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Chapter 1 Generalities 
1.1 History of superconductivity 
 

Superconductivity is a phenomenon, which appears in some materials with zero electrical 
resistance below a critical temperature, Tc. In the late 19th century and the early 20th century, 
with the discovery of absolute zero [1] and the low-temperature environment produced by 
liquefaction of gases such as oxygen, nitrogen and hydrogen [2–4], people began to have 
great interests in the study of material properties at cryogenic temperatures. In 1911, after the 
success of helium condensation in 1908 [5], the superconductivity was firstly demonstrated 
by the Dutch physicist Kammerlingh Onnes [6], who observed that the electrical resistance of 
mercury disappeared below 4.2 K. 

Although this type of materials required an extremely low temperature to remain 
superconducting, lots of scientists were attracted by their special property of no-resistance, 
which means no energy dissipation for the transport of electrical current. Therefore, the focus 
of research at that moment turned to finding or manufacturing materials with a higher and 
higher critical temperature. Between the 1950s and 1960s, the discovery of niobium-based 
superconducting alloys such as NbTi and Nb3Sn [7,8] and the discovery of Josephson effect 
[9] caused an upsurge in the research and development of the low-temperature 
superconducting technology. However, before 1986, the highest Tc of conventional 
superconductors was still under 30 K. In 1986, a truly breakthrough discovery was made by 
Bednorz and Muller [10], who reported the superconductivity at 30 K of a LaBaCuO ceramic 
compound, the highest transition temperature known at that time. This remarkable discovery 
of superconductivity in the copper-oxides named cuprates, has boosted the research of other 
high critical temperature superconductors (HTS). In 1987, Wu et al. announced a transition 
temperature of  93 K in the Y-Ba-Cu-O system [11]. This compound was the first 
superconductor that could be cooled down by the inexpensive liquid nitrogen, and also 
became one of the most popular candidates for HTS applications. Higher and higher critical 
temperatures were discovered in the cuprate family in the following years: Bi2Sr2Ca2Cu3O8 
(Tc=110 K) Tl2Ba2Ca2Cu3Ox (Tc = 124 K) and Hg-Ba-Ca-Cu-O system at high pressure 
(Tc=133 K at normal pressure and 164 K under 31 GPa) [12–15]. In 2001, Nagamatsu et al. 
[16] reported the superconductivity at 39 K of the intermetallic compound MgB2. Compared 
to the cuprates, although its critical temperature was not spectacular, MgB2 presents the 
conditions needed for the applications requiring the mass production of superconductors, as a 
consequence of its simple synthesis process and cheap cost. Otherwise, the discovery of the 
first iron-based superconductor La-Fe-P-O system with Tc = 5 K in 2006 [17] was also 
surprising, because  magnetic elements such as iron atoms were considered as harmful for 
superconductivity. Then, in the ensuing years, numerous new iron-based superconductors 
have been discovered, such as LaFeAs[OF] (Tc = 26 K) and SmFeAs[OF] (Tc = 54 K) [18,19]. 
A SrTiO3 doped single layer FeSe film was also reported with a surprisingly high Tc = 109 K 
[20]. Moreover, the study of the hydride superconductors under ultra-high pressure has 
shown important progress since 2000s. According to the Bardeen–Cooper–Schrieffer (BCS) 
theory [21], hydrogen was considered as one of the best candidate for HTS research due to its 
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high Debye temperature. However, at ambient pressure, most of light element compound are 
insulating. The first high-Tc-high-pressure hydride H3S was discovered in 2015 [22], with a 
Tc of 203 K under 155 GPa, and 4 years later, a higher Tc of 260 K was observed in LaH10 
under 190 GPa [23]. In 2020, the first room temperature superconductor C-H-S compound, 
was discovered by Snider, E. et al at 287 K under 267 GPa [24] and in the same year, 
Grockowiak, A. D. et al reported the superconductivity of La-H samples at and above room 
temperature until 550 K [25]! This indicates that nearly 110 years after the discovery of 
superconductivity, we have finally entered the era of room temperature superconductivity. 
Although this kind of superconductors cannot be used for applications, they are a milestone 
in the research on superconductivity. Fig.1-1 shows the maximum superconducting transition 
temperature over the years since the discovery of superconductivity. 
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1.2 Fundamentals of superconductivity 

1.2.1 Characteristics of superconducting materials 

In addition to the critical temperature Tc, superconductors have two other principal 
parameters: the critical current density Jc and the critical magnetic field Hc. The critical 
current density Jc is the maximum current density that a material can carry without any 
energy loss. If the density of the applied current is greater than Jc, superconductivity is
destroyed, even below the transition temperature. The critical magnetic field Hc is the 
maximum magnetic field that can be applied to a superconducting material without transition 
to the resistive state. Fig.1-2 shows the superconducting region delimited by Tc, Jc and Hc in 
the T, J, B phase diagram.

Fig.1-2 Relationship between Tc, Jc and Hc in superconducting materials

The Meissner effect [26] is another important property of superconductivity. In 1933, 
Meissner discovered that a superconductor could be suspended to a magnet. This discovery 
has shown that the superconducting state is not only a state with zero electrical resistivity, but
also a state in which the magnetic field is expelled from the material (See Fig.1-3). When a 
magnetic field is applied to a material in the superconducting state, current loops appears on 
the surface. These induced currents produce a magnetic field that cancels exactly the applied 
field. This perfect diamagnetic property is mostly used in magnetic field shielding and 
maglev trains nowadays. 

Fig.1-3 Diagram of the Meissner effect
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1.2.2 The BCS theory 

The first microscopic theory of superconductivity, the BCS theory was proposed by John 
Bardeen, Leon Neil Cooper and John Robert Shriver in 1957 [21]. It is based on the 
formation of electron pairs (known as Cooper pairs) under the effect of an attractive 
interaction between electrons and the vibrating crystal lattice. 

As shown in Fig.1-4, when a negatively charged electron passes through a lattice of 
positively charged ions, the crystal lattice is slightly deformed by this electron and creates a 
prominent positively charged area which can attract another electron. These two electrons 
form then a Cooper pair. This process can also be regarded as a phonon exchange between 
two electrons.  

Fig.1-4 Formation of Cooper pairs

However, with the increase of the temperature, the ions in the material vibrate stronger and 
stronger, so that the phonon emission and absorption process can no longer occur, and the 
Cooper pairs disappear. This theory explains the condensation mechanism of electron pairs as 
electron-phonon coupling. It is valid for conventional superconductors but so far, there is no 
consensus for a model accounting for the formation of Cooper pairs in high Tc

superconductors.   

1.2.3 The Ginzburg–Landau theory 

In 1950, the physicists Vitaly Ginzburg and Lev Landau presented a phenomenological 
theory of superconductivity based on their previously proposed model of phase transition [27]. 
This approach considers that the superconducting electron density in the material is not 
constant. It defines two characteristic lengths and makes possible to determine the nature of 
the superconducting material.  

1.2.3.1 The Characteristic lengths  

The superconducting state is characterized by two lengths: the penetration depth, λ and the 
coherence length, ξ. Length λ is the distance at which the magnetic field drops to zero from 
the surface of the material. Length ξ is the distance over which the density of 
superconducting electrons varies from its maximum value to zero. In reality, ξ and λ are 
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functions of the temperature and affect the values of Jc and Hc. The ratio of these two 
characteristic lengths [Eq.1.1], called the Ginzburg-Landau parameter 

κ =
λ

ξ
   [Eq.1.1] 

 

determines if the superconductor is type I or type II.  

1.2.3.2 Type I and Type II superconductors 
 

If  𝜅 <
1

√2
 , the superconductor is type I. Materials in this family have only one critical 

magnetic field, Hc. Fig.1-5 (A) shows their phase diagram with a curve separating the normal 
state from the Meissner state. When the applied magnetic field, current or temperature exceed 
the critical value, a type I superconductor suddenly undergoes a phase transition to the 
normal state. Most of metal superconductors are type I, except niobium, technetium and 
vanadium. 

The Ginzburg Landau parameter of the type II superconductors is greater than 1

√2 
. Unlike 

type I superconductors, they show three different phases (See Fig.1-5 (B)). They don’t 
undergo a direct transition from the Meissner to the normal state, because of the existence of 
the mixed state.  

If a field lower than the first critical field Hc1 is applied, the material is in the Meissner state. 
If the external field is increased without exceeding the second critical field Hc2, the material 
enters a phase called the mixed state. In the mixed state, the magnetic field cannot be 
completely expelled, but partially penetrates the superconductor under the form of cylindrical 
flux tubes in the normal state, called vortex or fluxoid, which are isolated from the rest of the 
material by superconducting currents loops. The radius of the vortex corresponds to the 
coherence length ξ.  Away from the center, the magnetic field gradually decreases within a 
distance to the core approximately equal to λ. Beyond this distance, the magnetic field can be 
regarded as equal to zero. Therefore, the superconducting current can flow in the regions 
located between the vortices, and the resistance of the material is still equal to zero. Fig.1-5 
(C) shows a vortex schematically.  
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Fig.1-5 Phase diagram H=f (T) of (A) type I and (B) type II superconductor. (C) Schematic of a vortex produced by 
magnetic flux penetration in the mixed state of a type II superconductor

The magnetic flux of a vortex is quantized as shown in [Eq.1.2] 

𝜑0 =
ℎ

2𝑒
     [Eq.1.2]

where h is the Planck constant. The vortex axis is along the applied field, Bappl, and the 
surface density of the vortices, n, can be written as : 

𝑛 =
𝐵𝑎𝑝𝑝𝑙

𝜑0
[Eq.1.3] 

The thermodynamic critical field Hc, the lower critical field Hc1 and the upper critical field, 
Hc2, of the type II superconductors are functions of 𝜉, 𝜆 and 𝜅. We have  [28]: 

𝐻𝑐 =
 𝜑0

2√2𝜋ξλ𝜇0
    [Eq.1.4]

𝐻𝑐1 =
𝑙𝑛(1.23 κ)

√2κ
𝐻𝑐   [Eq.1.5] 

𝐻𝑐2 = √2κ 𝐻𝑐 =
 𝜑0

2𝜋ξ2𝜇0
  [Eq.1.6] 

(C)

(A) (B)
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From Eq.1.5 and 1.6, we have  𝐻𝑐  ~√𝐻𝑐1𝐻𝑐2 . The critical temperatures of the type II 
superconductors is higher than those of Type I. Currently, the highest temperature without 
applied pressure was observed on a cuprate compound containing mercury and was around 
138 K. 

1.2.4 Magnetic flux pining mechanism 
 

The vortices in an ideal type II superconductor form a regular triangular lattice called 
Abrikosov lattice [29] in order to minimize the magnetic repulsion between fluxoids. Fig.1-6 
shows the first observation of a triangular vortex lattice that was achieved in polycrystalline 
Pb-4at%In. However, if defects are present in the material, the vortices are preferentially 
located on these defects. This is generally the case for high Tc superconductors. 

When a current flows in a superconductor penetrated by a magnetic field, the Lorentz force, 
FLorentz [Eq.1.7]: 

𝐹𝐿𝑜𝑟𝑒𝑛𝑡𝑧
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ = 𝐽 × 𝜇0𝐻⃑⃑      [Eq.1.7] 

 

Fig.1-6 “Perfect” triangular lattice of flux lines on the surface of a lead-4at%indium rod at 1.1 K. [30] 
 

acting on the vortices can result in a flux migration through the material. The heat and 
voltage generated by the vortex motion cause energy dissipation.  However, the voids, 
disorders and impurities present in the material, can behave as pinning centers that prevent 
the flow of vortices and minimize the energy dissipation. The ability of superconductors to 
carry transport current in magnetic field depends on the density, distribution, and strength of 
the pinning sites. The pinning force is the largest Lorentz force that can be exerted on a 
motionless vortex while field µ0H is applied and a current with density 𝐽𝑐(𝐻) flows in the 
material. The pining force density, Fp, takes the form: 

𝐹𝑝⃑⃑  ⃑ = 𝐽𝑐⃑⃑  (𝐻) × 𝜇0𝐻⃑⃑       [Eq.1.8] 

When the density of current flowing in materials is above its critical value, vortices are set in 
motion leading to energy dissipation. Depinning and free motion of the vortices can also 
occur if the applied field is above a threshold field called irreversibility field, 𝐻𝑖𝑟𝑟.  
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The flux pinning mechanisms depend on the operating magnetic field range. At fields not 
much larger than Hc1, the distribution of the vortices is mainly determined by weak 
interaction between flux lines. At intermediate fields, the vortices are subjected to the Lorentz 
force and pinned by pinning centers that hinder the fluxoids migration. When the number of 
vortices greatly exceeds that of the pinning centers, the flux motion is mainly determined by 
the combination of the pinning strength and the shear strength of the flux line lattice 
predicted by Kramer [31]. According to the Dew-Hughes model [32], which is usually 
utilized to represent the pinning mechanism in type II superconducting bulks, the type of 
pinning sites depends on their nature (superconducting or non-superconducting) and size. 
Two fundamental sources of pinning were determined: 1) the spatial fluctuation of the 
Ginzburg parameter associated with superconducting particles; 2) a scattering of the electron 
mean free path associated with non-superconducting (normal) particles existing in the 
superconducting matrix. The pinning centers can be classified as pinning points, surfaces and 
volumes by comparing the inter-flux-line spacing d (=1.07 (𝜑0/𝐵)1/2) to the size of pins. 
Point pinning means all the dimensions of the pinning centers are less than d. Each point pin 
can interact with only one flux-line. In most of the materials, the grain-boundaries, stacking 
faults or dislocation arrays have two dimensions larger than d and plays the role of surface 
pinning centers. They can provide a large interaction force when the direction of the Lorentz 
force is parallel to their plane. Volume pins are usually due to large precipitates.  All their 
dimensions are greater than d. 

The pinning behavior can be analyzed using the normalized flux pinning force density, fp 
with the following expression [Eq.1.9]: 

𝑓𝑝 =
𝐹𝑝

𝐹𝑝,𝑚𝑎𝑥
= 𝐴ℎ𝑝(1 − ℎ)𝑞

      [Eq.1.9] 

where A denotes a parameter related to the pinning strength, h is the reduced magnetic field 
(H/Hc2) and p and q are parameters that are related to the nature of the pinning sites (points, 
surfaces or volumes) and if they are superconducting or not superconducting. 

However, in the literature h is usually calculated replacing Hc2 by Hirr as a consequence of the 
limitation of the practical field applied to some high Hc2 superconductors. Table 1-1 shows 
the flux pinning mechanism analyzed by the Dew-Hughes model. Nevertheless, several 
reports have mentioned that this model is not suitable in all cases. Other models will be 
discussed in Chapter 3. 
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Table 1-1 pinning behavior summarized by Dew-Hughes [32] 

Geometry of pin Nature of center Peak of h p q 

Volume superconducting  0.5 1 1 

non-superconducting  - 0 2 

Surface superconducting 0.6 3/2 1 

non-superconducting 0.2 1/2 2 

Point superconducting 0.67 2 1 

non-superconducting 0.33 1 2 

 

1.3 Superconducting materials MgB2 
 

1.3.2 Background and fundamental properties  
 

Magnesium diboride, MgB2 is an intermetallic compound, first reported by Morton E. Jones 
and Richard E. Marsh in 1954 [33]. In 2001, a research team at Okayama University in Japan 
announced that it was a type II superconductor with a critical temperature close to 40 K [16]. 
It is the "hottest" superconductor that can be described with the BCS theory, but it is also a 
"fairly close" member of the high critical temperature superconductor (HTS) family.  MgB2 
shows various prominent aspects, especially: (i) a simple stoichiometry and a medium high 
critical temperature, Tc = 39 K, for a non-oxide superconductor, (ii) a low density and a 
strong hardness, (iii) a reasonably high upper critical field Hc2 [34,35], (iv) a large current 
transport capability [36,37], generating the possibility to trap high magnetic fields [38–41] 
and to obtain large levitation forces with bulk samples [42,43]. In addition to bulks, this 
material can be fabricated in the form of  thin-films [44,45], wires [46,47] and tapes [48,49], 
etc. Basically, the working temperature of MgB2-based superconductors is around 20-27 K, 
which is obviously higher than that of the conventional metallic superconductors. Compared 
to cuprates HTS, although its transition temperature is relatively low for many applications, 
MgB2 has fewer problems of anisotropy and no weak-links behavior at the grain boundaries 
in contrast to cuprates. The processing conditions of MgB2-based materials are also simpler 
and quite cheaper than those of HTS materials. Otherwise, for applications, costs can be 
saved by developing technologies that use liquid hydrogen as cooling fluid. 

MgB2 shows a low anisotropy due to a simple hexagonal AlB2 type crystallographic structure. 
It is composed of two honeycomb boron atoms sheets and a hexagonal magnesium layer 
(Fig.1-7). The magnesium layer is arranged in a triangle matrix between the two layers of 
boron. The mesh parameters of MgB2  are a = b = 3.0834 Å and c = 3.5213 Å [33].  
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Fig.1-7 Crystal structure of MgB2

At 0 K, the penetration depth, λ of MgB2 is around 100-140 nm and the coherence length, ξ is 
approximately 5-12 nm. This large ξ value makes the materials unaffected by weak-link 
issues, in contrast to cuprate HTS. Furthermore, ξ along the c-axis is shorter than in the a-b 
plane [50], resulting in a higher value of the upper critical magnetic field Hc2 when the 
magnetic field direction is perpendicular to the c-axis.[51]. 

Fig.1-8 shows the average superconducting properties of MgB2 as compared to those of other 
common superconductors. Considering the practical applications of MgB2, since Jc decays 
dramatically under a high external field, improving Jc in self-field (zero field) and under a 
strong applied field is one of the research “hotspots”. If MgB2 bulks present a low relative 
density as compared to the theoretical value, the resulting poor grain connectivity leads to a 
decrease of Jc at low magnetic field. Otherwise, the drop of Jc at high field is related to the 
lack of pinning centers in the materials, which also results in a reduction of Hirr as compared 
to Hc2 (Fig.1-8 (B)). These superconducting properties can be improved by various factors, 
such as the synthesis method and sintering conditions, the stoichiometry, purity and particle 
size of the precursors, the type of dopants or additives etc. Unlike cuprate HTS, the Jc and Hc2

values of MgB2 can be strongly enhanced by increasing the grain boundaries number while 
decreasing the size of the grains [52,53],  as a result of the lack of weak-link issues. Dense 
MgB2 bulks can be prepared by applying an external sintering pressure [35,54,55]. 
Furthermore, based on the results of various studies, C, Ti and nano-SiC are effective dopants. 
They play the role of pinning sites, improving Hirr and Hc2, thus enhancing the Jc value under 
high magnetic field without causing a significant decrease of Tc [35,56–58]. Some metallic 
elements, such as Ag and Cu are also used with the objective to decrease the formation 
temperature of MgB2 phase[57].
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Fig.1-8 (A) Critical surfaces of MgB2, NbTi and Nb3Sn [59]. (B) Magnetic field vs. temperature phase diagram 

for several type II superconductors. The upper critical fields, Hc2, are indicated by dashed lines, the 
irreversibility fields, Hirr, by solid lines. [60] 

 

1.3.2 Fabrication method of bulk MgB2   
 

The conventional sintering (CS) is the initial and most used method to prepare MgB2 bulks. 
This simple technology consists in heating the compact powder prepared at room temperature 
without applying any external pressure during the process. Fig.1-9 (A) shows the phase 
diagram of the Mg-B system at ambient pressure. The melting point of magnesium is around 
650°C and the decomposition temperature of MgB2 is around 1174°C.  MgB4 appears in the 
MgB2 phase if the Mg:B atomic ratio is between 1:4 and 1:2. The preferred process 
conditions of conventional sintering are temperatures in the 750°C – 850°C range and a 3 h 
sintering time [61].The main problem of this technology is the highly porous structure 
(around 50%) resulting from the evaporation of Mg at high temperature (See Fig.1-10 (A)). 
Another disadvantage is that the total time for sintering samples is long (more than 15 hours 
[62]). 

  
Fig.1-9 Mg–B binary phase diagrams at (A) atmospheric pressure and (B)100 MPa [63] 

 

(A) (B) 

(A) (B) 
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The Infiltration and growth process (IG) is also a frequently used technique to prepare 
MgB2 bulks. Boron bulks with a relative density of about 50% of the theoretical value are 
infiltrated by excess liquid Mg, which makes contacts in the residual pores of the bulk 
microstructure. Bulks MgB2 with a density around 90% [64,65] have been fabricated by IG 
method. 
The phase diagram of the Mg-B system shown in Fig.1-9 (B), especially the increase of the 
decomposition temperature of the MgB2 phase and the absence of Mg gas phase at high 
external pressure, demonstrates the possibility to promote densification by hot pressing or 
hot isostatic pressing sintering (HP/HIP). The best result obtained by Prikhna et al. [66] 
shows a relative density of nearly 99% for bulks sintered at 2 GPa and 1050°C. However, the 
disadvantages of this technology are similar to the traditional preparation process. The time 
for heating and cooling the furnace is usually more than 10 hours. 

Spark plasma sintering (SPS) [67–69] is one of the preferred techniques to prepare highly 
dense MgB2 bulk superconductors. It is a rapid consolidation method that results in a better 
understanding and control of the sintering kinetics than the other techniques. The heat source 
is not external but is an electric current (AC, DC or pulsed) that flows across the die 
containing the powder to sinter. Simultaneously, a uni-axial pressure is applied. SPS sintering 
is controlled by 3 main parameters: sintering temperature, dwell time and applied pressure. 
These parameters determine the speed of densification and the granular growth. The main 
difference between SPS and other sintering methods is that SPS allows to prepare dense 
samples while controlling the grain growth and to save processing time (usually the total time 
is about 1 to 2 hours). However, this technique was not optimized, the maximum density of 
the MgB2 bulks obtained by reactive sintering being around 90% (see table 1-2), although 
highly dense (99%) MgB2 bulks  could be prepared by sintering directly a commercial MgB2 
powder [54,70]. Hence one of the main objectives of my thesis was densifying MgB2 bulks 
by SPS in order to improve their superconducting properties. Fig.1-10 (B) shows the compact 
microstructure of a MgB2 sample with a relative density of 98% fabricated during my thesis.  

 

 

Fig.1-10 Microstructure of MgB2 bulk fabricated by (A) CS [71] and by (B) SPS 
 

Table 1-2 shows the density and grain size of MgB2 bulks fabricated with different methods, 
correlated with their critical current density measured at 20 K. A significantly high density 
and small grain size samples are obtained by applying a high pressure during sintering with 

(A) (B) 

50% 98% 
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the HP/HIP or the SPS technique. As a result, the Jc value increases in both low and high 
field. Nevertheless, as mentioned in several reports [72,73], the size of the specimen has a 
great effect on the measured Jc (this aspect will be discussed in Chapter 7) and unfortunately, 
some papers claiming extremely high Jc values didn’t specify this. 

