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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND THE ENVIRONMENT
School of Engineering Sciences

Doctor of Philosophy

CORRELATION BETWEEN STRUCTURAL AND MAGNETIC PROPERTIES IN
POWDER AND BULK Mg(B1xCx)2 PREPARED USING CARBON CHEMICAL
VAPOUR DOPED BORON AND SILICA COATED BORON

by Maurizio Paolella

The research project has been focused on the preparation and
characterization of Mg(B1.xCx)2 powder and bulk samples using chemical
vapour coated boron and silica coated boron by sol-gel method. The
chemical vapour deposition of carbon on boron powder was achieved by
reacting ethylene gas on high purity nano-sized boron particles (20-
100 nm diameter) with varying deposition temperatures and partial
pressures. Undoped and carbon doped boron was then reacted with
magnesium rod to produce both Mg(B1xCx)2 powder and bulk samples.
Transmission electron microscopy showed that the chemical vapour
deposition achieved a uniformly thick carbon-rich layer on each particle,
regardless of particle size. In addition, the analysis of the diffraction
peaks and the characterization of the magnetisation has evidenced the
coexistence of phases with different levels of carbon resulting in multiple
current paths within the Mg(B1xCx)2 samples. The study of the
preparation process for bulk Mg(BixCx)2 samples has evidenced that
reducing the difference between the time constant of reaction and the
time constant of diffusion is crucial to obtain well-sintered samples
devoid of cracks. Doping with carbon has shown significant
improvements in the field dependence of /. for the Mg(BixCx)2 bulk
samples reaching values comparable with the best literature-reported
data for bulk samples. However, the j values of the Mg(BixCx)2 bulk
samples were observed to be noticeably lower when compared with the
best literature-reported data for wires and tapes, owing to the greater
density achievable in the latter. In contrast to the carbon doping, the
coating with silica via sol-gel process was found to impair the in-field /.
properties of Mg(B1xCx)2 bulk samples, presumably due to the huge
amount of silica loaded onto the boron powder and to the formation of
carbonate and silicate impurities within their reacted microstructure.
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Chapter 1
Fundamentals of superconductivity

This chapter presents the key aspects and properties characteristic of
superconductivity, focusing on the definition of the vortex state and the
Bean critical state model, which is one of the most widely used models
for describing the field and current distribution in a superconductor.
Moreover, the main features of the MgBs the material object of this
research project, are described, providing a detailed literature review of
the main results achieved in the field of the chemical doping of MgB> bulk

samples and MgB> wires and tapes.

1.1 Introduction to superconductivity

A perfect superconductor is a material that exhibits two peculiar

properties, namely perfect electrical conductivity, i.e. zero resistivity

(p = 0) and perfect diamagnetism (§ = 0), when it is cooled below a
characteristic temperature 7¢, called the critical temperature. At higher
temperatures it is a normal material, and ordinarily is not a good
conductor. For example, lead, tantalum, and tin become superconductors,

while copper, silver, and gold, which are much better conductors, do not.

According to Matthiessen’s rule, electrical resistivity is composed of two
terms: po, which is a temperature-independent contributions arising from
the scattering of the conduction electrons associated with impurity atoms
and pgpn, i.e. phonon contribution to the electrical resistivity of a normal
metal. Since the former term is negligible at room temperature, the

resistivity of a typical conductor depends linearly on temperature at high



T whereas it obeys the 7° Bloch law when 7 is sufficiently below the

Debye temperature.

In the case of a superconductor, this description is valid down to the
critical temperature, 7c, at which resistivity goes to zero. The discovery of
this phenomenon is due to Onnes [1], who in 1911 measured the
electrical resistance of mercury and was the first to become aware of the
behaviour. However, apart from zero resistivity there is another property
that is characteristic of superconductors and distinguishes them from

ideal conductors: perfect diamagnetism.

Perfect diamagnetism means that in the equation:
B = uH + x) = py (H+ M) (1.1),

where |1 is the permittivity of vacuum, the susceptibility y = —1, which,
given the relation y = M/ﬁ between the magnetisation M and the

magnetic field H, is equivalent to M = —H, i.e. the internal magnetic field

Bis equal to zero [2]. Physically, it means that when a superconductor is
placed between the pole pieces of a magnet, the B field lines from the
magnet go around it instead of entering, and its own internal field

remains zero, as shown in fig.(1.1).

VYvVYV

Figure 1.1: Distorted magnetic field lines around a superconductor in a constant
applied field [2].



The perfect diamagnetism can lead to one of two different effects
depending on whether the material is zero field cooled (ZFC) or non-zero
field cooled (FC). In the first case, flux exclusion will be observed, in
which the field is excluded from the superconductor when the material is
cooled below 7: without any magnetic field present and subsequently
placed in an external magnetic field. Alternatively, if the test material is
cooled below 7t in the presence of a magnetic field, the field will be
expelled from the material as 7t is reached (a phenomenon known as the

Meissner effect).

However, there is an upper limit to the magnetic field that the Meissner
effect can expel. This critical field, known as the critical magnetic field
and denoted by H:(7), decreases with temperature and become zero at 7.
Moreover, in virtue of the relationship between current and magnetic file
(H = I/2ma for a wire of radius a carrying current /), there will be a

limiting value of the critical current corresponding to:

I, =2mH.a (1.2)
and
2H,
Je = a (1.3)

Those superconductors that totally exclude an applied magnetic flux are
known as Type [ superconductors [3]. This class of superconductors
exhibits perfect diamagnetism below A: and admits magnetic field
magnetic fields without hindrance when H exceeds H: as shown in

fig.(1.2a).

Other superconductors, called Type Il superconductors, totally exclude
magnetic flux up to the lower critical field, H1. Then the magnetic field

starts penetrating into the material until at the upper critical field A2 the

3



material is fully penetrated and the material return to the normal state
[3]. Fig.(1.2b) shows this behaviour, in which M rises to a negative
maximum at A1 but then M retreats as flux lines start to penetrate into
the sample. Therefore the cancellation of by Mis no longer perfect, and

the value of Bbecomes finite within the superconductor.

a)
M
He
H
Pertect
Diamagnetism
by,
Heq ch H
Flux Lines

" panetrate Material

— o o — an  — ———

(

Perfect Diamagnetism
Only Below H.,

Figure 1.2: Magnetization as a function of applied field for a type I (a) and a type II (b)
superconductors [3].



1.2 Zero field cooling and field cooling

An example of how ZFC and FC can result into two distinct final states is
given by the case of a hole inside a superconductor. In particular, two
different cases can result depending on whether the hole is open (i.e.
open to the outside at both ends) or closed. In the first case, if the sample
is zero-field-cooled below 7, a magnetic field applied after cooling will be
excluded by both the superconducting region and the hole, in other
words, both behave as perfect diamagnetic materials. If, on the other
hand, the same sample is field cooled, once it reaches the
superconducting state, the magnetic flux will be expelled from the
superconducting material, but will remain in the hole. This different
behaviour is due to the presence of surface currents that in the former
case shield the entire sample (including the hole) from the effects of the
external magnetic field, while in the latter case, these same shielding
currents are cancelled by the reverse-direction current flowing around

the walls of the open hole as shown in fig.(1.3), [2].

B,

app
Figure 1.3: Shielding current flow /fn on the outside surface and reverse-direction
shielding current flow /& on the inside surface of a superconducting tube [2].



