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CHAPTER 1

INTRODUCTION

1.1 Superconductivity

The superconductivity phenomenon was first discovered by Kamerlingh Onnes
on mercury at liquid helium temperature in 1911, One of the important properties of
superconductivity is that the electrical resistance suddenly drops to zero when the
temperature goes below the characteristic temperature, namely critical transition
temperature (7¢); and such a material is named superconductor. There is no energy

loss when using superconductors for transport electrical DC current.

of

Normal

" Ctate

B

Superconducting State

Figure 1-1 Critical surface of superconducting state and normal state

However, if a large current is put through a superconductor, it will change to the
normal state, even it is still below its transition temperature. This is because the
electrical current in a superconductor wire creates a magnetic field around the wire.
The strength of the magnetic field increases with increasing current in the wire. If the
magnetic field is increased to a critical point, the superconductor will return to the

normal resistive state. The maximum value for the magnetic field at a certain

1



temperature is known as the critical magnetic field (H.). Based on the analysis above,
there should be a maximum current value that a superconductor can carry, namely
critical current density (J;), and J, is a function of temperature. 7T¢, J. and H. are three

crucial parameters for a certain superconductor.

Figure 1-1 shows the relationship of these three parameters, each of them is
mutually dependent on the other two properties. Maintaining the superconducting
state requires each of these parameters remains below the critical values, all of which

depend on the material.

1.1.1 Fundamentals of superconductivity theory
1.1.1.1 The Cooper Pairs

When a material is cooled below the critical temperature, the free electron gas
transforms from the normal state to a quantum fluid of coherent electron pairs in the
reciprocal space. Each individual pair is formed when one electron with momentum
combine with another electron of exactly the opposite momentum and spin, giving a

net momentum of zero. These charge carriers are called the “Cooper pairs” 21,

1.1.1.2 The Coherence Length

The dimension between the paired electrons in a Cooper pair is generally called
the “coherence length” (&), which has a value varying between a few hundreds to
more than ten thousand angstroms in metals. The partners in the Cooper pair are only
a few angstroms away from the nearest electrons in other pairs. This makes the
mechanism of such a fluid flow different from that of the normal electron gas. The
coherence length is a fundamental length scale which is a function of temperature as

follow:

hZ

£(T) = el

(1-1)

where m" is the mass of a superconducting electron in a Cooper pair and a(7) is a

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

a(T) = a,[(T/T,) 1] (1-2)



1.1.1.3 The penetration depth

A superconductor is able to exclude magnetic field by forming surface shielding
currents which flow in a direction of creating an opposite magnetic field that cancels
the applied field and remains no net flux density (B = 0) within the superconductor.
However, these shielding currents are not confined entirely to the surface, otherwise
the resulting current density would be infinite. The surface layer depth where the
shielding current penetrated in is defined as the penetration depth (1) with a

dependence of temperature as the following equation:

A

—_—) (1-3)
J1I-(T/T)*

where A is the penetration depth at 0K, which is a material characteristic.

AMT) =

1.1.1.4 The Meissner Effect

In 1933, H. Walter Meissner and his student Robert Ochsenfeld analyzed the
magnetic characteristics of superconductors and discovered that when a
superconducting material makes the transition from normal state to superconducting
state under a certain external magnetic field, the flux lines are expelled from the
interior of the superconductor and then the magnetic field inside the superconductor is
zero. The perfect diamagnetic property was obtained in this material. This effect was
named the Meissner effect and known to occur because the screening current, induced
on the surface by the external field, generates an interior field, which flows in a
direction to exactly cancel the applied field within the material. But it does not occur

in a perfect conductor in the normal state.

The Meissner effect is also recognized as a factor that determines whether a
material is a superconductor. As shown in Figure 1-2, a simple experiment to
demonstrate the Meissner effect in a laboratory is to put a small permanent magnet on
the surface of a superconductor sample. If the superconductor is not cooled or the
sample is a perfect conductor the magnet will stay in there unvarying with the flux
penetrating into the sample. However, if a superconductor sample is cooled to below
its T¢, an electric current will run on the surface of the sample creating an opposing
magnetic field that interacts with the existing field from the magnet. By doing so, a

repulsive force is generated to cancel the field in the interior of the sample.
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Figure 1-2 Diagram of the Meissner effect. Flux lines are excluded from a

superconductor when it is below its critical temperature

1.1.1.5 The BCS theory

The first microscopic theory of superconductivity was proposed in 1957 by three
physicists: Bardeen, Cooper and Schrieffer . This theory is known as the BCS
theory. It is based on the phonon-mediated coupling of electrons with opposite
moment and spins to form pairs, known as Cooper pairs. The coherence length (<)
corresponds to the size of such pair. This theory describes accurately the
superconductivity phenomenon in LTS. However, it fails to fully explain some
experimental observations in HTS, such as their high 7. and magnetic history
dependence. Up to now, a theory accounting for all the observed superconducting

properties in HTS still needs to be established.

1.1.2 Type-I and Type-1I superconductors

The superconductor materials have been divided into two groups based on their
behavior in magnetic fields: type-I and type-II superconductors. As shown in Figure
1-3, there are two critical fields in type-II superconductors, the lower critical field

(H1) and the upper critical field (H). If the external magnetic field is lower than H,,
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the field can be completely expelled and the material behaves the same as the type-I
superconductor. By increasing the field above H.; up to H.,, the magnetic flux can not
be completely excluded, but partially penetrates into the superconductor as vortices,
which are called mixed state. The diameters of these vortices are of the order of the
superconducting coherence length (). As the field increases towards H,,, the entire
sample was totally penetrated by the magnetic flux and it returns to the normal state.
When a type-I superconductor is placed in a weak external magnetic field, the field

penetrates the superconductor within only a limited distance, which is called the

penetration depth (4).
type 1 superconductor type 2 superconductor
H H
H:A(0)
normal state normal state
H(0)

He(T)

Meissner
state Meissner

state

TC T TC T

Figure 1-3 Difference between typel land type!superconductor

Since the discovery of superconductivity, physicists have discovered a wide
variety of superconducting materials, including pure metal, alloy, metallic compound,
oxide ceramic and organic compound, all of which lose their electrical resistance at

low temperatures.

1.2 Superconductivity of MgB,

1.2.1 Background

The superconductivity of MgB, was discovered by Akimitsu Jun and his team in

20015 although MgB, was known since 1950. MgB, superconductor is the simple

5



metallic binary compound which has the highest critical temperature. The critical
temperature of around 39 K is nearly twice the temperature of the intermetallic
superconductors at that time. Of course, this announcement had excited the
tremendous research passion from fundamental physics properties to practical

application research around the world.

MgB, superconductor would be a high quality material for both large scale
applications and electronic devices due to its high critical temperature 7., large
coherence lengths ¢, high critical current densities J;, simple crystal structure, and
high upper critical fields H.,, as well as the transparency of its grain boundaries to

current 4, MgB, has been fabricated into various shapes such as bulks (51, 1]

[11], [12]

, single

[13], [14]

crystals 71, [8], thin films®* [10], wires and tapes , etc. An abundant

published research results revealed the great interest community in this materials.

1.2.2 The fundamental properties of MgB,

Figure 1-4 Hexagonal (AlB;-type) crystal structure of MgB,

Compared with the traditional metallic low-temperature superconductors (LTS)
and the copper oxide high-temperature superconductors (HTS), MgB, has prominent
characteristic, the critical temperature is obviously higher than LTS, and less serious

problem of anisotropy and weak links at grain boundaries, which are unavoidable in

HTS.



The crystal structure of MgB; is shown in Figure 1-4. It is a simple binary
compound and has a hexagonal AIB, type structure similar to those of other kinds of
boride. Its unit structure consists of alternating hexagonal layers of magnesium atoms
and graphite-like honeycomb layers of boron atoms. The boron planes are separated
by the layers of magnesium, and magnesium atoms are closely packed with each
magnesium atom situated in between the centers of the hexagons forming each of the
boron lattice planes. In each boron layer, each of the hexagons consists of six boron
atoms, giving an overall 1:2 Mg-B ratio in the unit cell. The entire material structure

[15]

of MgB; is anisotropic 1181 the in-plane B-B distance is significantly shorter than

the distance between layers.

1. Simple metals
{Nb, Tc=9K)
2. Alloys
{Nby Ge, Tc=23K)
3. Organic superconductors

(Tc=12K)
4. Molecular superconductors
& {Cso0 , Tc=52K charge injected)
5. HTSC

(Hg-1223, Te=134K)

8. MgB,, Te=39K HiGn_Se, Se_CHa
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Figure 1-5 Comparison of the crystal structures of MgB, and some others practical

superconductors

In Figure 1-5, the crystal structure of MgB, was compared with other practical
superconductors. Similar to graphite, MgB, exhibits a strong anisotropy in the B-B
lengths, the distance between the boron planes is significantly longer than the in plane
B-B distance !'”). At ambient temperature, the lattice parameters is a = b = 0.3086 nm,
¢ = 0.3521 nm. Hence, the electromagnetic properties show the anisotropy due to the
crystal structure, and the coherence length in the a-b plane is longer than that along

c-axis, resulting in a lower value of the upper critical field for the magnetic field



direction along c-axis normal to the plane, as shown in Figure 1-6 '™, The anisotropy
of the upper critical field is shown in the inset. It is shown that the anisotropy factor is

about 2 at the critical temperature and increases with decreasing temperature.
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Figure 1-6 Temperature dependence of upper critical field of MgB, single crystal.

Inset shows the anisotropy of the upper critical field, y, = H% / H, [18]

The coherence lengths estimated from the upper critical fields are approximately
¢(0)=9.6 nm and &p(0)=2.0 nm. These are considerably longer than that in
high-temperature superconductors, so the flux pinning properties of MgB, is probably
similar with the traditional metallic superconductors. The typical parameter of MgB,

and other practical superconductors are shown in Table 1-1.

Many magnetization and transport measurements show that MgB, does not

4 or fast flux creep

exhibit weak-link electromagnetic behavior at grain boundaries
] The transport measurements in high magnetic fields of dense bulk samples yield
very similar J, values to those from magnetization measurements “°. This confirms
that the inductive current flows coherently all the way through the sample, unaffected
by grain boundaries. As a result the flux motion will decide the J, dependence on both

field and temperature.



Table 1-1 Fundamental superconducting properties of the practical superconductors

Parameter NbTi NbsSn MgB, YBCO Bi-2223
T. (K) 9 18 39 92 110
Anisotropy Negligible Negligible 1.5~5 5~7 50~200
J. at 4.2 K (A/em?) ~10° ~10° ~10° ~10° ~10’
Hyat4.2 K (7) 11-12 25-29 15-20 >100 >100
Hi at 4.2K (7) 10~11 21~24 6~12  5~7(77K) 0.2(77K)
Coherence length
4~5 3 4~5 1.5 1.5
¢(0) (nm)
Penetration depth
240 65 100~140 150 150
A(0) (nm)
Resistivity p(T:
y ol 60 5 0.4 150~800  40~60
(n€2em)

1.2.3 The phase diagram of MgB,

Phase diagram is an important guide for the fabrication, composition selection
and application of materials and chemical products. As shown in Figure 1-7, the
temperature-composition phase diagrams for Mg-B system at ambient pressure is
plotted '), The labels Solid, Liquid and Gas represent the Mg-rich solid, liquid and
gas phases, respectively. From the figure we can see that when the temperature is
higher than 650 °C and the atomic Mg:B ratio is greater than 1:2, Mg is melt and
coexists with MgB; solid. If 1:4 < Mg:B < 1:2 and the temperature is below 1090 °C,

MgB, coexists with MgB,4. There are large composition windows in which Mg liquid

and MgB; coexist.
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Figure 1-7 Phase diagrams of the Mg-B system under the Mg vapor pressure of latm.
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Figure 1-8 DTA curve of Mg:B = 1:2 mixture *

Figure 1-8 shows the phase formation process with Differential Thermal
Analysis (DTA) measurement. The two peaks in the DTA curve represent the two

reactions as following,

Mg (s) — Mg () (2)
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Mg (/) + 2B (s) — MgB: (s) (b)

s and / in above equation represent for the solid phase and liquid phase,
respectively. Reaction (a) suggests that the solid state Mg becomes liquid state, while
Reaction (b) shows the formation of MgB, phase. It is clear that the reaction of MgB,
(b) appears just following with the melting Mg (a), and this reaction progress is very
fast. The vapor pressure at Mg melting point 650 °C is only 135 Pa, which implies
that the evaporation of Mg at this temperature is very less. This liquid-solid reaction

between Mg and B will improve the density of MgB,.

1.3 Element and compound doping of MgB,

J [Amm?]

B [T]

Figure 1-9 Critical surfaces of MgB,, NbTi and NbsSn [23]

In self field, the transport current densities J; of pure MgB, is around 10° A cm?
in the bulks, films, wires and tapes, even at temperatures of 20-25 K. Figure 1-9
shows the relationship among 7¢, J.and H, for MgB,, NbTi and NbsSn, respectively.
It can be seen that the J; value of pristine MgB, drops rapidly with the increasing the
external magnetic field due to its poor flux pinning strength in magnetic field and low

upper critical field (H,).

Enhanced J.-B and flux pinning of MgB; have been attempted using several of

[24]-[26] 27]-[30]

techniques, including irradiation , chemical doping ! , magnetic field
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311, [32 33][35]

annealing | I'and ball-milling methods ! , etc. Compared to other techniques,
chemical doping was thought as a convenient and effective method to enhance the
Je-B properties of MgB,. The electronic state, lattice constants and crystallinity are
expected to be changed by chemical doping. On the other hand, impurity particles are
expected to perform as effective pinning sites if their grain size is moderately small
and they are dispersed throughout the MgB, matrix. Another expected effect of

doping is the suppression of the grain growth of MgB..

1.3.1 Metallic element doping

There are many elements that form metal diborides into the AlIB,-type structure.
The effects of partial substitution at Mg sites in MgB, with other metals have been

reported for several elements such as Al (3613 8], Ti [39]'[42], Zr 101143 [44], Zn[45]'[46], Sn

[47], Fe 48} [49], La [50]'[51], Li [52]'[54], etc. Among these so many metallic dopants, Al, Ti

and Zr were found to be effective in improving the critical current properties P*1*4,
Unexpectedly, Ti and Zr can not get into the MgB, lattice but form thin layers of TiB,
or ZrB; less than 1 nm thick, resulting in the very fine MgB, grains with the diameter
of ~10 nm and dense microstructures including fine MgO particles. Corresponding to
the dramatic change in the microstructure, Ti- or Zr-doped MgB, bulk shows
dramatically improved J., particularly under low magnetic fields. J. is higher for
Ti-doped samples and the sample with a nominal composition of Mg 9Tip 1B, exhibits
the highest J. for bulk of 1.3x 10°A ¢cm™ at 20 K under self-field. However, H; is not
high even when compared with undoped MgB, bulk, ~70 kOe at 5 K and ~40 kOe at

20 K.

Although Al substitution at Mg site dramatically decreases 7. of MgB; due to the
decrease of the hole carrier concentration, J, under low magnetic fields is enhanced by
20~30% when the doping content is ~0.5% at Mg site. In this case, local weak
superconducting regions around Al ions are considered to act as effective pinning

sites. Similar dilute substitution effects are also found in cuprate superconductors 2.

