atomic ratio = 1:2. Trace No. is for 

internal purpose. MgB2 FF: “MgB2 fill factor”, cross sectional area fraction of MgB2 in the whole strand. 
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Figure 32 (a) Field dependence of the critical current densities, Jcs, (b) n-values for all 

“ITER barrel” type strands at 4.2 K with error bars showing 95% confidence [122]. 

 

Figure 32 (a) shows Jcs of the “ITER barrel” type multifilament MgB2 long 

strands as a function of magnetic fields at 4.2 K. All samples have high Jcs, which are 

above 1.10 × 10
5
 A/cm

2 
at 5 T. The highest Jc at 5 T is obtained for sample N4, and is 

found to be 1.42 × 10
5
 A/cm

2
. As shown in Figure 32(b), all n-values are higher than or 

equal to 30 when the applied field is lower than 5 T. This is an improvement as compared 
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with the n-values of previous M-series MgB2 strands. The highest measured n-value, 

about 50, is seen for sample N1 at 2 T. Also, the n-values increase nearly monotonically 

with decreasing field, or at minimum roughly saturate with n-values larger than 30. For 

some samples, a small drop is seen at lowest fields, but the drop is small and all values 

are above 30. Both the relatively high n-values and the field dependence of n suggest that 

the multifilamentary strand N1 has a low level of extrinsic defects. Though samples N2-

N4 also have relatively low level of wire defects, their n-values are still somewhat 

affected by these extrinsic defects.  

Given the observation that N1 had the most regular n value dependence at 4.2 K, 

it was of interest to see if this persisted also to higher temperatures, and if the fit of 

n(B,T) was as good as that of the monofilaments (i.e. sample P0, P2 and P3) which would 

suggest a low level of defects in the multifilamentary wire. Thus, the twenty-four-

filament, short straight wire N1 was selected to measure the Jcs and n-values over a wide 

range of temperatures and magnetic fields. Figure 33 depicts the transport Jcs measured 

from 4.2 K to 30 K. The 4.2 K Jc-B curve tested on this short straight wire is fairly close 

to the Jc-B characteristic obtained from the “ITER barrel” strand, again showing good 

reproducibility and high uniformity in the wire. Jc reaches 4.5 × 10
4
 A/cm

2
 at 10 K, 6 T 

and 7.0 × 10
4
 A/cm

2
 at 20 K, 2 T. 

The field dependences of the transport Jcs were fitted using Eisterer’s percolation 

model [107, 108] at different temperatures, with the resulting fitting curves also shown in 

Figure 33.  
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Figure 33 Field dependence of the critical current densities of sample N1 at temperature 

of 4.2-30 K (lines are calculated by the percolation model) [122]. 

 

 It is noted that equation (16) is valid for fully dense well-connected samples. But 

in most PIT-type MgB2 wires, voids and non-superconducting particles reduce the 

superconducting cross section and thus p(J) is reduced to pSC ∙ p(J) [103, 219]. The term 

pSC denotes the fraction of superconducting grains (herein superconducting MgB2 grains). 

Hence equation (16) can be rewritten as 

 
max 1.79

( )

0

( )
( ) ( ) .

1

cJ B
SC c

c

c

p p J p
J B dJ

p

 


  B < Bc2 (25) 

The percolation threshold pc should only rely on the arrangement of MgB2 grains 

and must be a constant with respect to temperature or field changes. By analyzing a 

highly dense well-connected diffusion-processed MgB2 wires, it has been found that pc 

was equal to 0.2 [103], close to the expected value in percolation theory [321].  
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In this study, four parameters are taken into account in fitting the Jc-B 

performance, including the maximum pinning strength, the upper critical field Bc2, the 

anisotropy ratio γ, and the fraction of superconducting grains in the self field pSC. It is 

noted that the maximum pinning strength was expressed by Fm in this discussion because 

the symbol “Jc0” has been assigned other physical meanings in the n-value model. Table 

10 lists the fitting parameters of the Jc-B curves at different temperatures. For better 

discussion, the temperature dependences of these parameters are plotted in Figure 34. As 

the measuring temperature increases from 4.2 K to 30 K, Bc2 decreases from 24.9 T to 2.2 

T; Fm decreases by two orders of magnitude, from 3.0 × 10
6
 A∙T/cm

2
 to 3.3 × 10

4
 

A∙T/cm
2
; also, the anisotropy ratio γ is suppressed from 2.6 to 1.5, and the 

superconducting grain percentage pSC drops from 0.87 to 0.50. 

 

Table 10  Fitting parameters for the percolation model  [122]. 

Temperature,  

K 

Max pinning strength Fm, A  

T/cm
2
 

Upper critical field 

Bc2, T 

Anisotropy ratio 

γ 

pSC 

4.2 3.0 × 10
6
  24.9 2.6 0.87 

10 2.0 × 10
6
 19.5 2.3 0.80 

15 1.2 × 10
6
 14.8 2.0 0.74 

20 5.0 × 10
5
 10.0 1.7 0.65 

25 2.0 × 10
5
 5.5 1.5 0.57 

30 3.3 × 10
4
 2.2 1.5 0.50 
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Figure 34 (a) Temperature dependence of upper critical field Bc2 and maximum pinning 

strength Fm and (b) temperature dependence of anisotropy ratio γ and superconducting  

grain percentage pSC for sample N1 [122].  

 

The fitting-obtained Bc2-T relationship is in accordance with the experimental Bc2-

T data measured on the MgB2 wire made by 2 mol% C doped SMI B powders in Figure 

23. Also the γ–T curve follows the descending trend previously reported by Eisterer et al 

[108] and other researchers [322, 323]. Moreover, as temperature increases, grain 



103 

 

boundary pinning is weakened so the maximum pinning strength drops very quickly. The 

increased temperature also results in bad connectivity along certain grain boundaries, 

which might isolate the single grain from the connected matrix. Or sometimes some 

MgB2 grains may lose superconductivities at an elevated temperature. Either case causes 

a substantial drop of the fraction of superconducting grains inside the sample. 

Figure 35 is the n-B curves of sample N1, which corresponds to the above 

mentioned Jc results (Figure 33). The measured n-values are above 30 at 4.2 K, 10 K and 

20 K when the magnetic field is lower than 7 T, 6 T and 3 T, respectively. These n-B 

characteristics appear linear in the semi-log plot of Figure 35, exhibiting the empirical 

power law relationship which we previously noticed in high quality monofilament MgB2 

wires, n ∝ Jc
m
. This is unlike the n-B curves of samples N2-N4 (see insert, Figure 35), 

for which a low level of extrinsic wire defects cause n-B curve deviated from linear 

relationship. 
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Figure 35 Field dependences of the n-values of sample N1 at temperatures of 4.2-30 K 

based on equation (24) (full lines) compared with the experimental results (data points) 

[122]. 

 

Also, in analyzing the n-values of the 2 mol% C doped monofilament MgB2 wires, 

it was found that by fitting the n-Jc and Jc-B curves at any convenient fixed temperature, 

the n-values at all other temperatures and fields can be predicted by an empirical equation 

(24). It is interesting to check that if the n-values of this multifilament MgB2 wire can be 

expressed by the same relationship and fitting route.  

Firstly, the n-Jc and Jc-B curves are fitted to the experimental data at an arbitrarily 

selected temperature Tmeas = 10 K. The two curves can be described by the power law 

relationship n = NJc
m
 and the empirically exponential Jc(B) expression Jc(B) = Jc0 exp(-

B/B0) respectively, with N = 0.2225, m = 0.4506, B0 = 1.6691 T and Jc0 = 1.816 × 10
6
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A/cm
2
. Here, Jc0 is the fitted zero-field Jc and N, m, B0 are constants with no obvious 

physical meaning. 

Secondly, from Figure 34(a), the critical temperature Tc can be estimated as 37.7 

K by extrapolating the Bc2-T curve to the horizontal temperature-axis. 

Thirdly, the n(B, T) value can be estimated by the following expressions (19), (20) 

and (24).  

Figure 35 shows that the predicted n-values are in a good agreement with the 

experimental measured n(B) data at temperatures of 4.2-25 K. This suggests that the n(B, 

T) relationship previously demonstrated from monofilament MgB2 wires also works well 

on high quality multifilamentary MgB2 wires, independent of filament numbers. Table 11 

compares the parameters used to describe the n(B, T) relationship. All factors except Jc0 

are quite similar between multi- and mono- filamentary MgB2 wires. 

 In this section, a series of in situ PIT-type multifilamentary MgB2 wires have been 

prepared, with Jcs above 1.10 × 10
5
 A/cm

2 
and n-values above 30 at 4.2K, 5 T. The Jcs of 

the sample N1 are 4.5 × 10
4
 A/cm

2
 at 10 K, 6 T and 7.0 × 10

4
 A/cm

2
 at 20 K, 2 T. The 

corresponding n-values are above 30 at 4.2 K, 10 K and 20 K when the applied magnetic 

field is below 7 T, 6 T and 3 T respectively. By fitting Eisterer’s percolation model with 

the measured Jc-B curves, the temperature dependences of the fitting parameters Bc2, γ, 

pSC and Fm have been discussed. It is found that as the temperature increases from 4.2 K, 

the values of Bc2, γ, pSC and Fm are suppressed. Finally, the n-values of the 

multifilamentary MgB2 wire were described as an empirical n(B, T) expression, which 
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enables n-values for all B and T to be estimated for a given strand based on the results of 

V-I measurements made at one arbitrarily chosen temperature. 

 

Table 11  Comparison of parameters for the n-values expression described for 

multifilament wire N1 and monofilament wire P2  [122].  

Samples Description Jc0, A/cm
2
 N10K m10K B0, T 

N1 multifilament 1.816 × 10
6
 0.223 0.451 1.67 

P2 monofilament 0.807 × 10
6
 0.333 0.434 1.86 

 

 

3.4 Summary 

A series of three in situ PIT-type MgB2 wires, doping with different C, was 

studied in terms of Jcs and n-values. Carbon doping accomplished pronounced Jc 

enhancement at 4.2 K. For example, the 2% C doped sample achieved Jc of 1.4 × 10
4
 

A/cm
2
 and the 3% C doped sample achieved Jc of 4.2 × 10

4
 A/cm

2
 at 4.2 K, 10 T, which 

were dozens of times higher than the Jcs of undoped MgB2. However, the effect of Jc 

improvement by C doping was not remarkable at elevated temperatures like 20 K. The 

results of PIT-type MgB2 wires were compared with those of infiltration-processed MgB2. 

It was concluded that the infiltration-fabricated MgB2 had nearly completely dense 

structure and good connectivity, thus enhanced Jcs. 

Finally, an empirical relationship between n-values, magnetic fields and 

temperatures was derived for monofilament MgB2 wires. The derivation allowed people 

to predict the n(B,T) for all B and T for a given strand based on the results of transport 

Jc(B) measurements made at one arbitrarily chosen temperature. The further analysis 
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showed that the relationship was also valid for defect-free multifilament MgB2 wires. 

Efforts were made to manufacture low-defect, high n-value multifilament MgB2. 
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Chapter 4: Advanced Internal Mg Infiltration (AIMI) Processed MgB2 Wires 

 

4.1 Introduction 

The infiltration route has been demonstrated to be an effective method in 

developing highly dense MgB2 wires [190, 191, 230]. By using the “internal Mg 

diffusion, IMD” process and incorporating nano-SiC dopants, the NIMS group was able 

to fabricate MgB2 wires with excellent layer Jcs achieving as high as 1.1 × 10
5
 A/cm

2
 at 

4.2 K, 10 T [226, 263]. However, the maximum MgB2 layer thickness in IMD wires was 

always limited to 20-30 μm, which caused difficulty in terms of reaction completion for 

most monofilament IMD wires [226]. Hence, given the low “MgB2 fill factor” (i.e. the 

effective MgB2 cross-sectional area fraction in the whole strand), the IMD wires only 

achieved engineering Jes of less than 3 × 10
3
 A/cm

2
 at 4.2 K and 10 T, actually lower 

than state-of-the-art PIT type MgB2 strands. For application purposes, it is necessary to 

develop MgB2 wires with not only high layer Jcs but also excellent Jes.  

This chapter discussed a series of work on the development of highly dense MgB2 

wires via the infiltration route. This work highlights our attempts in both increasing our 

theoretical understanding of the reaction mechanisms involved in MgB2 formation and in 

using this knowledge to optimize precursor powders, various wire diameters, heat 

treatment conditions, and wire architecture to fabricate high performing wires with a 
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maximum layer Jc of 1.1 × 10
5
 A/cm

2
 and a maximum engineering Je of 1.7 × 10

4
 A/cm

2
 

at 4.2 K, 10 T. 

4.2 Advanced Internal Mg Infiltration (AIMI) Processed MgB2 Wires 

A series of precursor monofilament strands with a Nb barrier and a Monel® outer 

sheath was manufactured by HTR. The initial wire billet consists of a Mg rod positioned 

along the axis of a B-filled nested tube of Nb and Monel®. All the samples used SMI B 

powder with C doping level of 2 mol%. The reactivity of such small particles with their 

large surface/volume ratios favors the formation of thick MgB2 reaction layers. The billet 

was drawn to 0.83 mm OD and 0.55 mm OD wires. During heat treatment in a tube 

furnace the wires were ramped to soak temperature in about 80 mins, kept at 675 °C for 

up to 8 hours and furnace cooled to room temperature. Samples were heat treated in Ar 

gas atmosphere. The strand specifications and heat treatment conditions are listed in 

Table 12.  