Table 1-2 Characterization of MgB2 bulks prepared by different technologies 

Method Process Density 
 

Grain size 
 (nm) 

Jc-0T  
(A/cm2) 

Jc-2T  
(A/cm2) 

Jc-4T  
(A/cm2) 

Reference 

 CS 775-800°C 
3h 

50-60% ~ 100 2-3.105 2-7. 104 102-103 [61,74] 

 IG 750°C 
2h 

~ 90% 500 2.105 104 102 [65,75] 

 HP/HIP 1050°C 
2GPa 

1h 

99% 17-37 5-9.105 1-2.105 1-2. 104 [66,76] 

SPS 950-1000°C 
50MPa 
20 min 

90% ~ 120 5.105 105 4.103 [54,70] 

 

1.3.3 Applications of MgB2 materials 
 

Nowadays, the applications of superconductivity involve energy, transportation, industry, 
medicine, communication, environmental protection and many other aspects. They can be 
fundamentally divided into three categories according to the superconductor shape: 

-Thin film, which are mainly used in electronics based on Josephson junction 
(superconducting computers and SQUID detectors, see Chapter 2).  

-Tapes or cables, which could be used for current transport, in superconducting motors and 
generators, fault current limiters, generating the high magnetic fields required for scientific 
devices such as synchrotrons, particles colliders and fusion reactors, magnetic resonance 
imaging (MRI), and nuclear magnetic resonance (NMR). 

- Bulks as electrical current leads and also could be applied for magnetic screening, energy 
storage and magnetic levitation. 

However, only a few high-performance superconductors have been developed for 
applications and most of them are conventional low temperature superconductors (LTS) such 
as NbTi, Nb3Sn and some cuprate high temperature superconductors (HTS) like YBaCuO. 
Nevertheless, with the discovery of superconductivity in MgB2, the unique performances of 
this material have attracted the attention of industry, especially for its light weight, strong 
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hardness, simple and low cost manufacturing. Its suitable working temperature is around 20-
30 K, which means that cooling cost could be reduced by using liquid hydrogen. 

The Jc required for different applications and the Jc of different superconducting materials 
measured at 4.2 K are shown in the Fig.1-11. Considering the cooling costs of LTS and the 
production costs of HTS, MgB2 could be a good candidate for many applications requiring a 
high Jc under a 0 - 7 T field, especially electrical transmission cable [77,78], MRI systems 
[79] and superconducting motors and generators [80]. Furthermore, in 2021, China rolled out 
a prototype of levitating train, levitation resulting from the interaction of a magnetic 
guideway with superconducting cuprates located in the train. This train has reached a 
maximum speed of  620 km/h [81,82]. However, the cost of the required superconducting 
material is high. The simple fabrication process of large size MgB2 bulks with a levitation 
force similar to that of the best superconducting cuprates [42,83] shows the enormous 
potential of this material for magnetic suspension devices applications. 

 

 
Fig.1-11: (A) Required properties for different power applications. (B) The critical current density of several 

type II superconductors dependence of applied field at 4.2 K [84] 
 
 
 

1.4 Motivation and objectives 
 

According to the above introduction and as a result of the superconducting properties of 
MgB2 as well as of their potential applications, the objective of this thesis is: 

• to investigate and understand the rapid "Spark Plasma Sintering-SPS" sintering mechanisms 
of magnesium borides (MgB2) bulks. Precursor powders of different formulations have been 
synthesized, on the one hand from mechano-synthesis and reaction at the solid state, in 
collaboration with the chemists and material scientists of the Shibaura Institute of 
Technology (Tokyo) and on the other hand by optimizing the mixing-grinding process. 

(A) (B) 



20 
 

• to investigate the influence of the control of the microstructure on the superconducting 
properties. 

• to fabricate and investigate the functional properties of large size MgB2 discs at 20 K 
(working temperature of hydrogen liquid). 

• to investigate the properties of bulks fabricated with various shapes for example, rings in 
addition to cylinders, discs reinforced with a metal ring, bulks with multiple holes in order to 
overcome magnetic flux jumps, one of the key points to obtain high trapped fields. 

The characterization of the samples has been mainly done with the techniques available at the 
CRISMAT laboratory in Caen: measurements with a SQUID magnetometer of the magnetic 
moment created by the superconducting currents flowing in the samples, determination of 
their critical temperature by measuring their resistance as a function of the temperature and 
measurements of the levitation and lateral forces resulting from their interaction with NdFeB 
permanent magnets. Other magnetic forces measurements were carried out at the LIMSA 
laboratory in Bologna in Italy. Measurements of the trapped fields after magnetization of the 
superconductors either by a continuous field or by means of a pulsed field were carried out 
both at CRISMAT laboratory, institute Néel (Grenoble) and Shibaura Institute of Technology. 
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Chapter 2 Fabrication and Analysis way 
2.1 Fabrication process of MgB2 bulks 

2.1.1 Fundamental principles of spark plasma sintering 

Spark Plasma Sintering-SPS or Flash Sintering is an interesting emerging technique for 
forming, densifying and synthesizing different families of materials, such as polymers, metals 
and nanostructured ceramic materials as well as nanocomposites. This technology was 
initiated by Inoue [85] in Japan in 1962. It was not widely used due to the high cost and low 
sintering efficiency of the system at that time. It was developed during the 1980s and the 
1990s and has received increasing attention over the past two decades due to its remarkable 
performances. SPS makes it possible to increase the sintering kinetics and thus to reduce the 
time required for grain growth by simultaneously applying a pulsed current of high intensity 
and an uniaxial pressure.

The principle of SPS (Fig.2-1(A)) is hot pressing the material with an uniaxial pressure. The 
heat source is not external but comes from an electric current (DC, pulsed, or AC) which goes 
through the conductive pressing chamber and also through the sample if it is conductive. The 
sintering temperature is controlled with a thermocouple or a pyrometer.  

The powder in the mold is heated by Joule effect. When the current flows through the sample, 
it generates electric arcs or plasma discharges between the grains that result in an increase of 
the grain boundary diffusion and promote material transfer as well as grain growth (Fig.2-
1(B)). 

Fig.2-1 Schematic representation of (A) SPS device and (B) pulsed current flow through powder particles [67]

Almost all conventional SPS molds are made of graphite, which is a good and cheap 
conductor, allowing a high sintering temperature which can attain 2500°C but which limits 
the maximum pressure to 140 MPa. In a few cases, more expensive tungsten carbide (WC) 
dies can be used to increase the applied pressure up to 1 GPa with a maximum temperature of 
800°C. 

The main benefits of SPS technology are: i) significant sample densification, ii) grain growth 
control, iii) texturing in the case of layer structure materials [54,86].

(A) (B)
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The main difficulties of the SPS technology are to achieve the batch processes required for 
industrial applications and thermal gradients occurring during sintering. Different tool 
designs have been considered to solve the first problem [87]. The second one depends on the 
sintered powder and the components of the die. Fig.2-2 shows a simulation of current flow in 
different cases proposed by O. Guillon et al. [85]. The authors have mentioned that if the 
sample is conductive, a higher current density is obtained by using an insulating die, which 
forces the current to go through the powder (Fig2-2(A) and (B)). As a result, an electrical 
insulating coating layer such as a BN coated carbon foil inserted between the conductive 
powder and the inner surface of the graphite mold could enhance the current intensity and 
thermal uniformity. Insulating powders can be sintered by a rapid HP process (Fig.2-2(C)). 
However, the sintering efficiency can be improved by adding electrically conductive phases. 

   
Fig.2-2 Schematic current flow in the case of: (A) conductive powder and die, (B) conductive powder and 

insulating die, (C) non-conductive powder and conductive die [87] 
 

2.1.2 MgB2 sample preparation 
 

To investigate the characteristics and optimize the superconducting and functional properties 
of the fabricated bulks, different batches of samples were prepared with various precursor 
powders and SPS sintering conditions. The main precursor used during my thesis was the 
commercial powder purchased from PAVEZYUM advanced Chemicals, Turkey and abcr 
GmbH Germany (which we call ex-situ MgB2 in the manuscript) and the in-situ mixing of 
magnesium (99.8%, 325 mesh, Alfa Aesar, USA) and nano-boron (99%, <400 nm, 
PAVEZYUM) in the 1:2 stoichiometric ratio. Other formulations were also tested, especially 
the mixture of Mg and MgB4 powder provided by the Korea Atomic Energy Research 
Institute (Mg+MgB4, from Prof. C-J. Kim group) and the boron powder coated with carbon 
provided by the Shibaura Institute Technology (Mg+2B/C, Prof. M. Muralidhar group). All 
the in-situ powders were grounded in an agate mortar for 10 minutes into the glove box under 
an argon atmosphere to suppress the oxidation reaction during the sintering process [62,88]. 
We have also studied the doping effect of Ti-6Al-4V (Ti64 alloy) and SiC additions on the 
superconducting properties of the bulks.  

As mentioned above, the conductive powder is heated by Joule effect. Table 2-1 gives some 
basic parameters of the materials and molds used as a reference to the sintering process 
conditions. We emphasize that Mg and the MgB2 powder have good thermal and electrical 
conductivity at room temperature, while boron is a semi-conductor that has a high resistivity 
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at room temperature, which decreases at high temperature. More details on the effects of the 
powders on the characteristics and properties of the sintered bulks will be presented in 
Chapter 3. 

Table 2-1 Characterization of different compounds 

Material Melting point 
 (°C) 

Thermal conductivity  
(W/(m·K)) 

Resistivity 
 (Ω·m) 

Band gap [89] 
(eV)  

Graphite 3600 4180 3-60 10-5 0 

WC 2870 110 2 10-7 0 

Mg 649 156 4.4 10-8 0 

B 2076 27 106 1.522 

MgB2 830 10-70 1-12 10-7 [90] 0 

MgB4 2076 - - 0.365 

SiC 2830 150-300 - 1.594-2.33 
 

 

Two types of thermomechanical processing were used to prepare the samples: a one-step 
pattern for ex-situ sintering and a four-step pattern for in-situ reactive sintering. The 
introduction of several steps in in-situ sintering aimed at pre-synthesizing the MgB2 phase 
and avoiding magnesium evaporation. The samples were sintered between 650°C and 1100°C 
with different durations, while an axial pressure between 50 and 300 MPa was applied under 
dynamic vacuum (10-3 bar). Fig.2-3 shows schemas of the processing patterns.  
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Fig.2-3 Heat treatment profiles of (A) in-situ sintering and (B) ex-situ sintering. The four steps of in-situ sintering 
are: i) 500 °C + 60 MPa / 10 minutes (compaction + pre-synthesis), ii) 650 °C + 80 MPa / 45 minutes (synthesis), 

iii) 950 °C + 100 MPa / 30 minutes (sintering) and iv) 1000 °C + 100 MPa / 5 minutes (densification) 
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2.2 Characterization techniques 
 

This section describes briefly some common methods and measurements systems used to 
investigate the chemical and physical properties of MgB2 samples. 

2.2.1 Thermal analysis (DSC) 
 

Differential scanning calorimetry (DSC) is a thermal analytical technique. When the sample 
undergoes a transformation, such as phase transitions or chemical reactions, it will absorb or 
release heat. DSC controls the temperature of the sample and of the references while 
recording the changes of heat flow as a function of temperature. In this work, the DSC device 
used is STA 449 F3 Jupiter (NETZSCH, Germany). The powder was loaded in an alumina 
crucible and measured from room temperature to 800°C in Ar atmosphere.                     

2.2.2 Density measurements 
 

The small samples density (DSC ≤ 20mm) was measured by the Archimedes method with 
ethanol. The Archimedes principle refers to a buoyancy force received by an object immersed 
in a static fluid, which is equal to the weight of the fluid displaced by the object. The density 
of the sample can be calculated with the relation: 

𝑑𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑤𝑎𝑖𝑟

𝑤𝑎𝑖𝑟−𝑤𝑓𝑙𝑢𝑖𝑑
∙ 𝑑𝑓𝑙𝑢𝑖𝑑  [Eq.2.1] 

where wair and wfluid are the weight measured in air and in fluid, respectively while dfluid is the 
density of the fluid. 

The relative density of large size samples was simply determined with the following equation: 

𝑑𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑚𝑠𝑎𝑚𝑝𝑙𝑒

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
  [Eq.2.2] 

2.2.3 Phase formation analysis (XRD) 
 

The crystalline phases present in the samples were analyzed by X-ray diffraction (XRD) with 
a Philips θ-2θ diffractometer and the monochromatic Cu-Kα radiation. This characterization 
technique is based on the periodic scattering of X-rays by the regular arrangement of atoms in 
a crystallized solid. The distance between these regularly arranged atoms is of the same order 
of magnitude as the wavelength of the incident X-rays. The X-rays reflected by the different 
atoms interfere with each other, resulting in a reinforcement of the X-ray amplitude at typical 
angles. This diffraction phenomenon is closely related to the crystal structure and is described 
by the Bragg’s law [91]:  

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛  [Eq.2.3] 

where dhkl is the distance between parallel lattice planes with indices h, k and l, θ the X-ray 
incident angle, n the diffraction order and λ the wavelength of X-rays. The X-ray diffraction 
has been developed and applied to the refinement of crystal structures, microstructure 
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analysis (crystallite size, texture, microstrain), crystallinity, detection of unknown phases and 
quantitative analysis.  

2.2.4 Microstructure characterizations (SEM) 
 

The microstructure of the samples was studied by scanning electron microscopy (SEM). This 
is an observation technique the resolution of which is between that of transmission electron 
microscopy (TEM) and that of optical microscopes. The surface of the sample is scanned by a 
focused beam of electrons and the interaction of the electrons with the sample results in 
secondary electrons, backscattered electrons, Auger electrons and X-rays that give physical 
and chemical information. The secondary and Auger electrons are emitted by atoms located 
at a distance below 10 nm from the specimen surface, which is suitable for the analysis of the 
surface morphology and chemical composition. The backscattered electrons and the X-rays 
are emitted by atoms located at a distance between 100 nm and 5000 nm from the surface and 
are used for the qualitative and quantitative analysis of the chemical composition of the 
sample.  

In this work, the microscope used were a Zeiss Supra 55 and a JEOL 7200.  

2.3 Measurements of Superconducting properties  
 

This section presents on the one hand, the systems used to determine the basic 
superconducting properties of the samples (Tc, Jc, Hc and Hirr) by measuring their magnetic 
moment and resistivity; on the other hand, the systems used to measure the functional 
properties of large size bulks, especially the levitation and stabilizing forces when interacting 
with a magnet and the field trapped after the application of a magnetic field are described.  

2.3.1 Magnetization measurements (SQUID) 
 

The Tc and Jc of samples were determined by measurements carried out with a very sensitive 
magnetic flux sensor called Superconducting Quantum Interference Device (Quantum Design 
MPMS SQUID, San Diego, USA) that is based on the Josephson effect [9] and magnetic flux 
quantization. 

The Josephson effect refers to the current flowing across a Josephson junction. A Josephson 
junction consists of two superconducting electrodes separated by a thin barrier layer the 
thickness of which is in the range of the coherence length of the electrodes material. The 
barrier can be either insulating (S-I-S junction) or made with a normal metal (S-N-S junction), 
or be a narrow superconducting bridge in the normal state. When carrying out measurements 
with the SQUID, the sample is moved vertically. The SQUID includes a superconducting 
loop containing two Josephson junctions which detects the small variations of current 
induced by the motion of the magnetized sample  and converts them into voltage variations 
which are proportional to the magnetic moment of the sample [92]. In general, two 
techniques are used for measuring the magnetization of superconductors. They are called 
Zero Field Cooling (ZFC) and Field Cooling (FC). In the ZFC case, the superconductor is 
firstly cooled down to a temperature below its critical temperature and then an external 
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magnetic field is applied. In the FC case, the magnetic field is applied while the 
superconductor is cooled down below its critical temperature. 

Our measurements were basically carried out on specimens with dimensions approximately 
equal to 1.5 x 1.5 x 1.5 mm3 cut from the bulk to characterize. The magnetic moment of the 
sample was measured from 20 K to 40 K with a 20 Oe applied field after ZFC to determine 
its critical temperature. Magnetization hysteresis loops (Fig.2-4) were measured at different 
temperatures below Tc. For these measurements, after temperature stabilization, the field was 
slowly increased from 0 T to 5 T, then decreased to -5 T and finally brought to 5 T. The 
critical current density was estimated using the extended Bean model [93] for rectangular 
samples with the equation: 

𝐽𝑐 =
20∆𝑀

𝑎2𝑐(𝑏−
𝑎

3
)
    [Eq.2.4]. 

In [Eq.2.4] a, b (a ≤ b) and c are respectively the width, the length and the thickness of the 
specimens; ∆M is the difference in magnetic moment for the same absolute value of the 
applied field between the increasing and decreasing field steps (Fig.2-4). The direction of the 
external magnetic applied field for all measurements was conventionally parallel to the 
pressure applied during the SPS sintering process. Furthermore, the flux pinning forces of 
some samples were investigated from M (0H) data. 
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Fig.2-4 M-H loop obtained by SQUID used for determination Jc 

 

2.3.2 Resistivity measurements (PPMS) 
 

The critical temperature Tc, and the Hirr and Hc2 fields can be determined by measuring the 
resistivity of samples. Rectangle bars were cut from sintered samples with dimensions about 
1.5 x 1.5 x 10 mm3. The electrical resistance was measured by the DC 4-probe method with a 
PPMS (Quantum Design, San Diego, USA) system. The contacts on the samples were made 
using silver paste (4929N). The current applied into the bar sample was 5 mA. The resistance 
was measured as a function of the temperature (10 K-300 K) while applying a magnetic field 
up to 14 T. The resistivity was then calculated with following equation: 

∆M 
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𝜌 =
𝑅∙𝑆

𝐿
  [Eq.2.5] 

where R is the resistance value measured with the PPMS, S the cross-sectional area of the 
sample and L the distance between the 2 voltage measurements electrodes. Distance L is 
measured accurately with an optical microscope (Fig.2-5).  

 
Fig.2-5 One sample  in 4-probes configuration  

 

The irreversibility field Hirr and upper critical field Hc2 were determined from 10% and 90% 
of ρ40K at normal state as reported elsewhere [88,94]. 

2.3.3 Levitation and lateral forces measurements 
 

Superconducting Magnetic levitation (SML) is an important application of superconductors. 
The levitation force and its stability are closely related to the superconducting material, the 
source of the magnetic field, and geometrical dimensions. The measurements of the levitation 
and lateral forces were carried out at our laboratory and also at LIMSA laboratory in Bologna 
(Italy).  

2.3.3.1 Measurements at CRISMAT 
 

The levitation and lateral forces were measured after field cooling the superconductor using 
NdFeB permanent magnets. These measurements were made by fixing the superconducting 
bulk in the chamber of a cryostat cooled by a cryogenerator (Fig.2-6). The temperature in the 
cryostat could be tuned between 14 K and 300 K. The cryogenerator consists of a gaseous-
helium cooling system with refrigerated water and a two-stage expansion system. A 
turbomolecular pump achieves vacuum down to 5.10-6 mbar in the cryostat. A 3D 
displacement system (Micro-Contrôle Spectra-Physics) carrying the magnet and the vertical 
and lateral force sensors allows to measure the levitation and the stabilizing forces in the 
vertical and the lateral direction, respectively. The maximum force which can be measured 
with this system is 250 N. Since the interaction force between the magnet and the 
superconductor can be extremely large, (≈200 N for superconductors of 70 mm in diameter), 
it is necessary to fix them securely. In the cryostat chamber, the sample is blocked above a 
copper holder by 4 horizontal screws going through a ring screwed to the copper holder 
(Fig.2-6(B)). The thermal contact between the superconductor and the sample holder is 
provided by silicone vacuum grease that solidifies at low temperatures and reinforces the 
fixation. The magnet is held in place thanks to an iron piece screwed firmly to a bracket 
mounted on the displacement table. The temperature of the sample is measured with a 
platinum temperature probe (Pt100) placed on the surface of the superconductor and 
protected by a Teflon tape to avoid electrical contact with the sample holder. 

L 

V+ V- I+ I- 
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Fig.2-6 (A) Schema of the force measurements set-up. (B) picture of the cryocooler system and of the inside of 
cryostat

Levitation force measurements: the magnet was located above the cryostat at distance Zcp

(cooling height) from the superconductor surface with the 3-axes positioning system, in order 
that its axis was along the superconductor axis (Y = 0). Then, the MgB2 disc was cooled down 
to the measurement temperature T. When the sample temperature was stabilized, the magnet 
was moved down vertically in the direction of the cryostat. Once in contact with the top of 
the cryostat at Z = Zmin, its direction of motion was reversed and it was moved up, as shown 
in Fig.2-7(A).  The interaction force between the magnet and the superconductor was 
recorded as a function of Z during the whole process (Fig.2-7(B)).  
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Fig.2-7: (A) Measurement procedure of the levitation force with the assumed locations of the currents interacting 
with the field of the magnet. (B) Levitation force hysteresis loop carried out between a 29.6 mm diameter MgB2

bulk and a 45 mm diameter magnet at 30 K after FC at Zcp = 35 mm. The continuous lines show the values 
calculated with Eq.2.6-14. and the Jc and t values indicated in the figures [43].