1.3.2 Non-metallic element doping

Partial element substitution at B site has more significant effects on the
superconducting properties of MgB,, because superconductivity appears at the

honeycomb B lattice. Substitution effects at B site of MgB, have been reported for Si
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[55], C [56]'[58], @) [59], and Be [60], all of which are found to essentially decrease 7.
However, C substitution effects have been eagerly studied to clarify the

superconductivity mechanism and the improvement of critical current properties.

Although there are numerous systematic studies on the relationship between the
C substitution content and various physical properties of MgB, with different type of
carbon source, such as amorphous C [61], graphite [62], Cce0 ], nano diamond ** and
carbon nanotubes (CNT) 71 ose many inconsistencies concerning structural
parameters and superconducting properties can be found. This problem originates
from the difference in the C substitution content between nominal composition and
the actual content in the resulting samples. In the case of single crystal growth at high
temperatures of 1600~1700 °C, the C substitution content is almost identical to the
nominal one, while the actual C substitution content is usually much lower for
polycrystalline bulk, even when they are heat treated at high temperatures above
1000 °C. Because C contains impurity phases, such as original C, MgB,C, and Mg,C;
often remain in the C-substituted MgB, bulk, resulting in a decrease in the actual C

content in MgB,.

The original high 7. of MgB, decreases dramatically with increasing C
substitution content at B site, ~30 and ~ 2.5 K for 5 and 12.5%, respectively. The
temperature dependence of H., is steeper for C-substituted MgB, bulk, therefore, a
small amount of C substitution into MgB, leads to higher H,, at low temperatures.
Corresponding to the enhancement of H., at low temperatures, J. values under high
fields and Hi, below 20 K are higher for C-substituted MgB, bulk with moderate C
concentrations than those of undoped bulk. This means that the pinning force in MgB,
polycrystalline bulk is somehow enhanced when coherence length is shortened. Since
the enhancement of Hj, is also observed for C substituted single crystals, intragrain

pinning is essentially improved by incorporating C.

For O substitution, unintentionally O-added thin films have attracted great
interest due to their extremely high H., at low temperatures and improved J. under
high fields even at 20 K, although 7 is greatly lowered to ~30 K. In the case of MgB,
bulk, intentional substitution of O had been believed to be difficult, because O
preferentially forms MgO and B,O; during the high temperature heat treatment.

However, several groups pointed out that small Mg(B,0O), regions are generated in the
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MgB, crystals, which suggests that O can substitute at B site even in a bulk specimen.
Recently, O was found to dissolve into MgB, bulk resulting in the improved Hc,, Hix
and J., when the bulk was synthesized at low temperatures below 700 °C, similar as in
the case of thin films, Partial substitution with Si is also reported to be effective for

improving the critical current properties under high fields.

It should be noted that the substitutions with C, O or Si at B site are effective for
improving critical current properties only under high magnetic fields, and J; in low
fields are usually lower than that of undoped MgB,. On the contrary, as described
above, substitutions of Ti, Zr or Al at Mg site are effective in enhancing J. only under

low fields.

1.3.3 Compound doping

The improvement of critical current properties of MgB, has been also attempted

[71 [72]

by doping various compounds such as SiC %1 B,c U0 1 hydrocarbons 2,

carbohydrates !

, etc, among which SiC fine powder is well known as one of the
most effective dopants for improving Hi, and J.. A 10 wt % SiC-doped MgB, bulk
showed H;;~80 kOe and J.~10° A cm under 30 kOe at 20 K, while its density was
almost half the theoretical value. These are the highest values obtained for MgB, bulk
at the present stage and are almost comparable to those of commercial Bi(Pb)2223/Ag
sheathed tapes. In the SiC-doped MgB;, bulk, both Si and C are considered to
contribute to the enhancement of Hj, and J. by substituting at B site. In addition, J;
under low fields has not been lowered by SiC doping. Highly dense dislocations and
fine inclusions of Mg,Si ~10 nm in size and unreacted SiC observed in the
microstructure are believed to be attributed to the enhancement of J. even under low
fields. Recently, by SiC-doped MgB, tapes exhibited high Hj, of up to 230 kOe at 4.2
K, suggesting the possibility of practical applications for high magnetic field

generation at the liquid He temperature.

Other effective dopants for the enhancement of J. are fine powders of Y,0; [74],

Si0, (73] and metal carbonates [76], such as Li,CO;, Na,CO; and Mg,COs. For
Y,0;3-doped MgB; bulk, very small YBy4 particles of 3~5 nm formed in MgB, grains
are observed as effective pinning centers. In the case of metal-carbonate-doped MgB,
bulk, C and O are considered to substitute at B site, resulting in the enhancement of J,

under high magnetic fields.
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An additional advantage of compound doping is the high reactivity at low
temperatures. Although substitution with C is known to be effective for improving J,
under high fields, the reaction of C into Mg(B,C), is nominal during low-temperature
heating below 650 °C, which is a desirable condition for enhancing both H;, and J..
On the other hand, C substitution at B site in MgB, can also be obtained with
low-temperature processing using SiC or B4C as starting materials. A similar

tendency is found for O substitution using B,Os as a starting reagent.
1.4 The fabrication method of MgB, superconducting wires

Since the discovery of superconductivity in MgB, in 2001, conductor
development has progressed to where MgB, superconductor wires in kilometer long
lengths have been demonstrated in magnets and coils. Currently, works have been
started and are in-progress on demonstrating MgB, wire in superconducting devices

for which the wires are also available commercially.

1.4.1 Mg infiltration method

(a) (b)

Figure 1-10 MgB, wire fabricated by Mg infiltration method !’

Only several months after the discovery of superconductivity in MgB,, the first
MgB, wires were prepared by Canfield et al """, Tungsten reinforced boron fibers
with 100 um in diameter were exposed to magnesium vapor at 950 °C for 2 hours in a
sealed Ta tube. The resulting MgB, wires with the diameter of 160 um exhibited very
high density and purity. The macroscopical photograph and electron microscope

image of the cross section of these grown MgB, wires are shown in Figure 1-10.
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Figure 1-10 (b) is the electron microscope image of the unreacted boron filament. The
central core of tungsten wire with diameter of 15 um can be clearly seen. This MgB,
wire has been measured with J. value of 10° A/cm? at 4.2 K. This method is similar to
the coated conductor route or the liquid infiltration technique. It also succeeded in the
fabrication of short tapes, but the applicability to long lengths wires has not been

demonstrated.

1.4.2 Powder-in-tube technology

B M IN-SITU«
a u ohe . i
MgB
B M g EX-SITU«
b A

tube
Cold Working

wire long lengths of tape

wire

Figure 1-11 Schematic diagram of the Powder in tube process (PIT)

A very convenient method, powder-in-tube (PIT) technique, which has been used
to fabricate the HTS BSCCO-conductors widely, was using to produce MgB, wires
and tapes with industrial lengths in a large number of laboratories!’*" "} "] The key
advantages for PIT process are the low cost and simple fabrication process. Moreover,
it is very mature and stable technique for fabricating multi-filamentary structure
superconducting wires and tapes, which usually exhibited better current-carrying and
mechanical properties than mono-filamentary wires or tapes, due to the smaller size
for each filament. Multi-filamentary wires and tapes also can resist larger tensility and
bending strains than mono-filaments; multi-filamentary wires and tapes show a higher
thermal stability, due to the smaller dimension filaments. However, one of the
primary issues while producing industrial MgB, wires and tapes by the PIT process is

the hardness and brittleness of the MgB,. Especially, drawing or rolling the
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multi-filamentary MgB, wires or tapes into small size is a very hard work. Therefore,
in the practical high current MgB, multi-filamentary wires and tapes, the filaments

size is around 30 pm B”

, much larger than those in Nb3;Sn wires. Two methods
including in-situ and ex-sifu PIT have been reported in the literature. The fabrication

process is shown in Figure 1-11.
1.4.2.1 In-situ PIT technique

In-situ PIT technique consists of filling the metallic tubes with elemental Mg and
B powders subsequent deformation and heat treatment. In this case, much lower heat
treatment temperatures are sufficient to achieve high critical current densities which
extend the choice of applicable sheath materials. The major impurity in both in-situ
and ex-situ precursor routes is MgO formed by the oxidation of Mg with the content
up to ~1%. For the in-situ route, Boron rich phases also are presented due to the

insufficiently reacted precursor.

The advantages of the in situ process are simplicity of fabrication, lower reaction
temperatures, and increased ease in adding dopants or other additives into the wire.
The lower reaction temperature is particularly important as it helps to minimize the
possibility of powder-barrier reactions. The overlap-closed filled tube must be

chemically compatible with the powders at the MgB, reaction temperature.
1.4.2.2 Ex-situ PIT technique

Another fabrication route is the ex-situ PIT technique, which consists of direct
filling of the metallic tubes with reacted MgB, powders, followed by cold
deformation. Heat treatment at 600-1000 °C is usually applied to the cold-worked
tapes or wires to obtain superconductivity for an improved core density with well
connected grains. The high annealing temperature, however, reduced the choices of
sheath materials, because the chemical reactions between the sheath and filament have
to be avoided in future multi-filamentary wires with much smaller filament
dimensions. The thickness of the reaction layer is typically in the range of 1-25 um

depending on the used sheath and applied heat treatment temperature.

1.4.3 The Continuous Tube Forming and Filling process

Another technique was so-called continuous tube filling/forming (CTFF) process
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(811, During the CTFF process, powders are dispensed onto a strip of metal as it is
being continuously formed into a tube. Figure 1-12 shows a conceptual schematic
diagram of this process. Wire begins with a metal strip made of Nb, which is formed
into a tube after being filled continuously with powder. Then the whole Nb tube with
powders is put into another tube made of Monel. After double sheathed the tube is
ready for drawing. Historically, all other manufacturers of superconductor wires use a
batch process, which involves filling tubes of a fixed length with powder. This
requires much larger tubes to obtain longer lengths of wire. This traditional method
also involves more wire processing (drawing or extrusion) and thus incurs high

manufacturing costs.

POWDER FEED
DEVICE

POWDER CONTINUOUS
METAL STRIP

UNIFORM POWDER
FILLING

‘ TO DRAWING Y CTFF ,
el aaly THE CTFF PROCESS

Figure 1-12 Sketch map of Continuous Tube Filling and Forming (CTFF) process

1.4.4 The Internal Magnesium Diffusion method

Hur et al. %

and Giunchi et al. ®*' succeeded in the fabrication of high-J,
MgB,/Fe wires by applying the internal Mg diffusion (IMD) process (as shown in
Figure 1-13) with a pure Mg core and SiC addition. According to the IMD process, a
pure Mg rod with a 2 mm diameter was positioned at the center of a Fe tube, and the
gap between the Mg and the Fe tube was filled with B powders or powder mixtures of

B-(5mol%) SiC. The composite was cold worked into 1.2 mm diameter wire and

finally heat treated at temperatures above the melting point of Mg (~650 °C).
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Throughout the heat treatment, the liquid Mg infiltrated into the B layer and reacted

with B to form MgB:.

Amarplhons B-+mano-5iC
Pure Mg Faoid

Ta Tube

—

v

Cold Working
(Grooved Rolling, Swaging. Dirawing)

Tashearthed
Dlonu-vore Bod vr'Wine

Clu-Mi * Ta

Cold Working
(G oV el Rolling, Dirawing)

v

Dono and Muolti-flament VWires
{1.3mun dia.)

Figure 1-13 Schematic diagram of the Internal Magnesium Diffusion process (IMD)

1.4.5 The sheath materials

Practical superconductors consist with several filaments of superconducting
material embedded in a highly conducting matrix. The compound wires are usually
reduced in size by drawing, rolling or extrusion process. This is a simple and feasible
process for flexible alloys, like Nb-Ti superconductor. However, MgB; is a hard and
brittle intermetallic compound similar to Nb;Sn and BSCCO, which is more difficult

to deform directly.

The powder-in-tube (PIT) process is adopted for fabricating these brittle

superconducting materials by using a suitable sheath material. The resulting wire is
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not as flexible as conventional metal wire, but is sufficient for many applications. In
this process, the sheath material plays a crucial role. High thermal conductivity and
electrical conductivity metal, Ag and Cu was adopted for fabrication the Nb3;Sn and
BSCCO. But for Mg-B mixed powders, this matrix metal is not a proper choice, due
to the higher chemical reactivity of Mg and B which will react with many metals such
as Ag, Cu, Al efc, and form an obvious reaction layer between the superconducting
core and sheath material during the intermediate or final annealing. Usually, this
reaction layers will decrease the superconducting properties or damage the thermal
stability of the MgB, wires. Therefore, this reaction layer should be avoided or

reduced by using the proper sheath material.
Generally principles for sheath material choice as following:
(1) chemical stability;
(2) outstanding plasticity;
(3) higher thermal conductivity and electrical conductivity;

(4) lower material cost.

Various metal materials such as Ni 34 [85], Cu [86]'[88], Fe [89]'[90], Nb Pt [92], Ta [91],

Stainless Steel (SS) P4, ezc. have been employed as the sheath materials of MgB,
wires in different teams. In order to increase the mechanical strength of the MgB,
wires, a variety of composite sheath are also used, such as the Cu/Ta, Cu-Ni, Fe/SS,
Fe/Ni, Fe/Cu, etc. 9511991, Considering all the factors mentioned above, Fe, Nb and Cu
are the ideal sheath materials for fabrication of MgB, wire. Fe sheath offers much
lower cost and enough mechanical strength, and Nb is not easy to react with Mg or B.

Certainly, Cu combines the low cost and well thermal stability.
1.5 Long length MgB, wires and tapes fabrication

There are several companies which can fabricate MgB, wires and tapes presently.
Columbus Superconductors has fabricated the first kilometer level long length MgB,
tapes up to 1.6 km in 2006 ") The tapes had been fabricated with ex situ
powder-in-tube method. In such a process, fully reacted MgB, powders were packed
into pure nickel tubes, which were cold worked in order to manufacture a long wire.

Such a monofilament wire was cut into several pieces and stacked again inside the
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second nickel tube, which also included an inner oxygen free high conductivity
copper core (OFHC) and an iron diffusion barrier in order to prevent diffusion of
copper to nickel and MgB, during heat treatment. The composite was cold worked
again by drawing and rolling to achieve the final rectangular shape of the tape. The
typical thickness and width of the manufactured tapes were 0.65 mm and 3.65 mm,
respectively. The final heat treatment at high temperature (900 °C) was applied to
sinter the MgB, grains and achieve the high critical current density. A typical
transverse cross section of the MgB, conductor after the final heat treatment is shown

in Figure 1-14.1"1

MgB> Cu Fe Ni

Figure 1-14 Transverse cross section of the MgB, superconducting tape

fabricated by Columbus Superconductors

Hyper Tech Research, Inc., (Hyper Tech) using the continuous tube filling and
forming (CTFF) process fabricate the multifilament MgB, wire. In general, Nb barrier
is enclosed in an outer sheath, to aid the wire drawing and eventually to provide
electrical stabilization. For most of wires made at Hyper Tech, the overlap closed
niobium strand is inserted into a seamless copper (or copper alloy) tube and is drawn
to a predetermined size, creating a monofilament MgB, strand. The monofilament
strands are then restacked into another seamless tube; the diameter and length of this
restack tube will determine the final length of the wire. Billets are currently being

sized to produce continuous wire lengths of 5 km for a typical 0.8 mm diameter wire.