 

Table 12  Monofilament AIMI strand diameters and heat treatment conditions [196] 

Name Trace No. Filament No. C, mol% Dia., mm Heat treatment, °C/min 

E1 2712-30M-S1172 1 2 0.83 675/30 

E2 2712-1H-S1172 1 2 0.83 675/60 

E3 2712-8H-S1172 1 2 0.83 675/480 

F1 2712-30M-S1207 1 2 0.55 675/30 

F2 2712-1H-S1207 1 2 0.55 675/60 

F3 2712-8H-S1207 1 2 0.55 675/240 
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4.2.1 Microstructures and MgB2 Layer Thickness  

Figure 36(a), (c) and (e) show the back scattered (BSE) SEM images of the 0.83 

mm diameter E-series samples. Sharp interfaces are formed between adjacent layers. The 

Mg is not fully reacted even after 8 hours HT. Some of it remains in the central core 

region previously occupied by the starting Mg rod. The previous B layer has been 

transformed into two separate layers. EDS analysis has been employed to characterize the 

Mg: B atomic ratios of these two layers. The Mg: B ratios of the inner and outer layers 

are about 1:2 and 1:7, respectively, indicating that the inner layer is fully transformed 

MgB2 and the outer layer is a partially reacted “B-rich layer” where a relatively small 

amount of B has reacted with Mg. This result has been verified by the high resolution 

fracture-SEM images of Figure 37. Figure 37 exhibits the microstructural difference 

between the MgB2 layer, the B-rich layer and the transition region between the two layers. 

The MgB2 layer (Figure 37b) appears to be uniformly dense, with very few nano-sized 

pores embedded in the MgB2 matrix. However the B rich layer (Figure 37d) has the 

appearance of ball-shaped packs of powder, much like the microstructure of the original 

B powder before heat treatment. As shown in Figure 37(c), both dense structures and 

nano-spheres are observed, indicating B is transforming into MgB2 in the transition 

region. 

Figure 36 (b), (d) and (f) show the SEM images of the 0.55 mm diameter F-series 

samples. In general, in all the strands, the Mg rod was slightly off center; and it was noted 

that the MgB2 thickness was slight less on the “pinch” side than on the opposite side. 

This could be caused by small azimuthal variations in B powder density. As illustrated in 
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Figure 36(b) and (d), the wires F1 and F2 were not fully reacted. Because of the 

eccentricity of the Mg rod, the reaction layer thickness for sample F1 and F2 varied from 

0-40 μm (B1) and 0-49 μm (B2), respectively. Interestingly, after 4 hrs heat treatment at 

675 °C, the wire F3 was completely reacted, reaching the maximum MgB2 layer 

thickness up to 90 µm.  
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Figure 36 Back scattered SEM images of AIMI-type MgB2 wires. Left column: (a) 

sample E1 (c) sample E2 and (e) sample E3 are 0.83 mm OD wires with heat treatment 

time of 30 min, 1 h and 8 hs respectively. Right column: (b) sample F1, (d) sample F2 

and (f) sample F3 are 0.55 mm OD wires with heat treatment time of 30 min, 1 h and 4 hs 

respectively [196]. 
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Figure 37 High resolution facture-SEM images of the partially reacted sample E2. Images 

(b) (c) (d) were taken from spots B, C, D in image (a) respectively. In image (a), the 

Monel® sheath was etched away prior to the examination, leaving only Nb covering the 

superconducting core [324]. 

 

The MgB2 layer thicknesses and areas are listed in Table 13, in which thicknesses 

of 30-60 µm (E series) and 40-90 µm (F series) have been achieved. Layer thickness is 

influenced by many factors including the B powder particle size, dopant choice, and 

packing density. In SiC doped IMD samples (B: 99.9%, 300 mesh, 40-50 μm), Kumakura 

noted that the diffusion distance of Mg into the doped B layer was limited to about 20-30 

µm [226]. The SMI B powder used in this study is “fluffy”, fine (~40 nm) and of low 

density. As a result, the Mg is able to percolate into it further than it does in denser 
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granular powders (e.g. 300 mesh [21]). For this reason, in the present strands thicknesses 

of 30-60 μm (E series) and 40-90 μm (F series) have been achieved.  

TEM images also supported the SEM observations in the MgB2 layer and the B-

rich layer. Figure 38(a) depicts the bright field TEM image of the MgB2 layer. The dark 

spots are the MgB2 grains which happen to satisfy the Bragg’s conditions and the grey 

background is the MgB2 matrix which does not meet the Bragg’s law. No voids are found 

in this region, indicating a fully dense microstructure. In contrast is Figure 38(b) taken in 

the B-rich layer. A few platelets, mixed with spherical particles, are loosely packed and 

numerous voids (bright spots in Figure 38b) are noticed. The convergent beam electron 

diffraction (CBED) indicates the platelets are MgB2 grains, and the spheres are mostly B.  

 

Table 13  Superconducting layer thickness, areas and corresponding fill factors [196] 

Name MgB2 layer 

thickness, μm 

MgB2 area 

AMgB2, μm
2
 

“non-barrier” 

area Anb, μm
2
 
5
 

MgB2 F.F.,  

% 

“MgB2 + B” 

F.F., % 
6
 

Anb / Atot,  

% 
7
 

E1 0-30 26 900 215 300 4.4 21.1 35.2 

E2 10-50 38 200 215 400 6.3 19.7 35.5 

E3 15-60 44 800 216 000 7.5 19.1 36.2 

F1 0-40 25 100 85 500 10.1 19.6 34.4 

F2 0-49 28 000 90 600 11.2 19.7 36.2 

F3 0-90
8
 46 700 87 700 18.8 18.8 35.3 

  

 

                                                 
5
 “non-barrier” area: cross-sectional area of everything within the Nb chemical barrier (not including Nb). 

6
 “MgB2 + B” F.F.: area fraction of MgB2 plus partially reacted B powder after heat treatment. 

7
 Atot: cross-sectional area of the entire strand. 

8
 The B in sample F3 is fully transformed into MgB2. Since the initial Mg rod is off-centered, the thickest 

value of MgB2 layer in sample F3 reaches 90 μm. 
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Figure 38 TEM pictures of (a) MgB2 layer and (b) B-rich layer [324]. 

 

4.2.2 Transport Layer Jc  

The layer Jcs of the present MgB2 wires at 4.2 K in fields around 9-12 T are 

presented in Figure 39. The cross sectional areas of our MgB2 layers as measured on the 

respective SEM images are listed in Table 13. Figure 39 shows that: 
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Figure 39 Layer Jc versus B curves of E-series and F-series wires at 4.2 K  [196]. 

 

 

1. The layer Jcs of the large diameter (0.83 mm OD) E-series wires increase strongly 

with heat treatment time from 30 min to 8 hours. Sample E3 (heat treatment for 8 

hours) has the largest layer Jc of the series, for example 1.04 × 10
5 

A/cm
2
 at 10 T. 

Sample E2 exhibits a “lower field” drop-off in layer Jc as a result of sample 

heating; the lack of stability of this particular sample is presumably the result of 

relatively high currents in combination with thermal isolation of the MgB2 layer 

by the surrounding unreacted B powder, Figure 36(c). 

2. The layer Jcs of the smaller diameter (0.55 mm OD) F-series wires actually 

decrease slightly (13%) as the heat treatment time increases from 30 min to 4 

hours. Thus sample F1 (heat treatment for 30 min) exhibits the greatest 10 T layer 

Jc of the set, viz. 1.07 × 10
5 

A/cm
2
. 
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3. In general, the lack of stability of all the strands causes them to quench when the 

magnetic field drops below 9 T and 4.2 K. As a result, no meaningful Jc 

transitions are obtainable at fields less than 9 T. 

Finally, it is noted that the layer Jcs of sample E3 and all the F-series strands are 

practically identical to those of sample I2 in chapter 3 of this work. The results of this 

previous study also offer a comparison of the magnetic and transport layer Jcs, as well as 

a detailed comparison of the transport properties of a pair of PIT and infiltration-

processed strands. 

 

4.2.3 Formation of the MgB2 Layer and Engineering Je  

The mechanism for the formation and growth of the MgB2 layer can be described 

as a three-step process: 

1. Melting of the Mg rod followed by rapid infiltration of the resulting liquid into the 

surrounding B powder. In a relatively short time the Mg can penetrate several 

micrometers into the surrounding B powder. 

2. Reaction with the B particles. As the heat treatment proceeds, more and more B 

particles transform into MgB2 grains which continue to grow and coalesce. Since 

the molar volume of MgB2 (17.46 cm
3
/mol) is 4 times larger than that of B (4.59 

cm
3
/mol) [325], the interstices between the initial B powder particles become 

filled with MgB2 as the reaction proceeds. As a result, a MgB2 layer with almost 

100% density is formed close to the surface of the prior Mg rod (now liquid Mg). 

However, this layer is too dense to permit further liquid Mg infiltration 
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3. Reaction with the remaining B, during which Mg atoms have to diffuse through 

this dense MgB2 layer. 

Step (3) is much slower than steps (1) and (2). As a result, the MgB2 layer growth 

slows down after the fast growth of the initial layer, as confirmed by SEM images taken 

after heat treatments for successively increasing periods of time. 

The MgB2 layer formation mechanisms described above are responsible for the 

changes in layer Jc with heat treatment time in our two classes of wire. For the larger 

diameter (0.83 mm OD) E-series wires the growth of the MgB2 layer with time at 675 °C 

is depicted in Figure 36. After 30 minutes the MgB2 layer that has begun to form contains 

many unreacted B particles. As a result the measured layer Jc is relatively small – only 

0.35 × 10
5 

A/cm
2
 at 4.2 K, 10 T. After 1 hour of heat treatment about 18% of the B has 

been consumed and after 8 hours 21% of the B is reacted. The actual layer Jcs of these 

two wires are the same at high fields; the high values obtained (~ 10
5 

A/cm
2
 at 10 T, 4.2 

K) indicating that dense uniform layers had been formed in both cases.  

For the smaller diameter (0.55 mm OD) F-series wires, a dense MgB2 layer has 

already begun to form after just 30 min of heat treatment, Figure 36(b).  The reaction 

time is shorter mainly because the total distance that the Mg must be transported through 

the B layer is shorter, although there are some indications that the MgB2 layer may be 

growing faster as well. As the heat treatment time increases to 1 hour and then to 4 hours 

the reaction layer gets thicker but its layer Jc undergoes a small monotonic decrease in 

response to grain growth. 
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Figure 40(b) shows the 4.2 K Jes of the present wires plotted as a function of field. 

For the engineer faced with the design of a superconducting magnet or some such device 

the engineering Je of the wire is of paramount importance. The best Je of the present 

series is achieved by sample F3 with 1.67 × 10
4 

A/cm
2
 at 10 T and 0.68 × 10

4 
A/cm

2
 at 12 

T, nearly 3.5 times higher than the highest values previously reported for IMD wires 

[258]. To evaluate the confidence of results, both the “non-barrier” area and the whole 

wire cross-sectional area of the best wire F3 are measured on five different segments of 

samples. As shown in Figure 40, both “non-barrier” Jcs and Jes are narrowly distributed. 

In seeking a high Je, three quantities need to be maximized. First is the layer Jc 

itself. In this regard the infiltration route has the advantage over conventional PIT. 

During the heat treatment of the PIT wire the Mg particles react into the surrounding B 

leaving behind pores and creating a partially connected array of MgB2 macroparticles 

[103]. On the other hand the only porosity present in the reacted AIMI wire is the axial 

hole – the site of the prior Mg wire – while the MgB2 is present as a dense well–

connected layer. Thus critical current density normalized to the area inside the chemical 

barrier is likely to be greater for AIMI than for conventional PIT – about an order of 

magnitude greater – which augurs well for the Jes. The choice of B powder and the 

possibility of including dopants in it are also important considerations. Second is the fill 

factor of the elemental ingredients, Mg and B. A large fill factor combined with a large Jc 

leads directly to a high engineering Je. The present wires have powder fill factors of 19 ~ 

20%, Table 13. Thirdly, the wires should be fully reacted. Thus strand architecture is an 

important consideration. According to the mechanism described at the beginning of this 
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section, it is difficult for the Mg to fully transform a thick B powder layer to MgB2. Thus 

the 0.83 mm OD E-series wires are lower in Jes than the 0.55 mm OD B-series wires 

although they all have the same powder fill factors. In the larger diameter wires some of 

the B remains unreacted even after the longest heat treatment. The same issue has also 

been reported by other researchers [256]. Of course, a high Je is favored by high layer Jc 

combined with a fully reacted superconducting core. However, given the reaction 

mechanism, it is easier to achieve full reaction in a small diameter wire than in a thick 

one. On the other hand, since the critical issue is the reaction layer thickness, a better way 

to achieve this is ultimately a multifilament design. In either case, the shorter reaction 

time also prevents grain coarsening and its associated Jc suppression. 
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Figure 40 Field dependence of (a) “non-barrier” Jc and (b) engineering Je of 

monofilament AIMI wire at 4.2 K. A statistical distribution of both “non-barrier” Jc and 

engineering Je is exhibited for the best wire F3 [196]. 

 

4.2.4 Discussion  

In order to design an MgB2 strand with a high engineering Je it is necessary to 

combine a high layer Jc with a high layer volume-fraction. In doing so the following 
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items must be considered: (1) the choice of processing route, ex-situ PIT, in-situ PIT, or 

the infiltration route; (2) the choice of B powder and the type and concentration of 

possible dopants; (3) the powder fill factor; (4) strand architecture; and (5) heat treatment 

conditions. In this context, the properties of our strands and their relationships to some of 

the best literature properties are summarized later in terms of the 10 T critical current 

densities in Figure 41. Figure 42 and Table 14 also make some useful comparisons. 