These results are interpreted as follows: during field cooling, vortices enter the 
superconductor at Tc and channel the magnetic field lines. No current flowing in the sample 
at that time, its magnetic moment and the interaction force with the magnet are zero. The 
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average value of the field inside the material is equal to the field applied at Tc. When the 
magnet approaches the superconductor, this last condition is no longer respected and 
shielding currents appears to restore it. The magnetic moment of these currents interacts with 
the external field generating a force that can be calculated with a mean field model [43,95]. 
The model assumes that the superconducting currents don’t flow in the whole volume of 
superconductor but in a restricted region with thickness t. During the downward motion of 
the magnet, the magnetic moment, mdown depends on the difference between the average 
value on thickness t of the magnetic field along the superconductor axis at altitude Z [𝐵̅𝑃𝑀(𝑍)] 
and the average value on thickness t of the magnetic field along the axis at altitude Zcp 
[𝐵̅𝑃𝑀(𝑍𝑐𝑝)]. According to the expression proposed by Brandt  [96] for the magnetic moment 
of a cylindrical superconductor with diameter DSC we have: 

𝑚𝑑𝑜𝑤𝑛 = −
2

3
𝐽𝑐  𝑡

𝐷𝑆𝐶

8

3
[cos−1 (

1

cosh(
2∆𝐵

𝜇0𝐽𝑐𝑡
)
) +

sinh|
2∆𝐵

𝜇0𝐽𝑐𝑡
|

cosh2(
2∆𝐵

𝜇0𝐽𝑐𝑡
)
]     [Eq.2.6] 

with: 

Δ𝐵 = 𝐵̅𝑃𝑀(𝑍) − 𝐵̅𝑃𝑀(𝑍𝑐𝑝)     [Eq.2.7] 

From the expression of the force 𝐹⃗ applied to a magnetic moment located in an 
inhomogeneous magnetic field 𝐵⃗⃑: 

𝐹⃗ = [𝑚⃗⃑⃑ ∙ ∇⃑⃗⃑ ]𝐵⃗⃑     [Eq.2.8] 

the levitation force is written as: 

𝐹𝑍(𝑍) = 𝑚𝑑𝑜𝑤𝑛 ∙
𝜕𝐵̅𝑃𝑀(𝑍)

𝜕𝑍
        [Eq.2.9] 

The value of the magnetic moment reaches its maximum at Zmin when the magnet is as close 
to the sample as possible. After the motion of the magnet is reversed, the induced currents 
present in the superconductor at Zmin do not disappear and they generate magnetic moment 
mmax. At Z>Zmin, the average value of the field generated in the material by the vortices and 
these currents is no longer equal to the field applied at Tc. To restore this field, a new current 
layer circulating in the direction opposite of the first one appears generating moment mr. 
Therefore, the magnetic moment during the upward motion of the magnet includes two 
components: mmax, which depends on the difference between the average fields at Zmin and Zcp, 
and mr, which depends on the difference between the average fields at Z and Zmin. [Eq.2.10-
13].  
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and 
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𝑚𝑟 = −
2

3
𝐽𝑐𝑡

𝐷𝑆𝐶

8

3
[cos−1 (

1

cosh(
2∆𝐵𝑟
𝜇0𝐽𝑐𝑡

)
) +

sinh|
2∆𝐵𝑟
𝜇0𝐽𝑐𝑡

|

cosh2(
2∆𝐵𝑟
𝜇0𝐽𝑐𝑡

)
]    [Eq.2.11] 

where: 

∆𝐵𝑚𝑎𝑥 = 𝐵̅𝑃𝑀(𝑍𝑚𝑖𝑛) − 𝐵̅𝑃𝑀(𝑍𝑐𝑝)     [Eq.2.12] 

and 

∆𝐵𝑟 = 𝐵̅𝑃𝑀(𝑍) − 𝐵̅𝑃𝑀(𝑍𝑚𝑖𝑛)     [Eq.2.13] 

It has turned out that the experimental measurements are well reproduced with this model if it 
is supposed that the current layer generating mmax is located just below that generating mr.  

The resulting force is written as: 

𝐹𝑍(𝑍) = 𝑚𝑚𝑎𝑥 ∙
𝜕𝐵̅̅ ̅̅

𝑃𝑀(𝑍+𝑡)

𝜕𝑍
+ 𝑚𝑟 ∙

𝜕𝐵̅̅ ̅̅
𝑃𝑀(𝑍)

𝜕𝑍
  [Eq.2.14] 

The reproduction of the force cycle due to the interaction between a 29.6 mm diameter MgB2 
bulk and a 45 mm diameter magnet at 30 K is shown in Fig.2-7(B) with continuous lines. 
Although the temperature is not present in [Eq.2.6-14], moments mdown, mmax and mr depend 
on T since t, as well as Jc, are functions of temperature. 

Lateral force measurements: after field cooling at Z = Zcp and Y = 0, the magnet was 
moved parallel to the disk surface up to Ymax where the direction of motion was reversed and 
distance Y decreased down to Ymin before increasing to zero. The lateral force was recorded as 
a function of Y along the whole process (see Fig.2-8(A)). Then, the magnet-superconductor 
distance was slowly set to other altitudes Z<Zcp and the same measurements were carried out 
down to the region where the slope of FY, the lateral force, is positive (solid square in Fig.2-
8(B)) which means that levitation is unstable. 

  
Fig.2-8: (A) Measurement of the lateral force: the figure shows the positions of both the permanent magnet 

(PM) and the superconductor (Sc) as well as the lateral force FY at different steps of the measurement procedure. 
The graph is an example of the obtained curves. (B) Lateral forces FY measured at 20K with a 70 mm diameter 

MgB2 disc and a 80 mm diameter magnet at Z=24 mm and Z=19 mm after cooling down the MgB2 disc at 
Zcp=30 mm. The square symbols show the measurements and the continuous lines the forces calculated with the 

model. [97] 
 

(B) (A) 
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For modeling the lateral force, we take a point of view similar to that of the model described 

above for the levitation force. Since the system is not axisymmetric for Y≠0, we assume that: 

∆𝐵 = 𝐵̅𝑃𝑀(0, 𝑍𝑐𝑝) − 𝐵𝜙(𝑌, 𝑍)  [Eq.2.15] 

where:  

𝐵𝜙(𝑌, 𝑍) =
𝜙(𝑌,𝑍)

𝜋
𝐷𝑠𝑐

2

4

   [Eq.2.16] 

In [Eq.2.16], 𝜙(𝑌, 𝑍) is the flux of the mean value on thickness t of the field threading the disc 
when the magnet is at location (𝑌, 𝑍). Since for Y = 0 the field takes its maximum value 
along the disc axis, we have 𝐵̅𝑃𝑀(0, 𝑍) > 𝐵∅(𝑌, 𝑍) for any Z. Otherwise, using the Brandt 
relation [Eq.2.7] for calculating the magnetic moment 𝑚(∆𝐵, 𝐽𝑐, 𝑡), the lateral force FY takes 
the form: 

𝐹𝑌 = 𝑚(∆𝐵, 𝐽𝑐 , 𝑡) ∙
𝜕𝐵∅(𝑌,𝑍)

𝜕𝑌
  [Eq.2.17] 

2.3.3.2 Measurements at LIMSA 
 

Other forces measurements were carried out at the Laboratory of Magnet Engineering and 
Applied Superconductivity (LIMSA) of the University of Bologna (Unibo) in the case of 
framework collaboration between CRISMAT and LIMSA laboratories. One of the objectives 
of this study was to compare the levitation and guidance forces measurements carried out at 
CRISMAT to those carried out with the LIMSA system. Otherwise, the LIMSA system can 
measure forces larger than the CRISMAT system, as well as samples too large to be 
measured at CRISMAT. 

The principle of the LIMSA measurements system is similar to that of our equipment. This 
facility, originally developed by EDISON SpA, consists of a vacuum chamber surrounding a 
copper plate connected to the second stage of a Sumitomo RDK 415D cryocooler. The 
superconductor is in thermal contact with the copper plate and can reach a temperature of 16 
K. Temperature is measured by means of two diodes (LakeShore, type D-670- SD-4L) 
mounted onto the bottom side of the disk. Cooling the superconductor at 20 K can be done in 
about 3 hours. Superconductor bulks with maximum size up to 200 mm can be cooled and 
measured by means of the facility. The temperature of the superconductor can be controlled 
in the range 16 K – 90 K. The facility is equipped with a mechanical apparatus able to drive a 
permanent magnet along the vertical (Z) and the horizontal (Y) axes of measurement and with 
a pair of strain gauges (Burster Italia model 8432) that measure the forces along Z and Y. 
Both force sensors are able to measure forces up to 1000 N. The Maximum excursion of the 
moving arm along the vertical and the horizontal direction is 56 mm. Fig.2-9 shows pictures 
of the facility. 
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Fig.2-9 Pictures of the cryocooler system at LIMSA (A) and of the inside of cryostat (B)  
 

Force measurements were carried out with different MgB2 samples and magnets. The results 
were compared to measurements carried out in our laboratory and were used to improve the 
models for levitation and guidance described above.  

 

2.3.4 Trapped field measurements 
 

Bulk superconductors can be used as cryo-magnets. For this purpose, the superconductors are 
magnetized with a large magnetic field that is subsequently suppressed. The techniques used 
to magnetize superconductors are: zero field cooling, field cooling and pulsed-field 
magnetization [98,99]. In this work, the samples were magnetized by field cooling and all the 
measurements were carried out at CRISMAT laboratory (Caen, France) and at Néel institute 
(Grenoble, France, collaboration with Dr. X. Chaud).  

2.3.4.1 Magnetization with a NdFeB Permanent Magnet  
 

An axial Hall probe was attached to the 3D displacement table. The magnet was placed above 
the superconductor at Zmin, and the sample was cooled down to the working temperature. 
When the temperature was stabilized, the magnet was slowly moved upwards at a speed of 1 
mm/s. The low magnet speed reduces vortex depinning and as a result, energy dissipation in 
the superconductor. When the magnet was far enough away from the superconductor, it was 
replaced by the Hall probe. A mapping of the field generated by the superconductor at given 
distances from its surface was then plotted.  

2.3.4.2 Magnetization by field applied from the PPMS system 
 

Trapped field measurements of small size bulks (DSC ≤ 20 mm) were carried with the PPMS 
system. According to the process described by Aldica G et al. [100], we have designed 
several sample holders adapted to the measuring conditions. Fig.2-10 shows one of the 
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holders. The sample was fixed by resin varnish and some copper wires. The field was 
measured with a Hall sensor (HE144T, Asensor) placed above the center surface of 
superconductor. A buffer layer made with PLA plastic was used to protect the sensor. 
Compared to the first method, using the PPMS system allows to apply a higher magnetic field 
but the maximum diameter of the sample is smaller. 

Fig.2-10 Picture of the PPMS sample holder with a MgB2 bulk

2.3.4.3 Magnetization by using Superconducting Coil (Néel Institute) 

Magnetization with a superconducting coil is the most commonly used method to trap 
magnetic fields in large size bulks [39,101].  At Institute Néel the superconductor was 
magnetized with an Oxford superconducting coil which can generate fields up to 7 T. The 
measurements were carried out with a cryocooler provided by the LNCMI laboratory. Three 
temperature sensors (Cernox) and three Hall sensors (Arepoc) were mounted in the copper 
sample in order to measure the temperature and field homogeneity of the measured discs. The 
maximum diameter of the discs was 80 mm. Fig.2-11 shows a picture of the measurements 
system. 

Fig.2-11 Picture of the device used for measuring the field trapped by superconducting discs at Institute Néel. 
The sample holder is shown on the right.
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Chapter 3 Properties of MgB2 processed by different 
precursor materials 
 

This chapter discusses the SPS process of MgB2 bulks and its optimization using different 
precursors listed below: 

  

i) Ex-situ MgB2 (purity >97%, 100 meshes, provided by PAVEZYUM advanced Chemicals, 
Turkey), namely lot1 

ii) Ex-situ MgB2 (<100 meshes, provided by abcr GmbH Germany), namely lot2 

iii) In-situ mixing of Mg metal (99.8%, 325 mesh, provided by Alfa Aesar, USA) and 
amorphous B (99%, <400 nm, provided by PAVEZYUM), mixed in the molar ratio of 1:2.  

iv) In-situ mixture of Mg (99.8%, 325 mesh, provided by Alfa Aesar, USA) and MgB4 
provided by the Korea Atomic Energy Research Institute, mixed in the molar ratio of 1:1. 

v) In-situ mixture of Mg powder (99.9% purity, 200 meshes, provided by Furu-uchi Chemical 
Corporation) and carbon-encapsulated boron B/C (same amorphous nano boron from 
PAVEZYUM with 1.5 wt% of carbon) mixed in the molar ratio of 1:2, provided by Shibaura 
Institute Technology. 

The precursors were divided into three groups for comparison: i) ex-situ powders from 
different suppliers, ii) different formulation syntheses, and iii) special treatment of boron 
powder. Firstly we have studied the basic information of each powder. Then high-density 
samples were fabricated, and their superconducting properties were comprehensively 
investigated.  

 

3.1 Ex-situ powders investigations 

3.1.1 Initial powder analysis 
 

In this part, we have mainly investigated and compared the performances of ex-situ MgB2 
powders from lot1 and lot2. Fig.3-1 shows the XRD refinement results of the two precursors 
evaluated by the Maud software [102]. Both powders have a small quantity of MgO and 
hexagonal boron nitride (h-BN) phases, which was verified by following microstructure 
analysis. Some traces of magnesium were also detected in lot1. ‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬ 



35 
 

 
 

Fig.3-1 Refinement of XRD analysis of (A) lot1 and (B) lot2 ex-situ powder  
 

Detailed refinement of their crystal structure is shown in table 3-1. The lattice parameters and 
crystallit size calculated for both lots are similar. Their lattice parameters correspond to the 
values reported in the review of Buzea C. [103], with a = 3.086 Å and c = 3.524 Å. Later we 
will compare these results to those obtained with the sintered bulks. 

Table 3-1 Lattice parameters, c/a ratio, amount of each phase and crystallite size of the initial powders and the 
fabricated bulks 

Reference a (Å) c (Å) ∆c/a MgB2 
(wt%) 

BN 
(wt%) 

MgO 
(wt%) 

Mg 
(wt%) 

MgB4 
(wt%) 

crystallite 
size (nm) 

lot1 3.0858 3.5238 1.1419 93.66 1.35 4.59 0.39 - 92 

lot2 3.0861 3.5233 1.1417 93.43 1.05 5.52 - - 82 

A1 3.0846 3.5277 1.1436 81.8 1.35 6.5 - 10.34 93 

A2 3.0853 3.5265 1.1430 78.19 1.06 6.47 - 14.29 80 

 

Fig.3-2 shows the microstructure of these two precursors. Similar small spherical MgB2 
grains ranging from 200-1000 nm can be observed in both powders. The size of the grains 
observed by SEM is quite different from that estimated by the XRD refinements. Since the 
XRD refinements  give the approximate average crystallite size only, the results cannot be 
considered as the actual size of the grains if they are inhomogeneous and irregular grains 
[104]. Nevertheless, in some cases, this value could be correlated with the critical current 
density Jc. Some platy particles were observed in lot2 powder (see the inset in Fig.3-2(B)). In 
addition, tiny white particles present in both powders are the impurity phase MgO.  

(A) (B) 
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Fig.3-2 SEM micrographs of ex-situ powders supplied by (A) PAVEZYUM, Turkey, lot1 and (B) abcr, 
Germany, lot2. The inset in Fig.3-2(B) shows the platy structure of MgB2 grains present in lot 2 powder.  

 

The Energy Dispersive X-Ray Spectrometer (EDS) analysis of lot1 powder is shown in Fig.3-
3. Two zones were selected to estimate their chemical compositions. The main phase in 
region 1 is MgB2. The dark grey zone 2 correspond to the impurity phase BN and the 
presence of MgO is evidenced in all areas. 

  
Fig.3-3 EDS analysis of lot1 ex-situ powder 

 

3.1.2 Sample fabrication 
 

Two samples, labelled as A1 (from lot1 powder) and A2 (from lot2 powder), were fabricated 

using the same processing conditions. For this purpose, 1.5 g of powder was weighted and 

loaded into a 20 mm diameter graphite mold. Graphite foils were wrapped alongside the inner 

wall of the mold and inserted between the powder and the two punches to facilitate 

demolding. The samples were sintered in DC mode with high-intensity current pulses (2000 

(A) (B) 

(A) (B) 
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A, 4 V) and a 100 MPa uniaxial pressure under dynamic vacuum (10-3 bar). The sintering 

temperature was 1000°C for 30 minutes. The heating and cooling rate was 100°C/min. 

During the whole process, the temperature, the applied pressure, the shrinkage curve as well 

as the piston speed were recorded. Before characterization the bulks were polished to remove 

the carbon traces from the graphite foils. The density of both samples was 2.56 g/cm3, 

corresponding to 98% of the theoretical value. 

3.1.3 Structure and microstructure characterizations 
 

The structural and microstructural analyses carried out with these samples were correlated 

with their superconducting properties, in particular their critical current densities, Jc. Fig.3-4 

shows the XRD pattern of the two bulks. Compared with the initial powders, the MgO 

content increases from 4.59% and 5.52 % to 6.5% and 6.47%, respectively, for A1 and A2. 

Otherwise, the peak (around 26.8°) corresponding to the BN phase overlaps with that 

corresponding to the carbon due to the residual graphite foil. According to the phase diagram 

phase of BN [105], this compound is very stable up to 2500°C. Compared to the refinement 

results shown in table 3-1, this peak seems to correspond to the unreacted BN phase in the 

initial powder. The lattice parameter a decreases and c increases after sintering for both bulks, 

which maybe due to the sintering pressure applied and the growth of MgO precipitates in the 

MgB2 grains. Furthermore, anisotropy is visible in their XRD pattern and will be discussed in 

the final chapter. Another secondary phase, MgB4 is visible. It is due to the decomposition of 

MgB2 at high temperature. The lower amount of MgB4 in A1 could be explained by the traces 

of Mg present in lot1 powder. The crystallite size does not change as compared to that of the 

precursors. 
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(A) 

 

Fig.3-4 XRD analysis of MgB2 bulks sintered with lot1 and lot2 ex-situ powders 

 

As shown in Fig.3-5, the A1 sample compared to the A2 seems to have smaller MgB2 grains 

with larger MgO precipitates, which might have a flux pinning enhancing effect as was 

verified by following Jc measurements (see section 3.1.4).  

  

Fig.3-5 SEM micrographs of fractured surfaces of (A) A1 and (B) A2 sample 
 

3.1.4 Analysis of the superconducting properties  
 

Small specimens with dimensions 1.79 x 2 x 0.88 mm3 and 1.51 x 1.55 x 0.88 mm3 were cut 

from the two fabricated bulks to investigate their superconducting properties with the SQUID 

magnetometer. Fig.3-6 shows the normalized magnetic moment-temperature curves of A1 

and A2. The measurements were made while applying a 2 mT external magnetic field. A low 

(B) (B) 
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transition width (T < 1 K) at the onset of the superconducting transition, Tc, onset = 38 K, is 

observed in both samples. Their critical current density was estimated from the magnetization 

hysteresis cycles at 20 K and plotted in Fig.3-6(B) as a function of the applied field. A high Jc 

value equal to 4 105 A/cm2 in self-field can be observed in both bulks, probably due to their 

high packing factor. However, the Jc of A2 decreases slightly faster than that of A1 above 1.5 

T, probably because of the lack of defects playing the role of pining centers in this sample. 

The pinning mechanisms in the investigated bulks will be discussed later. 
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Fig.3-6 (A) Normalized magnetic moment as a function of the temperature. (B) Magnetic field dependence of 

the critical current density Jc at 20 K. The inset shows the same curves on a logarithmic scale. 
 

3.2 Comparison of bulks made with different formulation synthesis 
 

Three formulations were used here to prepare MgB2 bulks:  

     a)  Ex-situ   MgB2   

     b)  In-situ    Mg+2B                     MgB2    

     c)  In-situ    Mg+MgB4                2MgB2 

The section is divided into two parts: 

i) pre-investigation for the various formulation synthesis and 

ii) Characterization of the samples fabricated. 

 

(B) (A) 
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3.2.1 Initial powder analyses 
 

We have employed ex-situ MgB2 powder of lot1 for this study. The magnesium powder used 
in the two in-situ mixtures was the same. It is well-known that the quality of boron plays an 
important role for improving the critical current density, Jc [94,106], and that amorphous 
nano boron is one of the best candidates for the reactive sintering of MgB2 bulks [37,106]. 
The microstructure of the nano boron we have used, shown in Fig.3-7, consists of spherical 
grain the size of which ranges between 100-300 nm. The MgB4 powder was provided by the 
group of Prof. C-J. Kim (Korea Atomic Energy Research Institute). The detailed fabrication 
process of this powder and its characteristics were reported elsewhere [107].  

 
Fig.3-7 SEM micrographs of amorphous nano boron. 

 

The phase transformation of the three precursors was investigated using Differential 
Scanning Calorimetry (DSC), with a heating rate of 5°C/min under Ar atmosphere. Thermo-
analytical curves are shown in Fig.3-8. These powders, even the ex-situ one, have an 
exothermal peak around 500°C, which could be explained by the redox reaction between the 
amorphous impurity B2O3 and Mg [88,94]: 

                                   4Mg(s) + B2O3(l)                            3 MgO(s) + MgB2(s) 

The B2O3 phase was already present in the precursors and could react with Mg due to its low 
melting point (≈450°C). The second exothermal reaction visible in the Mg+2B powder 
around 650°C, indicates the formation of the MgB2 phase. Otherwise, the Mg and MgB4 
powder shows no change below 800°C. Finally, a weak endothermal peak can be found in the 
two in-situ powders around 650°C. It is related to the melting of Mg.  

  

 

 
Fig.3-8 (A) DSC curves of the initial powders and the magnification of (B) 370-590°C and (C) 550-730°C. 

(A) (B) (C) 
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Fast sample preparation at different temperatures was achieved in order to determine the 
sintering conditions resulting in dense samples. A mass of 0.3 g of each powder was loaded 
into a graphite mold with a diameter of 10 mm. All samples were sintered between 500°C 
and 1000°C under 60 MPa uniaxial pressure for 20 minutes. The obtained bulks were not 
compact (relative density <80%) except the samples sintered above 950°C. To further 
understand the reaction process of these powders, X-ray analyses of the initial powders and 
of the fast sintered pellets were carried out. MgB2 is synthetized at 600°C (Fig.3-9(B)) for the 
Mg+2B samples and at 700°C for the Mg+MgB4 ones (Fig.3-9(C)). The MgB2 peaks of the 
ex-situ MgB2 bulks do not significantly change with the variation of the sintering temperature. 
However, MgB4 and MgO impurity phases are present at high temperatures, as they are in the 
samples of the Mg+2B group (Fig.3-10(A) and (B)). The increase in the amount of MgO is 
related either to the oxidation of Mg during the sintering process or to the reaction between 
B2O3 and Mg, as mentioned earlier. The MgB4 phase usually appears at high temperatures 
and is due to the evaporation of Mg. On the contrary, the Mg+MgB4 samples sintered at 
700°C presents unreacted Mg peaks, while the MgB4 peaks decrease with increasing 
temperature (Fig.3-10(C)).  

 

 (A)  (B) 
 

(C) 
Fig.3-9: XRD of A) MgB2 B) Mg+2B and C) Mg+MgB4  
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 (A)  (B) 
 (C) 

Fig.3-10: Local magnification of the MgO, MgB4 and Mg peaks of A) MgB2 B) Mg+2B and C) Mg+MgB4 series 
sample sintered at 700-1000°C 

 
The magnetic moments of the selected samples are plotted as a function of the temperature in 
Fig.3-11. The onset of the superconducting transition, Tc, onset, of the Mg+2B samples 
increases with the sintering temperature and saturates around 39 K. The enhancement of the 
Tc values indicates the improvement of the material crystallinity. The superconducting 
transition width (∆Tc) decreases as the temperature increases. The ex-situ MgB2 and 
Mg+MgB4 samples have a large ∆Tc when the sintering temperature is below 950°C, which 
can be attributed to their poor density. An intriguing result is that the ex-situ bulks sintered 
with the MgB2 powder that are brittle, which is an indication of a low density, don’t show a 
complete transition at 10 K if the sintering temperature is below 900°C, while the in-situ ones 
sintered with the Mg+2B powder at 600°C are superconducting below T=33 K. This suggests 
that the connection between the MgB2 grains of the ex-situ powder is possible at or above 
900°C only. Finally, the results show that to avoid an excessive impurities content and to 
obtain a high packing factor as well as a good crystallinity of the samples, a temperature of 
950°C and an applied pressure of 100 MPa are the best sintering conditions. 
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Fig.3-11: Normalized magnetic moment - temperature curves of A) MgB2, B) Mg+2B and C) Mg+MgB4 series. 
 