The commercial wire currently fabricated at Hyper Tech is a multifilament
strand constructed with 18 monofilaments (Nb barrier, Cu sheath) and one center
copper filament restacked in Monel. The designation of this standard multifilament is
18+1 Nb/Cu/Monel. Figure 1-15 shows a typical wire cross section. A number of

experimental strands have been fabricated for various projects. For the purpose of
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increasing the ductility and stability of the strand (and increasing the copper to
superconductor ratio), the Monel outer restack sheath is replaced with pure 101
copper or oxide-dispersion strengthened (ODS) copper, trade name Glidcop™. ODS
Cu offers the benefits of lower resistivity without sacrificing a significant degree of
strength needed for drawing. Strands with high filament counts and very small
diameters also have been made. Hyper Tech has fabricated the Nb/Cu/Monel MgB,
superconductor wires with up to 61 total filaments. The smallest MgB,
superconductor strands made were 0.07 mm round for monofilament and a 0.117 mm
round for 7 filament Nb/Cu/Monel wire. The size of MgB, filament in the 0.117 mm
7 filament-restack strand was 17 um. MgB, filament in the standard 18 + 1

multifilament wire at 0.8 mm is 76 um. Finally, experimental MgB, superconductor

wires have been fabricated in a rectangular- shape with a 0.5x1.0 mm aspect ratio in
[102]

various multifilament strand designs.

Niobium

Copper

Figure 1-15 Cross section of typical 18+1 multifilament MgB, wire fabricated by
Hyper Tech Research

1.6 The typical application of MgB, superconductor

In general, the application range for MgB, superconductor is in two main regions:
the “low field” applications using cryogenic free systems and able to work in a
temperature range around 20 K, and the “high field” region, where the conductor
could be used as NbTi at 4.2 K but at magnetic fields potentially higher than those
currently reachable with this material (around 8 T at 4.2 K).
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ASG started to design an MRI magnet based on MgB, conductors well in
advanced compared with the expected industrialization of the conductor (Figure 1-16)
9] The design was changed to follow the evolution of the conductors during the
engineering study. On the other hand, this work provide the possibility to start
winding the first double pancake and composing the magnet, just few weeks after the
production of the cable in its first real and usable length. The magnet was finally

assembled and the tests were already started with positive results.

15/11/2006

Figure 1-16 MgB,[Ibased, cryogenic free, open MRI magnet as delivered from ASG
Superconductors to Paramed (left) and first brain image acquired by Paramed Medical

Systems on the MR-Open system (right)[103]

The preliminary results confirmed that the 18 km of conductor used to wind the
coils are satisfying the requirements of the MRI system. The magnet reached its
nominal current of 90 A and the central field of 0.5 T without any training. The 12
double pancakes are electrically connected to each other in series with optimized but
still resistive joints, as the superconducting joint technology had not yet been
successfully developed in ASG at that time. Plan for this product is to put it on the
MRI market as soon as the tests and the full industrialization are successfully
completed. When this happens, the first large scale commercial application of
magnesium diboride superconductor will be out on the market. It will give the
Columbus’ factory a continuous production rate for the conductors which would help

to reduce its production cost.
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Recent years, several MgB, Fault Current Limiter (FCL) prototypes were built in
the framework of the LIMSAT Italian project, for the development of FCL
coordinated by CESI "% The test results of them were in agreement with what
expected from the transport properties of the conductor: the non inductive winding
has reached a critical current in the order of 600 A. These non inductive windings
were tested with AC transport currents both in LHe and in Liquid Neon at different
frequencies (from 2-500 Hz) and different peak to peak currents, up to the several

times the /..

Figure 1-17 Photograph of MgB, SFCL prototypes (left) and detail of electrical

connections (right)[104]

Several prototype solenoids were realized with different conductors and various
winding techniques, yielding a central magnetic field up to 5 T. The possibility to
wind an already reacted conductor in a relative small diameter without any
degradation is demonstrated with the test of one solenoid R&W magnet wound on
135 mm ID. The solenoid made with 500 m of multi filamentary tapes reached the
short sample limit at 20 K without any training. And such a magnet reached a central

field of 1 T at an operating temperature of 16 K.
1.7 Motivation

According to a new technical market research report, Superconductors:

Technologies and Global Markets, the global market value for superconductors was
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estimated $2 billion in 2010, and is expected to increase to nearly $3.4 billion in 2015
(1951 MRI devices constituted an important role of that figure, whereas the share of
conventional low temperature superconductors was almost 99%. Currently, about 150
000 km of conductor is manufactured yearly from NbTi. The biggest MgB, conductor
supplier, Columbus Superconductors, produced 1 000 km of MgB, wire in 2010. This
is still a small market, e.g., Columbus Superconductors aims to grow twice their

production each year for the next three years. They also estimate that with production

capacity reaching 10 000 km/year, the price becomes comparable to that of NbTi.

Due to high superconducting transition temperature 7., weak-link free grain
coupling and low raw material cost, MgB,-based superconducting materials have
been a strong competitor for electric power and magnet applications at temperatures
around 20 K, especially for magnetic resonance imaging (MRI) magnet which prefers
to work at cryogen-free circumstances. However, the above application brings some
rigorous requirement on mechanical, electrical, and superconducting properties of

MgB; wires as well as the thermal stability.

For those applications, an important foundation is to fabricate the high
performance MgB, wires and tapes. The main purpose of this work is to optimize the
superconducting properties and performances by optimizing three key factors, heat
treatment process, element doping, and wire composite design. At the same time,
microstructures, microchemistry and superconductivity are investigated in order to

find some basic theoretical general rules for in-situ MgB, superconductors.
1.8 Thesis arrangement

This thesis is organized into six chapters.

Chapter 1 is a brief introduction of the background of this work. The
characteristic, fabrication technique, and superconductivity of MgB, materials were
reviewed. The motivation and aims are outlined, and the organization of this thesis is

presented in this part.

Chapter 2 describes the wires design, fabrication process of both
mono-filamentary and multi-filamentary MgB,/Nb/Cu wires and tapes by in-situ PIT
technique. Then the characterization methods and techniques was described, including

X-ray diffraction (XRD), scanning electron microscope (SEM), Superconductivity
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Quantum Interference Device (SQUID), transport critical current measurement,

resistivity measurement, and magneto-optical image (MOI).

Chapter 3 studies the effect of heat treatment temperatures on mono-filamentary
MgB,/Nb/Cu  wires. The phase formation processes, microstructures,
superconductivity, as well as the diffusion layer between Nb and MgB, core were

studied respectively.

Chapter 4 researches the effect of carbon doping on MgB,/Nb/Cu mono-
filamentary wires. The effect of both TiC and C doping on the lattice parameters a
and c, critical transition temperature (7¢), critical current density (J;) and magnetic
flux pinning in MgB, was systematically investigated within a wide range of
processing conditions. It was found that substitution of B for C enhances the flux
pinning but depresses T, slightly. By controlling the processing parameters, an

optimized J.(H) performance is achieved under a partial amorphous C substitution.

In Chapter 5, Cu-clad 6-, 12-, and 36- filamentary MgB, wires with Nb buffer
layer have been fabricated with in-situ PIT method. To improve the strength of wires,
the Nb-core was used as the central filament. The stress-strain, bending properties,

microstructures, and superconductivity properties were analyzed, respectively.

Chapter 6 is the summary of this thesis.
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CHAPTER 2

FABRICATION AND ANALYSIS WAY OF MgB, WIRES

In this Chapter, the conductor design, fabrication process of mono-filamentary
and multi-filamentary MgB,/Nb/Cu wires and tapes by in-situ PIT technique was
described. Then the examination methods and techniques was introduced, including
X-ray diffraction (XRD), scanning electron microscope (SEM), Superconductivity
Quantum Interference Device (SQUID), transport critical current measurement,

resistivity measurement, and magneto-optical image (MOI).

2.1 Fabrication process of MgB, wires

2.1.1 Conductor design

In order to make MgB, wires achieve the requirement of mechanical strength for
magnet application, the superconducting wires employ the conductor structure with
the center Nb rod-reinforcement, and Cu tube as the stability materials to transmit the
thermal energy. For avoiding the reaction of Mg and Cu, Nb barrier layer with enough
thickness is also used. The cross section areas of the Nb rod and outer Cu tube can be
adjusted to obtain a necessary MgB,/Nb/Cu ratio. Four typical cross section MgB,

wires with mono, 6-, 12-, and 36- filament, respectively, are designed.

2.1.2 Fabrication of mono- and multi-filamentary MgB, wires

MgB,/Nb/Cu monofilament wire was fabricated by in-situ PIT process. Mg (325
mesh, 99%), B (sub-micron, 99%) and amorphous carbon (sub-micron, 99%) were
used as precursor powders. These powders were mixed with a premeditated ratio and
grounded in agate mortar for 30 minutes in vacuum glove box at argon atmosphere.
The precursor powders were filled into Nb/Cu composite tubes, and the filled
composite tube was then drawn to an appropriate size in diameter and rebuilt in the
Cu tube with 6-, 12-, and 36- filament. Due to the perfect ductibility of Nb/Cu
composite tube, there is no annealing needed during the cold-deformation process.
After that, the composite wires were cut and sintered at various temperatures from

600 to 950 °C for 2 hours in flowing argon, respectively, then furnace-cooled to room
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temperature. The fabrication process is shown in Figure 2-1.

Filling
Precursor powder Grinding Drawing

N

rebuilding wire tape Heat treatment

Figure 2-1 Schematics of the in-situ PIT process for the fabrication of

multi-filamentary MgB,/Nb/Cu wires and tapes

2.1.3 Heat treatment process

The filled and drawn wires of 50 mm in length were annealed for 2 hours at
different temperatures ranging from 600 °C to 950 °C. Heat treatment was performed
under Ar gas flowing at ambient pressure using a horizontal electric hinged furnace

(Thermo Electron Corporation Lindberg/Blue M).

The hinged furnace has the maximum temperature limit of 1200 °C. The
annealing system used in this experiment is composed of a power supply, which has
the voltage ranges between 208/240 V and 30 A input. Regarding the working
principle of this system, it is important to decide the set point of the temperature.
After deciding the annealing process temperature, the system was set to the desired
temperature for heating up. After the temperature was stabilized, the system was left 5
to 10 minutes. Then, the furnace was set to the desired temperature for suitable time
and then cooled down to the room temperature. The most essential step here was to
utilize a rapid cooling process. A temperature profile for the annealing of MgB, wires

is shown in the Figure 2-2.
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Figure 2-2 A temperature profile for the annealing of MgB, wires
2.2 Phase formation analysis

The X-Ray diffraction is most useful for qualitative rather than quantitative
analysis (although it can be used for both) of powders, single crystals and thin films.
We can use it to identify phases, and to measure crystal lattice parameters, residual
stress, texture, and crystalline size of nano-materials. The most commonly used X-ray

radiation is that emitted by copper, whose characteristic wavelength (Ka) for the

radiation is A = 1.5406 A.

For powder X-ray diffraction, well grounded powders of the samples were
placed onto a sample holder of the diffractometer equipped with Cu Ko radiation.
Data were collected from 26 = 20° to 80° with a constant scan speed of 0.02°/step per
10 seconds at room temperature. When the incident beam strikes the powder sample,
diffraction occurs in every possible orientation of 26. The diffracted beam may be
detected by using a moveable detector such as a Geiger counter, which is connected to
a chart recorder. In normal use, the counter is set to scan over a range of 26 values at a
constant angular velocity. Routinely, a 26 range of 20° to 80° is sufficient to cover the
most useful part of the powder pattern. In this work, XRD measurements were carried
out using the Powder Diffractometer in the Consortium de Recherche pour

I'Emergence de Technologies Avancées (CRETA) Grenoble and in Analysis Center
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for Materials Research (ACMR) in Northwest Institute for Nonferrous Metal
Research Group (NIN), to perform the X-ray diffraction properties of MgB, wires.

2.3 Microstructure observation

2.3.1 Scanning Electron Microscope Analysis

Scanning Electron Microscope (SEM) is a type of electron microscope that
images a sample by scanning it with high-energy beam of electrons in a raster scan
pattern. The electrons interact with the atoms that make up the sample producing
signals that contain information about the sample's surface topography, composition,
and other properties such as electrical conductivity. The types of signals produced by
SEM include secondary electrons, back-scattered electrons (BSE), characteristic

X-rays, specimen current and transmitted electrons. The Schematic diagram of an

SEM is showed in Figure 2-3.
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Sample —4\
| | Secondary

\acuum pump electron detector

Figure 2-3 Schematic diagram of the Scanning Electron Microscope Equipment

Secondary electron detectors are common in all SEMs, but it is rare that a single
machine would have detectors for all possible signals. The signals result from the
interactions between the electron beam and the atoms at or near the surface of the

sample. In the most common or standard detection mode, secondary electron imaging
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(SEI), SEM can produce very high-resolution images of a sample surface, revealing
details about less than 1 to 5 nm in size. Due to the very narrow electron beam, SEM
micrographs have a large depth of field yielding a characteristic three-dimensional
appearance, useful for understanding the surface structure of a sample. A wide range
of magnifications is possible, from about 10 times to more than 500,000 times, about

250 times the magnification limit of the best light microscopes.

Back-scattered electrons (BSE) are beam electrons that are reflected from the
sample by elastic scattering. BSE are often used in analytical SEM along with the
spectra made from the characteristic X-rays. Because the intensity of the BSE signal
is strongly related to the atomic number (Z) of the specimen, BSE images can provide

information about the distribution of different elements in the sample.

Characteristic X-rays are emitted when the electron beam removes an inner shell
electron from the sample, causing a higher energy electron to fill the shell and release
energy. These characteristic X-rays are used to identify the composition and measure
the abundance of elements in the sample. SEM images of our samples were taken
using JEOL JSM-6460 SEM in ACMR NIN and JEOL-A840 in Institute Néel,

Grenoble.

2.3.2 Electron Probe Micro-Analysis

Electron Probe Micro-Analysis (EPMA) is a micro-analytical technique that
utilizes a finely focused electron beam (like an electron microscope) to excite inner
shell electrons of certain sample, and lead to the generation of characteristic X-ray.
The X-rays may be detected either by a solid-state detector (EDS, Energy Dispersive
Spectrometry), or by a gas-filled detector (WDS, Wavelength Dispersive
Spectrometry). Boron microanalysis is difficult because of its very low energy (185
eV) and the associated long wavelength (67.6 A), thus it is necessary to both consider
the large mass absorption of the B Ko X-ray by the material’s matrix, and use a Bragg
diffractor with a large lattice spacing. The development of layered synthetic crystals
of large lattice spacing has lead to the ability to analyze the lower atomic number

elements, such as Be, B, C, N, O.
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2.3.3 Magneto-Optical analysis

Figure 2-4 Sketch map of Faraday Effect

Magneto-optical phenomenon is based on the Faraday Effect, which is, an
interaction between light and a magnetic field in a medium. The rotation of the
polarization plane is proportional to the intensity of the component in the direction of
the beam of light of the applied magnetic field. The sketch map of Faraday Effect is

shown in Figure 2-4.
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Figure 2-5 Photograph of Magneto Optical Equipment
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The materials exhibiting the Faraday Effect that is used in the magneto-optical
technique are commonly called the Magneto-Optical Layers (MOL). By detecting the
rotation of the light polarization angles above the MOL, it is possible to determine the
local field distribution below the MOL. As superconductor has a strong absorption
coefficient, the MO measurements are generally taken in the reflection microscopy
mode, the light being reflected from the sample or from a thin mirror. Figure 2-5
shows the picture of magneto-optical equipment, where each element of the system is

indicated.