 

 

Figure 41 Relationship between engineering Je, “non-barrier” Jc and the area ratio of Anb / 

Atot of different wires at 4.2 K, 10 T. Data were extracted from references [120, 195, 199, 

255, 258, 265, 266, 326]. 
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Figure 42 Comparison of the engineering Je versus B curves of the F-series wires with 

literature results [199, 255, 258]. In presenting this comparison we note that the wire of 

[255] is multifilamentary and as such many have a smaller fill factor than the other 

monocore strands and a correspondingly reduced Je. 

 

The optimization of PIT MgB2 wire has been discussed in terms of generalized 

connectivity which embodies the effects of porosity and the efficiency of intergranular 

contact [28]. Consisting of pre-reacted MgB2 powder the superconducting core of the ex 

situ PIT wire must be less than 70% dense. The pre-reacted in situ wire core also has the 

density of the starting powders, but after reaction further porosity develops as the Mg 

particles react into the surrounding B powder. Application of a “cold high pressure 

densification” (CHPD) step [198, 199] densifies the starting Mg + B powder mixture but 

does nothing to prevent the development of porosity at the Mg-powder sites during heat 

treatment. The infiltration process eliminates “Mg-site porosity” as such, all of it ending 



124 

 

up as the space previously occupied by the axial Mg rod. Since the molar volume of 

amorphous B is 4.59 cm
3
/mol (hence 2B  9.18 cm

3
/mol) [325] and that of MgB2 is 

17.46 cm
3
/mol, the expansion associated with the B itself (~ 90%), more than makes up 

for the preexisting porosity in the B layer (~ 40 %) and enables the resulting cylinder of 

MgB2 to become almost fully dense and fully connected, both properties contributing to a 

high layer-Jc. The reaction Mg + 2B  MgB2 takes place in three steps each of which is 

accompanied by expansion within the reacting B layer according to [103]: B  MgB7 

(18 %)  MgB4 (24 %)  MgB2 (28 %). Thus the overall expansion associated with the 

conversion of B is 89 % in agreement with previous “short-cut” (Mg + 2B  MgB2) 

estimate. 

Also contributing to the layer Jc are the intrinsic properties of MgB2 as influenced 

by the type of B powder, the presence of flux pinning additives, and the use of carbon 

doping. Carbon, the only element presently known to substitute into the B sublattice, 

increases scattering, lowers Tc , increases Birr  and Bc2, reduces the anisotropy factor γ = 

Bc2
//
/Bc2

┴
 [35], and increases high field Jc. Carbon-bearing compounds have been mixed 

in with the starting Mg + B powders to achieve ex situ C doping, the most popular ones 

being malic acid and SiC. The non-organic additives, however, leave secondary 

decomposition products that could coat grain boundaries and impair connectivity and 

hence Jc. Our best results have been obtained with “SMI-boron” in situ doped with C 

from the reduction of CH4 [300].  
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Table 14  Comparison of 4.2 K, 10 T engineering Je 

No. Process
9
 B

10
 Dopants Layer 

Jc, 10
4
 

A/cm
2
 

“non-

barrier” Jc, 

kA/cm
2
 

MgB2 

F.F.,  

% 

Powder 

F.F., % 
11

 

Anb / Atot,  

% 

Eng. Je, 

kA/cm
2
 

     AIMI wires     

F1 Infil. SMI 2 mol% C 10.7 28.82 10.1 19.6 34.4 9.7 

F2 Infil. SMI 2 mol% C 10.2 30.00 11.1 19.7 36.2 10.2 

F3 Infil. SMI 2 mol% C 9.3 48.17 18.8 18.8 35.3 16.7 

     Literatures     

I2 Infil. SMI 2 mol% C 10.0 40.00 5.2 5.2 11.5 4.6 

[255] IMD S-A 10 mol% SiC 8.7 32.20 3.2 4.6 9.1 2.9 

[258] IMD S-A 10 mol% SiC 

+ aromatic 

hydrocarbon 

4.8 20.53 7.7 14.0 18.0 3.7 

P2 PIT SMI 2 mol% C 1.4 14.00 18.1 18.1 18.1 2.6 

[199] PIT 

+ CHPD 

SB  10 wt% 

malic acid 

2.7 27.00 23.7 23.7 23.7 6.4 

 

 

Strand architecture refers to the adjustment of strand design details in order to 

optimize Je. Thus in our present E-series and F-series strands we sought to maximize the 

B powder fill factor. Next, the purpose of reducing the strand diameter from 0.83 mm to 

0.55 mm was to reduce the Mg-diffusion distance and hence to ensure that this enhanced 

fraction of B could be fully reacted in a reasonably short time, in this case 4 hours. 

The essential prescription for a high Je is a combination of high layer Jc with high 

area fraction of reacted layer. For comparison purposes, the engineering Je is also equal 

to product of “non-barrier” Jc and the area ratio of Anb / Atot. Confirmation for this is seen 

                                                 
9
 Infil: infiltration-processed route, AIMI in particular. CHPD: cold high pressure densification. 

10
 SMI: plasma synthesized B from Specialty Materials Inc. ; S-A: high purity amorphous B powder 

(99.99%, 300 mesh, Sigma-Aldrich, Co.); SB: high purity amorphous B powder (99%, less than 50 ppm 

metallic contamination, average particle size of 60 nm, SB Boron Corp.) 
11

 Powder F.F.: for AIMI and IMD, it is area fraction of MgB2 plus unreacted B after the heat treatment; for 

PIT, it is area fraction of reacted powder in the core of PIT wires. 
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in Table 14 and Figure 41. Consider the relationship in equation (25), curves in Figure 41 

represent Je values of 2-20 kA/cm
2
. The figure then emphasizes that (i) although PIT 

strands [104, 199] may have reasonably high fill factors, their inherently poor 

connectivity, hence low Jc, forces them onto the lower lying Je curves (about 2-5 

kA/cm
2
). The CHPD process is helpful to moderately improve Jcs while keeping the high 

fill factors; (ii) although the published IMD wires [255, 258] have higher connectivity 

and hence significantly improved layer Jcs, incomplete wire reaction leads to reduced 

“non-barrier” Jcs and the improper wire design results in low Anb / Atot ratio. The 

combination of these two problems causes low Jes (2-7 kA/cm
2
); and (iii) in the present 

MgB2 wires, the use of infiltration process, associated with C doped SMI powders (hence 

high layer Jc), full reaction (high “non-barrier” Jc), and improved strand geometry (high 

Anb / Atot ratio) produces the observed high Jes (10-17 kA/cm
2
). 

 nb
e c 2 c

tot

engineering  = layer   MgB  fill factor = "non-barrier"   
A

J J J
A

    (25) 

In summary, a combination of the infiltration (IMD) process with optimal 

precursors, doping, and strand architectures leads to substantial improvements in MgB2 

performance. The Jes for those wires are much higher than those of best-of-class PIT 

strands and old IMD wires. To indicate the substantial advances in the capabilities of 

these “second generation” MgB2 strands, and to point to the large quantitative difference 

in the practical properties between these conductors and previous wires, we describe 

these “Je-optimized” strands as “advanced internal Mg infiltration, AIMI” wires. 
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4.3 Doping Effects on AIMI Wires 

Doping is an effective way to improve the superconducting properties in typical 

PIT wires [20, 28, 29]. Proper doping not only introduces extra pinning centers but also 

enhance Bc2. Carbon and C-related compounds are the most widely used dopants [327]. 

Through C doping, the Bc2 of MgB2 could be improved from 15 T to over 30 T. Some 

other chemicals, such as Dy2O3 [127, 128] and Y2O3 [129], are also claimed to be 

beneficial for the Jc performance of MgB2. Therefore, in this section, different kinds of 

dopants, including C and Dy2O3, were added into AIMI wires for improved 

superconductivity performance. 

 

4.3.1 Carbon Doped AIMI Wires 

A group of monofilament AIMI strands was manufactured by HTR. All strands 

used SMI B powders with C doping levels ranging from 0 mol% to 4 mol%. The wire 

fabrication procedure follows the general monofilament AIMI wire fabrication procedure 

described in Section 4.2. The strand specifications and heat treatment conditions are 

listed in Table 15. 
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Table 15  Specifications and heat treatment conditions of monofilament AIMI wire with 

different C level [328]. 

Name Trace No. Filament No. C, mol% Dia., mm Heat treatment, °C/min 

G1 3187I 1 0 0.55 675/60 

G2 2893I 1 3 0.55 675/60 

G3 2893II 1 3 0.55 675/120 

G4 2893IV 1 3 0.55 675/240 

G5 2909I 1 4 0.55 675/60 

G6 2909II 1 4 0.55 675/120 

G7 2909IV 1 4 0.55 675/240 

 

 

 

Figure 43 Field dependence of the layer Jc of monofilament AIMI wire with C doping 

level of 0-4 mol%  [328].. 

 

Figure 43 shows the layer Jcs of the undoped, 3 mol% and 4 mol% C doped 

monofilament MgB2 strands at 4.2 K in magnetic field of 5-13.5 T. The layer Jc of 2 mol% 

C doped AIMI wire F2 is also included in this plot for comparison. The undoped AIMI 
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wire G1 shows a fast drop in layer Jc as the magnetic field increases. The layer Jc is only 

1.5 × 10
3
 A/cm

2
 at 4.2 K, 10 T. Compared with F2, the C-doped AIMI wires exhibit a 

pronounced enhancement in layer Jc, especially in high magnetic fields. For example, the 

layer Jc of the 2 mol% C-doped AIMI wire F2 achieves 1.0 × 10
5
 A/cm

2
 at 4.2 K, 10 T, 

67 times higher than that of the undoped sample G1. Also the 3 mol% C doped sample 

G4 attains the highest layer Jc of 1.5 × 10
5
 A/cm

2
 at 10 T. More importantly, it is found 

that, as the C doping level increases, the layer Jcs of the AIMI strands are firstly 

enhanced at 2 mol% C and 3 mol% C, then suppressed when the C concentration further 

increases to 4 mol%. The best 4 mol% C doped sample G5 has the layer Jc of 1.0 × 10
5
 

A/cm
2
 at 10 T, 33% lower than that of the 3 mol% C doped AIMI wires. Figure 44 shows 

how the layer Jc changes as C doping level increases. 

 

 

Figure 44 Relationship between C doping level and layer Jc of C-doped AIMI wires at 

4.2 K, 10 T. The red line is used to guide the trend [109, 328]. 
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Also, it is noted that the layer Jcs of all samples, except G6, increase as the strands 

are heat treated longer. Take the 3 mol% C doped strands for example, after 1 hour heat 

treatment, the layer Jc at 10 T is 1.3 × 10
5
 A/cm

2
 for G2. It increases to 1.4 × 10

5
 A/cm

2
 

after 2 hours heat treatment (G3) and finally attains 1.5 × 10
5
 A/cm

2
 after 4 hours heat 

treatment (G4). 

Although moderately increasing C concentration from 0 to 3 mol% is effective in 

improving the layer Jc, the transverse cross sectional view of the strands shows that the 

MgB2 layer growth is suppressed as C doping concentration increases. Figure 45 shows 

the OM images of undoped and 2 mol% C doped AIMI wires. The complete MgB2 

reaction can be achieved in undoped AIMI sample by a short heat treatment of 1 hour at 

675 °C. As shown in Section 4.2, the 2 mol% C doped AIMI cannot be entirely 

transformed only after a heat treatment longer than 4 hrs. This reaction rate is even 

slower than AIMI wires with higher C doping level (i.e. 3 or 4 mol%). 

Figure 46 shows the OM and back scattered SEM images of the 3 mol% C-doped 

strand G4. They are taken from the same transverse cross section of the wire. Because of 

better contrast, the OM picture is helpful to discern the MgB2 and B-rich layers. As 

indicated in Figure 46(a), the orange (or purple) annulus is the MgB2 layer and the 

outside dark area is the B-rich region. The MgB2 layer looks dense but its layer thickness 

is limited – only 8-25 μm, which is less than a quarter of the maximum layer thickness of 

the 2 mol% C sample F3 under the same heat treatment condition. The suppression of the 

MgB2 layer growth caused by the carbide doping is commonly observed for all 3 mol% 
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or 4 mol% C doped AIMI wires. This was also been reported by other groups [263], but 

the underlying mechanism was still unclear at that time. Consequently not only the area 

of MgB2 and central Mg but also the area occupied by the non-superconducting B-rich 

region is taken into account as the total area to calculate the non-barrier Jcs of the wires. 

Therefore the non-barrier Jcs of these samples are reduced compared with the fully 

reacted AIMI strands. 
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Figure 45 OM images of (a) undoped AIMI G1 and (b) a 2 mol% C doped AIMI sample 

heat treated at 675 °C for 4 hrs, showing full reactions (Images were taken by Guangze 

Li). 

 



133 

 

 

 

Figure 46 (a) OM and (b) back scattered SEM images taken from the same transverse 

cross section in the 3 mol% C doped AIMI strand G4 [328]. 