3.2.2 Dense sample preparation 
 

Three 20 mm diameter samples (named B1, B2 and B3) were fabricated with 1.5 g of the 
different precursors. As mentioned in chapter 2, an insulating coating helps to enhance the 
current intensity and thermal uniformity during the sintering of a conductive powder. The 
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MgB2, Mg+2B and MgB4 powders are conductive at high temperatures. Hence, all samples 
were prepared with the protocol described below, using graphite dies coated with insulating 
BN carbon foils:  

i) 500 °C + 60MPa / 10 minutes (compaction + pre-synthesis) 

ii) 650 °C + 80MPa / 45 minutes (synthesis)  

iii) 950 °C + 100MPa / 30 minutes (sintering)  

iv) 1000 °C + 100MPa / 5 minutes (densification)  

The role of the two first steps is to avoid magnesium evaporation. The obtained bulks are 
labelled as B1 for the sample fabricated with the commercial MgB2 (lot1) powder, B2 for the 
sample made with the Mg + 2B mixture and B3 for the bulks made with the Mg + MgB4 
powder. The relative densities of B1, B2 and B3 were 99%, 96%, and 92%, respectively. The 
different packing ratios can be related to the particles sizes and shapes of the starting powders 
and to the chemical reactions occurring in the Mg + 2B and the Mg + MgB4 powders during 
the processing stage. Fig.3-12 shows the sintering stage of these samples as suggested by the 
piston movement. The MgB2 phase of the two in-situ powders was synthesized at 650°C, 
before sintering at 950°C. We emphasize that the densification process of the two in-situ 
samples was still ongoing at 1000°C, which is the reason why their density is lower than that 
of the ex-situ bulk. 
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Fig.3-12: Displacement of the piston vs. sintering time curves. 

 

3.2.3 Structure and morphological properties 
 

The XRD patterns (Fig.3-13(A)) show that the major peaks of the three sintered bulks are due 
to the MgB2 phase with traces of MgO and MgB4, which appear at high temperatures. The 
presence of Mg was also observed in the B3 sample, which was fabricated using the mixture 
of Mg+MgB4 powder and surprisingly, the MgB4 peaks of two in-situ samples are weaker 
than that of the ex-situ sample (see Fig.3-13(B)). The differences with the fast sintering 
samples, can be explained by the 2 additional steps of the process, which suppress Mg 
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evaporation. Another possibility is that the initial powder is not evenly mixed, resulting in 
Mg residues. 

  
(A) 

 
(B) 

Fig.3-13: (A) XRD pattern of three bulks. (B) Local magnification of the MgO, MgB4 and Mg peaks. 
 

The detailed parameters after refinement are shown in table 3-2. According to their lattice 
parameters and estimated crystallite size, the MgB2 grains in the ex-situ sample B1 are more 
slender and larger than the others. B3 has the smallest grains, but a high quantity of MgO is 
observed. Compared to the XRD patterns of the initial powders and fast sintered samples, the 
significant increase of the oxide phase can be related to the first sintering step at 500°C, 
during which Mg has reacted with B2O3. In addition, we observe that sample B1 has larger 
crystallites than A1. Even if the sintering temperature of B1 is lower than that of A1, the BN 
coating of the carbon foils enhances remarkably the temperature in the powder during the 
sintering process of B1, resulting in an increased growth of the crystallites.  

 

Table 3-2 Lattice parameters, c/a ratio, amount of each phase and crystallite size of the fabricated bulks 

Reference a (Å) c (Å) c/a MgB2 
(wt%) 

MgB4 
(wt%) 

MgO 
(wt%) 

Mg 
(wt%) 

crystallite 
size (nm) 

B1 3.0837 3.5273 1.1439 81.34 11.66 7 - 160 

B2 3.0855 3.5249 1.1424 96.35 0.56 3.08 - 146 

B3 3.0849 3.5245 1.1425 79.91 - 18.04 1.9 127 

 

The microstructure of the fracture surface of each bulk is shown in Fig.3-14. The chemical 
compositions were examined with back-scattered electron (see Fig.3-14(A-C)), while the 
topographic view of the MgB2 grains was observed with secondary electrons (see Fig.3-
14(D-E)). The SEM images reveal the poor density of the B3 sample. Three colors zones are 
visible in samples B1 and B2 (Fig.3-14(A) and (B)). The white regions are MgO phases, and 
the dark grey zones are MgB4 with pores created by the evaporation of magnesium. The 
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presence of the excess oxide phases in these two samples is quite different. Sample B1, 
sintered directly from the commercial MgB2 powder, has large MgO particles mainly located 
at the MgB2 grain boundaries (Fig.3-14(D)), resulting in a reduced grain connectivity [94]. 
Sample B2, prepared after reactive sintering, has a large amount of MgO nano-particles 
agglomerates in the MgB2 phase, which are possible volume pinning centers. In addition, B1 
has grains the size of which is around 1 m and are larger than those of the other samples, as 
well as the highest relative density. Small size particles, defects, inter- and intragranular MgO 
nano-precipitates can be observed in B3 (Fig.3-14(F)), indicating a large number of pinning 
centers.  

 

 

  

    

Fig.3-14: SEM micrographs of fractured surfaces of A) B1, B) B2 and C) B3 samples and magnification of 
MgB2 grains in the D) B1, E) B2 and F) B3.  

3.2.4 Superconducting properties 
 

The resistivity, ρ, of the samples as a function of the temperature measured with the PPMS is 
plotted in Fig.3-15(A). The results show that the resistivity of the ex-situ sample B1 is higher 
than those of the in-situ samples and that B2 has the lowest resistivity at room temperature, 
which indicates that it presents the best grain connectivity. Table 3-3 shows the residual 
resistivity ratio (RRR = ρ300K /ρ40K) of the samples and their electrical connectivity estimated 
with the Yamamoto expression [108], 

𝐾 =
∆𝜌𝑔

∆𝜌
   [Eq.3.1] 

In Eq.[3.1], ∆ρ = ρ300K - ρ40K and ∆ρg = ρg_300K - ρg_40K are respectively the differences in the 
resistivity of the samples and in that of the MgB2 grains between 300 K and 40 K. According 
to [108], the average ∆ρg in randomly oriented polycrystalline MgB2 samples is equal to 6.32 
µΩ cm. The high RRR and K values of the B2 sample confirm that it presents the best 

(A) (B) (C) 

(F) (E) (D) 
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crystallinity, purity and connectivity. The inset of Fig.3-15(A) shows the superconducting 
transition region. The critical temperature of B2 is above that of B1 and B3, which show the 
same offset temperature. We can suppose that the magnesium diffusion at low temperature 
occurring during the synthesis of B2 is useful to improve the crystallinity and the contacts 
between the grains.  
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Fig.3-15: (A) Temperature dependence of the resistivity at 0 T of samples B1, B2 and B3 measured with a 5 mA 

direct current. The inset shows the magnified superconducting transition. (B) Temperature dependence of Hc2 
and Hirr for the three samples. Hc2 and Hirr were determined from 90% and 10% of ρ40K. The inset shows the 

resistivity transition of the B1 ex-situ sample at fields ranging between 0 T and 9 T and orientated parallel to the 
SPS sintering pressure. 

 

The upper critical magnetic field, Hc2 and the irreversibility magnetic field, Hirr were 
determined from ρ40K measured at various magnetic fields as reported elsewhere [88,94]. 
From measurements of the resistivity carried out from 5 K to 40 K at fields ranging between 
0 T and 9 T (direction parallel to the pressure applied during the SPS sintering process), its 
temperature dependence could be determined and is plotted in Fig.3-15(B). The results show 
that Hc2 is almost identical for the three samples but that Hirr is lower for B1 than for the 
other samples. 

Table 3-3 Offset critical temperature, measured resistivity values, residual resistivity ratios (RRR), connectivity (K), 
irreversibility magnetic field, Hirr and the upper critical magnetic field, Hc2 

Sample Tc (K) ρ300K (µΩcm) ρ40K (µΩcm) RRR K Hirr at 20 K (T) Hc2 at 20 K (T) 

B1 36.6 29.3 8.0 3.66 0.297 5.8 8.6 

B2 38.6 14.7 1.9 7.74 0.492 6.4 8.3 

B3 37.6 19.1 3.6 5.31 0.407 6.3 8.3 

 

Specimens with dimensions of 1.5 x 1.51 x 1.34, 1.34 x 1.5 x 1.3 and 1.49 x 1.49 x 1.6 mm3, 
respectively, were cut from the B1, B2 and B3 bulk samples. Their magnetic moment, as a 
function of the temperature, was measured with the SQUID magnetometer. The resulting 

(B) (A) 
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normalized values are plotted in Fig.3-16(A). The onset of the superconducting transition, 
Tc,onset occurs at 37.75, 39 and 38.5 K for B1, B2 and B3, respectively, with a narrow 
transition width (T < 1 K). Otherwise, B2 presents the highest offset temperature, while this 
temperature is almost the same for B1 and B3, as previously shown by the resistivity 
measurements. Fig.3-16(B) shows the critical current density dependence of the samples on 
the magnetic field applied at 20 K. B2 shows the best critical current density (Jc =5 105 
A/cm2) in self-field, which could result of its excellent grains connectivity. Consistently, the 
low Jc of B1 can be attributed to a low grain connectivity, while that of B3 is probably due to 
the low density of this sample. An effect of the microstructure on the critical current density 
is visible at high field. The critical current density of B3 above 2 T is higher than that of B1 
and higher than that of B2 above 3 T. The good Jc of B3 in high field suggests a strong 
pinning of the vortices that can be attributed either to porosities and nano-precipitates or to a 
large quantity of grain boundaries. 
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Fig.3-16: (A) Normalized magnetic moment of samples B1, B2 and B3 as a function of the temperature. The 
inset shows the onset of superconducting temperature. (B) Magnetic field dependence of the critical current 

density Jc at 20 K. The inset shows the same curves on a linear scale.  
 

3.3 Characterization of bulks prepared with carbon-encapsulated boron 
 

For Jc enhancement, chemical doping or substitution [35,56–58] is a practical and easy 
technique. Among various chemical dopants, carbon was one of the most effective choice. 
While carbon as dopant can be provided by various sources, an uniform carbon distribution 
has always been an issue [109], leading to nonuniform superconducting performances that is 
not desired. Hence, research focusing on achieving uniform carbon distribution has been 
carried out in recent decades. One famous recent technique consists in coating boron grains 
with carbon, resulting in a precursor named carbon-encapsulated boron. Several groups have 
employed this specific boron powder, which was prepared via pyrolysis of diborane gas 
(B2H6) under inert conditions, and have obtained an uniform carbon distribution as well as a 
high Jc. Some studies have reported that a low carbon amount around 1.5 wt% is optimum for 
producing good Jc [110,111]. This section compares the performances of the in-situ mixture 

(A) (B)
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Mg+2B to the mixture of Mg and carbon-encapsulated boron (Mg+2B/C) prepared by Prof. 
M. Muralidhar group (Shibaura Institute Technology). 

3.3.1 Initial powder analyses 
 

The microstructure analyses of the Mg+2B/C powder is shown in Fig.3-17. Plate-like 
magnesium grains around 20 µm and spherical carbon-encapsulated boron grains ranging 
from 50-300 nm (inset of Fig.3-17) were observed in the mixture. 4.7 and 4.5 wt% oxygen 
were detected in zone1 and in zone2 by EDS analysis. However, some other regions with an 
oxygen content reaching 39 wt% were also observed. 

 

 
Fig.3-17: Microstructure of Mg+2B/C powder provided by Shibaura Institute Technology. The inset shows the 

magnified carbon-coated nano boron grains. 
 

The thermos-analytical curves of Mg+2B and Mg+2B/C are plotted in Fig.3-18. As in other 
in-situ powders an endothermal peak (see Fig.3-8(C)) shows that the magnesium melts at 
650°C in the Mg+2B/C mixture. However, an extreme exothermal peak around 620°C is also 
present. We have repeated the experiment (powder Mg+2B/C_bis) and obtained almost the 
same result, which shows that this result was not an accident. As reported by other papers 
[57,112], this peak might correspond to the solid-solid reaction between Mg and B, which 
occurs at a lower temperature than the liquid-solid reaction according to the Gibbs free 
energy [88,113]. The authors have also noted that the carbon-coated amorphous boron is 
more active than amorphous boron and can better react with solid Mg.  

100nm 

Zone1 Zone2 
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Fig.3-18: (A) DSC curves of the precursors and (B) the magnification between 500 and 700°C 
 

3.3.2 Sample preparation 
 

Considering the results reported in section 3.2.2, we have used the same quantity of 
precursors (1.5g) and the 20 mm diameter graphite die without BN coating in the graphite 
foils to avoid excessive grain growth. We have also changed the duration of the first and the 
second steps to reduce the total sintering time:  

i) 500 °C + 60MPa / 15 minutes (compaction + pre-synthesis) 

ii) 650 °C + 80MPa / 20 minutes (synthesis)  

iii) 950 °C + 100MPa / 30 minutes (sintering)  

iv) 1000 °C + 100MPa / 5 minutes (densification)  

Two bulks named C1 and C2 were prepared with the mixtures Mg+2B and Mg+2B/C, 
respectively. Their relative densities were 2.48 and 2.17 g/cm3, i.e., 95% and 83%, 
respectively, of the theoretical density. The sintering process is plotted in Fig.3-19. The 
shrinkage of the C1 sample was still ongoing after being synthesized at 650°C for 20 minutes. 
Based on the dramatical drop movement of the piston, the reaction of the C2 powder seems to 
have stopped at the beginning of this step. This behavior can be related to a thermal analysis 
suggesting that the MgB2 phase from the Mg+2B powder has formed mainly at 650°C, while 
the Mg+2B/C powder has violently reacted at 620°C. Moreover, the insufficient densification 
duration of C2 has resulted in its weak density.  

(A) (B)
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Fig.3-19: Displacement of piston vs. sintering time curves. 

 

3.3.3 Structure, microstructure and superconducting properties 
 

From the XRD patterns of the two bulks (Fig.3-20), it is clear that C1 has a better 
crystallinity than C2, as shown by its high-intensity and sharp peaks. Extremely high amounts 
of second phases are visible in C2 (see table 3-4). The presence of MgO can be explained by 
the oxide phases present in the initial powder and an oxidation reaction during the sintering 
process. The MgB4 phase is observed in both bulks and is due to the high sintering 
temperature. This suggests that amorphous Mg in the Mg+2B/C mixture evaporates more 
quickly than in the Mg+2B one, leading to a larger quantity of the MgB4 phase in the C2 
sample. 
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Fig.3-20: XRD pattern of C1 and C2 bulk samples 

 



51 
 

The lattice parameter a of C2 is reduced as a result of the carbon substitution to boron since 
carbon has a smaller atomic radius than boron [62]. A slight increase of the c-axis is also 
observed. Furthermore, C2 shows a smaller crystallite size as confirmed by the following 
microstructure analysis.  

Table 3-4 Lattice parameters, c/a ratio, amount of each phase and crystallite size of the fabricated bulks 

Reference a (Å) c (Å) c/a MgB2 
(wt%) 

MgB4 
(wt%) 

MgO 
(wt%) 

crystallite 
size (nm) 

C1 3.0863 3.5273 1.1429 89.17 6.66 4.16 134 

C2 3.0822 3.5291 1.145 66.93 17.08 15.99 73 

 

The microstructures of the MgB2 grains in both samples are shown in Fig.3-21, revealing a 
large quantity of pinning centers in the C2 bulks. The grains in C2 are well-connected 
without distinct grain boundaries, and numerous tiny nano white particles are visible, which 
could be carbon or oxide phases.  

  
Fig.3-21: morphology of MgB2 grains in (A) C1 and (B) C2 bulks 

  

The measurement of the superconducting properties has been carried out on specimens with 
dimensions 1.56 x 1.58 x 1.81 mm3 and 1.51 x 1.51 x 1.45 mm3 cut from C1 and C2, 
respectively. Fig.3-22(A) shows the normalized magnetic moment-temperature curves. The 
measurements were made while applying a 2 mT external magnetic field. Both samples show 
a sharp transition width at Tc, onset = 39.25 K for C1 and Tc, onset = 37.5 K for C2. The decrease 
of the Tc,onset of the C2 sample could be related to: i) the partial substitution of boron by 
carbon, which changes the energy gap of the σ band [114,115]; ii) the carbon accumulation in 
the grain boundaries and the high microstrain that would decrease the critical temperature of 
C2. Fig.3-22(B) shows the magnetic field dependence of the critical current density Jc at 20 K 
for the two samples. In self-field, Jc is equal to 4.99 105 and 3.13 105A/cm2 for C1 and C2, 
respectively. The decreasing critical current density from C1 to C2 is linked to the decreasing 
density of the samples and to the high amount of secondary phases. From 2 T, the higher Jc 

(A) 
(B) 
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values for sample C2 than for C1 are recorded. They reach 5.6 103A/cm2 at 4T, which is the 
best result presented in this chapter. Compared with the results obtained by Dr. Arvapalli S. S. 
et al. [62] with the same mixture, the slightly reduced Jc observed in self-field can be 
explained by the high quantity of contaminants MgO and MgB4 present in C2. The 
optimization of the sintering process to avoid the appearance of the MgB4 phase is discussed 
in the next chapter. 
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Fig.3-22: (A) Normalized magnetic moment as a function of the temperature. The inset shows the magnified onset 
of superconducting temperature. (B) Magnetic field dependence of the critical current density Jc at 20 K. The inset 

shows the same curves on a linear scale. 
 

3.4 Pinning behavior investigation 
 

In this section we discuss the flux pinning mechanisms of the investigated samples. For this 
purpose, we calculate their pinning force. Fig.3-23(A) shows the magnetic field dependence 
of the volume-pinning force density at 20 K calculated as Fp =Jc*µ0H for the seven 
investigated bulks. The maximum pinning force Fp,max of C1 sample, 3.55 GN/m3 at 1.14 T, is 
twice as large as that of B3 (1.48 GN/m3 at 0.85 T). C2 shows the most significant pinning 
forces above 2 T. In order to estimate the dominant pinning centers, we have firstly used the 
scaling functions proposed by Dew-Hughes [32]. As mentioned in chapter 1, the normalized 
flux pinning force density, fp (Fp/Fp,max), can be calculated with the following formula 
[Eq.3.2], 

𝑓𝑝 = 𝐴ℎ𝑝(1 − ℎ)𝑞
   [Eq.3.2] 

where A is a parameter related to the pinning strength, p and q are related to the type of 
pinning centers and h is the reduced magnetic field (H/Hc2).  However, we have carried out 
this work with the method the most used in the literature, which consists in considering that h 
= H/Hirr, where Hirr is often taken as the magnetic field for which Jc is equal to 100 A/cm2 
[116–118]. The peak value of h and the quantities p and q calculated using the Dew-Hughes 
model are shown in table 3-4. Compared to table 1-1, the hpeak of all the samples is around 0.2, 
which suggests that the dominant pinning centers are non-superconducting surface pins (NSP) 
corresponding probably to grain boundaries). However, the exponents p and q are always far 

(A) (B)
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from the theoretical values (ptheo=0.5 and qtheo=2). Similar discrepancies  have been 
mentioned by other authors on highly dense SPS bulks [117–120]. As a consequence, they 
have used another extended proposed by Eisterer [121]. This expression takes into account 
the anisotropy and the percolation threshold of the samples to evaluate their pinning behavior. 
The quantity h in the Dew-Hughes model is replaced by hn =H/Hn, where Hn is the field 
above the peak field for which Fp drops to 50% of its maximum. For MgB2, typical hn, peak 

values are 0.34 for grain boundaries pinning and 0.47 for normal point pinning (NPP). 
However, except for the less dense samples (B3 and C2) hn, peak is too large for both the grain 
boundaries pinning and the NPP mechanisms. The high density of the samples can’t explain 
these results because the pinning behavior of highly dense samples prepared by hot pressing 
can be described with this model [35]. High hn, peak values similar to those presented here 
have been obtained with some MgB2 bulks fabricated by SPS [35,117], while other samples 
have shown a good agreement with the Eisterer model [119,122]. The authors suggest that the 
results are also related to the working temperature [117], the texture of the samples and other 
parameters [122]. Concerning our results, we have observed an effect linked to the form and 
the anisotopy of some samples, which will be discussed later. Some authors [45,123–125] 
have used another extended scaling model proposed by Higuchi [124]. The main advantage 
of this model is that it avoids errors in the estimation of Hirr, since fp is scaled with h’=H/Hmax 
where Hmax is the field at which Fp reaches its maximum. The different pinning mechanisms 
correspond to the following equations: 

𝑓𝑝(ℎ
′) = 3ℎ′2(1 −

2ℎ′

3
)   for superconducting point pinning (SPP)  [Eq.3.3] 

𝑓𝑝(ℎ
′) =

9

4
ℎ′(1 −

ℎ′

3
)2   for non-superconducting point pinning (NPP)  [Eq.3.4] 

𝑓𝑝(ℎ
′) =

25

16
√ℎ′(1 −

ℎ′

5
)2   for non-superconducting surface pinning (NSP)  [Eq.3.5] 

Fig.3-23(D) shows the results for all the bulks. Obviously, below Hmax, the dominant pinning 
centers for all samples seem to be normal point pins. However, their pinning behaivoir mignt 
be changed from the Higuchi model in the high fields.  

As a conclusion for this section, the dominant pinning centers in B3 and C2 are normal pins 
at low field, which can be related to their weak density and numerous tiny MgO precipitates 
in the MgB2 grains. However, the dominant pinning mechanisms might change and result in 
both normal point pinning and grain boundary pinning at high field. The other samples show 
also point pinning at low field. Other aspects will be considered in the next chapter to further 
refine the pinning mechanisms of the samples and to correlate them to the scaling models. 
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Fig.3-23: (A) the magnetic field dependence of the volume-pinning force density Fp. (B) scaling behavior of 
normalized pinning force density fp using Dew-Hughes model. The orange dot-line represents the non-
superconducting point pinning NPP; the cyan dash-dot-line, non-superconducting surface pinning NSP and the 
magenta dash-line, non-superconducting volume pinning NVP. (C) scaling behavior of fp using Eisterer model. 
(D) scaling behavior of fp using Higuchi model. The magenta dash-line represents the superconducting point 
pinning SPP. 
 

Table 3-5 hpeak, p, q and hn,peak estimated of each bulk 

Sample A1 A2 B1 B2 B3 C1 C2 

hpeak 0.24 0.24 0.24 0.25 0.18 0.25 0.19 

p 1.4 1.4 1.43 1.54 1.2 1.7 1.1 

q 4.9 4.9 4.72 5.1 5.4 5.9 4.2 

hn,peak 0.54 0.55 0.54 0.57 0.46 0.59 0.43 

 
 

(A) (B)

(C) (D)
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3.5 Conclusion 
 

We have reported in table 3-6 the Jc obtained by the investigated bulk correlated to their 
density and crystallite size. Small grains, porosities, impurities as well as large quantities of 
grain boundaries could enhance flux pinning when a field is applied (see B3, C1 and C2). 
However, a high amount of secondary phases and a low density are harmful to Jc at low 
magnetic field and a high packing factor is required for the application. As a consequence, in 
the next chapter, a detailed study of the process conditions will be carried out with high-
quality powders to improve the performances according to i) the densification of the samples 
and ii) the control the grain growth. 