2.4 Characterization of superconducting properties

2.4.1 Magnetization measurement

Magnetic susceptibility measurements are also performed to determine the
superconducting transition temperature on a Metronique instruments SQUID
magnetometer. Two different ways, Zero Field Cooling (ZFC) and Field Cooling (FC)
are usually employed to measure the magnetization of superconductor. In the ZFC
case, the background magnetic field is firstly dropped to zero, and the sample is
cooled down to a temperature below critical temperature. Then a small field, about 10
Oe is applied, and the magnetization measurement of superconductor can be
performed. In contrast, in the FC case, the small field is firstly applied, then the

sample is cooled down below the critical temperature.
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Figure 2-6  Design of the pick-up coil with the superconducting coil (a) and
magnetic flux in the coil versus the position of the sample (b)
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The principle of this SQUID magnetometer consists of measuring the change of
the magnetic flux in a pick-up coil when the magnetized sample is moved throughout
it. The sample is mounted at the end of a sliding rod and a steady magnetic field of the
required magnitude is applied by means of a superconducting coil in the liquid helium
bath. The pick-up coil is configured as a second-order gradiometer (Figure 2-6 (a))
and the magnetic flux versus the position of the sample is represented in Figure 2-6
(b). This design minimizes background noises of the superconducting coil and the

environment.

The magnetic moment of the sample is proportional to the amplitude of the flux
change, represented by the double arrow on Figure 2-6 (b). The pick-up coil is in a
closed superconducting circuit constituting a flux transformer, which conveys the
magnetic signal to an rf-SQUID connected to a control electronic and an integrator.
The output voltage of this system is an image of the change of magnetic flux in the
coil. The sample moves in a tube (not represented here) with a helium gas flowing
whose temperature could vary between 1.7 K and 320 K. The applied magnetic field
varies between 0 and 7.5 T. The sensitivity in magnetic moment is around 107 emu

(107'% ST) in low field and better than 10~ emu (10 SI) in high field.

2.4.2 Resistivity measurement

Current lead

Voltage lead =

Sample

Figure 2-7 The sample holder for resistance measurement

Four point probe resistivity measurement was employed in various external
magnetic fields from 4.2 K to 45 K in CRETA Grenoble. The applied DC current for

resistivity measurement is 1 mA. The upper critical field (H.,) and irreversible critical
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field (Hix) were determined as the 10% and 90% transition on the resistivity
temperature (R-7) curves. The sample holder is shown in Figure 2-7. The space
between current lead is 14 mm and voltage lead is 8§ mm. Cu has to be removed using
nitric acid measurement because the resistivity of Cu is too low and the

superconductivity transition will not be very obvious.

2.4.3 Transport critical current measurement

Critical current density (J;) is the most important property of superconducting
wires or tapes for applications. It indicates the current-carring limit of wires or tapes.
The voltage-current characteristics of MgB, wires were measured by standard four
point probe method at liquid helium temperature. Each short sample for transport
measurement is about 30 mm in length. Four-probe method, which has been proved to
be a convenient tool for superconducting current measurement, involves bringing four
probes at known distance and geometry into contact with the material of unknown
resistance. The wires are connected from four points which are collinear. Current and
voltage leads are directly soldered to the surface of the sheath material with a distance
of approximately 10 mm between them. Current is applied from the outer probes and

voltage was measured from the inner probes as shown in Figure 2-8.

Sample

Themometer Sample holder

Figure 2-8 Schematic diagram of standard Four-probe method for the MgB, wires
The schematic illustration of the transport J. measurement system is shown in
Figure 2-9. The criterion for superconductivity is 1 pV/em. The capacity of the power

supply is DC current 1200 A. During the examination, current ramping and cutting off
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are controlled by a computer and the voltage-current (V-I) curves are recorded
automatically. The background magnetic field is changed with the range from zero to

20 T.
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Figure 2-9 Illustration of the facility for transport current measurement

The critical current /; is directly obtained by the four probe method. J; is a
function of temperature, magnetic field and other parameters, for the practical
application, the critical current density J, and engineering critical current density J; is

more interesting. The J; and J, were calculated from /. with the following equations:
Jc:Ic/Ssuper (2'1)

where /. is the critical current and Sgper 1S the superconducting cross-sectional

area which carrying the current.
Je=1c/ Stotal (2'2)

where I, is the critical current and Si 1S the cross-sectional area of the full
conductor. S was measured with optical microscopy linked with image analysis

software.
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CHAPTER 3

THE PROPERTIES OF IN-SITU MONO-FILAMENTARY
MgB,/Nb/Cu WIRES

In this chapter, the effect of heat treatment temperature on the phase formation
process, microstructures, and superconductivities of the mono-filamentary
MgB,/Nb/Cu wires was investigated. Especially the diffusion layer between Nb and

MgB; core were studied.
3.1 Sample fabrication

Mono-filamentary MgB, wire was fabricated by conventional in-sifu PIT method
and the sheath material employs Nb/Cu composite tube with the outer and the inner
diameters of 12 mm and 8 mm, respectively. The mixtures of Mg powders (-325 mesh,
99%) and B powders (Alfa, amorphous 99.8%) with stoichiometry of Mg:B = 1:1.9
were well mixed and grounded in agate mortar for 30 minutes in glove box under
argon atmosphere. The precursor mixtures were packed into the Nb/Cu composite
tubes. Then the filled composite tube was drawn to 1.0 mm wires in diameter. A
deformation rate of no more than 10% per pass was used and no annealing was
utilized during the whole mechanical deformation process. After the cold deformation,
the composite wires were cut and heat treated at various temperatures from 600°C to
950°C for 2 hr in flowing argon, and then cooled to room temperature within the

furnace.
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3.2 Phase formation analysis of MgB,/Nb/Cu wires
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Figure 3-1 XRD patterns of superconducting cores of MgB, wires with various

sintering temperatures

After mechanically peeling off the Nb/Cu sheath material and grinding the MgB,
core into powder, phase composition analysis of the core of MgB, wires was carried
out by powder x-ray diffraction (XRD). Figure 3-1 shows the XRD patterns of
MgB,/Nb/Cu wires at various heat treatment temperatures, 600~950°C. All the wires
were sintering for 2 hours. The main phase of MgB; as well as the MgO impurities
appears at all the samples. In the wire with heat treatment temperature of 600°C, the
remnant Mg impurities exist, which means the reaction between Mg and B was
inadequacy. And at higher temperatures above 800°C, there are more impurity phase
such as Mg,Cu and other Mg-B compound in presence. Mg,Cu phase occurs mainly
due to the reaction between Mg and Cu at two edges of the samples. When heat
treated at 700°C and 750°C, high purity MgB, could be obtained except for a little
MgO impurity which is inevitable.

Characteristic peaks (002) and (110) of the sample after heated at different
temperature were compared in Figure 3-2. The angles of these two characteristic

peaks show almost no change, but the values of full width at half maximum (FWHM)
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decreases with increasing annealing temperature, indicating that the samples heat

treated at higher temperature present higher crystallinity.
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Figure 3-3 Lattice parameters of MgB, wires heat treated at different temperature

The lattice parameters of MgB, heat treated at different temperatures are shown

39



in Figure 3-3. We observed that both a- and c-axis lattice parameters did not change
within the heat treatment range of 600 ~ 950 °C considering the accuracy of error.

That is why the XRD spectra did not show any peak shifting in our samples
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Figure 3-4 The FWHM value of MgB, wires heat treated at different temperature

Dependences of both 7. and FWHM on the sintering temperature of MgB, (1 1 0)
peak are shown in Figure 3-4. Among the different XRD characteristic peaks, the
FWHM of (1 1 0) is related to the in-plane crystallinity. An improvement in
crystallinity also accompanies with good grain connectivity of the MgB,, resulting in
the increased superconducting core density ', The analysis of FWHM can provide
considerable information on the crystallite sizes and micro/lattice strains that is
present in the specimen. In this study, the FWHM decreased with increasing sintering
temperature. According to Scherrer’s formula, the FWHM value is inversely
proportional to the grain size. Meanwhile, it was observed that the behavior of 7, had
an opposite trend compared with FWHM. We see that we have a better crystallineand
an increased of 7,. Improvement of crystalline accompanies good grain connectivity
of the MgB; grains. The significant depression of crystallinity for MgB; sintered at
650°C resulted in the disorder in the crystal lattice, which is caused by various lattice

defects such as intragranular precipitates and unreacted Mg.
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Figure 3-5 XRD patterns of short sample and long wires heat treated at 800 °C

The phase composition is more complex especially after heat treatment at high
temperature. So a one-meter-length MgB,/Nb/Cu wires was wound on a solenoid with
30 mm in diameter and heat treatment at 800°C for 2 h. The only 10 cm length wire
was cut from the center part of the sample for XRD measurement. The result is shown
in Figure 3-5. There are lesser impurities in the long length sample, especially no
MgCu, compounds existence. This result indicates that higher purity MgB,
superconducting phase can be acquired by in-situ PIT process using Nb/Cu composite

tube as the sheath.

3.3 Microstructure analysis of MgB./Nb/Cu wires
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Figure 3-6 Microstructure of MgB, wires heat treated at various temperature of a)
650 °C, b) 700 °C, c) 750, d) 800 °C, e) 850 °C, and f) 900 °C

Microstructure images of MgB,/Nb/Cu wires heat treated at different
temperature is shown in Figure 3-6. The crystal topography presented that microscale
holes exist in all the samples at lower magnification and the size of these holes
increase with increasing sintering temperature. The reason for the presences of these
holes may be due to the Mg diffusion into B and lead to the vacant appearances in
initial Mg site ') On the other hand, Mg vapor pressure increased with increasing
sintering temperature, so the Mg vapor also increasd both the amount of holes and the

size of holes with the increasing temperature.
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Figure 3-7 SEM pictures of MgB, wires at a magnification of 10000 times. a)
650 °C, b) 750 °C, and c) 850 °C

As shown in Figure 3-7, we can found some larger size MgB, grains when heat
treatment at 850°C at larger magnification, which implies the further growth of MgB,
grains at high temperature. As well known, MgB, is a typical type II superconductor,
and the grain boundary is an effective flux pinning centers "'°*. Obviously, the larger
MgB; grains will reduce boundary areas, and weaken the flux pinning, which will
decrease the J.(B) properties of the wires. Therefore, to avoid the overgrowth of the
MgB; grains, we should select a moderate temperature as the final heat treatment

temperature.
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3.4 Superconducting performance of MgB,/Nb/Cu wires

3.4.1 Critical temperature 7, derived by magnetization and

resistance

Normalization

26 28 30 32 34 36 38 40 42
Temperature (K)

Figure 3-8 Magnetization curves of MgB, wires with various sintering temperatures
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Figure 3-9 Sintering temperature dependence of T¢, T, values obtained from the onset
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of superconducting transition curves during the magnetization measurement.

Figure 3-8 shows the normalized DC magnetization dependence on the heat
treatment temperature, and Figure 3-9 shows the heat treatment temperature
dependence of 7.. The onset of transition temperature (7¢ onset) for the un-doped
sample heat treated at 600°C was 36.1 K. It increased to 38.2 K with the heat
treatment temperature increases to 900°C. Meanwhile, the superconducting transition
width (47;) of the MgB, superconductor decreased with increasing heat-treatment
temperature, which suggested that the enhancement of 7. can be explained by the
improvement of crystallinity of pure MgB, core. On the other hand, the 7¢. values of
the sample heat treated at 900°C slightly decreased due to the formation of

non-superconducting phases as mentioned previously.
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Figure 3-10 Resistance vs measurement temperature curves of MgB, wire heat treated

at different temperatures

The critical temperature of the MgB, wires was determined by using the
resistance and the magnetization measurement, respectively. Figure 3-10 displays the
resistance as a function of the temperature for the wires sintered at different
temperatures. The resistance measurements were done by the conventional four-probe

method at self-field. Interestingly, the resistance of MgB, wire did not keep zero
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below 7, while the heat-treatment temperature is higher than 700 °C, but for the lower
temperature sintered samples, the result showed completely superconducting. In
parallel, we see by magnetization measurement that MgB; is superconducting. These
results combined with EDS and SEM observation. It was proposed that it may form a
diffusion layer between Nb and MgB; core while heat treatment temperature is higher
than 700°C. This diffusion layer is not superconducting, so there is partly current
transfer through Nb sheath and produces a few resistances. This explanation will be

further proved by the following results.
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Figure 3-11 Relationship between the heat treatment temperature and 7,

Figure 3-11 displays the relationship between 7¢ and heat treatment temperature,
T, obviously increases with the increase of heat treatment temperature. It is because
that the increase of heat treatment temperature will result in the enhancement of
crystallinity and superconductivity of MgB, core due to the more complete reaction of
Mg and B. The above explanation is consistent with the results of resistance

measurement, as shown in Figure 3-8 and 3-9.
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Figure 3-12 Residual resistance just below the transition point as a function of heat

treatment temperature

Figure 3-12 shows the resistance below the transition temperature dependence on
the heat treatment temperature. From this figure we can see the resistance was very
small while the sintering temperature is below 750°C, and increased very fast when
the heat treatment temperature went higher than 750°C. Both the results of
magnetization and XRD measurement show that high purity MgB, phase can be
obtained while heat treatment the sample at higher temperature. These results joint
with EDS observation (see below paragraph 3.5.1), allow to conclude that the

resistance is due to interface, as already observed by C R M Grovenor.!'”

3.4.2 Transport critical current density J. of MgB,/Nb/Cu wires
3.4.2.1 Short length MgB,/Nb/Cu sample

The heat treated sample was cut into about 3 c¢cm in length. The short wire was
emplaced on the sample holder with its axis perpendicular to the applied field. The
current and voltage leads were then soldered on the surface of samples, keeping the
distance between two voltage leads with 10 mm length. At last, the sample holder was
put into the cryostat. The criterion of 1 uV/cm was adopted to determine /. values of

short sample. The testing magnetic field was in the range of 0~10 T. J.is defined by
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dividing the normalization of the critical current (/) to the cross-section area
excluding that of stabilizing Cu and barrier layer Nb. The /. values can be compared
to the same kind of wires since these wires almost share the same area of MgB, cores.
For practical application, it is necessary to have the data for engineering critical
current density J. which is the normalized /. divided by the entire cross-section area of

the wire. J. is used to judge to the quantity of superconducting wires in engineering.
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Figure 3-13 Voltage-Current Curves of the MgB,/Nb/Cu wires heat treated at (a)
650 °C and (b) 850 °C at 4.2K
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Figure 3-14 Transport J, of short MgB,/Nb/Cu wires with different sintering

temperatures at 4.2K

Figure 3-13(a) shows the V-I curves at 4.2 K with various applied fields up to 8
T of the MgB, wires after heat treatment at 650°C for 2 hours. It can be observed that
the MgB,/Nb/Cu short wire shows a fine /.-B performance. At 4.2K, 1T and 2T, the I,
values reach 645A and 400A, respectively. Furthermore, the superconducting
transition curves for all the fields, up to 8T are very sharp, indicating the sample with
a very perfect superconductivity. Figure 3-13(b) shows the results of V'-/ measurement
of the wires with heat treatment at 850°C for 2 hours. Unexpectedly, the results of /.
measurement at this sample are very different. Comparing to the sample with heat
treatment of 650°C, superconducting performance of the sample sintered at 850°C
degrades seriously. At 4.2K and self-field, /; of this sample is only 130A, much lower
than that of the 650°C/2h sample, and at 4.2K, 0.3T, the wire exhibits
not-superconducting. The degradation of /. of MgB,/Nb/Cu wire with the increase of
heat treatment temperature should be attributed to the enlargement of the MgB, grain
size, which will depress the current-carrying and flux pinning properties of MgB,
superconductor, since the grain boundaries are thought to be the main effective flux

pinning centers at MgB,.