In the case, instead, of a closed cavity (or hole) this difference in
magnetic susceptibility between ZFC and FC samples is not found. In fact,
as is easily understood, the magnetic flux is excluded from the closed hole,
as it was from the open one. But, in this case, the field also will be

excluded for (non-zero) field cooling, fig.(1.4). The reason for this

behaviour is that the B field lines do not have the opportunity to leave a
closed cavity to connect with the external field, because the cavity is
completely surrounded by superconducting material. Accordingly, a
superconductor with an internal cavity will exhibit y = —1, behaving
much like a solid superconductor (except that the magnetization is

present in the superconductor, but not in the cavity).

=
] I
I I
I I
I I
No E :
currents ~| - '
3 |k
A g
Reverse [
currents (P a
| I
I I
Shielding w
currents -
1 I
L_J

(

Figure 1.4: Shielding current flow, /n, on the outside surface and reverse-direction
shielding current [2].

Experimentally, since samples are a mixture of a superconducting and
non-superconducting material (i.e. fraction of sample volume taken up by
holes, intergranular spaces and normal material), values of y.t and y. are
less negative than -1. In particular, in the case of a sample of total volume
V1 containing a superconducting material of volume V%, a hole volume of
Vh and an enclosed cavity of volume V. the ratio of FC to ZFC

magnetization will be given by s/ 1tsic =M/ Mosc =i/ Yote =Vs + Ve / Vs + W + Ve
6



Therefore, the overall sample can exclude more flux when it is zero field
cooled than it can expel when it is field cooled. The difference between
the amount of excluded flux and that of expelled flux is defined as
trapped flux. The trapped flux subtracts from the diamagnetic response
to make the magnetization less negative in the case of Meissner effect (FC)
than in that of shielding current (ZFC) as shown in fig.(1.5) for a Rb3Cso

powder sample [4].

o ZFC| ' | |
0,0  FC s © @ © o @ o
-~ © o
% °
2'0,1 — Y 5 -1
8 °
c .
Re) . O
© 02 . ° —
0
‘.G-)' O
C
= e
= 03} 5 J
O
O
O e ©
_0,4 1 | 1 | 1 | 1
0 10 20 30 40

Temperature (K)

Figure 1.5: Comparison between zero-field-cooled magnetic susceptibility and its
field-cooled counterpart for a powder sample Rb3Ceo. The data were taken from [4]).

1.3 Shielding currents and transport
currents

In the previous section the reaction of a superconductor in an applied
field has been discussed showing how the presence of a magnetic field

generates shielding currents that, flowing around the outside surface of
7



the superconducting material, cancel out the interior B field. In order to
provide a more rigorous mathematical description of the phenomenon, it

is convenient to start with Maxwell's equation:

— - — aD
VxB=u0(]+VxM)+HOE (1.4)
which, when setting ] = 0 and Z—IZ = 0, where D is the electric field

displacement, gives the relationship:

— -

V X Bin = HoJsn (1.5)

where Jsn is defined the shielding current and is given by]J¢, =V X M.

This relation, which, when setting B,,, = py4]o, is equivalent to

R—r]

Jan(r) = ~Jo exp| - —

(1.6)

demonstrates that the vectors B and ], which are mutually orthogonal,
can only exist in a surface layer and not in the bulk of the superconductor.
The dimensions of this transition layer are characterized by the length

scale 4;, called the London penetration depth, and defined as

m

A= ( )2, (1.7)

|'10nse2

where m is the mass of charge carriers, n; is the density of
superconducting electrons and e is the charge on the electron. This
parameter defines the thickness, within the surface of the
superconductor, in which the field B (which has only a zcomponent) falls

to 1/e of the B,,, on the outside of the sample, according to the relation:

B(r) = B,pp €xp [— (1.8)

R—r]
A



It is possible to demonstrate that a similar relationship may be obtained
when a current, called transport current, is applied along the axis of a
cylindrical wire; and, therefore, there is no essential difference between
the behaviour of a shielding current and that of a transport current.
When a current is applied by an external source and made to flow along
the axis of a superconducting wire of radius &, since the magnetic field is
excluded from inside a superconducting wire, the current density cannot
be uniform across its cross section. In order to maintain B = 0 inside, the
transport density must, therefore, flow in a surface layer of thickness A,
as illustrated in fig.(1.6), exhibiting an exponential dependence on

distance, similar to that for the shielding current, i.e.

J@r) =

Bsury exp [— M‘ (1.9)

oA A

Using the eq.(1.5), it is possible to find an expression for the magnetic
field inside the wire which is equivalent to the eq.(1.9) for the shielding
current. This analogous behaviour shows that it is equivalent to ejecting a
current in a superconductor, which induces a magnetic field, and to place
a superconductor in an external magnetic field (which will produce
demagnetization current), in that the current-field relationship will be

the same.

v
=3
L U

Figure 1.6. Shielding current flow /n on the outside surface and reverse-direction
shielding current [1].




1.4 Penetration depth and coherence length

The two fundamental length scales associated with superconductivity are
the penetration depth, 4, and the coherence length, & We have already
introduced the former in the previous section, defining it as the mean
distance over which an external magnetic field falls off exponentially
inside a superconductor. In this section the London equation is presented
and the penetration depth, 4, is defined by calculating a solution to the
London equation. Moreover, the meaning of the second characteristic
length parameter, the coherence length, & is investigated, and a
description is provided of how the relationship between these two
parameters forms the basis of the definition of the classes of

superconductors, type I and type II.

In order to explain the phenomenon of superconductivity, the London

brothers put forth an hypothesis [5]: the current density is linear

proportional to a vector potential, A according to the equation:

A. (1.10)

Recalling that the magnetic field B is related to the vector potential A by

-

B=VxA4 (1.11)
the eq.(1.10) becomes, by taking the curl of both sides;:

_1 —
v B. (1.12)
0*L

Vx]=—

If we now consider Maxwell’s equation, eq.(1.4), and take the curl of that,
the following equation is obtained:

—V2B = p,V X J. (1.13)

10



If the eq.(1.13) is substituted in (1.14), this yields:

_VU2R — __1*
VB =—B (1.14)
AL

which has the variable solution represented by,

B(x) = By exp (—%) (1.15)

The eq.(1.18), which has the same form as eq.(1.7), provides the
mathematical definition of penetration depth: it is a constant expressing
the length scale in which the external magnetic field decays exponentially

inside the superconductor.

In order to define the second of the two fundamental length scales of
superconductivity, the coherence length, ¢ first it is appropriate to
provide an overview of the theory of Bardeen, Cooper e Schriffer (BCS),
which is a cornerstone of superconductivity, and provides the framework
for defining the above-mentioned parameter. When an electron passes in
the vicinity of an ion in the crystal lattice, an interaction of attraction is
manifested between the two particles due to the opposite sign of the
electrical charges of the respective particles. The ion, which in
equilibrium is equidistant from the neighbouring ions in the crystal, is
displaced toward and approaches some neighbouring ions due to the
force of attraction for the electron. A zone of higher positive charge
density is thus created that moves like an elastic wave through the lattice.
Another electron that passes in the vicinity of the excess of positive
charge is subjected, in turn, to an attractive force. Overall, the two
electrons are subjected to an attractive force, mediated by their
interaction with the crystal lattice, which competes with the electrostatic
repulsive force. Moreover, since ions move more slowly than electrons,

the comparatively longer residence time of ions in non-equilibrium
11



positions facilitates the attraction phenomenon and, consequently, the
local charge inhomogeneity. The behaviour is increasingly marked as the
temperature decreases, because of the limited thermal agitation. In
particular, at the critical temperature, attractive forces exceed the
repulsive ones, creating a bound state between pairs of electrons (called
Cooper's couples) which behave as superelectrons.