 

Table 3-6 Density, crystallite size estimated by XRD and Jc measured at 20 K for 0, 2 and 4 T 

Precursors Sample Density  crystallite size 
(nm) 

Jc_0T (A/cm2) Jc_2T (A/cm2) Jc_4T (A/cm2) 

Ex-situ lot1 A1 98% 93 3.91 105 5.04 104 298 

Ex-situ lot2 A2 98% 80 4.13 105 3.63 104 95 

Ex-situ lot1 B1 99% 160 3.62 105 2.63 104 22 

In-situ Mg+2B B2 96% 146 4.92 105 4.93 104 136 

In-situ Mg+MgB4 B3 92% 127 2.95 105 3.07 104 603 

In-situ Mg+2B C1 95% 135 4.99 105 7.67 104 822 

In-situ Mg+2B/C C2 83% 73 3.13 105 7.71 104 5658 
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Chapter 4 Optimization of sintering conditions 
 

In chapter 3, we have studied the effect of different precursors on the superconductivity of 
MgB2 bulks. Dense samples have exhibited a significant Jc in self-field, the best results being 
obtained with the in-situ Mg+2B samples. While the ex-situ bulks were the densest samples, 
their grain connectivity was weak because of the large MgO precipitates located at the grain 
boundaries. The samples prepared with the Mg+MgB4 and Mg+2B/C powders have needed 
more energy to densify. Nevertheless, they have shown a significant Jc at high field, 
especially sample C2 which was fabricated with carbon-coated boron powder and had a large 
quantity of pinning centers.  

The principal objective of this chapter is to fabricate dense samples with a controlled 
microstructure.  

 

4.1 Characterizations of samples prepared at different pressures using graphite 
molds.  

4.1.1 Sample preparation  
 

In this section, we report the fabrication and we study the properties of samples fabricated 
with two precursors: lot1 ex-situ powder and Mg+2B in-situ mixture in order to investigate 
the effect of the sintering pressure on the performances of the samples. The results reported in 
chapter 3 show that a good crystallinity requires a high sintering temperature. Hence, two 
batches of samples fabricated  with the two selected precursors were prepared in graphite 
molds applying various pressures at the different steps of the process, according to the 
following protocol: 

i) 500 °C + 16/60/85/100 MPa / 15 minutes (compaction + pre-synthesis) 

ii) 650 °C + 30/80/105/120 MPa / 20 minutes (synthesis)  

iii) 950 °C + 50/100/125/140 MPa / 30 minutes (sintering)  

iv) 1000 °C + 50/100/125/140 MPa / 5 minutes (densification)  

The highest pressure that can be applied to a graphite die is 140 Mpa. Four different sintering 
pressures: 50, 100, 125 and 140 MPa have been applied to fabricate the bulks. As expected, 
the density of the bulks increases with the applied pressure (Fig.4-1). Both ex-situ and in-situ 
samples attain a packing ratio around 98% at 140 MPa. We mention also that the in-situ 
samples exhibit a much higher density than the ex-situ ones at low pressure (50 MPa). This 
characteristic can be attributed to the Mg diffusion occurring during reactive sintering, which 
helps to improve the grain connectivity and consequently the sample density. 



57 
 

40 60 80 100 120 140
2,20

2,25

2,30

2,35

2,40

2,45

2,50

2,55

2,60

D
en

si
ty

 (g
/c

m
3 )

Pressure (MPa)

 Ex-situ
 In-situ

 
Fig.4-1 Density of sintered bulks as a function of sintering pressure 

 
 

4.1.2 Structural and microstructure characterizations 
 

The results of the XRD refinement of each sample are reported in table 4-1. Compared to the 
theoretical values a = 3.086 Å and c = 3.524 Å [103], the a-parameter of the ex-situ samples 
is reduced while that of the in-situ samples doesn’t significantly change when the pressure 
increases. To the contrary the c-parameter of both the in-situ and the ex-situ samples is an 
increasing function of the pressure. From the estimated composition of the samples, the 
oxygen content of ex-situ samples is twice that of the in-situ ones. Moreover, the quantities of 
MgB4 impurities of all the samples are similar, except for the in-situ samples sintered at 100 
MPa and 140 MPa. This could  be due  to the inhomogeneous distribution of the secondary 
phases, as suggested by the SEM microstructure analysis (see below). Finally, compared to 
the ex-situ bulks, the in-situ samples exhibit larger MgB2 crystallites. As a conclusion, the 
sintering pressure has no effect  on the content in secondary phases  and little or no effect on 
the size of the crystallites of the MgB2 phase. 
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Table 4-1 Lattice parameters, c/a ratio, amount of each phase and crystallite size of the fabricated bulks 
Sample a (Å) c (Å) c/a MgB2 

(wt%) 
MgB4 
(wt%) 

MgO 
(wt%) 

crystallite size 
(nm) 

Ex-situ 
50MPa 

3.0854 3.5257 1.143 79.88 11.63 8.49 114 

Ex-situ 
100MPa 

3.0839 3.5269 1.1436 79.16 12.1 8.74 106 

Ex-situ 
125MPa 

3.0838 3.5274 1.1438 79.69 11.57 8.74 105 

Ex-situ 
140MPa 

3.084 3.5277 1.1439 79.32 12.08 8.6 94 

In-situ 
50MPa 

3.0855 3.5263 1.1429 84.93 10.57 4.5 145 

In-situ 
100MPa 

3.0863 3.5274 1.1429 89.17 6.66 4.16 134 

In-situ 
125MPa 

3.8051 3.5281 1.1436 83.69 11.87 4.44 133 

In-situ 
140MPa 

3.0854 3.5284 1.1436 90.29 5.72 3.99 137 

 

The SEM micrographs of the ex-situ samples prepared at different pressure are shown in 
Fig.4-2. The distribution of the phases present in the samples was examined with back-
scattered electrons (see Fig.4-2(A) and (B)) and the topographic view of the MgB2 grains was 
obtained with secondary electrons (see Fig.4-2(C)-(F)). Fig.4-2(A) shows that the secondary 
phases (MgO and MgB4) are unevenly distributed in the MgB2 phase. Some layered 
structures can also be founded in the sample sintered at 140 MPa (Fig.4-2(B)). Figs.4-2(C)-
(F), show that the MgB2 grains exhibit a high packing ratio, while numerous and large MgO 
grains (as compared to those in the in-situ samples-see Figs.4-3) are located at their grain 
boundaries, except in the case of the sample sintered at 50 MPa. There is no significant 
variation in the MgB2 grain size (ranging around 1000 nm), which is consistent with the XRD 
analysis. 
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Fig.4-2: (A) SEM micrographs detected by back-scattered electrons of ex-situ sample sintered at 140 MPa and (B) the local 

magnification. (C)-(F) are the topographic view of MgB2 grains detected by the secondary electrons in ex-situ samples sintered 
under  50-140 MPa, respectively 

 

 

Fig.4-3 shows the microstructure of the in-situ samples. The images (A) and (B) show the 
chemical composition distribution in the bulk sintered at 140 MPa. Aggregations of ultra-tiny 
MgO particles can be seen as white spots and pores due to the evaporation of Mg during 
sintering are visible in dark grey regions. MgO particles with an almost uniform size are 
present inside the MgB2 grains or at their grain boundaries. Compared to the ex-situ samples, 
the MgO precipitates are smaller, which increase the intergrain contact area. Figs.4-3 (C)-(F) 
show the MgB2 grains topography of the bulks sintered at different pressures, the size of 
which is similar to that of the ex-situ bulks. The main difference between the ex-situ and in-
situ samples is the distributions of the MgO impurities and their size which are very different. 
This dramatically affects the grain connectivity as well as the critical current density. 

 

(A) (C) 

(E) 

Layered structure 

(B) 

(D) (F) 
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Fig.4-3: (A) SEM micrographs detected by back-scattered electrons of in-situ sample sintered at 140 MPa and (B) the local 

magnification. (C)-(F) are the topographic view of MgB2 grains detected by the secondary electrons in in-situ samples sintered 
under  50-140 MPa, respectively 

 
 
 

4.1.3 Superconducting properties 
 

Resistivity measurements were carried out from 0 to 9 T on long samples with dimensions 
approximately equal to 1.5 x 1.5 x 10 mm3 cut from the fabricated bulks to determine their 
critical temperature, irreversible field, Hirr, and second critical field, Hc2, as well their 
connectivity. The results reported in Tables 4-1 and 4-2 confirm that the in-situ samples have 
a higher purity and a stronger connectivity than the ex-situ ones, if they are sintered at a 
pressure below 125 MPa. The irreversible critical field and upper critical field of the samples 
have been determined with the technique based on the 10% and 90% normal-state resistivity 
ρ40K at 40 K [88,94]. Slight differences Hirr and  Hc2 can be observed between the ex-situ and 
the in-situ bulks. In addition, the sintering pressure and the packing ratio don’t significantly 
affect the resistivity of the samples. 

 

 

 

 

 

(A) (B) (C) 

(D) (E) (F) 
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Table 4-2 Offset critical temperature, measured resistivity values, residual resistivity ratios (RRR), connectivity 
(K), irreversibility magnetic field, Hirr and the upper critical magnetic field, Hc2 

Sample Tc (K) ρ300K (µΩcm) ρ40K (µΩcm) RRR K Hirr at 20 K (T) Hc2 at 20 K (T) 

Ex-situ 
50MPa 

 
37.6 54.7 16.7 3.27 0.166 

 
6.2 

 
8.6 

Ex-situ 
100MPa 

 
37.6 45.9 13.4 3.42 0.194 

 
6.3 

 
8.6 

Ex-situ 
125MPa 

 
37.6 27.3 7.9 3.46 0.326 

 
6.4 

 
8.7 

Ex-situ 
140MPa 

 
37.6 34.5 10.1 3.42 0.259 

 
6.3 

 
8.7 

In-situ 
50MPa 

 
38.6 18.4 3 6.15 0.41 

 
6.2 

 
8.4 

In-situ 
100MPa 

 
38.6 16.5 2.9 5.65 0.466 

 
6.6 

 
8.2 

In-situ 
125MPa 

 
38.6 21.8 4 5.42 0.356 

 
6.7 

 
8.3 

In-situ 
140MPa 

 
38.6 25.5 4 6.41 0.248 

 
6.7 

 
8.4 

 

Small specimens with dimensions of approximately 1.5 x 1.5 x 1.8 mm3 were cut from the 
sintered bulks in order to verify their critical temperature, Tc and to record their 
magnetization hysteresis loops at 20 K in the 0-4 T range with the SQUID magnetometer. 
The magnetic moments measured as a function of the temperature are shown in Fig.4-4. The 
Tc, onset of the ex-situ samples is 38.25 K and is lower than that of the in-situ ones which is 
equal to 39.25 K. The results suggest that all the samples have a good crystallinity and show 
that the SPS pressure has no impact on their critical temperature. 
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Fig.4-4: Normalized magnetic moment as a function of the temperature for (A) ex-situ and (B) in-situ bulks 
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The critical current densities of  the bulks as a function of the applied field was estimated 

from M-H loops recorded at 20 K using the extended Bean critical state model for rectangular 
samples [93]. They are reported in Fig.4-5. The in-situ samples exhibit a higher Jc than the 
ex-situ ones both at low and high fields, confirming the results reported in chapter 3. There is 
no significant pressure effect on the very dense bulks (dsample>95%) sintered between 100 and 
140 MPa. The densities of the samples sintered at 50 MPa are less than 90%, which is the 
reason why their critical current density is low. From these results, we can conclude that the 
increase of the SPS sintering pressure results in an increase of the packing ratio of the 
samples as well as an increase of the critical current density if the samples density is below 
95%, while Jc is constant for samples with a density greater than 95%. Consequently, 
reducing the sintering temperature to limit the grain growth while increasing the applied 
pressure to keep a high packing ratio can be another solution for preparing  highly-dense 
samples and enhancing their superconducting properties. This is investigated in the next 
section.  
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Fig.4-5: Magnetic field dependence of the critical current density Jc at 20 K for (A) ex-situ and (B) in-situ bulks. 
The inset shows the same curves on a linear scale. 

4.2 Properties of the samples prepared at high pressure and low temperature 
using specific tungsten carbide mold 
 

The results obtained by varying the sintering pressure have revealed that the pressure could 
enhance the bulks packing ratio but did not significantly affect the content of secondary 
phases and the crystallite size. The critical current density Jc decreases only when the density 
of samples is below 90%. From another point of view, in order to increase the critical current 
density, it is possible to enhance the grain connectivity and control the growth of grains by 
increasing the pressure and decreasing the temperature applied during Spark Plasma Sintering. 
Hence, in this part, we have used specific carbide tungsten (WC) dies, which allow to apply 
sintering pressures up to 1 GPa.  

4.2.1 Sample preparation 
 

The starting powders used to prepare the samples were the mixtures Mg+2B and Mg+2B/C. 
A mass of 1.5 g of powder was weighted and loaded into 20 mm diameter tungsten carbide 

(A) (B)
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(WC) molds. According to the technique used for the graphite molds, graphite foils were 
wrapped alongside the inner wall of the WC mold and inserted between the powder and the 
two punches to facilitate demolding. The samples were sintered according to the following 
protocol: 

i)    500 °C + 260 MPa / 15 minutes (Powder compaction) 

ii)   650 °C + 280 MPa / 20 minutes (Synthesis) 

iii)  650/700/750/800 °C + 300 MPa / 30 minutes (Sintering+densification) 

As mentioned above, the samples were sintered at temperatures ranging between 650 and 
800°C. The sample sintered at 750°C using the Mg+2B mixture was named W1 and the one 
using Mg+2B/C, W2.  As explained in chapter 3, the introduction of different steps in the 
process aimed at avoiding magnesium evaporation. The heating rate was 100°C/min and the 
cooling time was about 20 minutes. The total processing duration was approximately 100 
minutes. The temperature was monitored with a thermocouple instead of a pyrometer when 
sintering was carried out in a graphite mold. Fig.4-6(A) shows the displacement of the piston 
for W1 and W2 during the different steps of the process as a function of time and of the 
temperature. We emphazise that the mixture containing carbon-coated boron (W2) has 
reacted violently during the first step  and has slowly shrunk during the subsequent ones. The 
powder containing nano amorphous boron (W1) was compressed at each step and tended 
toward stability at the end. After processing, the density of W1 and W2 was 2.46 g/cm3 and 
2.37 g/cm3, which corresponds to 94% and 90% of the theoretical value, respectively. 
Compared to samples C1 and C2 which were sintered in graphite molds at 950°C and 100 
MPa, the density has decreased 1% for sample W1 and increased 7% for sample W2. The 
density of the other bulks prepared using the Mg+2B mixture is shown in Fig.4-6(B) as a 
function of the sintering temperature. The density raises with increasing sintering temperature 
to reach 95% at 800°C. Consistently with the density of W2 shown in Fig.4-6(B), the packing 
ratio of the bulks fabricated with the Mg+2B/C mixture was lower than the packing ratio of 
those fabricated at the same temperature with the Mg+2B mixture.  
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Fig.4-6: (A) Displacement of piston vs. sintering time curves for W1 and W2 bulks. (B) The density of sintered 

bulks as a function of sintering temperature 
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4.2.2 Structure and microstructure analyses 
 

Table 4-3 summarizes the XRD refinement results of the four samples prepared with the 
Mg+2B mixture at the different sintering temperatures. Comparing the lattice parameters to 
those reported by Buzea C. [103] (a = 3.086 Å and c = 3.524 Å), the results in table 4-3 
confirm those obtained with the samples sintered in graphite molds: the c-parameter expand 
when increasing the SPS sintering pressure. Otherwise, the low-temperature process 
effectively inhibits the emergence of  MgB4,  while the MgO content is around 4-5 wt%, 
which is comparable to the bulks sintered at a higher temperature in graphite molds The 
estimated crystallite size ranging between 58 nm and 88 nm is much smaller than that of the 
samples fabricated with the graphite molds (133-145 nm), indicating that SPS allows the 
preparation of highly-dense samples, while controlling the grain growth.  

Table 4-3 Lattice parameters, c/a ratio, amount of each phase and crystallite size of the fabricated bulks 
Reference a (Å) c (Å) c/a MgB2 (wt%) MgO (wt%) crystallite size (nm) 

Mg+2B 
650°C 

 
3.0876 

 
3.5269 

 
1.1423 96.08 3.92 58 

Mg+2B 
700°C 

 
3.0871 

 
3.5286 

 
1.143 94.96 5.04 61 

Mg+2B 
750°C 

 
3.0862 

 
3.5288 

 
1.1434 95.66 4.34 88 

Mg+2B 
800°C 

 
3.0864 

 
3.5272 

 
1.1428 95.47 4.53 84 

 

The XRD of samples W1 and W2 reported in Fig.4-7 shows that the major peaks are due to 
the MgB2 phase and that traces of MgO are present. Small peaks of carbon due to the carbon 
foil [126]  are also observed in W1. Table 4-4 shows a comparison of the results obtained by 
refinement of the XRD of W1 and W2 to the same data obtained for C1 and C2 which were 
sintered in graphite molds using the same precursors. 

According to the expression proposed by M. Avdeev et al. [127], the carbon substitution level, 
x in Mg(B1-xCx)2, can be estimated with the expression: 

𝑥 = 7.5 ∙ ∆(𝑐/𝑎)    [Eq.4.1] 

where Δ(c/a) is the difference between the c/a ratio of the  Mg(B1-xCx)2 compound and that of 
the undoped sample. The quatity 2x is equal to 0.027 and 0.0315 for the bulk prepared with 
the Mg+2B/C powder and sintered in the WC mold (W2) and in the graphite mold (C2), 
respectively. The obtained results are comparable to those calculated by Dr. Arvapalli S.S. 
[62], using the same precursor (2x=0.036). A high amount of MgO impurities is observed in 
the bulk sintered with the Mg+2B/C mixture (W2 and C2). Compared to C1 and C2, the 
MgO content of W1 and W2 is slightly higher, and there is no MgB4 phase as a result of the 
low sintering temperature of these samples. The MgB2 crystallite size of W1 and W2 as 
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estimated from refinement was 59 and 44 nm, demonstrating a significant microstructure 
control. 
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Fig.4-7: X-Ray Diagram of samples W1 and W2. 

 
Table 4-4 Lattice parameters, c/a ratio, amount of each phase and crystallite size of the fabricated bulks 

Reference a (Å) c (Å) c/a MgB2 
(wt%) 

MgO 
(wt%) 

MgB4 

(wt%) 
crystallite size 

(nm) 
W1 3.0854 3.5286 1.1436 95.39 4.61 - 59 
W2 3.0827 3.531 1.1454 82.84 17.16 - 44 
C1 3.0863 3.5273 1.1429 89.17 4.16 6.66 134 
C2 3.0822 3.5291 1.145 66.93 15.99 17.08 73 

 

The microstructures of the fractured surface of W1 and W2 are shown in Fig.4-8. The 
distribution of the MgO phase in the two bulks is similar, which means that nano MgO 
particles aggregated as plates or strips form and are scattered in the MgB2 matrix. We 
underscore the presence of compact MgB2 nano-grains and the high number of grain 
boundaries seen in Fig.4-8(C) and (D). Highly dense bulks with numerous pinning centers 
should enhance the critical current density in both low and high magnetic fields, which will 
be further verified by the determination of Jc. 
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Fig.4-8: Chemical microstructure of (A) W1 and (C) W2 samples; High magnification SEM image of nano MgB2 
grains in (B) W1 and (D) W2 bulks.  

 

An EDS analysis has been carried out on W1 sample (Figs.4-9). Along with the MgO regions, 
the boron enriched areas are visible in dark grey zones, which might have a flux pinning 
enhancing effect. These boron-rich areas are supposed to consist in amorphous boron 
unreacted at the low sintering temperatureapplied.  

   

 

Fig.4-9: (A) SEM micrograph of sample W1 showing the unreacted boron and MgO regions in the MgB2 matrix. (B) 
EDS red line region scan curves of B (cyan line), O (magenta line) and Mg (orange line).  
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4.2.3 Superconducting properties 
 

The in-field resistivity of W1 and W2 was measured by the DC 4-probes method up to 14 T. 
Fig.4-10(A) shows firstly resistivity ρ as a function of the temperature in self-field. The 
superconducting transition region is zoomed in the inset. The normal-state resistivity of W2 is 
higher than that of W1. This is probably due to the high quantity of oxide phase and low 
packing ratio of W2. The residual resistivity ratio (RRR) and the electrical connectivity K of 
the samples are reported in table 4-5. The results suggest that W2 has a lower purity and a 
weaker intergrain coupling than W1, resulting in a reduction of the critical temperature. 
Furthermore, compared to the in-situ Mg+2B samples sintered in graphite dies, W1 shows a 
high normal-state resistivity, which might be linked either to the presence of the amorphous 
boron phase or to a high quantity of grain boundaries. The upper critical magnetic field, Hc2 
and the irreversibility magnetic field, Hirr were determined with the technique based on the 10% 
and 90% normal-state resistivity at 40K [88,94]. From measurements of the in-field 
resistivity carried out between 6 K and 40 K , their temperature dependence could be 
determined and is plotted in Fig.4-10(B). The Hc2 and Hirr at 20 K are 9.7 T and 7.9 T, 
respectively, for W1 and 11.9 T and 9.7 T for W2. These fields are higher than those 
measured in prior research and are comparable to some values reported for other MgB2 bulks 
[124,128]. Although the bulks sintered in WC molds show a lower critical temperature and a 
higher electrical resistivity than those sintered in graphite dies, their Hirr and Hc2 were 
significantly enhanced. This is also the case of their critical current density, Jc, as shown by 
the following results. 
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Fig.4-10: (A) Temperature dependence of the resistivity at 0 T with a 5 mA direct current. The inset shows the 
magnified superconducting transition region. (B) Temperature dependence of Hc2 and Hirr for W1 and W2 

samples.  
 