Transport critical current (J;) as a function of magnetic field for
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monofilamentary MgB,/Nb/Cu wire heat treated at various temperatures is shown in
Figure 3-14. It can be observed for the samples with heat treatment of 660 °C, 680 °C
and 700 °C, the J.-B properties were almost the same, but surprisingly while the heat
treatment temperature increase up to 720 °C, the transport J, performance degraded
rapidly. It is completely different from the results of magnetization measurement in
which the J.-B properties of samples with heat treatment of 700 °C and 720 °C is not
so different. For understanding the reasons, EDS, MOI characters of superconducting

wires have been investigated, which will be discussed later.
3.4.2.2 J-B performance of MgB,/Nb/Cu coil

(1). Wind and Reaction MgB,/Nb/Cu coil preparation and measure

Figure 3-15 Coils with MgB, wires for transport current measurement

For the small coils measurement, Wind and React (W&R) method was employed
in this paper. As shown in Figure 3-15, the monofilament MgB,/Nb/Cu wire with 1.2
meter in length is fixed on the sample holder and heat treated at various temperatures
at flowing argon, and then the current leads and voltage leads were soldered on that.
The sample holder consists of a thread groove and hollow cylinder of TisAl4V with
two copper rings attached for current contact. The size of the TicAl4V hollow cylinder
is 35 mm in height and 32 mm in outer diameter with U-shape groove. A graphite
coating is sprayed on the TisAlsV grooved surface before the holder is put inside of a
vacuum furnace and sintered at 700 °C for 10 hours, in order to avoid the stick

between wires and sample holder. The MgB,/Nb/Cu wire is then wound on the
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graphite-coating groove surface prior to heat treated in a tubular furnace. The coil
sample was set inside the tubular furnace which was then emptied with a vacuum
pump. Ar gas was leaded through the furnace, keeping the ambient pressure during
the heat treatment. The ramp rate for heating up was 600 °C/hr. The reaction
temperatures of 660 °C, 680 °C, 700 °C, and 720 °C were adopted and holding 2
hours, respectively. After holding duration the samples were cooled down with

furnace.

The heat treated coil sample was fixed on the testing support cane with its axis
parallel to the applied field. The attached copper ends of the sample holder were
soldered to the current leads of the support with braided tapes. The voltage lead on the
testing sample support were soldered to the sample with the intervals of ~100 mm (1
turn) and 500 mm (5 turns). Two additional varnished Cu wires were also wound and
soldered to the voltage taps with the winding direction identical to that of the helical
superconducting wire, in order to produce an inductive anti-wise electric field to
reduce noise. Then, the coil sample holder was put inside the cryostat, immersing it in
the liquid helium bath. The current leads and voltage leads were connected before
testing. During the transport current measurement, the voltage-current curves were
recorded automatically and the applied field was up to 10 T. The criterion of 1 pV/cm
was used to determine the value of critical current /. which was then divided by the
MgB, area of the wire cross section to obtain the J. values. According to the relation
Fp,=J.xB, the flux pinning force varied with the applied field can also be depicted

from the J; values.
(2). Result and analysis

Figure 3-16 shows the J.as a function of applied magnetic field for MgB, coil
after heat treated at 680 °C, 700 °C, and 720 °C, respectively. The J; value is slightly
lower than that in short sample with same heat treatment temperature. The higher J.
was reached at the heat treatment temperature of 700 °C. J.-B curve moves upwards
from 680 °C to 700 °C and reaches the highest values at 700 °C, especially at higher
field; at 720 °C, the J. value is a little decrease.

With the further increase of heat treatment temperature, the MgB,/Nb/Cu wires
exhibit non-superconducting, which is similar the results in short samples, as shown

in Figure 3-14. However, this result is not consistent with the previous measurement
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results such as XRD and magnetization, in which these samples exhibited fine
superconductivity at heat treatment temperatures from 600°C to 950°C, as shown in
Figure 3-1, 3-8 and 3-11. One of the possible reasons is that the current only
transports in Nb/Cu matrix but not in MgB, superconducting cores. It means maybe
there have formed a diffusion layer between the Nb and MgB, while heating the
sample at higher temperature and this diffusion layer is thicker and with poor electric

conductivity.
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Figure 3-16 Transport J; as a function of the field for MgB; coil at 4.2K

3.5. The interface between Nb and MgB, core

As mentioned above, it is found that while the heat treatment temperature
increases up to a certain value, the magnetic field dependence of transport J; for both
short samples and long coils sharply drop. But strangely, for the samples with this
different heat-treatment temperature the superconducting properties investigated by
the resistivity and magnetization are not so various. A possible reason is the formation
of a thick diffusion layer between the Nb barrier and MgB; cores at high sintering
temperature. For testifying the above explanation, we further studied the phase
formation, microstructures of the interface between Nb and superconducting cores by

Energy Dispersive Spectrometry (EDS), Electron Probe Micro-Analyzer (EPMA),
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and Magneto Optical Imaging (MOI).

3.5.1 EDS analysis of MgB,-Nb interface
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Figure 3-17 EDS Analysis of the interface layer between MgB, and Nb

Figure 3-17 shows the SEM image of the interface region and EDS map of Mg,
B and Nb distribution. The left is the MgB; core and the right is Nb sheath in Figure
3-17(a). Figure 3-17 (b)-(d) is the EDS line scan curve of Mg, Nb and B, respectively.
The obvious feature is that B content reduced in MgB, section. We can estimate that
there is some B diffusion into the Nb side. The B content in Nb side is not precise due

to the superposition of B-Ka and Nb-La peaks.
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Figure 3-18 EDS analysis of MgB, superconductor filament

Figure 3-18 shows the EDS results of MgB, superconducting cores at different
sintering temperature. The data is normalized to Mg peaks. It can be seen that with the
increase of sintering temperature, intensity of the B peak drop gradually, as well as
the peaks of O element. It indicates that the loss of B with the increase of heat
treatment temperature is quite obvious. This result directly proves the diffusion of B
to Nb at high sintering temperature, which agrees with the previous results and

19 Therefore, the lack of superconducting properties in this wire is

literature report |
the result of very rapid diffusion of B into the thick Nb sheath, and consequent severe
depletion of B in the core. Meanwhile, there are original oxides impurities in the
precursor powders, and high sintering temperature may result in O element
substitution for B sites of MgB, lattices, and lead to the decrease of O impurities

content.
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3.5.2 Magneto-Optical Imaging analysis of the MgB,-Nb interface

(b) (©) (d)

(e) ® (2

Figure 3-19 Magneto-optical image of MgB, wires heat treated at 650 °Cunder the

magnetic fields from zero to 100 mT

To understand the interfacial diffusion behavior, the flux motion in these
MgB,/Nb/Cu wires was measured using Magneto-Optical Imaging (MOI) at various
temperatures from 6 K to 40 K. The sample was Zero Fields Cooled (ZFC) down to 6
K (the lowest temperature limit of the equipment) and then a magnetic field up to 100
mT was applied parallel to the sample. The flux penetration was recorded during the

field increasing and decreasing cycle.
The interaction between the Nb sheath and MgB; superconductor core with local
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MO imaging for perpendicular applied fields was investigated. Such interactions are
mainly visible in the case of the ZFC state and H = 100 mT. The typical MO images
of MgB, wires heat treated at 650 °C and 800 °C are presented in Figure 3-19 and

Figure 3-20, respectively.

(e) ® (2

Figure 3-20 Magneto-optical image of MgB, wires heat treated at 800 °C under the

magnetic fields from zero to 100 mT

Figure 3-19 (a) is the optical microscope image. The dark zone in center is the
MgB,, next to Nb sheath, and the outer layer is Cu stabilizer. Figure 3-19 (b)-(g) were
taken after the sample was cooled downed to 6 K and the applied magnetic fields
were 0, 20, 40, 60, 80, and 100 mT, respectively. The bright regions correspond to the

high flux density values, and the dark areas are in Meissner state. The dark scratches
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and bright point are defects of the ferrite garnet reflection layer, which do not change
their color when the external magnetic field is changed. The background brightened
step by step with the external field increasing, which means the magnetic flux
increased at the outer edge between the MgB, core and Nb sheath. There is no
significant change in Nb layer, but the luminance of MgB, core was a little brightened
with the field increased, which was due to the partly penetration of the magnetic flux
lines into the MgB, superconductor, since the lower critical field (H.;) of MgB, is

very low of around 20-40 mT at 6 K.

Figure 3-20 is MOI of MgB,/Nb/Cu wires heat treated at 800°C. Corresponding
with the Figure 3-19, the figures from (a) to (g) were optical microscope image, MOI
at 0, 20, 40, 60, 80, and 100 mT at 6 K with ZFC, respectively. When the magnetic
field increased, a blurry bright ring can be observed at the interface between the MgB,
core and Nb, and becomes clearer with the further increase of field, Th. Schuster et al.
(11 ¢ onsider this bright ring should be due to the magnetic flux concentration at the
interface between a weaker superconductor (Nb) and a stronger superconductor
(MgB»). Perhaps this is one of the reasons. However, we think that the ring maybe

due to the non-superconducting layer between MgB,-Nb interfaces. This idea can be

confirmed by the magneto-optical images heat treated at different temperatures.

Meanwhile, the color of MOI in the internal MgB; area is not uniform, and there
are some structural patterns especially when the external field is higher than 40 mT.
This suggests that the flux lines penetrated into the MgB; cores and didn’t distribute
uniformly for the samples heat treated at high temperatures. We think it’s likely that
the flux behaviors are due to the weak flux pinning ability caused by the impurity

phase concentration in the grain boundary as a result of the grain growth.

The effect of the sintering dwelling time on the interface of Nb and MgB, was
also investigated. Figures (a), (b), (c), and (d) in 3-21 were the MOI of the wires heat
treated at 800°C for 5, 10, 20, 30 hrs, respectively. During the experiment, for the
clear observation of the interface between Nb and MgB,, we cooled down the sample
to 12 K first, then applied the field to 40 mT, continued to cool to the target
temperature of 6 K with this field afterwards and finally took off this field. So, this
process is Field Cooling (FC) for Nb and Zero Field Cooling (ZFC) for MgB,. The

trapped flux was kept in the sample after this process.
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Figure 3-21 MOI of the samples heat-treaded at 800 °C for different time from 5

hours to 30 hours

The results show that there is an obvious interface between Nb and MgB, core in
each sample, but the difference among those images is not clear. This may be due to
the rapid reaction of Mg-B system and MgB, formation at high temperature, thus
there is no enough B left for Nb-B reactions while the dwelling time prolonged. The
color of Nb ring is darker than that in the central region, which means the trapped flux
density is higher in MgB, core than that in Nb layer. The bright ring in the outside
region for each sample is also due to the magnetic field of the trapped flux in Nb and

Mng.

3.5.3 Phase formation at MgB,-Nb interface

There are six niobium borides phase (NbB,, Nb,Bs, Nb3;B4, NbsBs, NbB, and
Nb;B,) based on the Nb-B phase diagram in Figure 3-22 "' They are all
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stoichiometric proportion intermetallic compounds with fixed composition except
NbB,. NbB; is a nonstoichiometric proportion intermetallic compounds that has a
range of compositions. Because the Nb-B atom ratio is not fixed, NbB; can contain

from 66 at.% to 70 at.% B at approximately 1000 °C.
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Figure 3-22 B-Nb phase diagrams

The mono-filamentary MgB, wire was rolled to a tape with 3.2 mm in width and
heat treated at 950°C for 2 hours, and then mechanically peeling off the sheath
material and remove the powder for the XRD measurement. As shown in Figure 3-23,
the main phase of Nb sheath, as well as second phase of NbB, appears in the samples
and the content of NbB is around 5%. That means there have formed the NbB phase
while heat treated the sample at higher temperature such as 950°C. This diffusion

layer is not superconducting phase and causes the current can not transfer to the MgB,

cores.
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Figure 3-23 XRD pattern of MgB,-Nb interface

3.5.4 Electron Probe Micro-Analysis of MgB,-Nb interface

In this work, EPMA was used to analyze the chemical composition of MgB,
wires. By EPMA, low amounts of B in Nb sheath were measured in the samples heat
treated at higher temperature. The sample was prepared for EPMA by embedding in
resin, and then it was grounded and polished. A Jeol Superprobe 8900R was used to
analyze EPMA properties in Institut Neel, CNRS, Grenoble. The results are shown in
Figure 3-24 and Figure 3-25.

Analyses of light elements (such as Be, B, C, N, etc) are the demanding task for
the electron-beam techniques. In Electron Probe Micro Analysis (EPMA), peak shifts
can occur between standard specimens and the samples due to the absorption of the
K-lines of light elements by heavier elements, yielding to the modified acquisition

[112]

conditions with respect to heavy elements' . Moreover, porosity and surface

roughness are detrimental factors to obtain reliable quantitative data.
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Figure 3-24 EPMA element maps for niobium (b) and boron (c) of the MgB,/Nb/Cu

wires heat treated at 900 °C

Figure 3-24 shows the distribution maps of B, Nb and Cu in the interfacial region
of MgB,/Nb/Cu wires heat treated at 900°C. As mentioned above, this wire does not
display transport critical carrent at all when the temperature is higher than 9.2 K
which is the critical temperature of Nb. The decreased boron content can be seen in
the Nb sheath in the Figure 3-24(c), which indicates there are at least a few atomic

percents of B diffusion into Nb sheath and form the interfacial phase.

Figure 3-25 is the EPMA line scanning at the interfacial region, with the vertical
axis is the weight percentage for each component elements. The content of Mg and B
displays exponential type distribution in the diffusion direction. The result shows that
the diffusion layer is just a few microns thick. The summation of each component
element is show in Figure 3-25(b). Lower values exist at the interface because there
are more holes and lack of the boron. The presences of these holes reduced the
combination of the superconducting core and Nb sheath. Consequently, the transfer

current decreased with increasing hole density.
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Figure 3-25 EPMA line scanning of MgB,-Nb interface in MgB, wires heat treated at

900 °C
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3.6 Conclusion

In this chapter, the monofilament MgB, wires with Nb/Cu composite tube as the
sheath are fabricated by in-situ PIT technique and heat treated from 600°C to 950°C
for 2 hours. The influences of sintering temperatures on the superconducting
properties of the MgB,/Nb/Cu wires have been systematically investigated. And the
phase formation processes and microstructures of the diffusion layer between MgB,
and Nb, which exhibited severe effect on the degradation of superconducting
properties, have also been observed and studied. The XRD analysis show that all the
samples heat treated at different temperature contain the MgB, phase as the main
phase. The heat treatment temperature does not effect on the lattice parameter of
MgB,, but the crystallinity increases with increasing heat treatment temperatures.
Transport resistance test and the magnetization measurements also indicate that the

wire is in superconducting state.