The electrons interact only if the mutual distance is below a certain
parameter (characteristic of each superconductor) which is called
coherence length, & More precisely, {is the length scale over which the
density of super electrons n,, a characteristic of the superconducting
state, increases from zero at the interface with a normal material to
constant value inside the superconductor. The actual coherence length is

defined as:

1 -1 1

E = g + 7 (1.16)
where & is the intrinsic coherence length, whilst [ is the mean free path,
which expresses the average distance an electron travels between
collisions.
The two characteristic length parameters, the penetration depth A and
the coherence length ¢, are linked through the Ginsburg-Landau ratio, x;
defined ask = A /¢&. The difference between Type I and Type Il
superconductors can be expressed in terms of k; as illustrated in fig.(1.7),
[6]. In Type I superconductors k < 1, fig.(1.7a), i.e., the coherence length
is larger than the penetration depth and it is maintained over relatively
large distances within the samples, without being disturbed by the
presence of external magnetic fields. Therefore, they exhibit zero
resistance and perfect diamagnetism below the critical field A, whilst
they become normal in higher applied fields. In Type Il superconductors

fig.(1.30b), by contrast, where k > 1, i.e. the coherence length is short
12



compared to the penetration depth, superconductivity is confined within
such a short coherence length that it can still exist with a nearby
magnetic field that has penetrated deeply into the sample, for fields with
values between the H:1 and Hc, as shown in fig.(1.7b). In the next section,
a more rigorous definition of Type Il superconductors is provided, by
discussing it within the framework of the mixed, or vortex, state theory,
which is outlined. In fig.(1.7), it is also shown the behaviour of the order
parameter W(x) which is a complex scalar usually normalized so that
|W(r)|% gives the number density of Cooper pairs at a point r:

P (0)]? =¥ ()P(r) =ng (1.17)
where W*(r) is the complex conjugate of W(r), n;is the number of
superconducting electrons and ny=n-n,, where n is the total number of

free electrons, and n,, is the number of non-superconducting electrons.

(a)

Superconductor

(b) H

H Yix) ,..--""

Normal metal Superconductor Normal metal

d-‘!‘p

N H.Iaf

L

&

-

Figure 1.7. Definition of Type I (a) superconductor and Type II (b) superconductor in
terms of coherence length {and penetration depth A [6].

1.5 The vortex state

The concepts of the critical magnetic field A, lower critical field A1, and
upper critical field A2 can be better understood by observing the mean
field phase diagram of fig.(1.8a and b) of the magnetic field versus
temperature for type I and type II superconductor [7]. A type I
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superconductor expels magnetic flux completely from its interior below
the critical field A, whilst admitting magnetic fields when Hexceeds H.. A
type Il superconductor completely expels the field below the lower
critical field Hci - this is the Meissner-Ochsenfeld effect. In the
intermediate field regime Hau<H<H: the magnetic field penetrates the
sample via flux lines or vortices: this is the Shubnikov phase with vortices
arranged in a triangular Abrikosov lattice. Above the upper critical field
Hc2 superconductivity is destroyed, the material is fully penetrated and
the normal state is restored. The region in the phase diagram of fig.(1.8b)
wherein the applied field is between Hciand Hcz is known as the mixed

state [7], [8], [9].

Normal state NMormal state

Mixed state
Heo(T)

Meissner state

Figure 1.8. Phase diagram of the applied magnetic field versus temperature for (a)
type I and (b) type Il superconductor [7].

Referring back to the M vs. H curve of fig.(1.2), in an ideal type II
superconductor, the magnetisation M rises to a negative maximum at A1,
thereafter it retreats up to zero when the applied magnetic field H is
increased up to A, and then it exactly retraces its path when H is
reduced.

However, no real superconductor gives the exact retracing as described
by the ideal curve. In fact, the decreasing-H path of M, which at first

retraces the forward path (since the magnetisation is reversible), in
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correspondence of a field value, known as the irreversibility field Hirr,
deviates from the upward curve, and therefore results in M no longer
being a single-valued function of H, as shown in fig.(1.9) [10]. The
irreversibility line B;..(T), as plotted in the graph of fig.(1.10) for a high
temperature superconductor [11], separates the “vortex lattice” phase
with vortices pinned or otherwise held in place from the “vortex liquid”
with many vortices unpinned or free to move reversibly, but with
dissipation. An outstanding feature of the phase diagram of fig.(1.10) is
that the irreversibility line represents the boundary between the
magnetically irreversible region with nonzero J. and the reversible
region with zero /. in the field(B)-temperature(T) plane. The concepts of
critical current and irreversibility field are closely related in that, in
practical superconductors, the goal of maximizing the current which can
flow without dissipation is generally pursued by raising Hi as high as
possible. In fact, whilst in the region between Hir and Hez energy is
dissipated by the freely moving unpinned flux lines, below Hi flux
pinning takes place and a finite critical current can flow. The methods
which have been proven to be effective in improving pinning properties,
both in LTS and HTS compounds and, in particular, in MgBz, are
described later in the chapter.

In fig.(1.10), it is also indicated that the order parameter || is equal to
zero in the normal state region, whilst it is bigger than zero both in

“vortex liquid” and “vortex liquid” regions.
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Figure 1.9. Expanded view of magnetization vs. applied field at 7= 27.5 K of a MgB2
sample [10]. Arrows mark the upper critical field H.z and the irreversibility field A
Arrows are also used to show how the applied field was changed in the different
branches of the magnetization loop.
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cd e
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Lattice
Figure 1.10. Phase diagram of a high temperature superconductor showing the vortex
lattice and the vortex liquid separated by the irreversibility line B;..(T) [11]. In the
same plot the values of /. and |ys|are indicated.
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When a magnetic field is first applied to any type of superconductor, the
Meissner effect will try to expel that field. Obviously, as the field is
increased, it costs more energy to expel it, and the free energy difference
between normal and superconducting states decreases. In the case of a
Type I superconductor, in the mixed state, there will be the formation of
domains of normal material with x=~0 embedded in pure
superconducting regions with y=—1. The boundary between these
regions will have a value of energy density per unit area, Epynq, Of the

boundary layer expressed by:

B
Epound = — ﬁ dpound (1.18)
0
where dy,unq is equal to:
dbound ~ (f - /1) (1-19)

Since ¢ exceeds Ain a Type | superconductor, the resultant boundary
energy is positive, so it is not energetically favourable for boundaries to
form between their normal and superconducting phases.

In contrast, for a Type Il superconductor, the coherence length is short
compared to the penetration depth, i.e. dy,ynq iS negative, so it becomes
energetically favourable for domain walls to form between the
superconducting and normal regions. The crossover between the positive
and negative boundary energies occurs atk =1 /v2, therefore the

domain formation becomes energetically favourable for values of

Kk>1 /\/2. These domains, called vortices, are tubular regions of
confined magnetic flux having a core radius equal to the coherence length
¢ and a surrounding outer region with radius equal to the penetration
depth 4, as illustrated in fig.(1.11), [8, 12]. Therefore, for a type II
superconductor, A represents the effective radius of the vortices beyond
which the magnetic field decays exponentially to zero, whilst the

coherence length ¢ can be defined as the distance over which the super
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electron density rises fromng, =0 (and Y = 0) at the center of the
vortex to its full bulk value.
Mathematically [3], at A, in correspondence of which the first
penetration of flux lines occurs, a single flux quantum @, which, as
explained, occupies a core of radius approximately equal to the
coherence length, & is described by:

by = H.ymA? (1.20)

where the spacing between flux lines is equal to the penetration depth, A

At Hcz the maximum number of flux lines has penetrated the material, the
cores are packed tightly, and spaced ¢ from each other. Hence, flux

quantum will take the following form:

by = Hepmé? (1.21)

Isolated vortex Triangular lattice

Figure 1.11. Schematical representation of an isolated vortex and a triangular vortex
array. In the same figure, shown are also the distribution of the magnetic field 5, the
order parameter s, and the current circulating / around the normal cores [8, 12].
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There is, however, a natural tendency for a disruption of such a lattice of
flux vortices to occur. In fact, when, between A1 and He, a transport
current of density /flows through a Type Il superconductor, located in a
transverse magnetic field, it exerts a force on the vortices, called the
Lorentz force, which causes them to move from one side of the sample to
the other, according to F=]X®y, as shown in fig.(1.12), [13]. This flux
flow, by Faraday’s Law, produces a voltage drop in the superconductor
along the direction of the current flow, generating resistivity phenomena
which provide the mechanism for heat dissipation. This motion of flux
lines can be stopped by impediments such as grain boundaries and
impurities, which pin the flux lines, allowing the current to flow without
dissipation.