Table 4-5 Measured resistivity values, residual resistivity ratios (RRR), connectivity (K), irreversibility magnetic 
field, Hirr and the upper critical magnetic field, Hc2 

Sample Tc (K) ρ300K (µΩcm) ρ40K (µΩcm) RRR K Hirr at 20 K (T) Hc2 at 20 K (T) 

W1 37.6 43.8 17.09 2.56 0.237 7.9 9.7 

W2 35.6 88.6 52.53 1.69 0.175 9.5 11.9 

(A) (B)
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Small specimens with dimensions around 1.5 x 1.5 x 1.8 mm3 were cut from MgB2 bulks 
made with the Mg+2B powder in WC molds and sintered at different temperatures in order to 
measure their Tc and Jc. The normalized magnetic moment of the samples as a function of the 
temperature is plotted in Fig.4-11(A). The transition temperature increases as the sintering 
temperature increases, indicating an improvement of the crystallinity. High Jc ranging from 
6.105 to 7.105 A/cm2 were were determined in self-field at 20 K (Fig.4-11(B)). Remarkably, 
under a 4 T applied field, the critical current density of the samples sintered between 650 and 
750°C was above 104 A/cm2. Compared to the bulks sintered in graphite molds, the bulks 
sintered in WC molds show a significant improvement of their critical current density at both 
low and high fields. This can be attributed to the strong densification of the nano grains and 
the suppression of the MgB4 phase, suggesting that it is possible to enhance the grain 
connectivity by increasing the pressure and decreasing the temperature applied during Spark 
Plasma Sintering. Furthermore, as compared to the best Jc of no-doped in-situ sintered MgB2 
bulk reported by other authors and summarized in table 1-2, there is a significant 
improvement of the critical current density at both low and high field. The only exceptions 
are the samples prepared by high pressure processing (HP) by Prikhna et al. [66,76]. The 
reported high Jc values result from a smaller grain size and a higher density than for our 
samples. All these results confirm that it is possible to enhance the grain connectivity by 
increasing the pressure and decreasing the temperature applied during sintering. Comparing 
SPS and HP processing, we emphazise that the required sintering pressure and temperature 
are far greater for HP than for SPS. In addition, the SPS processing time is generally shorter 
than that required by the other techniques. 
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Fig.4-11: (A) Normalized magnetic moment vs. temperature for the samples processed at various temperatures. 
(B) Magnetic field dependence of the critical current density Jc at 20K for the samples processed at various 

temperatures. The inset shows the same curves on a linear scale. 
 

The superconducting properties of samples W1 and W2, have been especially investigated. 
Small specimens with dimensions 1.51 x 1.54 x 1.62 and 1.52 x 1.54 x 1.89 mm3 were cut 
from the bulks W1 and W2, respectively. In order to better compare the results to those of 
samples sintered in a graphite mold, the measurements carried out on bulks C1 and C2, which 
were sintered at 950°C and 100 MPa, have been reported in the same pictures. As shown in 

(A) (B)
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Fig.4-12(A), all the samples exhibit a narrow transition width, while the onset and offset of 
the superconducting transition decrease with decreasing sintering temperature. Sample W2 
which was sintered with the mixture Mg+2B/C has the lowest Tc, onset which is equal to 36.75 
K.  

Contrary to the normal–state resistivity and critical temperature, extreme enhancement of Jc 
is observed with the samples sintered at low temperature and high pressure (Fig.4-12(B)), 
consistently with their improved Hirr and Hc2. We first compare the results of W1 and W2 
samples, We remind that the grain connectivity or packing ratio influences Jc in self-field 
[108] while the grain boundaries dominate the pinning behavior at high magnetic field [129]. 
At 20 K, Jc=6.75 105 A/cm2 and Jc=5.4 105 A/cm2 for W1 and W2, respectively, were 
measured in self-field. The lower Jc value in W2 can be explained by its higher content in 
MgO and its lower density resulting in a weaker grain connectivity. The critical current 
density of W2 exceeds that of W1 bulk above 2.5 T and is equal to 104 A/cm2 at 5 T, 
indicating that a larger number of pinning centers exist in W2. Furthermore, comparing W1 
and W2 to C1 and C2, respectively, in self-field Jc increases by 30% for W1 and by 55% for 
W2. The significant enhancement of the Jc of W2 with respect to that of C2 can be related to 
the absence of MgB4 and to its larger packing ratio. Remarkably, at 4 T, the Jc of W1 is 16 
times that of C1 and the Jc of W2 is more than 5 times  that of  C2.   
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Fig.4-12: (A) Normalized magnetic moment of samples as a function of the temperature. (B) Magnetic field 
dependence of the critical current density Jc of samples at 20 K. The inset shows the same curves on a linear 

scale.  
 

The pinning mechanism of the four bulks has been firstly investigated at 20 K using the 
models described in the previous sections. The magnetic field dependence of the volume-
pinning forces Fp (=Jc*µ0H) is plotted in Fig.4-13(A). Sample W1 shows the highest 
maximum pinning force Fp,max=6.12 GN/m-3 at 1.56 T. This is 1.7 times larger than C1 
(Fp,max=3.55 GN/m-3 at 1.16 T) and 1.2 times larger than W2 (Fp,max=4.93 GN/m-3 at 1.54 T). 
At high field, the samples prepared with the precursor containing carbon-coated boron exhibit 
a higher pinning force than those prepared with amorphous boron. Fig.4-13(B) and table 4-6 

(A) (B)
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show the normalized flux pinning force densities of the samples and the best reproduction of 
these quantities with the Dew-Hughes scaling functions. For the reasons exposed in the 
previous sections, it is difficult to use these results to deduce the pinning behavior of the 
samples. As done in chapter 3, two other approaches have been tested to further understand 
the pinning mechanism of the samples. In the Eisterer’s model (Fig.4-13(C)) the normalized 
pinning force fp is plotted as a function of ℎ𝑛 =

𝐻

𝐻𝑛
 where 𝐻𝑛 is the field above the peak field 

for which Fp drops to 50% of its maximum. The results  suggest that C1 and W1, which were 
prepared with the same precursor (Mg+2B), have the same dominant pinning mechanisms at 
20 K.  Pinning in these samples can’t be due to non-superconducting surface pinning (NSP) 
or non-superconducting point pinning (NPP), because hn,peak is too high with respect to the 
expected values (see Table 4-6). The Higuchi method in which fp is plotted as a function of 
ℎ′ =

𝐻

𝐻𝑚𝑎𝑥
 (see section 3.4) confirm that C1 and W1 have the same dominant pinning 

mechanism. Fig.4-13(D) suggests in addition  that for all the samples and H<Hmax (h’<1), the 
main pinning mechanism is normal point pinning (NPP), but this conclusion is in 
contradiction to the results obtained with the Eisterer method. 
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Fig.4-13: (A) the magnetic field dependence of the volume-pinning force density Fp. (B) scaling behavior of 

normalized pinning force density fp using Dew-Hughes model. The cyan dot-line represents the non-
superconducting point pinning NPP; the red dash-dot-line, non-superconducting surface pinning NSP and the 

green dash-line, non-superconducting volume pinning NVP. (C) scaling behavior of fp using Eisterer model. (D) 
scaling behavior of fp using Higuchi model. The green dash-line represents the superconducting point pinning 
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Table 4-6 hpeak, p, q and hn,peak estimated of each bulk 

Sample C1 C2 W1 W2 NSP NPP 
hpeak 0.25 0.19 0.25 0.23 0.2 0.33 

p 1.7 1.1 1.6 1.2 1/2 1 
q 5.9 4.2 5.4 4.3 2 2 

hn,peak 0.59 0.43 0.59 0.50 0.34 0.47 
 

Fig.4-14 shows the dependence of the critical current density on the applied magnetic field at 
various temperatures for W1 and W2. At 10 K, Jc for sample W1 is equal to 9.1 105 A/cm2 

and 1.8 104 A/cm2 at 0 and 6 T, respectively. We underscore however that sample W2 
presents a Jc value equal to 1.76 104 A/cm2 at 15 K and 6 T. According to Fig.1-11 
illustrating the Jc required for different applications, the results obtained with samples W1 
and W2 show  that MgB2 bulks could be used in generators and motors. Otherwise, Jc values 
around 4 105 A/cm2 and 2 105 A/cm2 were measured in self-field for these two samples at 25 
K and 30 K, respectively, i.e. in a range of temperatures compatible with the use of liquid 
hydrogen or liquid neon as cooling fluids. We emphasize that the reproducibility of the 
critical current density measured at 20 K on sample W1 has been verified, as can be seen in 
Fig.4-14(A) that reports Jc(µ0H) for an additional sample fabricated in the same conditions as 
W1. 
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Fig.4-14: Magnetic field dependence of the critical current density Jc at various temperatures for (A) W1 and 

(B) W2 samples. The inset shows the same curves on a linear scale. Fig.4-13(A) also shows Jc(µ0H) for a 
replicate sample at 20 K. 

 

We have also investigated the pinning mechanism of W1 and W2 at other temperatures  using 
the Eisterer and Higuchi expressions (Fig.4-15(A and B)). The curves plotted using the 
Eisterer scaling function reveal that the dominant pinning centers in W1 and W2 are quite 
different, while there is no significant dependence on the  temperature. No significant 
conclusions could be drawn from the Higuchi model (Fig.4-15(B). 

(A) (B)
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Fig.4-15: (A) Scaling behavior of normalized pinning force density fp using Eisterer model for W1 and W2 
samples at different temperatures. Lines represent the results of W1 samples and dot-lines represent those of 
W2. (B) scaling behavior of fp using Higuchi model. The cyan line represents the non-superconducting point 
pinning NPP; the red dash-dot-line, non-superconducting surface pinning NSP and the green dash-line, 
superconducting point pinning SPP. Solid symbols: fp vs. h’ from 10-30 K for W1; open symbols: fp vs. h’ from 
15-30 K for W2 

4.3 Conclusions 
 

In this chapter, we have investigated the effect of the SPS process conditions on the 
superconducting properties of the fabricated MgB2 bulks. Firstly we have applied various 
sintering pressures (50-140 MPa) to prepare MgB2 bulks with lot1 ex-situ and Mg+2B 
precursors at high temperature (950°C). MgB2 samples were subsequently processed at 
750°C under 300 MPa using specific tungsten carbide (WC) molds with Mg+2B and 
Mg+2B/C precursors. A remarkable increase in critical current density was observed with 
this technique, which can be attributed to the formation of nano-grains on the one hand and 
an enhancement of  vortex pinning resulting from the presence of a large quantity of grain 
boundaries on the other hand. With respect to conventional graphite molds [68,69], WC 
molds sustain a larger pressure allowing a lower processing temperature and a better control 
of the grains size. The performances could probably be improved by the optimization of  the 
applied pressure, sintering time and precursor doping. This will be the objectives of our 
future studies. Finally, we emphasize that we have prepared MgB2 bulks in WC molds with 
the ex-situ and Mg+MgB4 powders. The density of the obtained samples was low (<80%), 
even if they were sintered at 800°C. According to their DSC curves, we suppose that these 
two precursors require more heat for sintering and densifying than the in-situ powders we had 
previously used.  

 

 

 

 

(A) (B)
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Chapter 5 Effect of chemical doping on highly dense MgB2 
bulks 
 

The contaminant phase MgB4 has been often observed after SPS sintering of MgB2 bulks at a 
high temperature. Its presence has been attributed to the evaporation of magnesium, which 
was considered as harmful for the packing density, as well as the critical current density, Jc, 
under low magnetic field. This can be avoided by appropriate Mg addition and some studies 
have also shown that the Jc can be enhanced by excess Mg [130,131]. 

Furthermore, according to the prior research, chemical doping is one of the most efficient 
ways to improve the superconducting performances of MgB2 materials, especially the carbon 
(C), titanium (Ti) and/or nano particles of silicone carbide (SiC) [35,56–58]. They play the 
role of pinning centers and allowing to improve the irreversibility magnetic field (Hirr), upper 
critical magnetic field (Hc2) and also enhancement of the critical current density (Jc) values 
under high magnetic fields. 

As a consequence, this chapter discusses, on the one hand, the effect of excess Mg on the 
superconducting properties of the MgB2 bulks, especially the critical current density. On the 
other hand, the effect of SiC dopants on the superconducting performances. 

 

5.1 Mg addition 

5.1.1 Sample preparation 
 

The work has been carried out with two precursors: i) the ex-situ commercial powder MgB2 
(lot1) and ii) the mixture of magnesium and nano boron powder (Mg + 2B) for an "in-situ" 
reactive synthesis. Mg has been added to 1.5 g MgB2 powder in the proportions of 0.5 wt%, 1 
wt%, 3 wt% and 15 wt%. Three batches of samples with magnesium additions have been 
prepared: the first (batch 1) and the second one (batch 2) containing the commercial and the 
mixed powders, respectively, have been processed according to the conditions described in 
section 3.2.2, i.e. they have been sintered at 950°C and 100 MPa in 20 mm diameter graphite 
die without BN coating in the graphite foils. The third one consisting of Mg+2B powder with 
0% and 1wt% Mg addition, respectively, was processed in WC molds in the same conditions 
as sample W1 (see section 4.2.1). 

 

5.1.2 Structural, microstructural and superconducting properties 
 

The density measured by the Archimede method and the XRD refinement results of each 
batch of samples are shown in table 5-1. We noted that the density of MgB2 bulks could be 
improved to 99% by 3 wt% Mg adding for group 1 and 2 samples. While the c-parameter of 
the samples of these groups doped at 0.5%, 1% and 3% Mg is larger than the theoretical 
value (c = 3.524 Å [103]), that of the samples doped with 15% Mg is equal to the theoretical 
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one. Similar results were reported elsewhere [132,133]. The authors have supposed that they 
could be related to the lattice strains and the reduction of Mg-depleted phases. Based on the 
MgB4 content and a rough calculation of the microstrains with the Maud software of the 
refinement [102], we have firstly concluded that Mg addition can inhibit the emergence of  
MgB4.  In addition, it can increase the MgB2 content as well as the packing factor of the bulks 
sintered at high temperatures. Otherwise, the results suggest that if the MgB4 phase is absent, 
excess Mg might reduce the microstrains during high-pressure sintering, resulting in the 
inhibition of c-parameter expansion. The amount of MgO shows no significant change due to 
the magnesium addition. A small amount of unreacted Mg has remained in the two samples 
with 15 wt% Mg and these two samples show a larger crystallite size than the other ones.‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬ 

 

Resistivity measurements have been carried out from 0 to 9 T on parallelepipedic samples cut 
from the samples of batch 1 and batch 2 with dimensions approximately equal to 1.5 x 1.5 x 
10 mm3. As shown in table 5-2, both samples with 15 wt% Mg show a slightly lower Tc than 
the other ones. The residual resistivity ratios (RRR) and connectivity (K) of the 15 wt% Mg 
excess samples are higher than the other Mg content added ones. This might indicate a higher 
crystallinity and intergrain coupling due to the unreacted Mg in the bulks [134,135]. The 
purity of the 1 to 3 wt% Mg excess ex-situ samples has slightly improved with Mg addition, 
but there is no significant improvement of the grain connectivity. On the contrary, the 
connectivity of the in-situ samples can be improved with 1 to 3 wt% excess Mg addition 
while there is no obvious variation in their RRR values. The irreversibility magnetic field, Hirr 
and upper critical magnetic field, Hc2 of the samples were determined with the 10% and 90% 

normal-state resistivity at 40K (ρ40K) and are plotted in Fig.5-1 as a function of the 

 Table 5-1 : Density, lattice parameters, microstrain, amount of each phase and crystallite size of the fabricated bulks 

starting 
powder 

dArchimedes 
(g/cm3) 

Density 
(%) 

a (Å) c (Å) Microstrain 
(%) 

MgB2 
(wt%) 

MgB4 

(wt%) 
MgO 
(wt%) 

Mg 
(wt%) 

crystallite 
size (nm) 

Batch 1  Ex-situ MgB2 powder – Graphite mold 

0 %wt Mg 2.51 96 3.0843 3.5277 0.13 78.62 13.17 8.21 - 109 

0.5 %wt Mg 2.51 96 3.0843 3.5276 0.133 81.26 10.77 7.98 - 105 

1 %wt Mg 2.56 98 3.0844 3.5271 0.138 82.06 10.41 7.53 - 110 

3 %wt Mg 2.6 99 3.0843 3.5272 0.133 88.83 3.73 7.44 - 105 

15 %wt Mg 2.62 99 3.0841 3.5240 0.1 89.96 - 8.12 1.92 132 

Batch 2 In-situ Mg+2B powder – Graphite mold 

0 %wt Mg 2.48 95 3.0854 3.5278 0.123 91.02 4.78 4.2 - 135 

0.5 %wt Mg 2.55 97 3.0851 3.5273 0.122 91.3 4.44 4.26 - 125 

1 %wt Mg 2.57 98 3.0852 3.5275 0.136 93.44 2.13 4.43 - 124 

3 %wt Mg 2.61 99 3.0849 3.5273 0.116 93.55 1.16 5.28 - 124 

15 %wt Mg 2.62 99 3.0859 3.5237 0.067 93.66 - 5.56 0.78 193 

Batch 3 In-situ Mg+2B powder – WC mold 

0 %wt Mg 2.46 94 3.0854 3.5286 0.16 95.39 - 5.63 - 59-88 

1 %wt Mg 2.52 96 3.0867 3.5262 0.136 95.49 - 4.51 - 76 
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temperature. We emphasize that although the 15 wt% Mg excess samples present a higher 
purity and grain connectivity than the other ones, they present the worst Tc, Hirr  and Hc2 of 
their respective batch.  

Table 5-2 Offset critical temperature, measured resistivity values, residual resistivity ratios (RRR), connectivity (K), 
irreversibility magnetic field, Hirr and the upper critical magnetic field, Hc2 

Sample Tc (K) ρ300K (µΩcm) ρ40K (µΩcm) RRR K Hirr at 20 K (T) Hc2 at 20 K (T) 

Ex-situ  
0 wt% Mg 

 
37.6 34.3 10.5 3.27 0.266 

 
6.3 

 
8.4 

Ex-situ  
1 wt% Mg 

 
37.6 31.8 9.2 3.46 0.279 

 
6.4 

 
8.6 

Ex-situ  
3 wt% Mg 

 
37.6 32.4 8.9 3.63 0.269 

 
6.4 

 
8.6 

Ex-situ  
15 wt% Mg 

 
36.6 17.2 4.5 3.78 0.500 

 
5.8 

 
8.1 

In-situ  
0 wt% Mg 

 
38.6 36.6 5.9 6.2 0.206 

 
6.5 

 
8.3 

In-situ  
1 wt% Mg 

 
38.6 19.0 3.6 5.30 0.409 

 
6.7 

 
8.4 

In-situ  
3 wt% Mg 

 
38.6 18.2 3.4 5.32 0.428 

 
6.6 

 
8.3 

In-situ  
15 wt% Mg 

 
37.6 13.8 2.0 6.77 0.536 

 
5.9 

 
7.9 
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Fig.5-1:Temperature dependence of Hc2 and Hirr for the (A) Ex-situ and (B) In-situ samples prepared by using 

graphite mold. Hc2 and Hirr were determined from 90% and 10% of ρ40K. 
Specimens with dimensions of approximately 1.5 x 1.5 x 1.8 mm3 were cut from the sintered 
bulks in order to verify their critical temperature, Tc and to estimate their critical current 
density, Jc with the SQUID magnetometer. We have firstly investigated the effect of Mg 
additions on the ex-situ samples of batch 1. Fig.5-2(A) shows their normalized magnetic 
moment curves as functions of the temperature. A low transition width (T < 1 K) at the 
onset of the superconducting transition, Tc, onset = 38 K, is observed for all the samples except 
the one with 15 % wt Mg addition. The Tc of this sample is the lowest of its batch, as 
previously shown by the resistivity measurements. This behavior was also reported by Hinks 

(A) (B)
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D.G. et al.[132] using samples with unreacted Mg, in agreement with our results. Fig.5-2(B) 
shows the magnetic field dependence of the critical current density Jc at 20 K. The Mg 
addition has little effect on Jc. However, Jc for the 1 wt% Mg addition sample is slightly 
higher than the other ones in self-field and Jc for the 15 wt% Mg addition bulk decreases 
faster than the other ones under an applied field.  
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Fig.5-2: (A) Temperature dependence of the normalized magnetic moment of the samples of batch 1. (B) 

Magnetic field dependence of the critical current density Jc at 20 K of the samples of batch 1. The inset shows 
the same curves on a logarithmic scale. 

 

Then, we have measured the Tc and Jc of the in-situ samples which have been sintered at high 
temperatures (batch 2). As for our previous results, the 15 wt% Mg excess sample shows a 
lower Tc value than the others (Fig.5-3(A)). Fig.5-3(B) shows Jc measured at 20 K. Unlike the 
ex-situ samples, a strong influence of Mg addition on Jc is observed below 2 T. Compared to 
the pristine sample, there is respectively about 4%, 29% and 19% improvement of Jc in self-
field for the samples with 0.5 wt%, 1 wt% and 3 wt% Mg addition. The improvement of Jc 
could be related to the reduction of the MgB4 content and the improvement of the grain 
connectivity. However, the remaining Mg and low microstrain in the 15 wt% excess Mg 
sample could be harmful to Jc. In addition, the effect of Mg addition is not beneficial at high 
fields (>3 T). Comparing these results to those obtained with the ex-situ samples, we 
conclude that Mg addition helps to improve the grain connectivity during the in-situ SPS 
process, resulting in an enhancement of Jc at weak magnetic fields. However, excessive Mg 
addition can affect the lattice structure and the microstrains in the MgB2 phase, thus 
decreasing  Jc.  

(A) (B)



77 
 

25,0 27,5 30,0 32,5 35,0 37,5 40,0

-1,0

-0,8

-0,6

-0,4

-0,2

0,0
M

ag
ne

tic
 m

om
en

t (
no

rm
al

iz
ed

 v
al

ue
)

T (K)

0H = 2mT
Graphite mold (in-situ):

 0 wt% Mg
 0.5 wt% Mg
 1 wt% Mg
 3 wt% Mg
 15 wt% Mg

 

0 1 2 3 4
0

1x105

2x105

3x105

4x105

5x105

6x105

0 1 2 3 4
102

103

104

105

106

J c
 (A

/c
m

2 )

H (T)

T = 20K
Graphite mold (In-situ)

 0 wt% Mg
 0.5 wt% Mg
 1 wt% Mg
 3 wt% Mg
 15 wt% Mg

J c
 (A

/c
m

2 )

H (T)

 
Fig.5-3: (A) Temperature dependence of the normalized magnetic moment of the batch 2 samples. (B) Magnetic 

field dependence of the critical current density Jc at 20 K of the batch 2 samples. The inset shows the same 
curves on a logarithmic scale. 