However, the transport critical current measurements did not show
superconducting current of MgB; at all for the sample heat treated at 750°C or higher
heat treatment temperature. Therefore, we carried out the study on the microstructures
and phase formation process of the interface layer between MgB, superconducting
core and Nb sheath. The results show that there is a diffusion layer at this region
which is composed of non-superconducting phase for the sample heat treated at high
temperature, and this diffusion layer obstructs the current transmission. This diffusion
layer has obvious effects on the critical current of MgB, wires heat treatment at high
temperature and the best heat treatment temperature for the MgB, wires with Nb as
the barrier layer should be lower than 750°C. Further more, the presences of holes at
the interface between MgB, core and Nb also reduced the current transfer from Nb/Cu

sheath to MgB, core.
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CHAPTER 4

EFFECT OF CHEMICAL DOPING ON MgB,/Nb/Cu
WIRES

Chemical doping has not been employed in High Temperature Superconductor
materials (HTS) due to their high anisotropy and short coherence lengths. In contrast,
MgB, has a relatively large coherence length (around 4 ~ 5 nm) and slight anisotropy,

similar with the Low Temperature Superconductor materials (LTS). This suggests that

chemical doping can be used in this material.

Remarkable improvements of the critical current density (J;) in MgB, can be
obtained through chemical doping with carbon (C) containing composites or
compounds, such as SiC, C, B4C, carbon nanotubes (CNT), hydrocarbons,
carbohydrates, etc. The C atoms can enter the MgB; lattice by substituting boron (B)
sites, thus J. and H., can be significantly enhanced due to the increased impurity

scattering in the two-band MgB,.

Several groups have already studied the effects of carbon or carbide doping on
the superconductivity of MgB,. However, their results showed that higher sintering
temperature and long sintering time are required. In this chapter, the amorphous
carbon and TiC were used as the dopants with a low temperature (~ 700°C) sintering

procedure.

This chapter aims to compare the results of the C dopant with that of TiC dopant
and establish their advantage and disadvantage. This will help us to determine their
viability for properties enhancement, hence build a base for the study of kilometer

level long MgB, wires.

4.1 Sample preparation

MgB; wires were fabricated by in-situ PIT process with Nb as the barrier and Cu
as the stabilizer. The Mg (-325 mesh), submicron amorphous B, and submicron C or

TiC with stoichiometry of MgB,.,C, or MgB,.(TiC), were mixed, where x = 0, 0.05,
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0.08, 0.10 and 0.15, and the samples were named as 1 to 5, respectively. The mixtures
were well mixed in vacuum glove box under argon atmosphere and grounded in agate
mortar for 30 minutes. the Nb/Cu composite tubes were densely packed with these
mixtures, and drawn to 1 mm in diameter. There was no annealing during the
fabrication process. After cold deformation, the composite wires were cut into short
pieces around 10 cm in length and sintered at different temperatures in a tubular

furnace with pure argon, then furnace-cooled to room temperature.

Phase composition analysis was investigated by X-Ray Diffractometer after
mechanically peeling off the Nb/Cu sheath and grinding the superconductor core into
powders. Microstructures on the cross section of MgB, wire was observed by
Scanning Electron Microscopy (SEM) with an Energy Dispersive Spectrometer
(EDS). The critical temperature 7. measurements were carried out by a SQUID
magnetometer. The transport critical currents were measured on 35 mm length wire
by the standard four probe method at 4.2 K in various applied magnetic fields in
LNCMI, Grenoble.

4.2 Phase formation of chemical doping MgB, wire
4.2.1. Influence of doping content on the phase formation

To investigate the mechanism of the enhancement of J; at higher fields of these
doping samples, it is necessary to research the phase composition and microstructures

of samples treated at different temperatures and doped with different doping content.
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Figure 4-1 XRD patterns of MgB,.,C, (x =0, 0.05, 0.08, 0.1, 0.15) wires heat treated
at 650 °C (a) and 700 °C (b).

As can be seen from the XRD patterns, MgB; is the main phase companied with
MgO as a second phase in all the in-sifu reacted samples. Additional impurities

Mg,Cs can be indexed in the doped samples. Some un-reacted Mg can always be
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found in the samples treated at 650 °C. In addition, it can be noticed that the strongest
peak (260 = 42.412°) broadens with increasing the doping content, which indicates that

the crystallinity of MgB, was depressed with increasing doping content.
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Figure 4-2 XRD patterns of MgB,.(TiC), (x =0, 0.05, 0.08, 0.1, 0.15) wires heat
treated at 650 °C (a) and 700 °C (b).
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Figure 4.1 shows the X-ray diffraction spectra of MgB,.,C, (x =0, 0.05, 0.08, 0.1,
0.15) samples after heat treated at different temperatures. MgO and Mg
contaminations are presented comparing with the as-received. Structural composition
is possible changed by the different chemical doping. Figure 4-2 shows the XRD
patterns of the reacted MgB, samples without or with TiC-doped at 650°C. As can be
seen, all the samples show high-purity MgB, phase companied with MgO as a minor
impurity phase. The samples sintered at 650°C display Mg similar as the C-doped
samples at the same heat treatment. In samples 2~5, unreacted TiC can also be

identified as impurities, especially in the samples sintered at 650°C.

The peak between 26 = 58° ~ 61° shifts towards higher 26 values with increasing
doping content, indicating the contraction of a axis in the crystal lattice. The peak
between 260 = 50° ~ 53° remains unchanged with increasing doping content, which
indicates that the distance between the B plane and the Mg plane would not be
significantly affected by chemical doping. Figure 4-3 and Figure 4-4 show the
negligible shift of (002) peak, which confirms the negligible change in the c-axis

parameter.
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Figure 4-3 Comparison of (002) and (110) characteristics peak of MgB,..C, wires

In Figure 4-3(a), there is not obvious shift of the (110) peak confirming the
negligible decrease of a parameter. As the heat treatment temperature increased to

700°C, the shifting of (110) peak towards higher 26 is easier than that of increasing

doping content.
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Figure 4-4 Comparison of (002) and (110) characteristics peak of MgB,_(TiC), wires

In Figure 4-4, the position of (002) peak is also not changed by TiC doping,
whereas the (110) peak shifted to higher 26 angle. In Fig. 4-4(a), obvious shifts of
(110) peak can be observed towards higher 26 value. Compared the shift of (110)
peak, the shift in TiC-doped samples is easier to take place, which indicates that the

optimal doping effect can be achieved by TiC doping at lower temperature.

Comparing the lattice parameters a and ¢ of MgB, powders with C and TiC
dopants, a decrease tendency of the lattice parameters with increasing doping content
was observed. The values of the lattice parameters for ideal MgB, are a = 3.083 A
and c= 3.521 A. It can be seen that lattice parameters a and ¢ of undoped sample in
the reference are greater than the ideal values. This indicates that a large amount of
vacancies exist in the undoped sample. The existence of these vacancies relaxes the
lattice around them and increases both a and c lattice parameters. When the sintering
temperature is 650°C, although C or TiC is doped into sample 4, lattice parameters a
and c of the sample are still greater than the ideal values. From the XRD analysis,
there is still some Mg existing, which results insufficient magnesium reacting with
boron in the reacting process. The unreacted magnesium could be responsible for the

vacancies. When the sintering temperature is higher than 650°C, lattice parameter a

71



becomes smaller than the ideal values for the C and TiC doping samples. It indicates
that C atoms have replaced part of the boron atoms. Meanwhile, it can also be noticed
that at the same sintering temperature and the same doping content, lattice parameters
a in the TiC doping samples are smaller than that in the C doping samples. So the
substitution for B by C coming from the decomposing of TiC is easier to take place in

Mng.
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Figure 4-5 Crystal parameters of MgB,/Nb/Cu wires with TiC and C doping

4.2.2. Influence of sintering temperature on the phase formation

Reaction between Mg and B starts at the temperature below the melting point of
Mg. With the increase of annealing temperature, Mg starts to react with B and MgB,
can be obtained. The reaction between Mg and B powders starts at the Mg-B interface
and a layer of MgB; forms firstly at the interface [1061 At the reaction temperature Mg
melts but remains as globules and exists as particles in liquid phase. Mg and B
particles diffuse into the formed MgB, layers and MgB, grains grow larger, until the
growth is pinned chiefly by pores.

72



The samples were heat treated with different sintering temperatures from 600°C
to 950°C. Figure 4-6 shows the powder XRD spectra of MgBj 92(TiC) s samples
synthesized for 90 minutes at different temperatures: 600, 650, 700, 750, 800, 850,

900 and 950°C.
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Figure 4-6 XRD pattern of MgB 92(TiC)g o5 heat treated at different temperatures
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Figure 4-6 shows the X-ray diffraction patterns of the MgB 92(TiC) s sample
heat treated at different temperatures. MgB, phase forms at this temperature region. It
is observed that the samples heat treated at 600°C and 650°C contained unreacted Mg,
whereas traces of Mg are not visible in the XRD patterns of the samples treated at
700°C to 950°C. However, impurity MgBs and other amounts of unidentified
impurity phases increased with increasing synthesis temperature. So it does no need
for the synthesis temperature to be too high temperature for the fabrication of MgB.

It is suitable to fabricate MgB, wires at temperature lower than 800°C.
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Figure 4-7 Lattice parameter of MgB; ¢2(TiC)g s wires heat treated at different

temperatures

The unit cell volume of MgB, is calculated according to the refined lattice
parameters a and c. The refined results are listed in Figure 4-7. The lattice parameter
a decreases obviously with increasing synthesis temperature at the same doping
content and the change of a is an evidence of C substitution for B in MgB; lattice. It
indicates that the increasing temperature improves the intergrain connectivity, and

reduces the vacancies.
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4.3 Microstructure of chemical doping MgB, wire

The microstructure of the sample is shown in Figure 4-8. Densely stacked MgB,
is observed in the fractured cross sections, as seen from the left image. In the right
image, a large fraction of white points are present, indicating that C atoms distribute

in the MgB; matrix homogenously.

Bum ' Electron Image 1 C Ka1 2

Figure 4-8 Second electron image of MgB 92(TiC)o 03 wires heat treated at 700 °C

4.4 Superconductivity of chemical doping MgB, wire

4.4.1 The M-T performance of chemical doping MgB, wire

The magnetization properties of the samples measured using SQUID shows the
variation the superconducting transition temperature. In order to optimize the
sintering temperature, samples doped from 0.05 to 0.15 were heat-treated between

600 °C to 950 °C and compared to pure sample.

Figure 4-9 shows magnetization for sample with 0.08 doped. According to this
result, the critical transition temperature 7. decreases when the annealing temperature
increases to 950 °C. The T: decrease might be a result of increased impurity phases
introduced by increasing temperatures. Therefore, the results of XRD measurements
are in agreement with the R-7 measurements. The sample heat-treated at 700 °C and
750 °C shows a sharper transition than that annealed at any other temperature,

indicating a good homogeneity of the sample annealed at 700 °C and 750 °C. This
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demonstrates that the synthesis of the samples at 700 °C and 750 °C is useful for

enhancing the quality of MgB,. Hence, there is an optimal sintering temperature

between 700 °C and 750 °C.

0.0 MgB, 4,(TiC)g os

600°CJ |
650°CJ;
700°C
750°C
800°CJ;
850C
900°C
950°CJ-

RERRERE:

35 40
Temperature (K)
Figure 4-9 Magnetic moment as a function of temperature on MgB 92(TiC)g o3 Wires

heat treated at different temperatures

The effects of the annealing temperature on the critical transition temperature
and the doping content on the critical transition temperature are shown in Figure 4-10.
Figure 4-10(a) demonstrates the 7, dependence of the sintering temperature. It can be
seen that as the temperature increases, 7. of the pure samples become high, whereas,
T, of the doped samples decrease with the nominal TiC content increasing. Figure
4-10(b) shows the T, dependence of the doping content. The overall trend observed
was a decrease in 7, with the doping content increasing. So the optimum selection for
preparation MgB, wire is the middle sintering temperature and the middle doping

content.
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Figure 4-10 Critical temperature as a function of doping content on MgB 92(TiC)0 08
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4.4.2 The R-T performance of chemical doping MgB, wire

In addition to proper phase formation, it is important to know if the phases

formed have the expected superconducting properties within the grains and that the

grains are substantially connected. To prove this, resistive 7, measurements were

77



performed using the four probe technique. The transition width is correlated to the
purity of the sample, and a complete transition to the superconducting state for these

polycrystalline samples indicate some content of connectivity.
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Figure 4-11 Resistance depend on the temperature of MgB,._,(TiC), wires heat treated
at 700 °C (a) and 750 °C(b).
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Figure 4-11 shows the resistivity of the composite materials ( MgB,.(TiC), ) as a
function of doping content. The critical temperature of the undoped sample sintered at
700°C for 90 minutes were measured as 7t onset = 38.2 K, and Tt ,er0=37.4 K. The T,
value of sample 5 decreases to 35.85 K with the increasing nominal TiC content. It
can be concluded from Figure 4-11 that 7. decreases with increasing the doping
content. This decrease of 7. is the sign of depressed crystallinity. With the sintering
temperature further increase to 750°C, the critical temperature increases unmarkedly.
Sample 4 annealed at 700°C shows a sharper transition with a narrow width of 0.9 K

than that annealed at 750°C. This indicates that the crystallinity is much better in the

sample heat treated at 700°C.
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Figure 4-12 Field dependence of the R-T curves of the MgB,._,(TiC), wires in 3.0 T,
25T,2.0T,1.5T,1.0T,0.5Tand O T from left to right in perpendicular fields

Figure 4-12 shows the 7. curves under different magnetic fields for the samples
with various doping contents heated at 700°C. The 7. value of the pure samples varies
from 27 to 37.5 K with the field increase from 0 to 3 T. Even though T is slightly
lower than 39 K, Sample 1 under 3 T still exhibits a sharp superconducting transition
within the AT value of 1 K. With different doping contents, the overall resistivity of a
series of wires does not change drastically. Meanwhile, 7. values slightly decrease
with increasing the doping content. A7 in all the samples is sharp, with a width of ~1

K. This indicates that the MgB, phase is significantly homogeneous in all these wires.

The critical temperature 7, values under different magnetic field for the MgB,
doped with different contents were analyzed. The reported 7. value for MgB,
undoped is 39 K, however, the contaminations by oxygen or other elements or

compounds can lead to the decrease of 7. value, in addition to some syntheses

Processces.
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Figure 4-13 T verses magnetic field of MgB, wires with TiC doping

Figure 4-13 shows the graph of T, verses magnetic field for MgB, samples with
different contents. The overall trend was a decrease in 7. values with increasing
external field. While the effect of different doping contents on 7. values is not

obvious under the same fields.