The pinning must be strong enough to maintain the gradient given by:

d
Do ——n(x) = —HoJy () (1.22)

which has been obtained starting from Maxwell’'s equation, eq.(1.4),
expressing the internal magnetic field B,(x) as equal to the product
n(x)®d,, that is, the number of vortices per unit area, n(x), times the flux
per vortex ®,. Therefore, the stronger the pinning is, the greater the
magnitude of the gradient that can be maintained, and hence, from Eg.
(1.22) the greater the current density that can flow without dissipation.
In the manufacturing process of superconductors (which constitutes one
of the principal matters of the present work) this goal is pursued by
introducing many defects into the material in order to offer an

abundance of pinning sites for achieving high current densities.
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Figure 1.12. Flux lines in a type Il superconductor in the mixed state. The Lorentz
force Fy acts on each flux line. [13].

1.6 Bean critical state model

In the previous chapter, it has been explained that, in a type II
superconductor, the individual lines of magnetic flux penetrating the
superconductor behave as small independent vortices, forming a
cylindrical region of normal material. In spite of the quantization of the
magnetic flux, it is opportune, in order to provide a description of the
current density distribution within a superconductor, to adopt a more
macroscopic view of the phenomenon and treat it classically.

In a wire, in which the current flows in the z-direction, i.e.] = (0,0, /,), by
virtue of Maxwell’s equation, eq.(1.16), the magnetic field B must be
perpendicular to ] whilst the radial component of B must be zero. It

follows that there will be only a single component of B, namely Bg, and

therefore the above-mentioned Maxwell equation reduces to:

dBg(x)

i Mo/z (X). (1.23)
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This relationship means that the field and current density depend only on
X, and, in particular, the magnitude of Be inside a superconductor
decreases with distance from the surface. The current flows where the
magnetic field is present, i.e. preferentially near the outer surface of the
sample which is said to be in a so-called “critical state”, whilst the interior
is shielded from these currents and fields. When the applied field
increases in magnitude, the internal field and current densities penetrate
inward and, for sufficiently high values of fields, are present throughout
the sample. Several models have been proposed for describing the field
and current distribution in a superconductor. One of the most widely
used of the critical-state models is the Bean critical state model, which
has also been employed to calculate /. via magnetic measurements in this
work and is described in this section.

The Bean model states that whenever a current flows in a
superconducting wire, it assumes the constant value /. in the critical state.
In the low-field case, in which there is a field- and current-free region
near the centre, the internal field at the surface, x = +a, is equal to the
applied field, B,, whilst there is a depth, x = +a’, inside the
superconductor at which the internal field drops to zero. The differential
equation, obtained by substituting J,,(x) = J. in eq.(1.28), gives a linear

relationship between B, (x) and x:

x—a
B =B '<x < 1.24
w=n(iry)  @sxsa (L2
B,(x) =0 —a' <x<d (1.25)
a +x ,
B,(x) = B, (a’ — a> —a<x<-a (1.26)

The distribution of internal magnetic field, B,(x), and current density,
Jy(x), has been plotted in fig.(1.13a and b). These results imply that only

the fraction of the wire needed to carry the current density /. transports
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a current with a value different from zero, and that, when the total
current [, increases, this thin layer thickens, always carrying /.. In the
high field case, in which the fields and currents exist throughout the

superconductor, the internal magnetic field distribution is given by:

X —a
B,(x) = B, + B (T) 0<x<a (1.27)

X+ a

Bz(x)zBO—B*< ) —a<x<0 (1.28)

where B* is the characteristic field for which the field and current reach
the centre of the wire. In fig.(1.13b and c), the distribution of internal
magnetic field, B,(x), and current density, Jy(x), has been plotted, for

B, = B* and B, = 2B", respectively.

(a) (b) (c)
B.(x) 28"
B* Bt
g \ / \/
-a 0 a -a 4] a -a 0 a
Je Je J
Jy(x)
o ra— a o — a S a
'Jc 'Jg; "‘Jc

Figure 1.13. Magnetic field and current distribution according to the Bean critical
state model in a Type II superconductor. The plots are shown for normalized applied

fields given by (a) By/1oJ.a = 1/2, (b) B/poJ.a = 1 and (c) By/uoj.a = 2 [1].

J. values can be derived from M-H hysteresis loop. In order to derive J,

values from the experimentally measured magnetization ones, the Bean
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critical state model is used. As described above, this model assumes that
critical current flows where the field is present, in accordance with the
Maxwell equation (1.3) (this is called a critical state), and that, wherever
the current flows, it always has the magnitude given by J.. Therefore,
when an external magnetic field A is applied to a superconductor of
characteristic dimension t, the relation between the internal field B and
the critical current density /., as expressed by eq.(1.13), becomes:

B = /.t (1.29)

For a rectangular slab (which is the typical cross-section of the samples
produced and characterised in this study),the critical current density is

determined using the following relation:

_ 20AM

. (1.30)

(o}

where AM is the difference between the two branches of the volume

magnetisation hysteresis loop -as shown in fig.(1.14)-, and /.. is expressed

in A/cm?2.
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Figure 1.14. Volume magnetisation hysteresis loop used to determine the critical
current /. density as described in the text.
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1.7 Historical review of superconducting
materials

As mentioned in Chapter 1.1, Hg became the first known superconductor,
when Onnes [1] found that below 4.15 K of the dc resistance of mercury
dropped to zero. In the first decades after the discovery of
superconductivity in Hg, researchers focused their studies on pure
elements. In 1913, lead was found to be superconducting at 7 K, while in
1930 niobium was discovered to be a superconductor with a 7: of 9.2 K. A
further increase in the superconducting transition temperature was
achieved with the discovery of superconductivity in the brittle
compounds NbN (7t~15K) in 1941 [14], and thereafter in NbsSn
(7t~18K) in 1954 [15]. Both materials were type-Il superconductors
with the upper critical field B, (25 T for Nb3Sn) well above those of pure
metals. It is also worth noting the discovery of two other interesting
niobium compounds, namely NbTi (7:~10K, B., = 10 T) in 1961, [16],
and NbsGe (7c~23.2K, B, = 10T) in 1973, [17]. In particular, the latter
compound held the record for the highest 7¢ until 1986, when the
observation of superconductivity in Ba-La-Cu-0 system initiated the era
of high-temperature superconductivity [18]. This definition was
introduced to distinguish the new discovered material which, with 35 K,
exceeded the critical temperature of 30 K which had theoretically been
predicted to be the ceiling for superconductivity from the previously
known materials, classified as low temperature superconductors, which
all had a 7t of below 30 K. This discovery also unveiled the potential of
Copper Oxide systems which, since then, have become subjects of an
intense study by researchers. In 1987 the incredible 7: of 93 K was
achieved in YBa:CuzO7 (generally referred to as YBCO), [19] - a big