 

To verify our hypotheses, we have fabricated the samples of batch 3, which were sintered at 
low temperature with the in-situ Mg+2B powder. Fig.5-4 shows the superconducting 
properties of the pristine sample and of the sample with 1 wt% Mg added. The onset of the 
superconducting transition, Tc,onset of the 1 wt%  Mg added sample is slightly higher than that 
of the pristine one (Fig.5-4(A)). This might be linked to the reaction between excess Mg and 
unreacted boron during the low-temperature sintering of the sample, which has been 
mentioned in section 4.2.2. The critical current density, Jc of the  1 wt%  Mg added sample is 
lower than that of the reference sample (Fig.5-4(B)). There is no MgB4 in the pristine sample 
and no remaining Mg in the  1 wt%  Mg added sample. Consequently, the decrease of the Jc 
value could be correlated to the lattice structure of the 1 wt%  Mg added sample and to 
microstains. 
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Fig.5-4: (A) Temperature dependence of the normalized magnetic moment of the samples of batch 3; (B) 
Magnetic field dependence of the critical current density Jc at 20 K of  the samples of batch 3. The inset shows 

the same curves on a logarithmic scale. 
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5.2 SiC doping effect 
 

It is well-known that to obtain significant irreversibility (Hirr) and upper critical (Hc2) 
magnetic fields as well as high critical current densities (Jc), one of the most effective 
candidates for doping MgB2 is nano-SiC [35,136–139], which can play the role of a source 
for C substitution. In this section, we have focused on the effect of SiC doping on in-situ 
MgB2 samples sintered by SPS. Two different SiC powders have been used for this study: 

i) α-SiC (hexagonal phase, purity ≥97.5%, 37µm, provided by Sigma-Aldrich, USA), named 
micro-SiC in what follows. 

ii) β-SiC (cubic phase, 45-55nm, provided by Alfa Aesar, USA), called nano-SiC thereafter.  

5.1.2 Sample preparation 
 

Two batches of SiC-doped MgB2 samples have been prepared. The samples of batch 1 were 
fabricated using the same SPS process as samples W1 and W2, i.e., they have been sintered at 
750°C and 300 MPa in WC molds. They consisted of i) an un-doped sample; ii) three 
samples doped with different nano-SiC amounts (5, 10 and 15 wt%) and iii) a sample doped 
with 10 wt% micro-SiC. The other batch consisted of i) an un-doped sample and ii) a 10 wt% 
nano-SiC doped sample. These samples were fabricated in the same conditions as samples C1 
and C2, i.e., a processing at 950°C and 100 MPa using graphite molds.  

5.1.2 Structure and morphological properties 
 

The density determined by the Archimedes method and the XRD refinement results of each 
sample are reported in table 5-3. Compared to the undoped samples sintered in WC molds, 
the density of the nano-SiC doped samples is slightly lower, and there is no significant 
variation for the micro-SiC doped sample. The nano-SiC doped sample prepared in the 
graphite mold shows a dramatic density drop. This can be linked with the pores formed by 
the evaporation of Mg, which results in the formation of a large quantity of MgB4. We also 
observe that the MgB4 phase is present in the 15 wt% nano-SiC doped sample prepared at 
low temperature. According to the exothermal reaction between Mg and nano-SiC [136]: 

2Mg+SiC                     Mg2Si+C 

and due to the heating source of the SPS, we have supposed that when the current has passed 
through the Mg and SiC grains, the local temperature has reached that required for the 
formation of MgB4.  

As mentioned in section 4.2.2, the carbon substitution level, 2x in Mg(B1-xCx)2, can be 
estimated with the expression proposed by M. Avdeev et al. [127] and the quantity 2x of each 
doped sample is shown in table 5-3. The C substitution increases with the amount of nano-
SiC. The samples prepared in graphite mold seem to have more C atoms substituted at the 
boron sites. We also observe that the micro-SiC has not reacted with Mg, resulting in no C 
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atom substitution in this sample. Remaining SiC is present in each doped sample. There is no 
obvious effect of SiC doping on the MgO content or estimated crystallite size. 

 

The microstructures of the fracture surface of the bulks prepared in WC molds doped with 10 
wt% micro- and nano-SiC and 15 wt% nano-SiC are shown in Fig.5-5. Their chemical 
compositions have been determined with back-scattered electrons (see Fig.5-5(A-C)), while 
the topographic view of the MgB2 grains was observed with secondary electrons (see Fig.5-
5(D-E)). The white regions in the 10 wt% micro-SiC doped sample (Fig.5-5(A)) are micro-
SiC grains, which have not reacted with Mg during SPS sintering, in agreement with the 
XRD refinement results. The white regions in the sample with 10 wt% added nano-SiC 
(Fig.5-5(B)) correspond to the Mg2Si phase as confirmed by EDS analysis (see below). The 
15 wt% nano-SiC added sample shows an inhomogeneous microstructure with unidentifiable 
phases. According to the morphology of the MgB2 grains in these three samples (Fig.5-5(D)-
(F)) and EDS analysis, the small tiny white particles present at the grain boundaries of the 
samples might consist either of carbon or of Mg2Si. These compounds could be harmful to 
the grain connectivity.  

 Table 5-3 Density, lattice parameters, amount of each phase and crystallite size of the fabricated bulks 

starting 
powder 

dArchimedes 
(g/cm3) 

Density 
(%) 

a (Å) c (Å) c/a 2x in 
Mg(B1-xCx)2  

MgB2 
(wt%) 

MgB4 

(wt%) 
MgO 
(wt%) 

Mg2Si 
(wt%) 

SiC 
(wt%) 

crystallite 
size (nm) 

Batch 1 In-situ Mg+2B powder – WC mold 

0 %wt 
 SiC 

2.46 94 3.0854 3.5286 1.1436 - 95.39 - 5.63 - - 59-88 

5 %wt  
nano-SiC 

2.42 92 3.0848 3.5298 1.1443 0.0105 95.21 - 2.81 0.65 1.33 
(α)  

73 

10 %wt  
 nano-SiC 

2.36 90 3.0839 3.5314 1.1451 0.0225 85.49 - 6.96 2.24 5.31 
(α) 

68 

15 %wt  
 nano-SiC 

2.4 92 3.0813 3.5329 1.1466 0.045 71.23 8.61 7.5 3.5 9.2  
(α) 

83 

10 %wt  
micro-SiC 

2.45 94 3.0861 3.5294 1.1436 0 88.14 - 3.54 - 8.32 
(β) 

71 

Batch 2 In-situ Mg+2B powder – Graphite  mold 

0 %wt   
SiC 

2.48 95 3.0863 3.5274 1.1429 - 89.17 6.66 4.16 - - 134 

10 %wt  
 nano-SiC 

2.25 86 3.0794 3.5294 1.1461 0.048 66.26 17.91 6.55 5.09 4.19 
(α) 

133 
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Fig.5-5: SEM micrographs of fractured surfaces of A) 10 wt% micro-SiC B) 10 wt% nano-SiC and C) 15 wt% nano-SiC doped 

samples sintered in WC mold and magnification of MgB2 grains in the 10 wt% micro-SiC (D), 10 wt% nano-SiC (E) and 15 wt% 
nano-SiC (F) doped samples. 

 

Fig.5-6(A) and table 5-4 show the EDS analysis of the 10 wt% nano-SiC doped sample. The 
white zone 1 corresponds to the Mg2Si contaminant and the presence of Si and C elements 
can be observed in the MgB2 phase (zone2). Otherwise, we have tried to identify the phases 
present in the 15 wt% nano-SiC added sample. Four regions were selected (see Fig.5-6(B)) 
for this purpose. The mass percentages of each element are shown in table 5-5. The only clear 
compositions are the mixed phases MgB2 and Mg2Si present in zone 3 and MgO present in 
zone 4. An EDS analysis on a polished surface would be necessary to further identify the 
components present in this sample. 

  
Fig.5-6: EDS analysis of the A) 10 wt% and B) 15 wt% nano-SiC doped samples sintered in WC molds 
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Table 5-4 mass percentages of elements in selected zones of Fig.5-6(A) estimated by EDS analysis.  

Element Mg B O Si C 

wt % (Zone1) 45.7 1.7 1.8 50.1 0.7 

wt % (Zone2) 46.1 40.2 3.4 8.4 1.9 
 

Table 5-5 mass percentages of elements in selected zones of Fig.5-6(B) estimated by EDS analysis. 

Element Mg B O Si C 

wt % (Zone1) 29.8 6.7 17 1.5 0.6 

wt % (Zone2) 45.2 31.2 14.4 8.7 1 

wt % (Zone3) 54.1 19.2 3.7 21.1 1.9 

wt % (Zone4) 58.4 1.9 36.2 3 0.5 
 

5.1.3 Superconducting properties 
 
The resistivity of 10 wt% nano doped samples prepared in different molds was carried out on 
rectangle bars with dimensions approximately equal to 1.5*1.5*10 mm3 by the DC 4-probes 
method up to 14 T. The detailed results are shown in table 5-6 and compared to the 
characteristics of undoped samples. Both doped samples show lower RRR and K values than 
the undoped ones, which indicates a reduction of their purity and grain connectivity. This is 
especially the case of the sample sintered at high temperature with the graphite mold and is 
probably linked to the significant decrease in Tc of this sample. Fields Hirr and Hc2 
determined by the 10% and 90% normal-state resistivity at 40 K [88,94], are plotted in Fig.5-
7 as functions of the temperature. Contrary to the purity and the connectivity, a significant 
increase of these fields below about 30 K can be observed in both nano-SiC doped samples. 
 
  
Table 5-6 Offset critical temperature, measured resistivity values, residual resistivity ratios (RRR), connectivity 

(K), irreversibility magnetic field, Hirr and the upper critical magnetic field, Hc2 
Sample Tc  

(K) 
ρ300K  

(µΩcm) 

ρ40K  

(µΩcm) 
RRR K Hirr at 20 K  

(T) 
Hc2 at 20 K 

 (T) 

WC mold 
0 wt% nano-SiC 

 
37.6 43.8 17.09 2.56 0.237 

 
7.9 

 
9.7 

WC mold 
10 wt% nano-SiC  

 
37.6 67.1 33.1 2.03 0.186 

 
9.3 

 
12.2 

Graphite mold 
0 wt% nano-SiC 

 
38.6 16.5 2.9 5.65 0.466 

 
6.6 

 
8.2 

Graphite mold 
10 wt% nano-SiC 

 
35.6 120.2 59.5 2.02 0.104 

 
8.3 

 
11.8 
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Fig.5-7: Temperature dependence of Hc2 and Hirr for the samples prepared in (A) WC mold and (B) Tc graphite 

mold. Hc2 and Hirr were determined from 90% and 10% of ρ40K. 
 

Magnetic moment measurement have been carried out on these samples with the SQUID 
magnetometer. Small specimens with dimensions around 1.5*1.5*1.8 mm3 were cut from the 
sintered bulks. Fig.5-8(A) shows their normalized magnetic moment as functions of the 
temperature. The transition temperature of the nano-SiC doped sample prepared in a WC 
mold is slightly lower than that of the undoped sample. The doped sample prepared at high 
temperature in a graphite mold shows a dramatic drop in Tc, as shown by the resistivity 
measurement. The Jc of each sample versus applied field is plotted in Fig.5-8(B). SiC doping 
is harmful to Jc in weak field as a consequence of the weak intergrain coupling and low purity 
of the samples. However, the doped samples have a higher Jc than the undoped ones above 3 
T, suggesting the presence of a large number of pinning centers. In addition, the samples 
prepared in the WC molds always show higher performances than those prepared in graphite 
molds as a probable result of their smaller MgB2 grains and of the absence of the MgB4 phase. 
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Fig.5-8: (A) Normalized magnetic moment as a function of the temperature for the 0 and 10 wt% nano-SiC doped 

samples sintered in different molds. (B) Magnetic field dependence of the critical current density Jc at 20 K. The inset 
shows the same curves on a logarithmic scale. 
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Then we have investigated the effects of 10 wt% micro- and nano-SiC doping on the 
superconducting properties of the samples prepared in WC molds. As shown in Fig.5-9(A), 
there is no change in Tc for the micro-SiC doped sample, while its Jc is lower than that the 
undoped sample at both low and high fields (Fig.5-9(B)). As a consequence, unreacted micro-
SiC grains can’t be the pinning centers in MgB2 bulks. 
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Fig.5-9: (A) Normalized magnetic moment as a function of the temperature for the 0 and 10 wt% micro- and nano-SiC 
doped samples sintered in WC molds. (B) Magnetic field dependence of the critical current density Jc at 20 K. The inset 

shows the same curves on a logarithmic scale. 
 

Fig.5-10 shows the superconducting performances of samples fabricated in WC molds and 
doped with various amounts of nano-SiC. The 15 wt% doped sample shows a lower Tc, onset = 
37.25 K than the others (Fig.5-10(A)) due to its higher content in secondary phases as shown 
in table 5-3. In addition, its Jc is much lower than the others below 3 T (Fig.5-10(B)). The 
best Jc at high field is that of the 10 wt% doped sample with Jc = 4574 A/cm2 at 5 T and 20 K. 
However, SiC doping results in a smaller improvement of Jc at high field than the use of 
carbon-coated boron powder, as can be seen by comparison with sample W2 (Jc = 104 A/cm2 
at 5 T and 20 K).  

However, Prikhna et al. [35] have reported that they have obtained high Jc at both low and 
high fields with 10 wt% nano-SiC doped samples prepared at high temperature and high 
pressure (1050°C and 2 GPa). The high density and strong grain connectivity of their samples 
can be related to the absence of Mg2Si impurities. According to the Gibbs energy of the 
reaction between SiC and Mg [140], the higher the sintering temperature, the more inhibited 
is the reaction. In our case, the heat generated by this reaction might cause local overheating 
and evaporates Mg. As a consequence, to further improve the performances of SiC doping 
samples, other sintering conditions need to be investigated.  
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Fig.5-10: (A) Normalized magnetic moment as a function of the temperature for the different amount nano-SiC doped 
samples sintered in WC mold. (B) Magnetic field dependence of the critical current density Jc at 20 K. The inset shows 

the same curves on a logarithmic scale. 
 

5.3 Conclusions 
 

In this chapter, we have investigated chemical doping effects on the bulks MgB2 sintered by 
SPS. A moderate Mg addition in the in-situ samples sintered at high temperatures can 
improve their purity (samples composition) and intergrain connectivity and consequently, the 
critical current density Jc at low fields. Otherwise, we have investigated the SiC doping 
effects on in-situ samples sintered at low and high temperatures. The nano-SiC shows a 
similar effect to that of the carbon-coated boron powder, basically, the Jc is weakened at low 
fields but increased at high fields. However, in this stage of this study, the nano-SiC doping 
doesn’t result in an obvious improvement of the superconducting performances as compared 
to that of the carbon-coated boron powder.  
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Chapter 6 Functional properties measurements of large 
size bulk superconductors 
 

In this chapter we investigate the functional properties of large size MgB2 discs, especially 
the magnetic levitation force, the stability conditions of levitation as well as the magnetic 
field which can be trapped by these samples. 
 

6.1 Fabrication of the samples 
 

Two batches of MgB2 samples were prepared with lot1 of the ex-situ powder purchased from 
Pavazyum company (Turkey). The first one consisted of  50 mm diameter cylindrical bulks, 
the thicknesses h of which were in the range 2-10 mm. The other one consisted of 10 mm 
thick  bulks, with diameters, DSC, ranging between 20 mm and 80 mm. The powder was 
weighed to make the discs with the desired diameters and thicknesses, then introduced into 
graphite dies. The samples were sintered at 1100 °C for 45 min while an axial pressure of 50 
MPa was applied under dynamic vacuum (10-3 bar). The obtained samples have usually 
shown a relative density larger than 98%. Fig.6-1 shows a picture of the fabricated samples. 

 

 
Fig.6-1: Photograph of ex-situ MgB2 bulks with (A) various thickness and (B) various diameters. 

 

6.2 Levitation force and guidance force measurements 
 

Superconducting Magnetic levitation (SML) is the root of some promising applications of 
superconductors, especially Maglev trains and superconducting bearings. The levitation force 
between a permanent magnet and a superconductor can be stable and requires no energy 
except for the system cooling. The levitation force and its stability are closely related to the 
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superconducting material, the system generating the magnetic field (magnets or assembly of 
magnets and soft iron parts) and their geometrical dimensions. In this study, we have 
investigated in our lab the influence of the dimensions of the MgB2 bulks and that of the 
working temperature on their levitation and lateral forces. Other measurements have been 
carried out at the Laboratory of Magnet Engineering and Applied Superconductivity (LIMSA) 
of the University of Bologna (Unibo), with a system that allows measuring forces down to a 
very low separation between the magnetic source and the superconductor. One of the 
objectives of this study was to compare the levitation and guidance forces measurements 
carried out at CRISMAT to those carried out at LIMSA. Otherwise, we wanted to compare 
our analytical model [141,142] to the numerical model used by Prof. Morandi team [143,144].   

6.2.1 Effect of the sample diameter  
 

A detailed description of the measuring system and of the experimental protocol have been 
presented in Chapter 2. The effect of the diameter of the MgB2 bulks (DSC) on the levitation 
and lateral forces was studied at 20 K with a NdFeB 70 mm diameter and 35 mm thick 
permanent magnet. The levitation forces of 10 mm thick MgB2 bulks cooled down at Zcp = 30 
mm with DSC ranging between 30 mm and 80 mm are plotted in Fig.6-2(A). The levitation 
force increases with the increasing diameter of the superconductor, DSC. The maximum force 
that was obtained with the 80 mm diameter disc was equal to 200 N at Zmin = 12 mm. Fig.6-
2(B) shows the force measured at 20 K as a function of the bulk diameter for a magnet–
superconductor separation equal to 12 mm. Clearly, the levitation force is proportional to 
DSC

3 not to DSC, as indicated by the relations Eq.2.6-14 and in [83]. 
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Fig.6-2: (A) Levitation force measurement carried out between a 70 mm diameter magnet and 10 mm thick 
MgB2 bulks with various diameters at 20 K and Zcp=30 mm. (B) Levitation force measured at Zmin = 12 mm as a 
function of DSC

3. The inset shows the levitation force as a function of DSC. 
 

Stability is the most crucial characteristic of Superconducting Magnetic Levitation (SML) 
systems. It depends on the lateral stiffness of the considered SML system. Generally, the 
stiffness is determined by measuring the slope of minor loops of the lateral force FY, with 
respect to the lateral distance between the magnet and the superconductor, Y. Stability 
corresponds to a negative stiffness while the stiffness is positive when the system is unstable 
[145,146]. Fig.6-3 shows the lateral force measured at 20 K at Z = 30 mm, 22 mm and 20 mm 
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after cooling down the MgB2 discs at ZCP = 30 mm and Y = 0 mm. Since the lateral force 
cycles show no hysteresis, the slope of any minor loops is the same as that of the major one 
and we can assume that the lateral stiffness is equal to the slope of the Fy(Y) plots. At Z = 30 
mm (Fig.6-3(A)), the SML system was stable for all the samples as shown by the negative 
slope of their lateral force. The absolute value of the sample stiffness increases as the 
diameter of the discs increases, (-0.46 for DSC = 80 mm and -0.06 for DSC = 30 mm). The 
measurements of Fy(Y) carried out at Z = 22 mm and 20 mm are reported in Fig.6-3(B) and 
(C), respectively. For all the samples, except the 80 mm diameter one, in the vicinity of the 
origin (-10 mm < Y < 10 mm), the slope of FY(Y), i.e the stiffness, is almost equal to zero for 
Z = 22 mm and is positive for Z = 20 mm. As a consequence, levitation is unstable for Z < 22 
mm. Similar results were obtained when measuring FY either at different Zcp or with other 
NdFeB magnets, as far as the condition DPM ≥ DSC was fulfilled [129]. These results are also 
similar to those reported in [147]. If DPM < DSC, as in the case of the 80 mm diameter disc, the 
separation between the disc and the magnet below which levitation is unstable decreases, as 
seen in Fig.6-3(D) that shows that the system is stable down to 18 mm. As an important 
consequence, the maximum levitation force keeping stability at 20 K for the system 
consisting of a 70 mm NdFeB magnet and the 80 mm diameter MgB2 disc cooled down at 
ZCP = 30 mm is around 80 N, well below the 200 N measured at 12 mm. 
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Fig.6-3: Lateral forces FY measured on MgB2 discs with various diameters and the PM70 magnet at (A) Z = 30 
mm, (B) Z = 22 mm and (C) Z = 20 mm after cooling down the MgB2 discs at ZCP=30 mm. (D) Lateral force FY 

measured with the 80 mm diameter MgB2 disc at different magnet – disc separations, Z. 
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Conditions for the stability of a SML system consisting of a multi-seeded YBa2Cu3O7-δ 

(YBCO) bulk and a Halbach guideway section were proposed by Li et al. [148]. The authors 
claim that stability depends on the sign of the eigenvalues of a linearized Jacobian matrix. 
Wang et al. have computed the guidance force of an infinitely long rectangular 
superconductor above a Halbach guideway, but the calculations have shown strong 
discrepancies with the measurements [149]. Numerical calculations on the stability of SML 
were also proposed in [150–152], however simple physical conditions determining the 
situations in which a SML system is stable or unstable have not been established yet. Our 
prior research [129] used extended Brandt relations (Eq.2.15-17) to calculate the lateral force 
and assumed that the stabilization of an SML system consisting of a superconductor bulk and 
a cylindrical permanent magnet depends on 𝐵𝜙(𝑌, 𝑍) in Eq.2.15. Stability exsits only if [129]:  

𝐵𝜙(0, 𝑍) ≤ 𝐵̅𝑃𝑀(0, 𝑍𝑐𝑝)    [Eq.6.1] 

According to Eq.2.16, for a constant diameter of the magnet, one expects that  𝐵𝜙(𝑌, 𝑍) 
decreases as the superconductor diameter DSC increases.  It is the reason why the D80 sample 
exhibits a better stability than the others samples. 

Force measurements on four 10 mm thick MgB2 bulks with diameter DSC equal to 50, 60, 65 
and 70 mm, were carried out at LIMSA (Bologna). Fig.6-4(A) shows the resluts obtained at 
20 K and Zcp = 30 mm with a 70 mm diameter magnet. The maximum force is equal to 450 N 
and was measured at Zmin = 4 mm with the 70 mm diameter MgB2 disc. Compared to the 
results obtained at CRISMAT (Fig.6-2(A)), larger forces are measured at LIMSA. The 
discrepancies might result from: i) the soft iron supports used to connect the magnet to the 
displacement system, that are not the same in both laboratories. These supports have an 
influence on  the magnetic field generated by the NdFeB magnet; ii) an experimental error at 
CRISMAT  on the cooling and the measurements positions (ZCP and Z) due to the contraction 
of the sample holder during cooling and iii) a slight deformation of the measurement system 
at CRISMAT when measuring large forces. Consequently, we will focus on the results 
obtained at LIMSA in the following studies. Firstly, these measurements confirm the 
proportionality relation between DSC

3 and the levitation force, as shown in Fig.6-4(B) that 
reports the forces measured at Zmin = 4 mm on the 10 mm thick samples. 
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Fig.6-4: (A) Levitation forces carried out with various diameter MgB2 bulks at LIMSA. (B) Levitation force 

measured at Zmin = 4 mm with a 70 mm diameter magnet as a function of DSC
3. The inset shows the levitation force 

as a function of DSC. 
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The lateral force measured at LIMSA between Y0 and Ymax is plotted in Fig.6-5. At cooling 
height Z = 30 mm, the absolute value of FY(Y) slope increases with increasing superconductor 
diameter, corresponding to the results observed with CRISMAT data (see Fig.6-3(A)). 
Concerning stability, the slope of the lateral force measured at Z = 20 mm is zero for all the 
samples, while it is  positive, according to the measurements carried out at CRISMAT 
(except for the 80 mm diameter disc).   
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Fig.6-5: Lateral forces measured at (A) Z = 30 mm and (B) Z = 20 mm after cooling down the various diameter 

MgB2 discs with various diameters at ZCP = 30 mm and 20 K. 
 