 

Figure 47(a) shows the field dependence of the non-barrier Jcs for all of the 

monofilament strands. Due to the poor layer Jcs, the undoped AIMI wire G1 has low 

“non-barrier” Jcs even though it is fully reacted. At 4.2 K, 10 T, the “non-barrier” Jc is 

820 A/cm
2
 for G1. On the contrary, the best 3 mol% C doped AIMI sample G4 also does 
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not obtain an extraordinary non-barrier Jc. The “non-barrier” Jc of G4 is 2.4 × 10
4
 A/cm

2
 

at 4.2 K, 10 T, which is lower than that of the fully reacted 2 mol% C doped AIMI strand 

F3. Though the 3 mol% C-doped AIMI wires show improved layer Jcs than those of 

undoped or 2 mol% doped samples, the highly C doped AIMI wires are not completely 

reacted, which results in a relatively low “non-barrier” Jc. Because all AIMI wires have a 

similar area ratio of Anb/Atot (around 32-36%), the engineering Jes of the AIMI wires is 

directly determined by the “non-barrier” Jcs in AIMI wires. Figure 48 shows the effects 

of C doping level on engineering Jes. The 2 mol% C doped AIMI samples not only have 

high layer Jcs, but also have excellent non-barrier Jcs (i.e. full MgB2 reaction). Hence 

they achieve the highest engineering Jes so far. Given the high layer Jcs of the 3 mol% C 

doped AIMI strands, there might be a great improvement in non-barrier Jcs once the full 

MgB2 reaction could be realized. 
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Figure 47 Field dependences of (a) “non-barrier” Jc and (b) engineering Je of C-doped 

AIMI wires at 4.2 K. A fully reaction 2 mol% C doped AIMI sample F3 is added for 

comparison  [328]. 
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Figure 48 Relationship between C doping level and engineering Je of C-doped AIMI 

wires at 4.2 K, 10 T. The red line is used to guide the trend [109, 328]. 

 

The C or carbide doping concentration has been reported to have a great impact 

on the critical current densities of conventional MgB2 PIT wires [102]. This effect still 

works for the monofilament AIMI strands. The monocore AIMI strands achieve 

maximum layer Jcs when the C doping concentration is in the vicinity of 3 mol%. The 

layer Jc is suppressed when the C doping level deviates from this optimal value. This is in 

agreement with our group’s previous results that the PIT strands behave best when the 3 

mol% C is mixed into the wires [35, 304]. Proper carbon doping is proved to enhance the 

upper critical field Bc2, decrease the anisotropy ratio γ and provide extra flux pinning 

centers [88, 329], all of which are helpful to obtain higher layer Jcs. Nevertheless, if too 

much C is doped, it might deteriorate the connectivity and thus reduce the transport layer 

Jcs [330]. As a consequence, relatively low layer Jcs are obtained for 4 mol% C samples 
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when the C doping level is above 3 mol%. On the other hand, C doping suppresses the 

MgB2 layer growth in AIMI wires, which is detrimental to MgB2 fill factor and “non-

barrier” Jc. Table 16 summarizes the layer Jc, “non-barrier” Jc, engineering Je, MgB2 fill 

factor and the area ratio of Anb/Atot for AIMI wires with different C doping concentration. 

To design a high performance AIMI-type MgB2 wires with both high layer Jcs and 

excellent engineering Jes, it is necessary to control the C doping level so that the layer Jcs 

are effectively enhanced in condition of full wire reaction. 

 

Table 16  Comparison of 4.2 K, 10 T engineering Je for monofilament AIMI wires with 

different C concentrations [328] 

No. Process Dopants Layer 

Jc, 10
4
 

A/cm
2
 

“non-

barrier” Jc, 

kA/cm
2
 

MgB2 

F.F.,  

% 

Powder 

F.F., % 
12

 

Anb / Atot,  

% 

Eng. Je, 

kA/cm
2
 

G1 AIMI 0 0.2 0.8 19.9 19.9 36.5 0.3 

G2 AIMI 3 mol% C 13.3 16.7 4.2 18.4 33.5 5.6 

G3 AIMI 3 mol% C 14.9 23.0 5.1 17.6 32.2 7.4 

G4 AIMI 3 mol% C 15.3 24.4 5.2 17.8 32.5 7.9 

G5 AIMI 4 mol% C 10.1 11.8 3.7 17.4 31.8 3.8 

G6 AIMI 4 mol% C 5.7 8.8 5.0 17.9 32.6 2.9 

G7 AIMI 4 mol% C 8.8 13.5 5.0 17.8 32.5 4.4 

Comparison: 2 mol% C doped AIMI in Section 4.2 

F1 AIMI 2 mol% C 10.7 28.8 10.1 19.6 34.4 9.7 

F2 AIMI 2 mol% C 10.2 30.0 11.1 19.7 36.2 10.2 

F3 AIMI 2 mol% C 9.3 48.2 18.8 18.8 35.3 16.7 

 

 

 

                                                 
12

 For AIMI wires: “Powder F.F.” is area fraction of MgB2 plus unreacted B after the heat treatment; 

        is the area ratio of everything within Nb barrier (not including Nb) to the cross-sectional area of 

the entire strand. 
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4.3.2 Dy2O3 and Carbon Co-doped AIMI Wires 

To date, very few dopant species have been explored on infiltration-processed 

samples [161]. The few existing reports are about doping C or C-related chemicals [253, 

258]. The C doping study in Section 4.3.1 shows that although C and carbides increase 

the layer Jcs remarkably, at the same time they suppress the MgB2 layer formation.
 

Consequently, AIMI wires with high levels of C-doping (3-4%) are extremely difficult to 

fully react, limiting the Je of such a composite. It is of interest to see if a dopant can be 

found which can enhance the layer formation depth of infiltration processed composites; 

dopants which can also increase Bc2 or pinning also remain relevant. For the above 

reasons, it is interesting to explore the effects of Dy2O3 doping on AIMI processed MgB2 

wires. 

A series of MgB2 composite strands with a small amount of Dy2O3 addition was 

fabricated by HTR. The starting powders were pre-C-doped B from Specialty Materials 

Inc, and Dy2O3 (99.9%, 100 nm in size) from Sigma Aldrich. The B powders were mixed 

with 1 or 2 wt.% Dy2O3 nanopowders before the wire fabrication (the weight percentage, 

wt.%, is the weight of Dy2O3 over the weight of Dy2O3 and B mixture). The composite 

fabrication procedure followed that of our previous work described in Section 4.2. The 

strands were monofilamentary, with Monel outer sheaths, Nb chemical barriers, and a 

central region which consisted of a Mg rod surrounded by B powders. The final strand 

diameter was 0.52 mm. After fabrication, they were encapsulated under Ar, and reacted 

at 650 °C or 675 °C for 1-8 hours (ramp rate of 10 °C/min). Table 17 lists the Dy2O3 

doping level, as well as the temperature and time of the reaction. 
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Table 17  Doping levels and reaction time and temperature of Dy2O3/C co-doped AIMI 

wires 
13

 [180] 

Name Dy2O3 doping level (wt.%) Reaction temperature, °C Reaction time, h 

Q1 1 650 1 

Q2 1 650 2 

Q3 1 650 4 

Q4 1 650 8 

U1 1 675 1 

U2 1 675 2 

U3 1 675 4 

U4 1 675 8 

V1 2 650 1 

V2 2 650 2 

V3 2 650 4 

V4 2 650 8 

W1 2 675 1 

W2 2 675 2 

W3 2 675 4 

W4 2 675 8 

 

 

Figure 49 shows the transverse cross-sectional OM images of the composites. As 

illustrated in the insert, the orange annulus is the MgB2 layer and the dark annulus 

surrounding the MgB2 is the partially reacted B-rich layer. MgB2 layers of different 

thickness are formed depending on their respective Dy2O3 doping level and the reaction 

conditions. Samples Q1-Q4 (1 wt.% Dy2O3) are heat treated at 650 °C. Their MgB2 layer 

thicknesses increase with reaction time. As shown in Figure 49, a higher heat treatment 

temperature (samples U1-U4) or a heavier Dy2O3 doping level (samples V1-V4) leads to 

a faster MgB2 layer formation. Both groups of strands are entirely reacted within 8 hours. 

                                                 
13

 All samples use pre-C-doped B, with 2 mol.% C with respect to B amount. 
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The MgB2 layer growth rate is roughly doubled with either an increase from 1 wt.% to 2 

wt.% Dy2O3 doping, or an increase of reaction temperature from 650 C to 675 C. The 

D-series composites (2 wt.% Dy2O3 and 675 C) are fully reacted in less than 4 hrs. 

 

 

Figure 49 OM images of Dy2O3/C co-doped AIMI composites with various reaction 

temperatures and time. The insert in the right corner shows an expanded view of sample 

V2 – the orange annulus is MgB2 layer and the dark surrounding annulus is a B-rich layer 

[180]. 

 

 The layer Jc values at 4.2 K for the Q- and U- series composites (1 wt.% Dy2O3) 

are shown in Figure 50(a), while those for V- and W- series composites (2 wt.% Dy2O3) 

are shown in Figure 50(b). The 1 wt.% Dy2O3 doped AIMI composites have high layer 

Jcs. The best sample U2 has the layer Jc of 1.20 × 10
5
 A/cm

2
 at 10 T. However, the 2 

wt.% Dy2O3 co-doped wires, V3 and W2 show the best layer Jc-B characteristics. The 
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highest Jc reaches 1.35 × 10
5
 A/cm

2
 at 10 T, which is 30% higher than that of the 2 mol% 

C-doped AIMI wires F2.
 
While the layer Jc is useful for understanding intrinsic properties 

of the materials, if we wish to compare to PIT-processed MgB2, we should consider the 

“non-barrier” Jc defined using the total area inside of the Nb barrier. 

 

 

Figure 50 Field dependence of the layer Jcs for (a) 1 wt.% and (b) 2 wt.% Dy2O3/C do-

doped samples measured at 4.2 K [180]. 
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Figure 51 Field dependence of the “non barrier” Jcs for (a) 1 wt.% and (b) 2 wt.% 

Dy2O3/C do-doped samples measured at 4.2 K [180]. 

 

 

 Figure 51 presents the field dependences of “non-barrier” Jcs at 4.2 K. Even 

though samples V3 and W2 have the highest layer Jcs, their “non-barrier” Jcs are not the 

highest of the set due to the partial MgB2 formation and the concomitant lower MgB2 fill 

factor. The layer Jcs of fully reacted samples, V4 and W3, are slightly lower than those of 

V3 and W2 but their high MgB2 fill factor gives them the highest “non-barrier” Jcs. The 
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extrapolated “non-barrier” Jc for sample W3 is 3.0 × 10
5
 A/cm

2
 at 5 T and it reaches 3.6 

× 10
4
 A/cm

2
 at 10 T. These preliminary results are very promising: the “non-barrier” Jcs 

are double those of state-of-the-art PIT wires. They are also comparable to the best “non-

barrier” Jcs of the C-doped AIMI wires such as F3. It is believed that the “non-barrier” 

Jcs of Dy2O3 co-doped AIMI wires can be further enhanced after optimizations on Dy2O3 

and C doping level and heat treatment conditions. 

The enhancement of Jcs with Dy2O3 doping is even more clearly seen at higher 

temperatures. Figure 52(a) exhibits the layer Jcs of W3 at temperatures from 4.2-30 K 

and magnetic fields of 0-13 T. Compared with a C-doped infiltration-processed wire I2, 

this sample shows enhanced layer Jcs at elevated temperatures. A layer Jcs of 10
4
 A/cm

2
 

is achieved at 10 K, 15 K, 20 K, 25 K, and 30 K at fields of 12.2 T, 9.6 T, 6.8 T, 4.0T, 

and 1.4 T, respectively. This represents an increase of 0.2 T, 0.5 T, 0.9 T, 1.2 T, and 1.4 

T at those same temperatures over that of the non-Dy2O3 doped MgB2 of I2.  Also as 

shown in Figure 52(b), the extrapolated “non-barrier” Jc is 2.0 × 10
4
 A/cm

2
 at 20 K and 5 

T, much higher than the Jcs of both PIT and C-doped infiltration-processed wires. The 

irreversibility fields, Birrs, are extracted from Figure 52(b), based on the criterion that Birr 

is equal to the field when the “non-barrier” Jc reaches 1000 A/cm
2
 [331]. As compared in 

Table 18, using same pre-C-doped boron, W3 shows higher Birrs at all temperatures than 

the best C-doped PIT or C-doped infiltration-processed strands. This is important 

because, as is well known, C or C-related doping substantially increases Birr and Jcs of 

MgB2 at 4.2 K, but is not effective at higher temperatures (20 K and above) [332]. There 

is a clear improvement in both Jc and Birr attributable to Dy2O3 doping, but calculations 
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based on the magnetic Jcs of Figure 52 indicates that the maximum pinning strength 

Fp,max for W3 is 54.0 GN/m
3
 at 4.2 K and 11.4 GN/m

3
 at 20 K, close to those of the C-

doped-only infiltration-processed strand. Thus, it is clear that the increase in Jc due to 

Dy2O3 doping is driven by increases in Birr (and thus presumably Bc2) [127, 128], rather 

than flux pinning,
 
for our AIMI wires. 