achievement also from an engineering point of view considering that
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liquid nitrogen (which is much cheaper than helium) is sufficient to cool
YBCO into its superconducting range. In 1988 superconductivity reached
110 K with the discovery of Bi2Sr2CazCuz010 [20], which was synthesized
by adding Ca to BiSr2CuOs (known as Bi-2201). The study of the Tl based
systems boosted the 7t up to 125 K with the discovery of Tl;Ba2Ca2Cu3z010
(T1-2223) in 1988, [21], a record which was further increased by Berkley
et al. [22] who reported a 7t for Tl2Ba2CazCu3010-x under a pressure of
7 GPa. In the nineties the researchers focused their attention to studying
the mercury compounds achieving the highest reliable 7: ever measured
till date, 164 K, in the HgBa2CazCu3z0s system under 30 GPa pressure [23].
The discovery of superconductivity at 39 K in MgB2 in 2001 by
Nagamatsu et al [24] opened a new frontier in the application of
superconductors. In fact, its transition temperature, which is
intermediate between the 7: of LTS and those of HTS, offers the
possibility of wide engineering applications in a temperature range of
20-30 K, where the conventional metallic superconductors, such as
Nb3Sn and NbTi, cannot play any role due to their low 7t In the last
fifteen years, great effort has been made to improve the material
properties of MgB: to meet the performance required for practical
applications, and the results of this intense research work will be
presented in the following sections.

It is also worth noting the discovery of superconductivity in oxypnictides
in 2008 by Y. Kamihara et al, who found LaFeAsOogoFo11 to be
superconducting at 26 K [25]. The 7: of this material was further raised
by C. Wang et al. [26] to 56 K at ambient pressure by replacing La with
other rare earth ions of smaller radius, such as Gd, achieving a value of 7¢
that is second only to the high 7: cuprates.

Fig.(1.15) shows a plot, provided by [27], comparing critical current

density performance as a function of magnetic field for the best
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Critical Current Density (A/mm?, 4.2 K)

literature-reported superconductors. The best J. performance was
reported for metal-organic chemical vapor deposition (MOCVD) grown
YBCO double layer tape which achieved the outstanding value of over
107 A/cm? at 4.2 K in 20 T when the applied field is parallel to the tape
plane [28]. For a better comparison between superconductors, a
comparative 7-H phase diagram for different superconducting materials

is shown in fig.(1.16) [29].
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Figure 1.15. Critical current density vs. applied magnetic field for some of the best
literature-reported superconductors (the plot is provided by [27]).
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Figure 1.16. Comparative 7-H phase diagram for different superconducting materials.
The solid and dashed lines show the upper critical fields H:.2(7) and the irreversibility
fields A*(7), respectively for Hc, [29].

In order to maximise the pinning strength, thus enhancing /, intensive
research has been conducted in the field of materials science, attempting
to introduce defects into the superconducting materials to offer plentiful
pinning sites.

In LTS compounds, the pinning strength was observed to be strongly
related to the conditions at grain boundaries. This behaviour was first
demonstrated in Nb3Sn by Schauer and Schelb [30], who found that the
pinning force increases inversely to the grain size. This result was then
extended to other materials, including MgB2, in which reaction at high
temperature was found to be detrimental in that it leads to larger grains
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and thus to a reduced pinning force. This behaviour can be explained
considering that at grain boundaries the periodicity of the lattice is
broken, which favours the formation of dislocation and defects that
create the condition for a greater number of vortices in that region. The
main challenge in these systems is, therefore, reducing the grain size as
much as possible in order to achieve the maximum pinning force.

In contrast to LTS compounds, the dominant effect for the pinning
behavior in HTS compounds is not the grain boundary type, but the
vortex dynamics inside the grains play a decisive role. One of the most
successful route to improving the pinning behaviour in HTS compounds
is the inclusion of nanoparticles. These additives were seen to enhance
the pinning force and, consequently, f of REBa;Cu3Oy (RE: rare earth
elements, RE123) coated conductor tapes using nanoparticles [31]. The
addition of RE203 nanoparticles was also found to be beneficial to the
reduction of anisotropy in [32]. Another successful way to create pinning
sites is that developed by Civale et a/ who irradiated YBCO with heavy
ions, such as tin, in order to produce damaged tracks that serve as
containers for flux lines [33]. In particular, they managed to calibrate the
irradiation dose corresponding to the expected number of flux lines, so
that there was one columnar defect with which to confine each vortex.
Such a microstructure, which consists of very long columns of highly
defected material, was observed to be capable of enhancing flux pinning,
enabling a considerable enlargement of the irreversibility region in the

H-T plane.
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1.8 Introduction to MgB;

Our research activity has been focused on the improvement in transport
properties of MgB2 bulk and powder by the optimization of sintering
conditions. Since the discovery of superconductivity in magnesium
diboride by Nagamatsu et al. in early 2001 [24], magnesium diboride has
been one of the most widely studied superconductors due to both
scientific and engineering characteristics and economic reasons, which
will be discussed in more detail in the following sections.

First of all, the critical temperature of about 39 K is intermediate
between those of LTS, such as NbTi (T, = 9 K) and NbsSn (T, = 18 K),
and those of HTS, such as Bi2Sr2CaCuz20s-x (T.~90K) and (Bi,
Pb)2Sr2Ca2Cu3010-x (T,~110 K). This 7: value allows readily available,

inexpensive closed-cycle refrigerators to be used rather than the
expensive Liquid He cooling system. MgB: has also demonstrated to have
interesting f properties and strong grain coupling due to the long
coherence length. These outstanding properties have been explained on
the basis of the electronic structure of MgB: that is similar to that of
graphite, since it is comprised of honeycomb boron layers separated by
magnesium layers, as shown in fig.(1.17), [34]. In particular, its electronic
structure can be described by an effective two-band model, or better as
two coupled (single-band) model superconductors characterized by a
strong interband coupling that reduces the large gap and the
corresponding transition temperature. The finite interband coupling
causes superconductivity to appear always in both bands simultaneously,
that means at the same transition temperature. The upper critical field,
Hc2, which is relatively low in pristine MgB: samples, due to the long
coherence length ¢ and poor flux pinning strength [35], can be

significantly enhanced by C doping, neutron irradiation, etc. In particular,
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outstanding values of H21(4.2)~35 T and H»'"(4.2)~51 T were measured
perpendicular and parallel to the ab plane in C-alloyed films [36].

Figure 1.17: Crystal structure of MgB2: hexagonal layers of boron atoms (orange
spheres) are interleaved by layers of magnesium (blue spheres) centred on the
hexagons. The lattice constants of the hexagonal unit cell are a=0.3086 nm, b=0.3524
nm [29].

1.9 Chemical doping of MgB;

1.9.1 Chemical doping of MgB,: substitution and
addition effects

Of all the approaches targeted for the enhancement of transport
properties in MgB2 bulk samples, one of the methods proven most
successful is chemical doping, by virtue of the beneficial effects that
addition and/or substitution of chemical elements to the MgB: lattice

entails.

In the next section, a literature review of the main results achieved in the
field of the chemical doping of MgB2 bulk samples and MgB: wires and

tapes will be presented. In the present session the mechanisms that lead
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to the enhancement of the critical properties of MgB: are elucidated by
analysing the effects that the improvement of the microstructure by

means of chemical doping in particular has on J. and H,, of MgB..