4.4.3 The M-H performance of chemical doping MgB, wire

Figure 4-14 shows the magnetic hysteresis loops obtained at diffrent
temperatures. Figure 4-15 shows the field dependent magnetic J.(H) curves for the
MgBi 92(TiC)g 03 samples. The circular cross sections of the MgB, wires are 1 mm in
diameter and the lengths of the wires from 7.5 mm to 10 mm. The magnetic J; of the

samples was calculated with the formula from the Bean critical state model as follow

_30AM

J
¢ vxd

(4-1)

where AM is the width of the hysteresis loop in emu; v is the volume of the MgB,
superconductor in cm’; d is the diameter of MgB, superconductor perpendicular to the

field direction in cm.
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Figure 4-14 M-H curves of the MgB, 9»(TiC)g s wires heat treated at different

temperatures

The variation of magnetization with applied field and the sintering temperature
for these samples strongly suggests that the processing temperature has a significant
effect on the critical current density due to enhancement of grain boundary by small
grain size or defects/dislocations created by carbon substitution. The M-H curves
measured at 20 K clearly show that the high sintering temperature depresses
magnetization substantially in the whole field range from -5 T to 5 T. Sintered at 850,
900 and 950°C, magnetization decreases of about 40%-50% comparing with the value
of the sample sintered at 650°C, indicating that increasing heating temperature does

not enhance J,, even in the high field region.
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Figure 4-15 Magnetic J, versus applied field for the MgB 92(TiC)o 03 wires at

different temperatures

It is clear that the sample sintered at 800°C exhibited the maximum J; at the field
less than 3.75 T at 20 K, followed by the sample sintered at 700, 650 and 750°C. This
means that sintering temperature low than 800°C is the optimum heating condition in

current processing conditions.

The J, curves were also used to calculate the flux pinning force for these samples

by the formula as follow

F,=uJ .(H) B (4-2)
where g, is the magnetic permeability in vacuum.

Figure 4-16 shows the dependence of reduced flux pinning force (Fp/Fp max) of all
the doped samples at different sintering temperatures. Flux pinning curves for the
doped samples are shifted to higher magnetic field while compared with pure sample
MgB,. This suggested a significant improvement in flux pinning force for TiC-doped

samples in comparison to the undoped one.
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Figure 4-16 Normalized flux pinning force as a function of magnetic field at 20 K for

the pure and TiC doped samples sintered at different temperatures.

Flux pinning curves for the samples sintered at the temperature lower than 950°C
are shifted to the right comparing with the sample sintered at 950°C. This indicates
the significant improvement in flux pinning forces for the samples sintered at
temperature lower than 950°C in comparison to the sample sintered at 950°C. The
samples sintered at lower temperature have more effective pinning center. More
nanodomain structures were formed due to the substitution of C at B site at the

suitability sintering temperature.
4.4.4 The J.-B performance of chemical doping MgB, wire

Figure 4-17 shows the magnetic field dependence of J. for undoped and
TiC-doped samples. It can be seen that doping has strong effects on the improvement
of J.. At 4.2 K and 6 T, sample 4 shows one order of magnitude improvement. J. of
the pure sample drops more rapidly at higher field. Moreover, the parameter a of the
TiC-doped sample is obvious smaller than that of the pure sample. So lattice

distortion has a significant influence on the J; behavior.
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Figure 4-17 Transport J, of MgB, and MgB, 9»(TiC) 05 at 4.2K with the magnetic
fieldupto 16 T

The best heat treatment temperatures 650°C and 750°C for the reaction have
been selected. Their transport properties were compared. Transport J, were measured

on both MgB 92(TiC)g 03 and MgB; 9:Cy 0g at temperatures ranging from 4.2-30 K.
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Figure 4-18 Transport J, of MgB,.(TiC)x with the field up to 16 T at different testing

temperatures.

Fig. 4-18 shows the J; (H) curves for both C and TiC-doped samples sintered at
650°C and 700°C, respectively. The J. dependence on applied field of
MgB 92(TiC)g s 1s slightly improved than that of MgB;¢:Coos in contrast to the

different sintering temperatures.

4.5 Conclusion

In this chapter, MgB, monofilament wires were fabricated with C and TiC
doping. The effect of doping on lattice parameters a and ¢, critical transition
temperature (7c) , critical current density (J.) and magnetic flux pinning was
investigated under a wide range of processing conditions. Improved J. (H)
performance is found in both C and TiC-doped MgB, superconductor. 7, is reduced
by doping, but can still remain reasonably high above 36 K with different doping
contents in zero field. It is found that TiC doping can result in a small depression in 7.
J. can be obviously affected by both the doping content and the sintering temperature.

From the magnetic critical current density measurement, MgB; ¢2(TiC)o s with the
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sintering temperature of 800°C exhibits the highest J. at 20 K. While from the
transport critical current density measurement (so called “the four-probe technique”),
J. exhibits the highest and steadiest value at the doping content of x = 0.08 with
TiC-doped when the sintering temperature is fixed at 700°C. This basal work has

provided an effective way to fabricate kilometer level long length MgB, wires.
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CHAPTER 5

FABRICATION AND PROPERTIES OF MULTICORE
MgB, WIRES WITH Nb REINFORCEMENT

Aiming at potential alternating current (AC) and direct current (DC) applications,
technical MgB, wires need a multifilament composite structure with small filament
diameters. To stabilize the wire at cryogenic temperatures against thermal runaway, a
sheath component with high electrical and thermal conductivity is desirable. At
present, stabilization in the high current regime (low field, low temperature) is still
insufficient due to the reaction between sheath and superconductor filament interface,
the large filaments size with irregular geometrical shape and the inhomogeneous

microstructure.

In this chapter, 6-, 12-, and 36-filamentary multi-core MgB, wires with Nb/Cu
composite tubes as sheath were designed and fabricated by in situ PIT method. The

mechanical properties and superconductivity were investigated, respectively.
5.1 Conductor structure design and the sample fabrication

The purpose of this part is to investigate the effect of the conductor structure
designs on superconductor properties of MgB, wires as a function of field and

temperature,

Only round wires are considered in our study, tape conductors used in electric
power applications will be investigated in the future work. Aiming at the practical
applications, the filamentary size of MgB, wires and tapes is required for
consideration. If the filamentary size is too big, there will be strong flux jump
instability which results in the reduction of critical current density. While if the
filamentary size is too small, the fabrication process is very difficult due to the poor

plasticity of Mg during the in-situ PIT process.

As the stabilizer, Cu has been successfully used in lower temperature
superconductor (LTS) such as NbTi and NbsSn due to the excellent ductibility and

lower resistivity. It has also been used in MgB, superconductor act as both the sheath
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and stabilizer, but the reaction between Cu and Mg cannot be neglected. The reaction
could be controlled and reduced to minimum by decreasing the sintering temperatures
and shortening the sintering time. However, in practice, these methods are difficult to
be applied in the PIT process, therefore the products always containing Mg-Cu alloy
phase. As copper has high thermal and electrical conductivity, and is extremely low in
cost, it should be one of the best candidates for the sheath material for MgB, if the
reaction between Cu and Mg can be controlled or significantly confined to a thin
interface layer. In turn this would enhance J. to the level required by practical
applications. This problem has been solved by Sumption et al. by the use of a thin

layer of Nb as the diffusion barrier between Mg powders and Cu stabilizert''*.

(c) (d)

Figure 5-1 Cross section of the MgB 92(TiC)g0s/Nb/Cu wires with different filament.

(a) mono-filamentary, (b) 6-filamentary, (c) 12-filamentary and (d) 36-filamentary

The precursor mixtures were densely filled in the Nb/Cu composite tube. Then,

the composite tube was rotary-swaged and drawn to a predetermined size to obtain the
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Nb/Cu sheathed monofilament wires. For the 6-, 12-, 36-filament construction, the
pre-achieved round filaments, which have been cleaned in advance, were cut into the
same length and restacked into another seamless Cu tube, subsequently the tube was
in turn swaged and drawn to the final size. Finally, heat treatment was performed at
different temperatures under argon, followed by a furnace cooling to room
temperature. The characteristics and typical cross-sectional view for the wires are

given in Figure 5-1, respectively.

Table 5-1 Volume percent of Cu, Nb and MgB, phase in MgB) 92(TiC)g0s/Nb/Cu

wires with different conduct structure.

% ( volume percent )

Phase I-filament  6-filament  12-filament 36-filament

MgB; 38.17 21.89 15.08 13.95
Nb 25.32 23.61 21.97 20.97
Cu 36.51 54.50 62.95 65.08

From Table 5-1, it can be seen that comparing with these multi-filamentary
MgB, wires, a higher superconductor filling factor appears in 6-filamentary wire,
which implies a better J, value. Moreover, in 6-filamentary, the proportion of Nb is
higher. It may be beneficial to the mechanical strength of 6-filamentary, and have a

positive effect on the filament densification.
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5.2 Mechanical properties of Nb reinforced multi-

filamentary MgB, wires
5.2.1 Stress-strain analysis of multi-filamentary MgB, wires
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Figure 5-2 Tensile stress vs strain curve of 6-filamentary MgB, wires with (a) or

without (b) Nb reinforcement after heat treated at 680 °C for 1.5 hours.
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Mechanical performances play an important role during the practical applications
of MgB, conductors. The testing of the mechanical properties at room temperature
can make a basic reference for the application of MgB, wires. Standard stress-strain

experiments applying axial stress were performed at room temperature.

Figure 5-2 shows the comparison between the stress-strain properties of
6-filamentary MgB, wires heat treated at 680°C for 1.5 hours with or without Nb
reinforcement, where the insert picture is the metallographic image of transverse cross
section of MgB, wires. The sample with Nb reinforced exhibits higher Young’s
modulus and higher ultimate tensile strength of ~224 MPa, which reached a plastic
strain of about 23.5%. The yield strength of the reinforced sample is around 118 MPa
and only 50 MPa for the wires without reinforcement. This indicated that the
reinforcement with Nb could remarkably enhance the mechanical property of the

6-filamentary MgB, wires.
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Figure 5-3 Room-temperature stress-strain curves of 6-, 12- and 36-filamentary

MgB,/Nb/Cu wires

Figure 5-3 shows a comparison of mechanical properties between the different

filamentary MgB, wires heat treated at 680°C for 1.5 hours. The yield stress decreases

93



with increasing quantity of MgB, filament. The detailed mechanical properties of
MgB, wires with different filament numbers are listed in Table 5-2. The 6-filamentary
wires possess the highest room temperature mechanical performances, which maybe

due to higher Nb proportion in 6-filamentary wires than the others.

Table 5-2 Mechanical properties of multi-filamentary MgB,/Nb/Cu wires

Yield Breaking
Yield Tensile Elongation
Sample strength strength
stress/ kN force/ kN percentage/%
co.2/Mpa ov/Mpa

6-filamentary 0.151 118.1 0.314 224.12 23.8
12-filamentary ~ 0.132 103.5 0.293 208.98 20.1
36-filamentary ~ 0.118 93.7 0.274 195.47 18.1

50 - .
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40 - < —4&— 38 MPa i
[ |—v—90 MPa
- —o— 115 Mpa
g 30 —<— 140 Mpa
S 901 —»— 160 MPa T
=.
g
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0 :

0 20 40 60 80 100
Current (A)

Figure 5-4 Current dependence of voltage of 6- filamentary MgB, wires with different

stress at 25K
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Figure 5-4 is the voltage vs current curves of MgB, wires with different tensile
strength at 25K with zero fields. It can be seen from the figure that with 25 MPa stress
the transport property can be enhanced, because the stress during drawing increases
the defect density, and these defect act as the flux pinning centers. With the further
increase of stress from 25 MPa to 115 MPa, the critical current decreases. And the
critical current dropped very fast while the stress was high than 115 MPa. The poor
grain connectivity as a result of the large applied stress can be responsible for the
reduced /. values. This result shows that the cracks appearing with large stress force

were fatal for the current carrying properties of MgB, wires.

5.2.2 Bending strain analysis of mono- and multi-filamentary MgB,

wires

For technical applications, the mechanical stability of MgB, wires to withstand
applied stresses and strains is required as well as thermal stability and magnetic

H4I] The potential strain sources involved in applications

stability reported in Refs.!
are winding strains, thermal stresses and Lorentz forces depending on the specific
situation. J; can be degraded due to the mechanical stresses. So far, only a few papers
on the mechanical behavior of MgB, composites have been reported. Kitaguchi ef al.
161 reported the effect of tensile and compressive strain on the critical current of
MgB,. A linear increase and steep degradation of /. was observed with the strain
change from -0.4% to 0.4% and exceeding 0.5%, respectively. Kovac et al. """
studied the mechanical behavior of MgB,/Fe wires. They concluded that the
reversible strain has the limit in the range of & = 0.2-0.5%. In this part, we mainly
investigated the mechanical properties and critical current density change of Nb/Cu

sheathed MgB, multi-filamentary wires with different strains formed by bending on

framework with variable diameters or drawing with a spring balance.
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Figure 5-5 Bending strain measurement holder

A bending device was designed and tested our MgB, wires and tapes successfully.
As shown in Figure 5-5, a series of gears with different ratios are moved by rotating
torque arms through an input shaft controlled outside the dewar. The MgB, wires and
tapes are mounted on a support beam and a groove is placed on the neutral axis of the
beam to produce pure bending effect on the strand. The mimimum bending radius of 6

mm can be achieved.
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Figure 5-6 Critical current declines dependent on the bending radius of different

filamentary wires

Figure 5-6 shows that direct bending tests were done with different diameters
from 250 to 30 mm. In all wires, when the bending diameter is more than 108 mm, no
degradation occurs to J.. While the bending diameter is less than 108 mm, an evident
degradation of /; can be observed. Comparing these wires with different conductor
structures, 6-filamentary wire can withstand the largest deformation. The current
carrying capacity in this wire cannot be affected until the bending diameter is less
than 81 mm. When the bending diameter is 54.32 mm, 1.98%, 7.69%, 9.96% and
13.07% current degradation was occur to 6-, 1-, 12- and 36-filamentary wires,
respectively. It can be noticed that the decline in the J. of 36-filamentary wire is 6.6

times higher than that of 6-filamentary wire with the bending diameter of 54.32 mm.
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Figure 5-7 Comparison of the J; degradation with the bending of 6-filamentary wires

and tapes

Based on the above data, it can be found that 6-filamentary wire has the best
current carrying capacity and mechanical properties. The 6-filamentary composite
tube was drawn to a round wire with the diameter of 1.44 mm step by step with the
section reduction of 10% per step. This wire was subsequently rolled with the
thickness reduction of about 10-12% per step. The final tape was obtained by rolling
the wire to a tape with the thickness of 0.4 mm and width of 3.2 mm. It has been
noticed that in the same test condition, the performance of tape is better than that of
wire, which agreed with Ref. (18] The reason might be attributed to the rolling
enhanced densification and thus the restoration of its connectivity. This process
results in drastic J, growth. Such an effect of rolling might be due to the differences in

powder flowing process inside the round and flat-shaped channels.
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Figure 5-8 Critical current /. change with the bending and straighten of the wires

We have discussed the change of critical current /. of 6-filament wire with
variable bending diameters in Figure 5-6. In Figure 5-8, we show the critical current /.
of 6-filament wire change with the whole process (including bend and straighten).
During the bending process, the /. values rapidly decline, when the bending diameter
is less than 84 mm. About 29% reduction of /; occured when the sample was bent to
34 mm in diameter. Then at this bending diameter, the wire was straightened

gradually. The /. value basically remains at this degraded level.
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Figure 5-9 Cracks in mono-filamentary (a) and 6-filamentary (b) MgB, wires heat

treated at 700 °C

Figure 5-9 shows the photomicrographs of the longitudinal cross section of
1-filamentary and 6-filamentary MgB, wires after the heat treatment at 700°C. Cracks
can be observed on both of these two wires. Meanwhile, it can be observed that both
the interfaces between the Nb and MgB, core and between Nb and Cu are very
smooth. It suggested that there is no non-superconductive layer formed during the
sintering process. When the samples are bent to the same diameter excess the
maximal strain about 10%, in 1-filamentary wire, there will be a large deep crack
appeared, while in 6-filamentary wire, there may be a small crack appeared due to

center Nb/Cu rod acting as the reinforcement.