The study on Dy2O3/C co-doped AIMI wires shows that MgB2 infiltration and 

formation are enhanced by both increasing the reaction temperature from 650C to 

675C, and with increases in Dy2O3 doping, which may offer us a new option to fabricate 

infiltration-processed MgB2 wires with both high layer Jcs and larger MgB2 fill factors. In 

addition, the 4.2 K layer Jc reached 1.35 × 10
5
 A/cm

2
 at 4.2 K, 10 T, 30 % higher than 

that of the AIMI wires without Dy2O3 doping. The highest “non-barrier” Jc reached 3.6 × 

10
4
 A/cm

2
 at 4.2 K, 10 T, which was among the best results reported so far. The increases 

are even more pronounced at higher temperatures where the field at which the Jc reaches 

10
4
 A/cm

2
 is pushed out by 0.9 T at 20 K, 1.2 T at 25 K, and 1.4 T at 30 K. The Jc 

increases seen at higher temperatures are consistent with observed increases in Birr of 17% 

at 20 K, 44% at 25 K, and 400% at 30 K. Dy2O3 shows itself to be the most successful 

dopant since C in its many forms for enhancing the properties of MgB2, and does so in a 

regime where C is not effective – 20-30 K. 
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Figure 52 Field dependence of (a) the layer Jc and (b) the “non barrier” Jcs of sample W3 

at magnetic fields of 0-13 T and temperatures of 4.2-30 K (as shown in filled dotted 

curves). Two other sets of data are provided for comparison purposes: (i) Dashed lines: 

magnetic results at variable temperature and fields. (ii) Empty dotted curves: the results 

from 2 mol% C doped infiltration-processed sample I2 without Dy2O3. Both samples use 

same pre-C-doped SMI B [180].  
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Table 18  Comparison of Birr between Dy2O3/C co-doped AIMI sample W3, state-of-the-

art C-doped PIT sample P2 and infiltration-processed sample I2 (unit: T) [180]. 

Temperature, K W3  P2  I2 

10 14.7 
14

 14.4 12.0 

15 11.4 10.9 9.7 

20 8.2 7.0 7.0 

25 4.9 3.4 4.0 

30 2.0 0.4 - 

 

 

4.4 MgB2 Layer Formation and Reaction Kinetics 

The microstructural analysis in Section 4.2.1 provides a valuable insight for 

understanding the mechanism of MgB2 layer growth in AIMI wires. Figure 53 

schematically illustrates it as a two-stage process. In Stage-I, the heat treatment of AIMI-

processed precursor wire leaves a Mg-depleted core surrounded by a thin cylinder of 

almost fully dense MgB2 produced by the initial rapid infiltration of liquid Mg. Because 

of the sufficient Mg supply, Stage-I is a “reaction-controlled” process. In Stage-II, 

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

dense MgB2 inner layer. Due of lack of Mg, Stage-II progresses very slowly and the 

process is mainly “diffusion-controlled”. In what follows a kinetic model is developed to 

explain the two-stage behaviors.  

 

 

 

 

                                                 
14

 14.7 T is extrapolated from Figure 52(b). 
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Figure 53 Schematic picture of the two-stage formation mechanism of MgB2 layer in 

AIMI-processed MgB2 wires [324].  

 

4.4.1 Stage-I, Dense MgB2 Layer Formation 

Stage-I is the reactive infiltration of liquid Mg into a porous B compact. The 

porous B provides a capillary network to encourage liquid Mg infiltration. As infiltration 

occurs, Mg is concurrently reacting with B, to form MgB2. Since the molar volume of 

MgB2 (17.46 cm
3
 mol

-1
) is three times larger than that of B (4.59 cm

3
 mol

-1
) [28], the 

interstitial voids between the initial B particles are gradually filled as liquid Mg continues 

to infiltrate. The depth of the infiltration grows with time, and during this time the Mg is 
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in reaction with B powder all along the infiltration path. Eventually an MgB2 layer with 

almost 100% density is formed starting close to the surface of the prior Mg rod and 

extending all along the infiltration path. In short, during reactive infiltration the particles 

expand and eventually block the paths to further infiltration, resulting after time t0 in a 

dense MgB2 layer of thickness x0. There are two components to t0. First there is the time 

tp = xp
2
/Dp needed to allow Mg to fully diffuse into the individual B particles of 

characteristic size xp, where Dp is the diffusion coefficient for Mg in B. To be added to 

this is the time tform needed to complete the Mg+B → MgB2 reaction. 

 In calculating tform we start by taking X as the powder packing fraction in the B 

preform. Then according to the stereology [333], for random packed powders, the area 

fraction of B occupying the Mg/B interface is also X. The value of X typically varies 

around 64% for systems composed of randomly close-packed spheres, such as B powders 

in the as-drawn MgB2 precursor wire. According to previous analysis [28, 196], a 

complete reaction of B powders with X~64% happens to result in the formation of fully 

dense MgB2. Therefore, in order for the completion of Stage-I, B powders close to the 

prior Mg/B interface have to be totally reacted into MgB2. If ASC is the area of the Mg/B 

interface then the area of precursor B powder covering the interface is ASC X. Thus the 

amount of B along the Mg/B interface is 

 SC
B

B

A X
n

N
  (mol)           (26) 

where NB is the molar area for B (2.33 × 10
4
 m

2
 mol

-1
). Similar to molar volume in the 

three-dimensional system, the concept of molar area is introduced to quantify the 



149 

 

concentration of B along the two-dimensional interface [334].
 
An estimation of NB is 

provided in the appendix. 

 MgB2 reaction is completed along the Mg/B interface in time tform at an MgB2 

formation rate 

 form MB SJ k C  (mol m
-2

 s
-1

)           (27) 

where CS is the concentration of Mg at the interface and kMB is the rate constant (m s
-1

) 

for the chemical reaction Mg+B → MgB2. According to chemical kinetics, kMB only 

depends on temperature and reaction activation energy such that kMB = kMB
*
 exp(QMB/RT), 

in which kMB
*
 is the reaction rate constant at standard conditions and QMB is the 

activation energy for MgB2 formation. The amount of MgB2 formed at the Mg/B 

interface is therefore 

 B form form SC.n J t A    (mol)           (28) 

Upon combining Equations 26, 27 and 28 we find  

 form

MB S B

.
X

t
k C N

  (s)           (29) 

 Thus the total time for Stage-I is 

 

2

p

0 form p

MB S B p

.
xX

t t t
k C N D

     (s)           (30) 

 According to the Washburn model for liquid metal infiltration into porous media 

[335], the infiltration depth of liquid Mg into B is 

 
1 2 1 2

0 0

cos
( ) ( )

2

r
x t

 


  (m)           (31) 
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where r, γ, θ, and  are effective pore radius, surface tension, wetting angle between 

liquid Mg and B, and viscosity, respectively. It is noted that the Washburn model 

assumes the capillary effect plays the dominant role during the infiltration process. There 

are a few other factors which possibly contribute to liquid Mg infiltration into B, such as 

the gravity of liquid Mg, the pressure of the surrounding space above the liquid Mg [335] 

and the negative pressure created due to the volume shrinkage during MgB2 formation 

[250]. Thus, it may require a slight modification in Equation 31 when considering these 

factors [335]. But x0 should still follow the general relationship of the above expression. 

Combining Equations 30 and 31 we find an expression for the MgB2 layer 

thickness, x0, when Stage-I is accomplished 

 

2

p1 2 1 2

0

MB S B p

cos
( ) ( ) .

2

xr X
x

k C N D

 


   (m)           (32) 

Equation 32 shows that x0 is affected by many parameters including the preform 

packing density (X), the average pore size (r), the Mg+B → MgB2 reaction rate (kMB) and, 

very importantly, the B particle size (xp). The first term of Equation 30 represents a 

situation where just the instrinsic Mg+B reaction (very local) is limiting, the second 

where the diffusion into the B particle is the controlling factor for setting the time for the 

infiltration process. In practice, as demonstrated in our later discussion, this latter term is 

dominant, such that Equation 32 can be approximated with the second term only. 
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4.4.2 Reaction Kinetic Model 

After the completion of Stage-I all capillaries for infiltration are blocked. Further 

reaction requires Mg to diffuse through a dense MgB2 layer, a process similar to the “Si 

thermal oxidation process” discussed by Deal and Grove [77]. With a Mg concentration 

at the initial Mg/B interface of CS dropping to Ci at the MgB2/B interface the diffusion 

flux through the dense layer of thickness x0 is 

 
0

( )II S i
diff

D C C
J

x


  (mol m

-2
 s

-1
)           (33) 

in which DII is the diffusion rate for Mg through MgB2 layer.  

This is equal to the rate of MgB2 formation starting at the MgB2/B interface: 

 form MB i .J k C  (mol m
-2

 s
-1

)           (34) 

Since Jdiff must equal Jform for mass equilibrium, we can eliminate Ci between 

Equations 33 and 34 to find 

 II MB S
diff

MB 0 II

.
D k C

J
k x D




 (mol m
-2

 s
-1

)           (35) 

After inserting Nv (mol m
-3

), the amount of Mg needed to produce unit volume of 

MgB2, the layer growth rate can be written 

 0 diff SII MB

v MB 0 II v

.
dx J CD k

dt N k x D N
  


 (m s

-1
)           (36) 

Then since Stage-II is a diffusion-controlled process, such that kMBx0 >> DII, 

Equation 36 reduces to 
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 0 II S

v 0

1dx D C

dt N x
   (m s

-1
)         (37) 

the solution to which is 

 
2 II S
0

v

2
.

D C
x t const

N
    (m

2
)         (38) 

The constant in Equation 38 can be evaluated by considering as a starting point 

for Stage-II the terminal conditions for Stage-I, viz x0 and t0, which for the present 

purpose we now write as x0* and t0*.  After doing so we find  

 
2 * 2II S
0 0 0

v

2
( ) ( ) .

D C
x t t x

N

     (m
2
)         (39) 

 

 

4.4.3 Interpretation According to Experimental Observations 

In order to compare the Stage-I and Stage-II layer thicknesses we need to insert 

numerical values into Equation 39: (i) the diffusion coefficient DII = 10
-17

 m
2
 s

-1
 [79], (ii) 

the molar volume of liquid Mg, CS = 6.52 × 10
4
 mol m

-3
, and (iii) the amount of Mg per 

m
3
 of MgB2, Nv = 5.73 × 10

4 
mol m

-3
. Equation 39 then becomes  

 2 5 * 2

0 0 02.28 10 ( ) ( ) .x t t x      (μm
2
)         (40) 

According to our previous experimental results [196], an AIMI wire acquired a 

Stage-I reaction layer thickness (x0*) of 50 μm after 60 min at 675 °C. Suppose the heat 

treatment is extended into Stage-II for a further time, t - t0* = 60 min. After substituting 

these numbers into Equation 40 we find the new layer thickness, x0, to be equal to 
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50.0008 μm, which represents no significant increase in x0* beyond the Stage-I value, in 

reasonable agreement with our previous report [196] and results by other groups [257]. In 

other words, the very small diffusivity of Mg through the dense Stage-I layer prevents a 

large additional increase in layer thickness. Only grain-boundary-induced increases in DII 

would lead to significant amounts of Stage-II MgB2. As a consequence, the MgB2 layer 

thickness for AIMI wires is nearly equal to the thickness of the MgB2 layer formed in 

Stage-I. 

As shown in Equation 30, the time for completing Stage-I is the time needed for 

Mg to diffuse into the B particles, tp, plus the time for MgB2 formation, tform. The Mg+B 

→ MgB2 reaction rate kMB at 675 °C is estimated to be about 10
-10

 m s
-1 

[75, 79]. Hence 

tform, calculated from Equation 29 using X = 0.64, NB = 2.33 × 10
4
 m

2
 mol

-1
, and CS = 

6.52 × 10
4
 mol m

-3
, amounts to 5 s, a fairly short time. On the other hand the time for the 

Mg to diffuse into the largest B particles (i.e. xp = 120 nm and Dp = 8 × 10
-18

 m
2
 s

-1
) [78], 

tp, is about 48 min. This is much longer than the formation time, tform, and indeed close to 

a Stage-I experimental result [196]. The comparison between tform and tp indicates that the 

time for Stage-I is dominated by tp – that required for Mg to fully diffuse into B particles. 

By manipulating the B particle size or Mg diffusion rate into B, it is possible to extend 

the time for dense MgB2 layer formation, thus broadening the thickness of MgB2 layer. In 

this way, Giunchi et al. were able to produce large dense MgB2 objects (“manufacts”) 

from crystalline B ground to sizes of 40-180 μm – albeit at the expense of Jc(B) which 

decreased as xp increased from 1 μm → 40 μm → 100 μm → 180 μm [193, 243]. 
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Besides reaction time, other factors like average pore radius also affect the MgB2 

layer thickness in AIMI wires. Large pores usually provide wide capillaries, thus 

facilitating the infiltration. Figure 54 demonstrates the effect of pressing on the MgB2 

layer thickness. Pressing densifies the B preform, reduces the pore size within the 

precursor layer, and suppresses the infiltration during MgB2 layer formation. As shown in 

Figure 54, the MgB2 layer thickness drops from 30-40 μm for the unpressed AIMI wire to 

less than 15 μm for the pressed specimen. According to Equation 32, the thickness x0 also 

involves the surface tension and viscosity of liquid Mg, and the wetting angle between 

liquid Mg and B. At 675 °C, the surface tension of liquid Mg is about 0.563 N m
-1

, and 

its viscosity is 1.119-1.147 mPas [336]. It is reported that liquid Mg has very poor 

wettability on nanosized commercial B [193]. Unfortunately, no record has been found 

regarding the numerical value of the Mg-B wetting angle. Once the wetting angle 

becomes known, we will be able to predict x0* based on the kinetic model above. In 

addition, according to Equation 32, we can see that efforts to improve the wettability or 

Mg surface tension are likely to contribute to an increase in the MgB2 layer thickness – a 

possible direction for future wire development. 