There are basically two kinds of doping effects: substitution and addition
effects [37]. With regard to the substitution effect, the dopant substitutes
into the B or the Mg crystal site, thus providing impurity scattering of
charge carriers and results in changes of the electronic state, lattice
distortions, and crystallinity. This will drive MgB2 to the “dirty limit” and

hence enhance the H., and Hj,.

In the case of magnesium diboride, the effects of substituting carbon for
boron proved by far the most effective and interesting from the
perspective of industrial applications of the material in the area of high
currents and high fields, generating great interest in the research
community. The substitution of carbon for boron has been found to have
a profound impact on the carrier density and impurity scattering. This
behaviour has been explained by virtue of the two-gap structure of MgB..
Carbon, which has one more electron than boron, donates electrons to
the o band resulting in an enhancement of charge carrier scattering
occurring on C-substituted sites and Mg vacancies within the two energy
bands in MgB:. This scattering has been thought [38] to be responsible
for the considerable upper critical field increase. Gurevich et al have, in
fact, pointed out that H., can only be affected by disorder on a scale
smaller than the clean limit coherence length GL, ¢,;, which is about 8-10
nm, and the increase in H,, therefore indicates a strong scattering on the
atomic scale (10 nm) that is most likely due to the C impurities on the B

planes.

Instead, the particles doped by addition will remain between the grains
only, producing a substantial effect on the grain growth and grain
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connectivity, while also having a role in grain boundary flux pinning.
With regard to magnesium diboride, the addition of Ti has proved to be
very effective in improving the J.(H) behaviour [39]. Ti does not enter
the lattice of MgB2, and thus has almost no effect on T, and H.,. By
improving the microstructure, doping with Ti, though, enhances grain
boundary pinning in MgB2; consequently, this improves J, in particular at
low fields. Because the H,., of MgB: is relatively low and the improvement
of H;, by doping with Ti is very limited, the resulting critical current
density performance at high field is quite modest. Moreover, the addition
of Ti eliminates the porosity present in the carbon-doped MgB: pellets,
resulting in an improved intergrain connectivity and an increase of

effective current pass.

1.9.2 Literature review on the chemical doping of
MgB: bulk samples

In recent years, various kinds of chemical doping of MgB: bulk samples,
including single elements (metal and non-metal), silicates, various
carbon sources, and other compounds have been investigated and
reported. In particular, doping by carbon and silicon-containing
compounds such as carbon nanotubes (CNT), B4C, SiC, carbohydrate, Si
and SiO; has attracted the interest of researchers and is generally
regarded as the most promising route to higher / performance
superconductors. In this section, the progress of experimental efforts in
the doping of bulk MgB; using these doping sources, and also titanium
and yttrium, and the effects of these kinds of doping on /. and A will be
reviewed.

Promising results on the physical and magnetic properties of MgB2 bulk
made from carbon doped boron powder have been presented by Young

32



et al [40]. The authors developed a method of intrinsically homogeneous
carbon loading by chemical vapour deposition (CVD) of C on to the B
precursor powder by using ethylene gas. They have found that CVD
coating of boron powder is capable of achieving full carbon substitution
at the nominal doping level up to 7%. Moreover, the 4% C-doped sample
exhibited significantly high critical current density performance, reaching
values as high as 16.5x104* A/cm? at 20K in 2 T, and 5.4x10% A/cm? at
5Kin5T.

Yeoh et al [41] have showed that carbon nanotube-doped (CNT-doped)
samples exhibit optimum /, in particular at high sintering temperatures
(=900°C) at which carbon substitution for boron becomes the preferred
process. The same authors have found that the use of ultrasonication
favours a more homogenous mixing of CNTs with the precursor powder
and improves reaction between the dopant and MgB: matrix resulting in
a significant enhancement in the field dependence of the critical current
density [42]. The reported values are 8.6X10* A/cm? at 20K in 2 T, and
7.2%x104 A/cm? at 5 Kin 5 T, for samples at the 10% CNT doping level.

A comparative study of Yamamoto et al. [43] on the doping effects of SiC
and B4C on the superconducting properties of MgB: has shown that,
although both are effective dopants for improving /, the former is
preferable in that it provides moderate amounts of carbon even at low
temperatures (=600°C). In fact, whilst the magnetic field dependence of
critical current density for the B4C doped samples is significant only for
treatment at temperatures of 850°C (/) reached as high as 4.3x10* A/cm?
at 20K in 2T, and 4.9%x104A/cm? at 5K in 4.7 T), SiC doped samples
showed significant /. properties (the reported values are of 3.7x10%*
A/cm?at 20K in 2T, and 3.1X10% A/cm? at 5K in 4.8 T) even in the low-
temperature synthesis performed at 600°C. This behaviour, for SiC

doping, has been explained by Dou et a/in their dual reaction model [44],
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wherein the fresh reactive C released from SiC at low temperature
(=600°C) -at which SiC reacts with Mg to form Mg;Si- can be easily
incorporated into the lattice of the MgB.. The possibility of attaining
moderate carbon substitution with the low temperature synthesis,
combined with the enhancement of grain boundary pinning due to
comparatively small grain size and poor crystallinity, is considered to be
responsible for the improvement of Az and, consequently, of /£ at high
field for the SiC-doped samples sintered at 600°C.

Wang et al. [45] have explored this approach, preparing nano-SiC doped
samples by using the hot-isostatic pressing method, and nano-Si and
nano-C doped samples, which were used as comparative benchmark. The
best ) performance was measured for the 10 wt% SiC doped sample,
which exhibited values as high as 30.3x10%A/cm?2 at 20K in 2T, and
15.4x104A/cm? at 5K in 5 T. The same authors also observed that the
particle size significantly affected pinning, and that the smaller the
particles were, the smaller the dimensions of the Mg,Si impurities phase
formed, and the stronger the flux pinning. They claimed that the larger
grain sizes of Si and C (40-60 nm), as compared to that of SiC (20 nm),
explained the difference in J. performance in favour of the SiC doped
samples.

Excellent J.(H), particularly at high fields and low temperatures (the
reported values were 17.3xX104 A/cm?2 at 5 K in 5 T), have been achieved
by B ] Senkowicz et al. [46] for pre-reacted MgB: doped with C by high-
energy ball milling of powdered graphite. The combined effects of carbon
doping and grain refinement, which results in a high grain boundary
density, are believed to be responsible for both the excess electron
scattering, lowering T,, and the large flux pinning force, enabling high /.
The authors also found that carbon concentrations higher than 7%

depress J. properties due to connectivity breakdown, resulting in well
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connected “islands” in a poorly connected “matrix”, suggesting that
excess carbon constitutes a barrier to sintering.

Interesting /. performance have been reported [47] for MgB. samples
prepared from 2 h milled and glycerin-treated boron powder which was
mixed with magnesium powder and heat-treated at 900°C. The reported
critical current density values were as high as 3.7x10% A/cm? at 20 K in
2T, and 5.7x10* A/cm? at 5 K in 5 T. These results have been attributed
to the enhancement of Az and /J due to both the decrease of the grain
size and the deterioration of the crystallinity caused by the ball milling of
the B powder, and a lattice distortion or strain due to C substitution for B

achieved by glycerin addition.