6.2.2 Effect of sample thickness 
 

Our previous research results have shown that the currents possibly do not flow in the whole 
thickness of the superconductors. Thus, the thickness, h, of the samples has no significant 
effect on the levitation force, except if it is in the range of t, the thickness of the 
superconducting current layer [141]. We have investigated at LIMSA the levitation force of 
four 50 mm diameter discs with thicknesses respectively equal to  2, 2.9, 7.8 and 10 mm. The 
measurements have been carried out with the 70 mm NdFeB magnet after field cooling at 20 
K and ZCP = 30 mm (Fig.6-6(A)). The force cycle of the 10 mm thick disc coincides with that 
of the 7.5 mm thick one. The cycle of the 2 mm thick disc is slightly hysteretic. The forces 
measured at Z = 5 mm as a function of h are plotted in Fig.6-6(B).  The difference between 
the forces measured on  the 10 mm and the 7.5 mm discs are in the range of the errors on the 
measurements (5%), as could be expected from Fig.6-6(A). The forces measured on the 2.9 
mm and the 2mm thick discs are lower than those measured on the thickest discs, but the the 
levitation forces are clearly far from beeing proportional to h, as they should be if t was equal 
to h. The results suggest that t for the measured discs lies above 2.9 mm.  
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Fig.6-6: (A) Levitation forces carried out with various thick MgB2 bulks at LIMSA. (B) Levitation force measured 
at Zmin = 5 mm as a function of sample thickness, h. 

 

Measurements of the lateral force were carried out on these discs. The corresponding stiffness 
(taken as the slope of FY(Y) between -10 mm < Y < 10 mm) is plotted in Fig.6-7 at Z = ZCP = 
30 mm and Z = 24 mm. At Z = ZCP  the stiffness slightly decreases with h down to h = 2.9 
mm (Fig. 6-7(A)) . At Z = 24 mm, the stiffness is positive for h = 2 mm (Fig.6-7(B)). Figs.6-
7(A) and (B) show that the stiffness of systems including thick superconducting discs is 
better than that of  those including thinner ones, suggesting that the stability of the SML 
systems could be optimized using superconductors with a suitable thickness. 
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Fig.6-7: Lateral stiffness as a function of sample thickness, h at (A) Z = ZCP and (B) Z = 24 mm 

 

6.2.3 Effect of working temperature 
 

The temperature has strong effects on the levitation force and the hysteresis loops of the 
superconductors. The levitation force of YBa2Cu3O7-δ  (YBCO)  and MgB2 bulks increases 
firstly as the temperature decreases, then tends towards saturation as reported elsewhere [43]. 
It has also been mentioned that the hysteresis of the levitation force increases and increases 
and the critical current density, JC, decreases as the temperature increases [43,153].  It is 
reasonable to suppose that the same phenomenon occurs in the case of the lateral force. At 
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LIMSA, measurements of the levitation and lateral forces between a 70 mm diameter MgB2 
disc and a 70 mm diameter magnet have been carried out at different temperatures and are 
reported in (Fig.6-8). The levitation force curves recorded at 20 K and 26 K are similar and 
without hysteresis. Hysteresis can be seen at 28 K while the levitation force decreases slightly. 
The levitation force drops strongly and shows a wide hysteresis loop when the temperature 
increases to 30 K. 

The lateral forces measured at Z = 16 mm at different temperatures are shown in Fig.6-8(B). 
The slopes of the FY(Y) curves show that the stability of the levitating system is improved as 
the working temperature increases. In addition, the FY(Y) slope measured at T = 30 K is still 
negative at Z = 10 mm while the levitation force is equal to 166 N. This suggests that MgB2 
superconductor cooled down with liquid hydrogen could be good candidates for SML 
applications. 
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Fig.6-8: Comparison between 20-30 K of the (A) levitation forces and (B) lateral forces of 70 mm diameter and 

10 mm thick MgB2 disc after field cooling at 30 mm from the 70 mm diameter magnet. 
 

The most used superconductor material in SML system till today is YBCO, which can be 
cooled down with liquid nitrogen [81,154,155]. In order to compare the behavior of MgB2 
discs to that of YBCO bulks, we have investigated the effect of temperature on the levitation 
and lateral forces of a 56 mm diameter and 16 mm thick YBCO cylindrical bulk provided by 
CAN superconductors (Czech Republic). As for the MgB2 discs, the levitation force 
decreases as the temperature increases  (Fig.6-9(A)). Although the stiffness should be 
determined by measurements on minor hysteresis loops since the FY(Y) curves are strongly 
hysteretic, the results reported in Fig.6-9(B) sugggest that the stability of the system increases 
(Fig.6-9) with the temperature, as in the case of MgB2 . 
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Fig.6-9: Comparison between 16 K and 77 K of the levitation forces (A) and of the lateral forces (B) of a 56 mm 

diameter and 16 mm thick YBaCuO disc after field cooling at 30 mm from the 70 mm diameter magnet. 
  

These results demonstrates the negative effects of a low working temperature on the stability 
of a SML system and the possibility to use MgB2 bulks in these systems.  

 

6.2.4 Simulation work 
 

During the field cooling process, as long as the sample is in the normal state, the applied 
magnetic field penetrates the whole bulk. At the transition to the superconducting state at Tc,  
the magnetic flux is channeled along vortex lines, while the field vanishes elsewhere in the 
superconductor. Below Tc, for constant applied field, the situation is frozen and no shielding 
current flows in the superconductor. Changes in Z cause changes in the applied field and 
induce a gradient in the density of the vortices, resulting in the generation of shielding 
currents and that of the levitation force. Different analytical and numerical approaches have 
been proposed for modeling magnetic levitation. As mentioned in chapter 2 and previous 
articles [43,141], we have proposed an analytical model to reproduce the measurements, 
assuming that the shielding currents flow in a layer of thickness t facing the magnet and 
generate magnetic moment m (JC, t, ∆B). Fig.6-10 shows the vertical field component 
produced by the 70 mm diameter NdFeB magnet used during the measurements and its field 
gradient, which have be used to calculate ∆B (see section 2.3.3.1). 
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Fig.6-10: Field (A) and field gradient (B) along the axis of the NdFeB magnet used during the measurements. 

  

The levitation forces measured at LIMSA along the axis of a 50 mm and a 70 mm diameter 
MgB2 discs with a thickness of 10 mm are shown in Fig.6-11. The best reproductions of the 
results with the model detailed in section 2.3.3.1 are also reported.  Clearly, the model does 
not account for the measurements, at least at low Z. While work is in progress to improve the 
model, a numerical model developped by Prof. Morandi's team [143,144] for the 
reproduction of the measurements has been tested. The numerical model is based on the 
subdivision of the superconductor in a finite number of current loops with a rectangular 
cross-section. It is assumed that the electric field E and the current density J are parallel at 
any point of the superconductor and oriented along the circumferential direction. In addition 
to the Maxwell’s equations a power law between E and J is used to account for the 
superconductor behaviour: 

𝐸 = 𝐸𝐶 (
𝐽

𝐽𝐶
)
𝑛

    [Eq.6.2] 

In [Eq.6.2] EC is usually the electric field criterion employed for defining Jc, while n is 
proportional to the activation energy of vortex depinning. The interaction force between the 
permanent magnet and the superconductor is written as:  

𝐹 = ∫  𝐽 × 𝐵𝑃𝑀 𝑑𝑣
𝑣

   [Eq.6.3] 

the integration is carried out on the volume v of the superconductor. Other detailed 
expressions are reported elsewhere [143]. The dashed lines in Fig.6-11 show the results 
calculated with the numerical model considering  Jc = 105 A/cm2. The measurements are well 
reproduced for Z > 10 mm, but overestimated for Z < 10 mm. As a consequence, simulation 
should be improved in future works. 

(A) (B)
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Fig.6-11: Force cycles of (A) the 50 mm and (B) the 70 mm diameter MgB2 bulk measured at LIMSA. The 
continuous lines show the values calculated with the CRISMAT analytical model. The dashed lines show the 

values estimated with the numerical model used at LIMSA.

6.3 Trapped field measurements 

Fig.6-12 shows the flux density above the surface of 20, 40 and 70 mm diameter discs at 
20 K, after field cooling down the samples with a 70 mm diameter NdFeB permanent magnet 
located above the cryostat at 9 mm from the superconductor surface. The measurements were 
done by scanning a Hall sensor 10 mm above the bulks surface. The trapped field distribution 
shows a single dome. This conical distribution of the magnetic field shows that the transport 
of the current in the samples is homogeneous. The maximum trapped field increases with 
increasing superconductor diameter. However, the trapped fields are low because the field 
generated by the magnet 10 mm away from the magnet was equal to 0.35 T only. To fully 
investigate the trapped field capacities of MgB2 we have magnetized our samples at higher
applied fields.

(A) (B)

(A) (B)
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Fig.6-12: Magnetic mapping of (A) 20, (B) 40 and (C) 70mm diameter MgB2 discs.

As mentioned in chapter 2, measurement of the trapped field at high field was carried out 
firstly on a 20 mm diameter and 10 mm thick ex-situ MgB2 bulk in the PPMS (Quantum 
Design, 9T) equipment with a Hall sensor located at an altitude of 0.5 mm above the sample 
surface. After cooling the superconductor down to 20 K while applying a 3 T external 
magnetic field, the external field was decreased to zero at a rate equal to 0.06 T/min. Fig.6-
13(A) shows the field measured above the center of the sample during this step. The field 
trapped at zero applied field is equal to 2.16 T, which is in the range of the fields reported for 
similar measurements on MgB2 [40,100,156].  

The trapped field, Btr, decreases linearly with increasing temperature (Fig.6-13(B)) and drops 
to 0 T at 37.5 K, which corresponds to the critical temperature recorded in previous 
measurements. However, we have observed flux jumps during the measurements. This 
phenomenon manifests itself by a sudden decrease of the trapped field occurring at given 
applied fields. It has been more thoroughly investigated during measurements carried out at 
LNCMI, Grenoble. 
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The fields trapped by large diameter discs (DSC > 30mm) were measured at Grenoble. The 
samples were cooled down to the working temperature (20 K) under a 4 T external field 
provided by an Oxford superconducting coil. After temperature stabilization, the applied 
magnetic field was decreased to zero at a rate equal to 0.05 T/min. As detailed in section 
2.3.4.3 the field was measured by three Hall sensors labelled as H1, H2 and H3 located along 
a radius of the sample. The position of each sensor is indicated in Fig.2-11. Fig.6-14(A) 
shows the field trapped by a 80 mm diameter disc. Many flux jumps are visible. The field 
trapped at the center of the sample (measured by sensor H1) is slightly higher than that 
measured at other locations by H2 and H3. According to measurements of the temperature 
reported by the C1 and C2 cernox sensors, the thermal gradient along the disc radius is 
around 0.07 K/mm. Otherwise, the flux jumps are associated to temperature jumps. The 
intensity of the energy dissipation during the flux jumps is reflected by the temperature 
variations. The fields trapped in the same conditions by 10 mm thick MgB2 disc with DSC = 
30 mm and DSC = 40 mm are plotted along that of the 80 mm one in Fig.6-14(B). Compared 
to the 80 mm diameter disc, the reduction in the flux jump frequency and the lower 
temperature rise of these two samples during the flux jumps is an indication that small 
diameter superconductors show a stronger thermal stability than larger ones, which is in 
agreement with the model of Zhang et al. [157]. These authors have also mentioned that the 
ramp rate and the working temperature have effects on the flux jumps. As a consequence, in 
future work, we expect to improve our results by controlling the field rate. In addition we 
intend to study the effect of complex shapes, such as rings, reinforced samples and samples 
with multiple holes designs.
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6.4 Conclusions 
 

We have investigated the influence of the size of the MgB2 bulks and of the working 
temperature on the superconducting magnetic levitation and guidance forces. The results have 
shown that the levitation force, FZ increases with the sample diameter and that there is  a 
linear relation between FZ and R3 which is attributed to the dependency of the magnetic 
moment on the radius of the samples (Eq.2.6). Otherwise, the levitation forces do not depend 
on the thickness h of the samples above some threshold and are slow varying functions of h 
below the threshold. This behavior can be linked to the limited thickness t of the layer 
carrying the superconducting currents. We have also investigated the effect of the working 
temperature. The results have shown that the stability can be improved by increasing the 
temperature, but that this causes a decrease of the levitation force as a consequence of the 
reduction of the critical current density Jc. The comparison of the data obtained at CRISMAT 
to those obtained at  LIMSA is encouraging. They will be more deeply investigated in the 
future in order to improve the models we have used. Finally, we have investigated the field 
trapped by various samples with different equipments. The measurements have evidenced the 
generation of flux jumps and their links to sudden increases of the temperature. Nevertheless, 
we have been able to trap a 2.16 T field  at 20 K with a 20 mm diameter and 10 mm thick 
MgB2 bulk.  
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Chapter 7 Conclusions and perspectives 
 

MgB2 bulks exhibit various aspects interesting for applications, such as a medium-high 
critical temperature Tc (39 K), a reasonably high upper critical field Hc2, and a high critical 
current density Jc. However, due to the low packing ratio of the bulks fabricated by the 
conventional sintering methods, their domains of applications are limited. In this thesis, we 
have used the unconventional "Spark Plasma Sintering" (SPS) to prepare highly dense MgB2 
bulks. It is a rapid consolidation method that results in a better understanding and control of 
the sintering kinetics than the other techniques. It allows to prepare dense samples while 
controlling the grain growth and to save processing time.  

The influence of the starting powder on the superconducting properties of MgB2 has been 
investigated in this work. Optimizing the SPS processing parameters as well as the sintering 
conditions, the critical current density of the samples could be increased. This has resulted 
from the control of the microstructure and from the increase of both the bulks density and the 
flux pinning capability. Sintering precusors containing nano-particles of boron in tungsten 
carbide (WC) molds, has resulted in samples with a packing density equal to 94%, large 
enough to ensure a large critical current density equal to Jc = 7.105 A/cm2 at 20 K in self-field. 
In presence of a magnetic field, Jc has decreased but in the 20 K range, it has kept values 
large enough at 4 T for most applications (104 A/cm2). This significant Jc improvement can 
be attributed to the strong densification of the nano grains and to the suppression of the MgB4 
phase during the sintering pressure at high pressure and low temperature. In addition, 
sintering the powder containing carbon-coated boron, Jc could be increased to 104 A/cm2 at 5 
T. 

We have investigated the functional properties of bulks fabricated with the commercial MgB2 
powder, especially the levitation and stabilizing forces on the one hand and  the trapped field 
on the other hand. The force measurements results have revealed that large diameter MgB2 
discs can be good candidates for superconducting magnetic levitation (SML) system using a 
cryogenic fluid such as hydrogen or neon. Concerning field trapping, the best field trapped 
with a 20 mm diameter and 10 mm thick sample at 20 K was around 2.16 T.  However, it is 
difficult to trap high fields with large MgB2 discs because of the occurrence of flux jumps.  

In conclusion, the characteristics and performances reminded of above, the light weight, the 
mechanical properties and the simple fabrication process of MgB2 bulks suggest that they 
could be one of the best candidates for applications using liquid hydrogen or liquid neon as 
cryo-coolant.  

Finally, we point out below some typical phenomena observed during our experiments. 
Anisotropy after SPS sintering has been observed in both ex-situ and in-situ bulks. Here, we 
present as an example results obtained with ex-situ bulks. Fig.7-1 shows the  XRDs recorded 
with X-rays i) parallel and ii) perpendicular to the  SPS uniaxial pressure applied to a sample 
sintered at 1050°C and 100 MPa. There is clearly a preferred orientation of the crystallites 
parallel to the (00ℓ) planes. 
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Fig.7-1: (A) The indication of the XRD measurements direction for the sintered MgB2 disc. (B) XRD patterns of the 
initial powder and the sintered bulk obtained on different surfaces. The intensity is normalized by the peak (101), 

which is the most intense peak for a randomly oriented sample. (C) and (D) shows the magnified results of (002) and 
(100) peak, respectively.

Correlated anisotropies have been observed in the Hirr, Hc2 and Jc measurements. As 
mentioned in chapter 2, the direction of the external magnetic field applied during our 
previous measurements was parallel to the SPS pressure (µ0H//PSPS). Fig 7-2 shows the Hirr, 
Hc2 and Jc of an ex-situ sample measured while applying the magnetic field i) parallel and ii) 
perpendicular to the SPS pressure. When the external field is perpendicular to the SPS 
pressure  (µ0H⊥PSPS), Hirr, Hc2 and Jc are larger than when it is parallel (µ0H//PSPS), 
suggesting that pinning is more efficient in this field direction, as mentioned elsewhere [51].
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Fig.7-2: (A) Temperature dependence of Hc2 and Hirr for different applied field directions. (B) Magnetic field 
dependence of the critical current density Jc at 20 K for different applied field directions. The inset shows the 

same curves on a linear scale. 
 

Another noteworthy aspect is that the sample aspect ratio affects the magnetic moment 
measured with the SQUID magnetometer. The roughly cubic specimen (1.5 x 1.5 x 1.62 mm3) 
cut from the W1 sample was firstly investigated as described in chapter 4. Then, the same 

specimen was cut again to obtain a thinner sample with dimensions v = 1.5 x 1.5 x 0.4 mm3 
and its magnetic moment was measured at 20 K. The m(H) hysteresis curves have shown 
strong differences: while that of the thin sample is almost symmetric, that of the thicker one 
is strongly assymetric (Fig.7-3(A)). Although they are in the same ranges, this discrepancy 
affects the critical current densities estimated with the extended Bean model [93], as seen in 
((Fig.7-3(C)). Similar observations have been done by other authors, as shown in Fig.7-4. 
These discrepancies result probably from the demagnetizing field of the samples and 
consequently, a correction to the magnetic measurements needs to be developed  in future 
works. 
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Fig.7-3: M-H loops at 20 K of W1 sample with dimensions of  (A)1.5 x 1.5 x 1.62 mm3 and (B) 1.5 x 1.5 x 0.4 
mm3. (C) Magnetic field dependence of the critical current density Jc estimated from these two size samples. 

The inset shows the same curves on a linear scale. 
  

  
Fig.7-4: (A) M-H loops reported in [158] with a 2.18 x 2.76 x 1.88 mm3 sample (B) M-H loops reported in [36] 

with a 1.5 x 1.5 x 0.5 mm3 sample 
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Titre: Densification des cryoaimants supraconducteurs MgB2 : optimisation de la synthèse 
et étude des propriétés physiques 

Résumé 

Des massifs MgB2 ont été préparés par frittage rapide "Spark Plasma Sintering " (SPS) selon différentes voies 
de traitement utilisant des moules en graphite conventionnelles ou des moules en carbure de tungstène. 
Différents précurseurs ont été utilisés : i) la poudre commerciale MgB2 ii) mélange de poudre de magnésium et 
de nano bore (Mg + 2B) iii) mélange de poudre de Mg et MgB4 et iv) mélange de poudre de magnésium et de 
bore enrobée du carbone (Mg+2B/C) pour une synthèse réactive "in-situ". La densité des échantillons obtenus 
était jusqu’à 99 % de la densité théorique du matériau, qui est la plus élevée à ce jour rapportée dans la 
littérature. Nous avons ensuite effectué des caractérisations structurales et microstructurales que nous avons 
corrélées aux propriétés supraconductrices, en particulier la densité de courant critique, Jc mesurée à 20 K. Les 
meilleurs résultats sont obtenus avec les échantillons in-situ élaborés au-dessous de 800°C appliquant une 
pression de 300 MPa. Une densité de courant critique élevée Jc  = 675 kA/cm2 a été obtenu en champ nul et 
remarquablement pour un massif MgB2 non dopé, Jc était supérieur à 10 kA/cm2 à 4 T. Un ajout modéré de Mg 
dans les échantillons frittés à haute température (>900°C) a permis de réduire les phases appauvries en Mg 
(MgB4) et d’améliorer la connectivité inter-grains et par conséquent, la densité de courant critique Jc en champs 
faibles. La substitution du bore par du carbone abaisse légèrement la température critique, Tc mais améliore le 
piégeage des vortex, d'où des performances optimisées pour Jc à haut champ (autour de 10 kA/cm2 à 5 T et 20 K) 
avec le mélange contenant du bore enrobé de carbone ou un dopage de nano SiC. De plus, les propriétés 
fonctionnelles ont été étudiées avec des disques MgB2 de grandes tailles, en particulier les forces de lévitation et 
de stabilisation ainsi que le champ piégé. Ces résultats de mesures ont démontré la possibilité d’intégrer des 
cryoaimants supraconducteurs MgB2 dans des dispositifs de sustentation magnétique utilisant un fluide 
cryogénique tel que l'hydrogène ou le néon. 

Abstract 

Highly dense bulk MgB2 samples have been elaborated by unconventional "Spark Plasma Sintering" (SPS) 
according to different processing routes using conventional graphite dies or tungsten carbide dies. Different 
precursors were used: i) the commercial powder MgB2 ii) mixtures of magnesium and nano boron powder (Mg 
+ 2B) iii) mixtures of Mg and MgB4 powder and iv) mixtures of magnesium and carbon-encapsulated boron 
powder (Mg+2B/C) for an "in-situ" reactive synthesis. The density of the obtained MgB2 bulks was up to 99 % 
of the theoretical density of the material, which is the highest so far reported in literature. Then structural and 
microstructural characterizations were carried out with these samples and correlated to their superconducting 
properties, in particular their critical current densities, Jc measured at 20 K. The optimized heat treatment for the 
in-situ MgB2 bulks was found to be lower than 800°C under 300 MPa pressure. A high Jc = 675 kA/cm2 was 
obtained in self-field and remarkably for an un-doped bulk MgB2, Jc was above 10 kA/cm2 at 4 T. A moderate 
Mg addition in the samples sintered at high temperatures (>900°C) can suppress the Mg-depleted phases (MgB4) 
and improve the intergrain connectivity and consequently, the critical current density Jc at low fields. 
Substitution of boron by carbon depresses slightly critical temperature, Tc but enhances vortex pinning, with the 
result of optimized performances of Jc in high field (around 10 kA/cm2 at 5 T and 20 K) with the mixtures 
containing carbon-coated boron or nano SiC doping. In addition, the functional properties have been 
investigated for large bulks fabricated with the commercial MgB2 powder, especially the levitation and restoring 
forces in superconducting magnetic levitation (SML) as well as the trapped field. These measurements have 
revealed that large diameter MgB2 discs can be good candidates for SML systems using a cryogenic fluid such 
as hydrogen or neon.  

Keywords: Superconductor cryomagnets, Spark Plasma Sintering, MgB2, critical current density, 
superconducting magnetic levitation system 

 