 

 

 

 

 



155 

 

 

 
Figure 54 Back-scattered SEM images of (a) unpressed AIMI wire and (b) pressed AIMI 

wire. Image contrast is adjusted to clearly show the MgB2 layer and B-rich layer. The 

bright strip represents MgB2 layer and dark strip indicates B-rich layer [324]. 

 

Last to be discussed is the effect of C dopant concentration. In a recent paper we 

have reported on the suppression of the MgB2 layer thickness as a result of C doping 

[337]. DeFouw et al. [79] studied the MgB2 reaction activation energies, QMB, for various 

types of B. For undoped plasma-synthesized boron QMB is 108 kJ mol
-1

, and for C-doped 

plasma-synthesized B it is 70 kJ mol
-1

. So at a given reaction temperature, C-doped AIMI 

wires which react faster than undoped ones (i.e. larger kMB) exhibit a shorter time for 

dense MgB2 layer formation. Furthermore C doping generates a higher density of defects 
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in B powders [118], so Mg diffusion into B speeds up and tp decreases accordingly. Both 

effects combine to reduce the MgB2 layer thickness for C-doped AIMI wires. 

 

4.4.4 Conclusion 

A careful SEM and TEM study of microstructural evolution indicates a two-stage 

mechanism for MgB2 layer formation in AIMI-processed MgB2 wires. Our kinetic model 

and the accompanying discussions reveal that the final MgB2 layer thickness is mainly 

governed by the thickness of MgB2 formed during the first stage. The final thickness of 

the MgB2 reaction layer is shown to depend not only on reaction time but also on B 

particle size, pore size in the preform, wetting angle and reaction activation. In general, 

the reaction layer will increase rapidly until it reaches a depth x0, after which grows very 

slowly, such that x0 can be defined as a “saturation reaction depth”. It can be shown that 

x0 is linearly dependent on B powder size, proportional to the square root of the radius of 

the porosity, and inversely dependent on the reaction rate of the local MgB2 formation 

reaction The kinetic analysis together with the expression for MgB2 layer thickness 

provide valuable tools for further optimization of the already high-performance AIMI-

processed MgB2 superconductors. 

 

4.5 Multifilament AIMI Wires 

Considering the excellent layer Jc and engineering Je properties of monocore 

AIMI strands, it is also essential to develop multifilament AIMI wires for applications. 
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The multifilament strand design remarkably reduces the required distance for Mg 

infiltration, so it is regarded as a convenient route to obtain fully reacted infiltration-

processed wires. In addition, similar to multifilament PIT wires, a multifilament AIMI 

wire is helpful for the quench protection as well as the minimization of AC losses, both 

of which are critical considerations for superconductor application. Moreover, most 

reports about the diffusion or infiltration-processed wires to date have focused on short 

wires (e.g. << 1 m total length); only a few measurements have been made on long 

strands [253] although a one-meter-long undoped Mg-RLI monofilament wire fabricated 

by Giunchi et al. had a engineering Je of over 1.0 × 10
4
 A/cm

2
 at 4.2 K and 5 T [250]. 

Though the AIMI wires have higher layer Jcs than their PIT counterparts, many other 

characteristics such as engineering Je, MgB2 fill factor and thermal stability need to be 

optimized in long wires before this manufacturing process is applied commercially. 

 

4.5.1 Effects of Carbon Doping Level, Filament Number and Strand Design 

A group of 18-filament strands was manufactured by HTR. All strands used the 

C-doped B powder, with C doping levels ranging from 2 mol% to 4 mol%. To fabricate 

multifilament AIMI strands, the initial billet, of the same geometry as that of 

monofilament AIMI strands (described in Section 4.2), was drawn to an intermediate-

sized monofilament. Eighteen of these monofilaments and one central Cu-Ni alloy 

filament were then restacked into a Monel tube, and further drawn to an OD of 0.83 mm. 

To compare with multifilament AIMI strands in terms of critical current densities, a 

group of 36-filament PIT strands with variable C doping levels were fabricated by HTR, 
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using the CTFF approach. After wire drawing, the three sets of strands were placed in a 

tube furnace, ramped to soak temperature in about 80 min, kept at the prescribed 

temperature for one, two or four hours and furnace cooled to room temperature. The 

strand specifications and HT conditions of the above mentioned three groups of strands 

are listed in Table 19. 

 

 

Table 19  Strand specifications of multifilament AIMI and PIT wires [328].  

Name Trace 

No. 

Sample  

type 
15

 

Filament 

No. 

Ctr. 

Filament 

C, 

mol% 

Dia., 

mm 

Heat treatment, 

°C/min 

Multifilament AIMI wires     

H1 2885I Barrel 18 Cu-Ni 2 0.83 675/60 

H2 2885II Barrel 18 Cu-Ni 2 0.83 675/120 

H3 2962I Short 18 Cu-Ni 3 0.83 675/60 

H4 2962II Short 18 Cu-Ni 3 0.83 675/120 

H5 2967I Short 18 Cu-Ni 4 0.83 675/60 

H6 2967II Short 18 Cu-Ni 4 0.83 675/120 

Multifilament PIT wires     

J1 2555 Barrel 36 Cu 2 0.92 700/60 

J2 2510 Barrel 36 Cu 2.5 0.92 675/60 

J3 2580 Barrel 36 Cu 3 0.91 650/120 

J4 2538 Barrel 36 Cu 3.5 0.91 675/60 

J5 2535 Barrel 36 Cu 4 0.91 675/60 

 

 

 

 

 

                                                 
15

 The definition of the sample types are described in Section 2.2. In short, “barrel” means a 1 m long 

segment helically wound onto 32 mm diameter Ti alloy holder; “short” means a 50 mm long straight wire. 
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Figure 55(a), the transverse cross-sectional SEM image of strand H1, represents 

the strand geometry of all multifilament AIMI samples. In the transverse direction, all 

subfilaments are about 100 μm in size and uniformly deformed. Mg and dispersed 

powders are found existing in the “prior-Mg” holes in the centers of filaments. Between 

the Nb barriers and the holes are the reacted MgB2 layers with thickness of 0-30 μm. 

After increasing the contrast and brightness of Figure 55(a) by 50% and thus the contrast 

difference within the reaction layers, it is found that only in some filaments has the B 

powder become fully transformed to MgB2. This is exemplified by the OM picture 

(Figure 55b), in which some filaments have grey B-rich areas outside the yellow MgB2 

circulars, indicating partial transformation. The structure of these multifilament strands is 

also examined longitudinally in Figure 56. Tubular MgB2 layers are seen attached to the 

Nb barriers in each filament. These MgB2 filaments are uniform in diameter along the 

longitudinal direction. However, Nb barrier breakages can be observed at certain 

locations. It is also noted that for every multifilament AIMI strand some residual Mg 

remains in the region of the break. EDS, employed to analyze the composition of the 

remaining Mg region for strand H3 and H5, detects the presence of Mg and Cu in the 

atomic ratio of about 4:5, implying that Cu has leaked into the filaments. 
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Figure 55 Transverse cross-sectional (a) SEM and (b) OM images of the 2 mol% C doped 

multifilament AIMI strand H1. The dashed line indicates the position for the longitudinal 

cross-section pictures in Figure 56 [328]. 

 



161 

 

 

 

Figure 56 Longitudinal cross sectional SEM image of the 2 mol% C doped multifilament 

AIMI strand H1. The red circles indicate the defects in the wire, such as barrier breakage 

(Picture was taken by Guangze Li). 

 

 

 

Table 20  MgB2 areas and MgB2 fill factors of monofilament AIMI strands [328] 

Name MgB2 area, 

μm
2
 

Error, μm
2 

+ / -  

MgB2 fill 

factor, % 

Error, %
 

+ / -  

H1 71 600 2700/2200 13.2 0.5/0.4 

H2 77 800 3900/1200 14.4 0.7/0.2 

H3 70 800 700/1500 13.1 0.1/0.3 

H4 70 500 1300/3700 13.0 0.2/0.7 

H5 52 900 3100/300 9.8 0.6/0.1 

H6 65 400 2500/2500 12.0 0.5/0.5 
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 The areas of the MgB2 layers are measured based on the transverse SEM images. 

Since both B and Mg are light atoms, the weak contrast in SEM figures between MgB2 

and other borides or B makes measurement difficult even when the contrast and 

brightness of the pictures are adjusted. So OM images, with better phase contrast, are 

used to assist distinguishing the MgB2 region. Table 20 lists the MgB2 areas as well as 

the MgB2 fill factors of all multifilament AIMI samples obtained using this method. It is 

important to note that the MgB2 fill factors of the present AIMI strands are only 9.2 to 

14.6 %, significantly lower than those of PIT strands. 

 The field dependencies of the layer Jcs at 4.2 K for all the multifilament AIMI 

strands are shown in Figure 57(a). Those of the two best performing PIT strands, J3 and 

J4, are also included for comparison. The best performing strand in magnetic fields below 

10 T is the 2 mol% C doped strand H1. At 5 T its layer Jc reaches 4.3 × 10
5
 A/cm

2
; at 10 

T it is 7.1 × 10
4
 A/cm

2
 which is twice as high as that achieved by the best PIT strand (i.e. 

the 3 mol% C-doped strand J3). The 4 mol% C doped strand H5 exhibits the highest layer 

Jcs at high fields above 10 T, although its low-field Jcs are lower than those of other 

strands. Its layer Jc attains 2.8 × 10
4
 A/cm

2
 at 13 T. Compared with H1 and H5, the 3 mol% 

C doped strand H3 shows good layer Jcs in all applied fields. But unlike its monofilament 

counterpart G2, a slightly heavier doping in multifilament AIMI strands does not result in 

an appreciable layer Jc enhancement as compared with 2 mol% C doped AIMI wires. 

Secondly, it is noticeable that all the 2-hours-heat-treatment strands (i.e. H2, H4 and H6) 

show deteriorated layer Jcs as compared to their 1-hour-heat-treatment counterparts H1, 

H3 and H5, respectively. For example, after two hours heat treatment, the layer Jc of what 
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then becomes strand H2 decreases to 3.3 × 10
5
 A/cm

2
 at 5 T and 4.7 × 10

4
 A/cm

2
 at 10 T. 

However, the layer Jcs of H2 are still 30% higher than the best PIT results. Also, this 1 m 

long ITER-barrel mounted AIMI strand shows comparable layer Jcs with other AIMI 

short samples, indicating the strand is uniform in the wire direction over long lengths, and 

it is capable of carrying a transport current of over 1000 A at 1 T, exhibiting excellent 

thermal stability. Figure 57(b) shows the “non-barrier” Jc versus B curves of the 

multifilament AIMI wires.  

For the magnet designer the transport property of importance is the engineering 

Je. Figure 57(c) presents Je as a function of applied field strength. Since Je is the critical 

current, Ic, divided by the transverse cross-sectional area of the whole wire, it also 

satisfies the relationship Je = layer Jc × MgB2 fill factor = “non-barrier” Jc × area ratio of 

        . The Je of the best multifilamentary AIMI strand, H1, is 5.7 × 10
4
 A/cm

2
 at 5 T 

and 9.4 × 10
3
 A/cm

2
 at 10 T.  
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Figure 57 Field dependence of (a) layer Jc, (b) “non-barrier” Jc, and (c) engineering Je of 

the multifilament AIMI wires. Statistical analysis were provided in (a), showing the 

upper and lower limits of layer Jcs  [328]. 
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Table 21  List of 4.2 K, 10 T engineering Je for multifilament AIMI wires with different 

C concentrations [328] 

No. Process Dopants Layer 

Jc, 10
4
 

A/cm
2
 

“non-

barrier” Jc, 

kA/cm
2
 

MgB2 

F.F.,  

% 

Powder 

F.F., % 

Anb / Atot,  

% 

Eng. Je, 

kA/cm
2
 

Multifilament AIMI wires      

H1 AIMI 2 mol% C 7.1 27.9 13.2 18.4 33.8 9.4 

H2 AIMI 2 mol% C 4.7 20.5 14.4 18.2 33.2 6.8 

H3 AIMI 3 mol% C 7.2 28.4 13.1 18.0 33.0 9.4 

H4 AIMI 3 mol% C 6.7 26.0 13.0 18.4 33.6 8.7 

H5 AIMI 4 mol% C 6.5 19.0 9.8 18.2 33.4 6.3 

H6 AIMI 4 mol% C 4.5 15.8 12.0 18.8 34.4 5.4 

Multifilament PIT wires 

J1 PIT 2 mol% C 1.5 14.8 25.0 25.0 25.0 3.7 

J2 PIT 2.5 mol% C 1.8 17.5 22.6 22.6 22.6 4.0 

J3 PIT 3 mol% C 3.4 33.9 17.8 17.8 17.8 6.0 

J4 PIT 3.5 mol% C 3.2 31.9 25.8 25.8 25.8 8.2 

J5 PIT 4 mol% C 2.4 24.0 26.9 26.9 26.9 6.4 

 

 

 Table 21 lists the layer Jc, “non-barrier” Jc and engineering Je of multifilament 

AIMI wires at 4.2 K, 10 T. This is compared with the critical current densities of 

multifilament PIT wires (J-series samples), together with monofilament AIMI wires in 

Table 14 and Table 16. The engineering Jes of multifilament AIMI wires are comparable 

to those of multifilament PIT wires, but lower than those of monofilament AIMI wires. 

This is mainly because the defects and “bad” filaments in the strands. 