With regard to Si and silicides, it was reported [45] that samples doped
with nano-sized (<100 nm) Si powder showed a significantly improved /.
field dependence over a wide temperature range compared to both
undoped samples and coarse (44 um) Si-doped samples. Rui et a/ [48]
have successfully synthesised bulk MgB2 with SiO; nanoparticles added.
The best J. performance was obtained for the 7% SiO2-supplemented
sample, reaching 8.2x104 A/cm2 at 20K in 2 T, and 4.9%x104 A/cm? at 5 K
in 4.7 T. The addition of SiO2 nanoparticles was observed to be capable of
enhancing / at low fields without causing a huge drop in 7.. However, it
was ineffective in producing as significant an improvement of /% at high
fields as was produced in low fields, achieved by other dopants such as
nanodiamond powder [49]. This discrepancy has been attributed by the
authors to the comparatively low pinning efficiency of MgSiz inclusions
due to their excessively large size (50 nm) as related to the ab plane
coherence length of MgB3, which is about 6-7 nm.

Shen et al/ [39] have investigated the doping effects of carbon and

titanium on the critical current density of MgB,. The samples were
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prepared by a solid state reaction at ambient pressure using, as starting
materials, B powder and Mg powder which were mixed with graphite
and/or Ti powders, ground and sintered at 800°C. The results of their
XRD analysis and magnetization measurements showed that, on the one
hand, Ti does not enter the lattice of MgB2, and therefore it has no
significant effect on 7t and Hc, and limited effect on Hi, resulting in a
significant improvement of f, mainly at low fields, due to a strongly
grain-connected and highly dense structure. On the other hand, C
introduces impurity scattering centres in the MgB: lattice, leading to a
decrease of Tt but an increase of A and Hir, creating a slight reduction
of ). at low fields, but a significant improvement at high fields. The
addition of both C and Ti was found to be largely cooperative in
improving the superconducting properties of the MgB; throughout the
whole field range. The authors found that the C-Ti-doped sample has the
largest value of the flux pinning force, #, for field values above 2 T, which
results in the best £ performance in the range between 2T and 5T.
Below 2 T, the F, and / values, although slightly lower than those of the
Ti-doped sample, are significantly improved when compared to those for
undoped and C-doped MgB2 samples.

Wang et al/ [50] have also studied the superconducting properties of
MgB: samples doped by addition of Y203 nanoparticles. The samples
were prepared from boron powder, Y203 nanoparticles and magnesium
powder by mixing and sintering them at 900°C. The best /. performance
was measured for the 10 wt.% Y203 doped sample with values as high as
8.2x10*A/cm? at 20K in 2T, and 2.7x10*A/cm? at 5K in 5T. The
formation of MgB2 with a uniform dispersion of YB4 nanoprecipitates of
3-5nm size, with larger 10 nm precipitates occurring at grain
boundaries, was believed to be responsible of the significantly high

irreversibility field and critical current density up to 4-5T. Above that
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field range, the presence of additional phases was observed to impair the
superconducting properties of the doped samples.
Listed below in Table 1.1 are the literature-reported values of /. at 5 and

20 K for the MgB: bulk samples doped employing the methods described

above.

METHOD Jcat5K Jcat20K
Mg(Bo.96Co.04)2 prepared with | 5.29%x105A/cm?in2 T 49%105A/cm2in1T
C-CVD doped boron [40] 54x104*A/cm2in5T 1.93x103A/cm?in5T

MgB1.80(SiC)o.10
method [43]

by  PICT

1.17x105A/cm2in 2 T
3.1x10*A/cm2in 4.8 T

8.14x104*A/cm2in1T
2.15x103A/cm2in 5T

MgB1.5(B4C)o.10 by PICT

1.66x10°A/cm2in 2 T

1.12%x105A/cm2in 1T

method [43] 49x10*A/cm?in4.7 T 0.9%x103A/cm?in5T
MgB2+10% SiC made by HIP | 4.56x105A/cm?in2 T 5.72x105A/cm?in 1T
[45] 15.4x10*A/cm2in 5T 10.3x103A/cmZin 1T

Mechanically alloyed | 5.32x10°A/cmZin 2T
Mg(Bo0.93Co.07)2 [46] 17.3x104*A/cm?2in5T
2h  milled+glycerin added | 1.61x10°A/cm?in 2.7 T | 1.03X10°A/cm2in1T

MgB: [47]

5.7x10% A/cm2in 5T

0.26X103A/cm2in5T

7% SiOz-supplemented MgB:
[48]

2.9%x10°A/cm2in 1T
0.4%103A/cm?2in 4.6 T

Mgo.95Ti0.0sB1.95Co.0s by solid
state reaction of mixtures of B,
Mg, graphite and Ti

powders[39]

1.11x105A/cm2in 1 T
0.11x103A/cm2in5T

10 wt% Y203 doped MgB2 [50]

2.19x10°A/cm2in 2.7 T
2.7x10*A/cm?2in5T

2.07x10°A/cm2in1T
0.6X103A/cm?2in5T

Table 1.1: Literature-reported values of /: at 5 and 20 K for the MgB: bulk samples
doped as described in Chapter 1.9.2.
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1.9.3 Literature review on the chemical doping of
MgB: tapes and wires

In the previous section, the main results from the literature on the doping
of bulk MgB: using different types of doping sources have been reviewed
and the effects on the superconducting properties of the sintered samples
have been described. In this section, in order to provide a more complete
picture of doping sources and synthesis methods for MgB2, as well as to
highlight the differences existing with respect to bulk samples, the most
successful attempts to dope MgB:2 wires and tapes are reviewed.

Kim et al [51] have investigated the doping effects of single-walled
carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTSs) on the superconducting properties of MgB;/Fe wires. The
wires were prepared by mixing powders of magnesium, boron, and
SWCNT or MWCNTSs. With regard to multi-walled carbon nanotubes, two
different batches were used with the respective lengths of 0.5 pym in
length (MWshortCNT), and between 0.5 and 200 pm in length (MWiongCNT).
The mixed powders were then packed into iron tubes which were drawn
to 1.42 mm diameter wires and sintered at 800-900°C. The best]J.
performance was observed for the SWCNT doped wire sintered at 900°C,
with values as high as 1.04x10% A/cm? at 5 K in 10 T. This enhancement
of in-field J. was more significant than that achieved by the MWt CNT
doping and much more than that by the MWonCNT doping, and this
behaviour was attributed to a comparatively high level of C substitutions
into the B sites. These results were consistent with those of T,, the value
of which was estimated to be 35.5 K for the SWCNT doped wire, which is
lower than that for either the MW CNT sample (36.4K) or for
MWiongCNT one (37.7 K).

The same author [52] has also investigated the microscopic origin of the

increased scattering rate observed in the case of doping with carbon, and
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the reasons behind the low-field properties of C doped samples, by
undertaking malic acid doping of MgB.. The wires were obtained using
composite powders, prepared by mixing boron powder, toluene and
malic acid, drying them out, and then milling them with magnesium
powder. The following steps involved putting them into Nb/Monel
cladding, drawing them to a final outer diameter of 0.864 mm and
sintering at 650°C. The samples exhibited significant /. properties, and
the malic acid was observed to improve both high-field and low-field
critical current density (J.reached as high as 4.42x10% A/cm? at 20 K in
3.7T, and 2.19%104*A/cm? at 5K in 10T). They found that the
microscopic origin of the improved high-field properties is due to boron
vacancies. In fact, their analysis showed that boron vacancies generate
intrinsic stacking faults within the MgB: grains, which causes lattice
distortion, and these structural defects were considered to be
responsible for the observed increase in the impurity scattering, and
therefore for the enhanced upper critical field. Moreover, the inclusion of
malic acid leads to boron encapsulation by carbon, which prevents
agglomeration during heat treatment, yielding denser packing and a
reduction in the percentage of voids from 50% to 40%.