5.3 Magneto-optical analysis of multi-filamentary MgB,/Nb/Cu

wires

To understand the interfacial diffusion behavior in multi-filamentary wires, the
flux motion in these MgB,/Nb/Cu wires was measured with Magneto-Optical Imaging
(MOI). The interaction between Nb sheath and MgB; superconductor core with local
MO imaging under perpendicular applied fields was investigated. Such interactions
are mainly visible in the case of ZFC state with the applied field of H = 100 mT. The
typical optical microscopy image and MO images for a polished surface of the

6-filamentary MgB, wires heat treated at 800°C are shown in Figure 5-2.
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(g)100 mT

Figure 5-10 Optical microscopy image (a) and Magneto-optical image (b-g) of
6-filamentary MgB, wires at 6 K with a perpendicular applied field from 0 to 100 mT

The porous microstructure was confirmed in Figure 5-10(a). Magneto-optical
images were taken under zero field cooling (ZFC) conditions. Bright contrast in the
images taken in ZFC mode represents the flux-penetrated regions, while dark contrast
corresponds to the well screen regions. The flux penetrated much further into the
sample with increasing field, and a blurry bright ring forms at the interface of the
MgB, and Nb in each filament. This ring becomes clearer with larger applied field. As
mentioned above, the bright ring is due to the non-superconducting layer between
MgB,-Nb interfaces. The MO contrast is uniform in each filament, indicating the

homogeneously distributed screening currents.



5.4 Superconductivity of the multi-filamentary MgB, wires
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Figure 5-11 Transport J; as a function of magnetic field on MgB 9>(TiC) s wires

with different filaments

Four-point transport Je. measurements were performed from 4.2 K to 30 K. The

samples were 30 mm in length, with a gauge length of 10 mm. The J. criterion was 1
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uV/em. Figure 5-11 compares the J. values of the 6-, 12- and 36-filamentary wires
with the same doping level and heat treatment temperature (680°C for 90 min) at 20 K
and 25 K, respectively. It can be observed that the 6-filamentary wire exhibited the
best J.(B), while the 12-filamentary result is similar to that of the 36-filamentary wire.
Compared Figure 5-11 (a) and (b), at the same applied field of 2 T, J.(B) values of
436x10" A/em® in Figure 5-11 (a) and 0.94x10* A/em?® in Figure 5-11 (b) was
obtained with the temperature of 20 and 25K respectively for the 6-filametary wire. It

shows that the applied temperature has important effect on the transport property of
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Figure 5-12 Transport J; as a function of magnetic field on 6-filamentary
MgB 92(TiC)g 03 wires at 4.2 K with the fieldup to 10 T

Figure 5-12 shows the comparison of J; values of the 6-filamentary wires at
different temperatures. It is noticed that J. of the sample sintered at 660°C is better
than that those sintered at other higher temperatures with the applied field of 0-6 T.
While with the applied field increased over 6 T, the maximum J, was obtained in the
sample sintered at 680°C. This may be due to the better intergrain connectivity. The J.
values in the sample sintered at 700 or 720°C shows a lower value. This is because
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under the higher sintering temperature, the non-superconducting diffusion layer tends

to growth thicker and this diffusion layer obstructs the current transmission.

From aforementioned results, it is found that the J. property of 6-filamentary
wire is better than that of other multi-filamentary wires. The transport J; of the sample

was measured at temperatures ranging from 4.2 K to 30 K.
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Figure 5-13 Transport J; as a function of magnetic field on 6-filamentary

MgB 92(TiC)g 03 wires at different temperature

Figure 5-13 shows the current density J. versus magnetic field (H) at different
temperatures. As shown in Figure 5-13, the J; value of the 6-filamentary wire is
higher than 10* A/cm? at 4.2 K, 6 T. The J. value of the 6-filamentary wire is ~ 10*
A/em® at 20 K, 3 T. These results confirmed that it is promising for producing

high-quality MgB, superconducting wires for practical applications.
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Figure 5-14 Critical current /; as a function of temperature on 6-filamentary

MgB 1 ,92(TiC)0_og wire

Figure 5-14 shows the temperature dependence of critical current at 1 T for the
MgB 92(TiC)g 03 wire heat treated at 680°C for 90 minutes. /. values decreased with
increasing measurement temperature, and the decreasing rate change faster when the
measurement temperature is higher than 25 K. This indicates the optimal operating

temperature of these wires should be lower than 25 K.
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5.5 Critical current of 100 meter MgB,/Nb/Cu wires
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Figure 5-15 Critical current measurement of 100 meter MgB,/Nb/Cu wires

Small coils with 100-meter long multi-filamentary wires sintered at 680°C with
the wire diameter of 1.8, 1.5 and 1.2 mm were wound and measured. The critical
current of this 100-meter coils were measured at self-field at 30 K by GM cryocooler.
The typical coil is shown in Figure 5-15 (a) and the measurement results are shown in

Figure 5-15 (b). It is clear that the /. decreases with decreasing wire diameter. /.
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reaches 144 A for 1.8 mm wire and 120 A for 1.2 mm wire by the voltage criterion of
100 uV/m. But the J.. increases with decreasing wire diameter. The J.. value reaches
1.1x10* A/em? for 1.2 mm wire, which is 5.7% 10* A/cm? for 1.8 mm wire. This result
indicates that the dense MgB, core in multi-filamentary wires is a key factor to
enhance the critical current density. Furthermore, the effects of the Nb core at the
center of these multi-filament wires on the reinforcement and densification of MgB,

filaments should be further investigated in the future.

5.6 Current homogeneity on 6-filamentary MgB, wires
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Figure 5-16 Homogeneity of critical current of MgB, wire (20K, 1T)

100 meters of 6-filamentary MgB, wires with the diameter of 1.0 mm were
sintered at 680°C for 90 minutes. The heat treated wires were cut into 10 pieces and
10 m long for each piece. The short sample in 3 cm was cut from each piece, and this
short sample was then mounted on the sample holder with its axis perpendicular to the
applied field. After soldering the current leads and voltage leads on the sample with
the division between the two voltage leads of 10 mm, the sample was put into the
cryostat and the critical current was measured at 20K with the applied field of 1 T.

Related results are shown in Figure 5-16, the difference between maximum and
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minimum critical current is smaller than 5%. Therefore, the good homogeneity of /.

distribution of this 6-filamentary MgB,/Nb/Cu wires has been proved.

5.7 Conclusion

The Cu-clad 6-, 12-, and 36-filamentary MgB,/Nb/Cu wires with Nb
reinforcement have been fabricated with in-situ PIT method. In order to improve the
strength of wires, the Nb-core was used as the central filament. The stress-strain,
bending properties, microstructures, and superconductivity properties were analyzed,
respectively. The results confirmed that the yield stress decreases with increasing
quantity of MgB, filament. The bending measurement shown that when the samples
are bent to the same diameter excess the maximal strain about 10%, in 1-filamentary
wire, there will be a large deep crack appeared, while in 6-filamentary wire, there may
be a small crack appeared due to center Nb/Cu rod acting as the reinforcement.
Therefore, the good homogeneity of /. distribution of 6-filamentary MgB,/Nb/Cu
wires with the length in 100 meters has been observed. That means the in-situ PIT
technique with the Nb as the reinforcement can be used to produce a certain long
length MgB,/Nb/Cu wires. The superconducting filaments of MgB,/Nb/Cu composite
tubes have well workability suitable for the long length and multi-filament MgB,

wires.
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CHAPTER 6

SUMMARY

Since the discovery of superconductivity in 2001, MgB, with a critical
temperature (7;) of 39 K has been believed to be a promising candidate for the
engineering applications within the temperature range of 20-30 K by GM cryocooler.
However, compared with the traditional low temperature superconductors, MgB,
often exhibits a rapid decrease of J, with the increase of applied magnetic field (B).
Therefore, the low critical current density and poor pinning behavior are the key
problems restricting the practical applications of MgB, superconductor. In order to
improve the critical current density, the effects of raw materials, fabrication process,
elemental doping and substitution on the microstructures and superconducting

properties of MgB; have been systematically investigated in this thesis.

At first, the monofilament MgB, wires with Nb/Cu composite tube as the sheath
are fabricated by in-situ PIT technique and heat treated from 600°C to 950°C for 2
hours. The influences of sintering temperatures on the superconducting properties of
the MgB,/Nb/Cu wires have been systematically investigated. And the phase
formation processes and microstructures of the diffusion layer between MgB, and Nb,
which exhibited severe effect on the degradation of superconducting properties, have
also been observed and studied. The XRD analysis show that all the samples heat
treated at different temperature contain the MgB, phase as the main phase. The heat
treatment temperature does not effect on the lattice parameter of MgB,, but the
crystallinity increases with increasing heat treatment temperatures. Transport
resistance test and the magnetization measurements also indicate that the wire is in
superconducting state. However, the transport critical current measurements did not
show superconducting current of MgB; at all for the sample heat treated at 750°C or
higher heat treatment temperature. Therefore, we carried out the study on the

microstructures and phase formation process of the interface layer between MgB,
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superconducting core and Nb sheath. The results show that there is a diffusion layer at
this region which is composed of non-superconducting phase for the sample heat
treated at high temperature, and this diffusion layer obstructs the current transmission.
This diffusion layer has obvious effects on the critical current of MgB, wires heat
treatment at high temperature and the best heat treatment temperature for the MgB,
wires with Nb as the barrier layer should be lower than 750°C. Further more, the
presences of holes at the interface between MgB, core and Nb also reduced the

current transfer from Nb/Cu sheath to MgB, core.

MgB; monofilament wires were fabricated with C and TiC doping. The effect of
doping on lattice parameters a and c, critical transition temperature (7¢), critical
current density (J.) and magnetic flux pinning was investigated under a wide range of
processing conditions. Improved J. (H) performance is found in both C and
TiC-doped MgB, superconductor. 7, is reduced by doping, but can still remain
reasonably high above 36 K with different doping contents in zero field. It is found
that TiC doping can result in a small depression in 7. J; can be obviously affected by
both the doping content and the sintering temperature. From the magnetic critical
current density measurement, MgBj ,(TiC)oos with the sintering temperature of
800°C exhibits the highest J; at 20 K. While from the transport critical current density
measurement, J. exhibits the highest and steadiest value at the doping content of x =
0.08 with TiC-doped when the sintering temperature is fixed at 700°C. This basal
work has provided an effective way to fabricate kilometer level long length MgB,

wires.

The Cu-clad 6-, 12-, and 36-filamentary MgB,/Nb/Cu wires with Nb
reinforcement have been fabricated with in-situ PIT method. In order to improve the
strength of wires, the Nb-core was used as the central filament. The stress-strain,
bending properties, microstructures, and superconductivity properties were analyzed,
respectively. The results confirmed that the yield stress decreases with increasing
quantity of MgB, filament. The bending measurement shown that when the samples

are bent to the same diameter excess the maximal strain about 10%, in 1-filamentary
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wire, there will be a large deep crack appeared, while in 6-filamentary wire, there may
be a small crack appeared due to center Nb/Cu rod acting as the reinforcement.
Therefore, the good homogeneity of /. distribution of 6-filamentary MgB,/Nb/Cu
wires with the length in 100 meters has been observed. That means the in-situ PIT
technique with the Nb as the reinforcement can be used to produce a certain long
length MgB,/Nb/Cu wires. The superconducting filaments of MgB,/Nb/Cu composite
tubes have well workability suitable for the long length and multi-filament MgB,

wires.
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ABSTRACT

Mono- and multi-filamentary MgB, wires sheathed with Nb/Cu composite tube have
been elaborated by in-situ powder-in-tube (PIT) technique, pure or with carbon and TiC
doping, and heat treated between 600 and 950 °C. The structural and physical properties of
the wires were investigated by XRD, SEM, magneto-optical imaging, magnetization, etc.
Substitution of B for C depresses 7t slightly but enhances the flux pinning, with the result of
optimized performances of J.(H) in high field, with a partial amorphous C substitution and a
control of the processing parameters. For the samples reacted at high temperature, there is a
diffusion layer at the interfacial region between the Nb sheath and MgB,, which is
non-superconducting and obstructs the current transmission : the best heat treatment for the
MgB, wires with Nb as the barrier layer should be lower than 750 °C. The Cu-clad 6-, 12-,
and 36-filamentary MgB, wires with Nb buffer layer also have been fabricated by the in-situ
PIT method. To improve the strength of wires, the Nb-core was used as the central filament.
The results show that the in-situ PIT technique can be used to produce long length
multifilamentary MgB,/Nb/Cu wires, as a result of the well workability of the composite.

Keywords: magnesium diboride, chemical doping, powder-in-tube technique,

superconductivity, critical current.

RESUME

Des conducteurs mono- ou multi-filamentaires de MgB, dans une gaine Nb/Cu ont été
¢laborés par une technique PIT (Powder-In-Tube), purs ou dopés au carbone ou TiC, et
traités thermiquement entre 600 et 950 °C. Nous avons ¢étudié leurs caractéristiques
structurales et leurs propriétés physiques par des mesures de RX, MEB, imagerie
magnéto-optique, aimantation, etc. La substitution de B par C diminue légérement la 7, mais
augmente le piégeage du flux, améliorant ainsi le courant critique J.(H) en fort champ. Nous
avons mis en évidence que pour les températures de traitements thermiques supérieures a
750 °C, il apparait une couche de diffusion résistive a I’interface entre la gaine Nb et MgB»
qui empéche le transfert du courant entre la matrice et le supraconducteur. Par suite, les
meilleures performances de J. sont obtenues pour un traitement a 700 °C par des mesures de
courant de transport et pour 800 °C par des mesures d’aimantation, insensibles a cette
couche de diffusion. Nous avons fabriqué des conducteurs de 6, 12 ou 36 filaments de MgB»
avec des barrieéres de Nb dans une matrice de cuivre par la méthode PIT, en utilisant un
filament central de Nb pour renforcer mécaniquement le conducteur. Nos résultats montrent
que cette technique peut étre utilisée pour produire des conducteurs MgB2/Nb/Cu de
longueur kilométrique grace a la bonne fonctionnalité¢ du composite.

Mots-clés: diborure de magnésium, dopage chimique, technique PIT, supraconductivité,
courant critique.
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