Compared with monofilament AIMI strands in Section 4.3, the multifilament 

AIMI strands possess finer subfilaments and thus are more easily to suffer from 

degradations during the process of wire fabrication. The Nb barrier breakage observed in 
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H1 has been shown in Figure 56, which is obviously bad for current densities. Cu leakage 

detected in samples H3 and H5 also may cause a certain level of deterioration in 

engineering Jes by preventing the formation of MgB2 layer. To reveal the detrimental 

effect of Cu leakage, a special monofilament AIMI strand has been constructed to 

simulate the Cu leakage process in MgB2 filaments. This sample has the identical strand 

geometry, precursor species, and heat treatment conditions as the 2 mol% C doped 

sample F3, except it adopts Cu rather than Nb as the barrier material. So Cu could 

directly contact with the B precursor layer and freely diffuse into B. Figure 58 shows the 

influence of Cu on AIMI wires. First of all, Cu inhibits MgB2 layer formation. As is 

repeatedly shown in Figure 45, Figure 46 and Figure 49, the typical color for dense MgB2 

layer is orange. However, as seen in Figure 58(b), the reacted precursor layer in the Cu-

barrier AIMI wire appears dark, which indicates a poor MgB2 layer formation in this 

particular wire. Secondly, the engineering Je, as displayed in Figure 58(b), is also lowered 

with the choice of a Cu barrier. The Je of the “Cu-barrier” AIMI is more than a 

magnitude lower than that of the “Nb-barrier” AIMI wire at 4.2 K, 10 T. The reason for 

the negative effect of Cu on AIMI wires is not clear. But the investigations on the “Cu-

barrier” AIMI wire and H-series multifilament AIMI wires suggest that the alloying of 

Mg and Cu inhibits the Mg reaction with B. 

For the same reason, extrinsic defects such as Cu contamination cause negative 

effects on the multifilament wires such that no obvious layer Jc improvement is observed 

even when the C doping level is optimal (i.e. 3 mol%). Figure 59 is a statistical analysis 

of the “non-barrier” Jcs of over ten multifilament AIMI wires. The top and bottom edges 
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of the box indicate the 75% and 25% percentiles of the samples. This figure shows that 

the variations of “non-barrier” Jcs are less than 30% in AIMI wires. Also the comparison 

between two boxes proves that the “non-barrier” Jc could be improved if Cu leakage is 

efficiently prevented. The Nevertheless, even for the “leakage protected” wires, a low 

level of Cu leakage as well as other defects such as barrier breakage can still be traced in 

multifilament AIMI wires, causing reduced “non-barrier” Jc. 
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Figure 58 (a) Comparison of engineering Jes between a Cu-barrier AIMI wire and the Nb 

barrier AIMI wire F3. (b) Cross-sectional OM picture of the Cu-barrier AIMI wire, 

showing almost no MgB2 layer has been formed [338]. 
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Figure 59 A statistical analysis of the “non-barrier” Jcs of multifilament AIMI wires at 

4.2 K, 10 T. Generally, the wires manufactured with Cu leakage protection show higher 

“non-barrier” Jcs than those of the wires with no protection (modified from [339]). 

 

 

The effect of heat treatment time on the layer Jc is quite opposite for 

monofilament and multifilament AIMI strands. A longer heat treatment time, such as 4 

hrs., is desired for monofilament AIMI strands, while a shorter period of heat treatment 

time is more preferred in multifilament strands. The average B precursor layer thickness 

in multifilament strands is less than 20 μm, so the whole layer quickly transforms into 

MgB2 within 1 hour during the heat treatment. Extending heat treatment time is not 

helpful for MgB2 layer growth but could only cause grain coarsening, oxidation or Cu 

contamination, which are harmful for the strands. On the contrary, the average layer 

thickness of B precursor in monofilament AIMI strands is thicker than 50 μm. Therefore, 

Mg is not able to diffuse deeply into the B layer within a short time. According to the 

MgB2 layer growth mechanism, a partially reacted MgB2 layer is formed at the very 
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beginning of heat treatment, so moderate Jcs are obtained for G2. As HT continues, the 

MgB2 layer becomes thicker, better transformed and well-connected. Consequently, G3 

and G4 achieve improved Jcs and Jes. The above difference also implies that 

multifilament AIMI MgB2 wires are more advantageous to obtain high layer Jcs and 

engineering Jes than monocore AIMI wires. They could be fully reacted within a short 

time, because the B precursor layers become narrower and thus the Mg diffusion distance 

is shortened. As the heat treatment is completed faster, the grain coarsening can be 

prevented, and other detrimental effects like oxidation could be limited to a low level. 

Also, since the maximum MgB2 layer thickness is always limited to a very small value 

(for example, 25 μm for 3 mol% C doped monofilament AIMI strands), it is desirable to 

reduce the thickness of the B precursor layer below the 25 μm, which can be realized in 

multifilament strands. 

 

4.5.2 Transport Properties at Temperature of 4.2-30 K 

Given the excellent overall performances of multifilament AIMI wires at 4.2K, it 

is interesting to test their transport properties at other temperatures, especially at around 

20 K. A new 18-filament AIMI wire [340] (Trace No. 3091) was manufactured to prevent 

Cu leakage. The new strand shared the same wire design as those in H-series samples. 

However, instead of using Cu, a Nb central filament was chosen to eliminate Cu in MgB2 

composites. Also an extra Nb chemical barrier was incorporated inside Monel® sheath to 

prohibit Cu diffusion from Monel®. 
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Figure 60(a) shows the field dependence of layer Jc at 4.2-30 K. The layer Jc is 

7.9 × 10
4
 A/cm

2
 at 4.2 K, 10 T, which is close to that of the monofilament AIMI wires. 

At 20 K, the layer Jc achieves 2.1 × 10
4
 A/cm

2
 at 5 T, slightly lower than that of the 

monocore infiltration processed wires. Figure 60(b) and (c) show the “non-barrier” Jcs 

and engineering Jes. At 20 K, 5 T, the “non-barrier” Jc is 9.5 × 10
3
 A/cm

2
 and the 

engineering Je is 2.7 × 10
3
 A/cm

2
. Figure 60(d), the n-value characteristics, illustrates that 

the n-values of the multifilament AIMI wires also follow the empirical exponential n(B, 

T) relationship which was mostly valid in PIT wires and discussed in Section 3.2.3 and 

Section 3.3. The agreement with the empirical relationship indicates the good quality of 

the multifilament AIMI wires. 

It is noted that this particular multifilament AIMI strand exhibit excellent strand 

tolerance and wire stability [341]. According to bending tests, the critical current density 

does not depreciate even when 4% strain is applied to the sample. In addition, a three 

strand react-and-twist MgB2 cable has been built based on AIMI strand (No. 3091) with 

twist pitch equal to 100 mm. The minimum energy for normal-zone initiation was 

determined during 700A (I/Ic-short-sample ~ 0.17) measurements at ~16.1 K at self-field to be 

around 3.7 J. High Ics of the cable were obtained, Ic-cable
20K

 = 1605A and Ic-cable
25K 

= 598A, 

which appeared to agree with the short sample data in Figure 60. 
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Figure 60 Field dependences of (a) layer Jc, (b) “non-barrier” Jc, (c) engineering Je, and 

(d) n-value of a multifilament AIMI wire at temperatures of 4.2-30 K and magnetic fields 

of 0-10 T. The dashed lines are fitting curves from Eisterer’s model for purpose of 

guiding trend at low fields [340]. 

 

4.6 Discussion: Achieving a High Jc in MgB2 Superconductors 

The AIMI-processed MgB2 wires successfully solve the issue of “weak 

connectivity and high porosity” in typical MgB2 superconductors, thus achieving 

remarkably improved Jcs. The state-of-the-art AIMI wires [180, 196] or other similar 

diffusion-processed MgB2 wires [268, 269] attain Jcs as high as those of NbTi conductors 

at 4.2 K [299]. This is a good start for wire optimization. However, many other issues are 
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waiting to be carefully addressed – in other words, there is still lots of room for 

improvement.   

According to Collings et al. [28], MgB2 superconductors are challenged by three 

major problems – weak connectivity and high porosity, low Bc2 and weak flux pinning. 

Taken at face value, this statement is not quite accurate – individual MgB2 grains do have 

high Bc2 and strong flux pinning. The maximum critical field, Bc2
//
, of undoped MgB2 is 

about 15 T at 4.2 K, 25% higher than the Bc2 of NbTi superconductors. This value can be 

enhanced by C doping to up to 35 T, which is comparable to the Bc2 of Nb3Sn [31]. Also, 

the grain size is around dozens of nanometers, which is adequate to provide strong flux 

pinning in MgB2. However, due to grain anisotropy, these benefits are not fully exploited. 

Grain anisotropy is the underlying culprit that limits the superconducting property 

of MgB2. There are two types of anisotropy – the Bc2 anisotropy and the geometry 

anisotropy. Bc2 anisotropy is mostly recognized by researchers [103, 107, 108]. It 

substantially reduces the effective Bc2 in most MgB2 grains and makes the doping process 

low in effectiveness. Suppose in a 2 at.% C doped MgB2 polycrystal, all grains are 

randomly oriented, with identical Bc2
//
 (30 T) and Bc2 anisotropy (γ =2.5). The distribution 

of effective Bc2s can be calculated according to Equation (13). As shown in Figure 61, 

more than half of the MgB2 grains have effective Bc2s lower than 20 T, even though their 

Bc2
//
s are as high as 30 T. As a consequence, it is impossible to expect a high Jc for 

polycrystalline MgB2. According to recent research by our group [103, 109], the Bc2 

anisotropy can cause up to 89% Jc loss in MgB2 superconductors. The other anisotropy is 

regarding the grain geometry. As represented in Figure 3, most MgB2 grains are thin 
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platelets in shape with great variances in dimensions. Our extensive microscopic study in 

PIT and AIMI wires shows that typically the MgB2 grains in our samples are 50 nm in 

thickness and 250 nm in width. Therefore the pinning sites in the grain width direction 

are 4 times fewer than the pinning sites in the thickness direction, which eventually 

causes an observation of “weak flux pinning” and suppressed Jc.  

 

 

Figure 61 Relative distribution of effective Bc2 in a MgB2 polycrystal composed of 

identical, randomly oriented MgB2 grains (assume Bc2
//
 = 30 T, γ =2.5) (Picture was 

drawn by Guangze Li [342]). 
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Figure 62 Influence of the field orientation with respect to the MgB2 grains on the Bc2 and 

pinning site density (assume Bc2
//
 = 30 T, γ =2.5) (Picture was drawn by Guangze Li  

[342]). 

 

The combination of Bc2 anisotropy and geometry anisotropy causes even severe 

degradations in flux pinning and Jc. As shown in Figure 62(a), when the magnetic field is 

parallel to the basal plane of MgB2 prisms, the Bc2 is around 30 T and the grain 
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boundaries along the basal plane (001) serves as the pinning sites. The distance between 

each grain boundaries is around 50 nm. In contrast, if the magnetic field is perpendicular 

to the basal plane, then the Bc2 is only about 12 T due to the Bc2 anisotropy. Also the 

grain boundaries along the (110) plane serves the pinning sites at this time. The distance 

between grain boundaries is only 250 nm, remarkably reducing the flux pinning ability. 

According to Martinez, the flux pinning capability of the MgB2 polycrystal is 

proportional to Bc2
2
, and at the same time, is inversely proportional to the grain boundary 

distance, d (see Equation 12). That is, even constructed from identical MgB2 grains, the 

flux pinning ability in the microstructure configuration in Figure 62(a) is 30 times 

stronger than the flux pinning capability in the scenario in Figure 62(b). Correspondingly, 

the Jc can be improved by 30 times if all MgB2 grains can be aligned with basal plane 

parallel to the magnetic field.  

 In summary, to make full use of the C-doping induced high Bc2 and fine grain 

size, it is essential to construct a textured MgB2 superconductor with microstructure 

following the configuration in Figure 62(a). The future success of next generation,  

textured MgB2 superconductor is expected to improve Jc by a magnitude. 

 

4.7 Summary 

A series of second generation, infiltration-processed MgB2 wires was successfully 

fabricated, with a dense MgB2 layer structure as characterized by SEM, TEM and high 

performance characteristics. The best layer transport Jc is 1.07 × 10
5 

A/cm
2
 at 10 T, 4.2 K. 

Our highest Je reaches 1.67 × 10
4 

A/cm
2
 at 10 T and 4.2 K. During heat treatment, liquid 
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Mg infiltrates into the B powder mixture and forms a dense MgB2 layer within 1 hour, 

which prevents further Mg infiltration. Next, the superconducting layer growth slows 

down as the solid diffusion mechanism takes the place of liquid infiltration during Mg 

atomic transportation. Our AIMI MgB2 wire is superiority in that it obtains both high 

layer Jc and engineering Je because of the dense MgB2 structure and high percentage of 

superconducting area inside the wire. Then investigations in terms of doping, kinetic 

analysis and multifilament fabrication have been conducted to further optimize the wire 

performance. Our Dy2O3/C co-doped AIMI wire has an extrapolated “non-barrier” Jc of 

2.0 × 10
4
 A/cm

2
 at 20 K and 5 T, much higher than the Jcs of both PIT and C-doped 

infiltration-processed wires. 
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Chapter 5: O-alloyed MgB2 Thin Films 

 

5.1 Introduction 

Lots of efforts have been undertaken to the Bc2 of MgB2. Carbon and carbon-

related chemical doping has been regarded as the most effective method for this purpose 

[29]. By using nano-SiC doping, Dou’s group improved the Bc2s of MgB2 wires from 15 

T to 30 T at 4.2 K [89, 102]. This method was followed by other groups to fabricate 

MgB2 wires, bulks and thin films, with good results reported in the literature [135, 136, 

173, 219, 246]. Nevertheless, the C doping method did not show enough effectiveness 

when a high Bc2, such as 40 T, was pursued for MgB2 wires. To this end, researchers 

doped hundreds of chemicals in MgB2 in hopes of finding a dopant which could replace 

C and increase Bc2 to 50 T or higher [28, 29]. Unfortunately, none of these doping species 

improved the Bc2s in MgB2 wires, let alone led to better performance than the C-doped 

MgB2 conductors. Though no remarkable results were seen in terms of new chemical 

dopants in MgB2 wires, a few interesting reports were published regarding O doping in 

MgB2 thin films. Theoretical studies showed that oxygen had a relatively high solubility 

in MgB2 under certain conditions [343, 344]. Eom [110] and Matsumoto [111] 

accidentally introduced O into MgB2 thin films. The Bc2s of their O-doped MgB2 thin 

films obtained values of up to 45-57 T. Singh et al.
13

 [285] also fabricated O-incorporated 

MgB2 thin films by in situ post-growth annealing in an O2 atmosphere. Their 
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experimental data confirmed O incorporation and revealed high Bc2s of up to 45 T at 4.2 

K. All these results indicated O as a potential doping candidate for the Bc2 improvement 

in MgB2, which encouraged us to make a deep investigation in this area. 

In this chapter, MgB2 thin films were successfully fabricated by ex situ pulsed 

laser deposition (PLD) and a diffusion process in O2 environment. The Bc2 of our sample 

achieved a value of 14 T at 21 K, which is a value of interest for many superconducting 

device applications. Furthermore, discussions about oxygen reactions in MgB2 samples 

introduced a reasonable method to properly dope O in MgB2 thin films, and even MgB2 

wires or bulks. 

 

5.2 O-alloyed MgB2 Thin Films 

All films studied were grown by the route of ex situ PLD [298]. The PLD 

deposition system was manufactured by Neocera, Inc., with base pressure of ~ 6 × 10
-7

 

Torr. The repetition rate of the Kr-F excimer laser was 10 Hz and the beam energy was 

300 mJ before the laser entering into the vacuum chamber. The target was a home-made 

Mg-B target, the nominal composition of which was Mg35B65. The target-to-substrate 

distance was 35 mm. During deposition, two c-sapphire substrates (dimension: 2 mm × 6 

mm) were attached onto the substrate holder. Deposition occurred in Ar-5%H2 

atmosphere at a pressure of 80 mTorr at 240 °C for about 1 hour (i.e. 40000 laser pulses). 

This resulted in two precursor Mg-B films with an amorphous microstructure and no 

exhibited superconductivity. Afterwards one of the precursor films, sample K1, was 

processed following conventional ex situ PLD route for comparison purposes. It was first 
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annealed in 100 Torr Ar gas at 160 °C for 2 hours, and then sealed with Mg filings in an 

Ar-protected quartz ampoule and heat-treated at 660 °C for 30 min. The second precursor 

film, sample K2, was annealed in O2 gas at a pressure of 100 Torr at 160 °C for 2 hours. 

Then like Sample K1, it was sealed with Mg filings in Ar-protected quartz tubes and 

heat-treated at 660 °C for 30 min. The resistance versus temperature (R-T) data were 

taken via a four point measurement using the 14 T Quantum Design Model 6000 PPMS, 

with the magnetic field oriented perpendicular to the film surface. 

Figure 63 (a) shows the R-T characteristics of sample K1 in magnetic fields of 0-

14 T. The resistance change during the superconducting transition, R5-40K, is about 3.2 

. The R-T transition starts above 33 K in the condition of zero field. The transition 

curve quickly migrates to lower temperatures once a magnetic field is applied, indicating 

a severe suppression of Tc caused by the magnetic field. In comparison, as shown in 

Figure 63(b), the R5-40K of sample K2 is about 50 , 15 times higher than that of sample 

K1. Sample K2 exhibits a transition at the relatively low temperature of ~30 K in the 

zero-field. But unlike sample K1, the transition curves of sample K2 decay very slowly in 

the presence of magnetic fields.  

 



181 

 

 

Figure 63 Temperature dependences of the resistance for (a) typical ex situ PLD-made 

MgB2 thin film, sample A, and (b) O2 processed MgB2 thin film, sample B, at the 

magnetic field of 0-14 T. The dashed lines indicate the criterion to determine the 

transition temperature, Tc, at different fields. The applied field is perpendicular to the film 

surface [345, 346]. 
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Figure 2 shows the upper critical field, Bc2, as a function of temperature for both 

films. The Bc2s and corresponding Tc
onset

s are evaluated on the basis of a criterion of 90% 

of the normal state resistance in various magnetic fields and temperatures.  As compared 

with sample K1, sample K2 shows a pronounced enhancement in Bc2 at the temperature 

of 16-28 K. Its Bc2 achieves 14 T at 20.8 K, 50% higher than the Bc2 of sample A at the 

same temperature. Moreover, the slope of Bc2(T) curve, dBc2/dT, is 1.75 T/K, resulting in 

an extrapolated Bc2value of 50 T at 0 K.  

 

 

Figure 64 Upper critical field versus temperature (Bc2-T) curves for the MgB2 thin films. 

The dashed lines are extrapolated lines due to limited experimental data. The extrapolated 

Bc2 for sample B is about 50 T at 0 K  [345, 346]. 
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5.3 Discussion 

The above results illustrate that the upper critical fields of MgB2 samples are 

capable of being increased to 50 T. Also O could be a very promising dopant for the Bc2 

improvement in MgB2. However, it is extremely difficult in practice to fabricate O-doped 

MgB2 samples through a direct reaction between O2 and Mg-B precursors. For example, 

Haruta et al. [347] prepared MgB2 thin films in an O2 atmosphere by e-beam evaporation. 

However, no O was successfully alloyed into MgB2. The author co-deposited films using 

Mg-B and MgO targets. It was expected that the O atoms released from the MgO target 

interacted with the Mg-B plasma and eventually formed O-doped MgB2 thin films. 

Unfortunately, the resulting films show similar Bc2(T) curves to sample K1, with no Bc2 

improvement. These instances demonstrate the futility of reacting Mg-B precursors 

directly for O. The reason is Mg has strong affinity with O. Once the two species are 

encountered, all O atoms are reacted into insulating MgO phases and no O atom can be 

doped into MgB2 lattice. To avoid the reaction between Mg and O, it is critical to reduce 

the chemical potential of Mg, μMg. According to thermodynamics, μMg is related to the 

partial pressure pMg following: μMg = μMg° + RTln(pMg/pMg°), where R is the gas constant 

and “°” indicates standard conditions. Kim et al. [348] has investigated the Mg partial 

pressure during the MgB2 thin film synthesis. pMg dropped by 7 orders of magnitude from 

Mg in Mg metals to Mg in MgB2 thin films. That is, after the formation of MgB2 thin 

films, μMg is substantially reduced.  

In the study of this chapter, the Mg-B precursor film is annealed in O2 gas at 

160 °C. Due to the formation of Mg-B phase, the chemical potential of Mg is low enough 
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that O does not have a strong tendency to react with Mg. Instead of forming MgO, O 

gradually diffuses into the Mg-B precursor layer. Thanks to the amorphous structure, the 

Mg-B precursor layer provides a high density of vacancies and defects to facilitate the O 

diffusion. Consequently, a film containing a certain doping level of O is successfully 

formed. This is followed by a heat treatment at high temperature for crystallization, 

during which an MgB2 superconducting layer is established and O is incorporated into 

the MgB2 lattice. According to Gurevich [25, 86], O doping causes a strong electronic 

scattering in MgB2, and Bc2 is inversely proportional to the electronic diffusivity. As 

electrons are scattered, the electronic diffusivity is remarkably decreased, thus resulting 

in a pronounced Bc2 enhancement. Finally, it is noted that O is quite unique with respect 

to the materials science of MgB2 superconductors. Though O can be used for Bc2 and 

pinning improvement, Rowell [66] points out that an insulting MgO layer formed along 

the grain boundary is detrimental to the connectivity. Therefore, special care has to be 

taken to make sure the grain boundary is clean and O is alloyed into MgB2 crystal lattice. 

The idea of annealing MgB2 thin films in O2 gas to achieve O-doping can be 

potentially transferred to the preparation of O-doped MgB2 bulk samples. To facilitate O 

diffusion, MgB2 powders can be first ball milled and then annealed in an O2 atmosphere. 

This research is in progress and hopefully good results will be generated in near future.  

 

5.4 Summary 

A new route has been developed for doping O into MgB2 and thus enhance the Bc2 

of MgB2 thin films. The O-doped MgB2 thin film achieved a high Bc2 of 14 T at 20.8 K, 
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which is good enough for many superconducting devices. Moreover, O is pointed out as a 

potential dopant for MgB2 for the purpose of Bc2 improvement. Because of the high 

reactivity between Mg and O, O should be doped after the formation of Mg-B precursor 

films, instead of direct reaction with Mg and B precursors. The interpretation about this 

mechanism provides a valuable insight for O doping in MgB2 thin films, and even in 

MgB2 wires in the future. 
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Chapter 6: Summary and Conclusions 

 

 

MgB2 has a great potential for commercial applications, even though the 

properties of MgB2 superconducting wires is limited by three major problems – high 

porosity and weak intergranular connectivity, limited upper critical field Bc2, and weak 

pinning strength. This work aims to gain a thorough understanding of the microstructure, 

properties, performance, processing and their intrinsic relationships in MgB2. 

First, microstructures and superconducting properties of typical in situ PIT-type 

MgB2 wires were carefully examined. An understanding of connectivity, anisotropy, flux 

pinning was gained concerning MgB2. It was found that most PIT-type MgB2 were high 

in porosity and weak in connectivity, hence limiting the Jcs. Also wire defects such as 

sausaging problems reduced the n-values. In addition, C, with different doping level, was 

added into MgB2 to improve Bc2 and Jc. Jc enhancement of about 80 times were 

accomplished by adding  3 at.% C into MgB2 wires at 4.2 K, 10 T. But this effect was 

negligible at elevated temperatures such as 20 K.  

Second, highly dense, well connected MgB2 superconducting wires were 

successfully fabricated by using a new “advanced internal Mg infiltration” route. A 

kinetic model was developed to understand the MgB2 layer growth mechanisms. During 

heat treatment, liquid Mg infiltrated into the B powder mixture and formed a dense MgB2 

layer within 1 hour, which prevented further Mg infiltration. Then the superconducting 
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layer growth slowed down as the solid diffusion mechanism took the place of liquid 

infiltration during Mg atomic transportation. With this unique process and the knowledge 

of reaction kinetics, it is possible to fabricate a fully reacted, highly dense MgB2. The 

best transport layer Jc of the so called “second generation, or AIMI”, wires, reached 1.07 

× 10
5 

A/cm
2
 at 10 T, 4.2 K, The highest Je attained 1.67 × 10

4 
A/cm

2
 at 10 T and 4.2 K. 

Different dopants, including C and Dy2O3, were doped into AIMI-processed MgB2 wires. 

Dy2O3 was shown as the most successful dopant (other than C in its many forms) for 

enhancing the properties of MgB2, especially in a regime where C was not effective – 20-

30 K. 

Finally, the effects of O doping on Bc2 were investigated. Oxygen was doped into 

MgB2 by annealing Mg-B precursor films in O2 atmosphere. The O-doped MgB2 thin 

films achieved a high Bc2 of 14 T at 20.8 K, which is ideal for many superconducting 

devices. The extrapolated Bc2 achieved 50 T at 0 K, which exhibited a good promise for 

O doping in MgB2. With this process, it may be possible to fabricate MgB2 with very 

high values of Bc2 and Jc. 

The research in this thesis is not the end of the research and development of MgB2. 

On the contrary, there is still much effort needed in order to further improve the property 

of MgB2 superconductors. For example, our group is actively searching for new dopants 

to obtain Bc2 enhancement and extra flux pinning. Both O and Dy2O3 are very promising; 

therefore, we are trying to obtain more knowledge of these materials and their 

relationship to MgB2. Anisotropy is also an issue that deserves to be carefully considered 

because we want to make full use of the high Bc2
//
 and fine grain size intrinsic to MgB2. 
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Rolling ex situ MgB2 wires might be a good choice for this purpose. Finally, 

thermodynamics and kinetics of the MgB2 reaction, grain nucleation and growth should 

be carefully researched so that we can better control the microstructure in MgB2 synthesis 

and production. 
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Appendix  

 

Conversion of 3-dimensional molar volume of B into 2-dimensional molar area within a 

plane (i.e. surface or interface) [324]: Assume isotropic, homogenously distributed unit 

cells inside of a crystal. The volume for a B unit cell can be estimated by the 3-

dimensional molar volume of B (4.59 cm
3
 mol

-1
) divided by the Avogadro’s number 

(6.02 × 10
23

 mol
-1

). So the volume for a B unit cell is 7.6 × 10
-24

 cm
3
. Thus, the cross-

sectional area for this unit cell is about 3.87 × 10
-16

 cm
2
, resulting in a planar density of B 

unit cells equal to 2.58 × 10
15

 cm
-2

. Dividing Avogadro’s number by the planar density, 

we get an estimation of B molar area to be 2.33 × 10
8

 cm
2
 mol

-1
, i.e. 2.33 × 10

4
 m

2
 mol

-1
. 
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