As for doped MgB: bulk samples, one of the most promising doping
sources is SiC. Matsumoto et al [53] fabricated nanometre-scale SiC-
doped MgB: tapes by using two precursor powders, MgH2+B and Mg+B,
as starting materials, each of which was mixed with SiC powder of
~30 nm in size. The two resulting mixed powders were then packed into
pure iron tubes which were cold rolled into tapes and heat treated at
600°C for 1 h. SiC doping was observed to decrease the sensitivity of /. to
magnetic field and, therefore, to enhance the critical current density
properties in samples prepared both from Mg+B powder, and MgH:+B
powder. The best J. performance (1.52%104A/cm?2 at 5K in 10 T) was
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obtained for the tape prepared using MgH>+B powder with a SiC doping
level of 10 at%, whilst the tape with M+B powder reached values as high
as 0.44x10* A/cm? at 5K in 10 T with a doping rate of 5 at%. The higher
value for the MgH>+B powder has been attributed to the promotion of
reaction of Mg and B and the higher density of MgB: achievable by using
MgH:+B powder as starting material and to its ability to avoid the
oxidation of reacted MgB..

The effects of SiC doping on the transport and magnetic properties of
MgB: wires have also extensively been studied by Kovac et al. [54]. They
manufactured and characterised four-filamentary MgB. wires made by
the rectangular wire-in-tube technique (RWIT) and prepared from
different initial powders (ex situ, in situ, ex situ/in situ mixture and
mechanically alloyed) and sheath materials (Fe, Nb/AgMg, Ti/Cu/Inconel
and Ti/Cu/Monel). Ti/Cu/Monel sheathed MgB: wires made from
mechanically alloyed SiC-doped powder were observed to achieve the
best J. (B) performance at both 4.2 K (2.3X10* A/cm?2 in 10 T) and 20 K
(2.37%103A/cm? in 5T). These results have been attributed to the
combined effect of a more pronounced carbon substitution and finer
grain structure, which was thought to enhance the grain boundary

pinning.

A strong enhancement of /, over the whole field range, has been reported
by Flikiger et al [55] in in situ MgB: wires with malic acid (C4HeOs)
obtained by Cold High Pressure Densification (CHPD). The C4H¢Os added
wires exhibited /. values enhanced by a factor of 2.1 at 4.2 K (reaching
values of 5.1x10*A/cm? in 10T), and even stronger at 20K
(1.12x104*A/cm? in 6T), when processed by CHPD. This room
temperature technique was observed to have the effect of both enhancing

the mass density of the unreacted Mg + B filament, and to lead to a higher
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C content in monofilamentary malic acid (C4HsOs) added MgB: wires.
These densification effects resulted in a higher homogeneity due to
enhanced connectivity and were believed to be responsible for the
observed enhancement of B by more than 1 T,up to 11 T at 20 K.

Li et al. [56, 57] have investigated an interesting variant of the in situ PIT
route, known as the “internal Mg diffusion” (IMD) process, as described
by Giunchi et al [58], in which a Mg rod embedded axially in a B-filled
tube is subjected to wire drawing and then heat treated. Using fine boron
powders in situ doped with C from the reduction of CHs, they
manufactured MgB:; wires exhibiting both optimum connectivity and high
fill factors. The IMD process was observed to eliminate porosity which,
on the other hand, develops at the Mg powder sites during heat
treatment in PIT MgB: wire. These improved structural properties
resulted in the enhancement of both critical current density, /., and
engineering critical current density, /., which, in the case of their best
sample, a full reacted monofilamentary 2 mol% C doped strand produced
by using a reduced diameter of 0.55 mm to obtain full reacted wires,
reached the values of 1.07x10>A/cm? and 1.67x10*A/cm? at 4.2K in
10 T, respectively. The authors also produced and characterised strands
having higher C doping percentages (3 and 4 mol% C). Although the
MgB: layer J. was higher for the 3 mol% C sample, the suppression of the
MgB: layer growth, caused by the increased C concentration, produced a
reduction of the non-barrier /. (defined by taking into account both the
area of MgB: and the area of the non-superconducting B-rich region)

compared to that of the full reacted wires.

Matsumoto et al [53] have also investigated the effect of SiO2 nano-
powder doping for the powder-in-tube processed MgB: tapes. They
observed that the highest /. value was obtained by adding 2.5 at% SiO-
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(1.52%x10%*A/cm? at 5 K in 10 T), but higher percentages of doping were
observed to have a detrimental effect on the superconducting properties.
The SiO;-doping exhibited a substantial enhancement of the critical
current performance at low magnetic fields as compared to undoped
samples, however, it did not improve the field dependence of /.. This
behaviour has been attributed to the improvement of the packing density
of MgB: and of the connectivity of the MgB: grains, caused by doping with
SiO2, whilst flux pinning properties were not improved. Unlike SiC, the
SiOz-doping of the tape prepared with MgH>+B powder exhibited a
degradation of /. with magnetic field, even greater than that of a non-
doped tape. The reason for that is thought to be the degradation of MgB:
core by H20 which derives from the deoxidation of SiO2 by H: released
from the decomposition of MgH-.

Apart from C and Si, other doping sources, such as Ti and Ni, have proved
to be successful in enhancing in-field current density of MgB2 wires and
tapes. Fang et al [59] have fabricated Fe-sheathed Ti-doped wires by
stoichiometrically mixing Mg, B, and Ti powders according to Mgo.oTio.1B>.
The resulting mixture has been milled in a ball milling for 2 hours, filled
in a tube that has been rolled into a square wire first and then flat rolled
into a 2.5 mm by 0.2 mm tape, and finally heat treated between 600 and
900°C. They noticed that the field dependence of Ti doped MgB: tape was
better than that of the undoped sample above 1.5 T (J. reached as high as
5.8x10%A/cm? at 20 K'in 2 T), whilst being slightly worse below this field
value. This enhanced current carrying capability is thought to be due to
the formation of TiB; phase within the MgB2 matrix.

Novosel et al [60] have investigated the structural and transport
properties of pure iron-sheathed MgB2 wires doped with about 1.3 and
2.52 wt% of carbon protected nickel nanoparticles. They observed that,

although neither substitution of C for B nor that of Ni for Mg occurred,
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doping of MgB: with nickel nanoparticles resulted in significant
enhancement of /. at low temperature and high field. The bestJ.
performance was measured for MgB:+Ni/C 1.3 wt%, which reached
values equal to 1.56x10*A/cm? at 20K in 4 T, and 0.32xX10%*A/cm? at
5K in 10 T. These results suggested an enhancement of the vortex
pinning in doped samples, and the type of pinning mechanisms involved
was found to be the same both for undoped and doped samples, namely,
the grain boundary pinning. In contrast, no improvement of the critical
current density performance at low fields was observed for the wire
doped with 2.52 wt% of nanoparticles as compared to the undoped wire.
Therefore, there is no evidence for magnetic pinning of vortices by Ni
nanoparticles, as instead predicted [61] and observed [62] for MgB:

samples doped with magnetic nanoparticles.

In addition to the in situ route, a different approach, defined ex situ
technique, has been explored by several research groups to manufacture
MgB: wires and tapes. Although both fabrication processes are based on
the Powder in Tube (PIT) method, the ex situ technique differs from the
in situ one in that the former uses pre-reacted MgB:, whilst the latter
starts from a mixture of unreacted Mg and B. The in situ route presents
advantages in terms of lower manufacturing cost and reaction process
temperature, higher fill factor, and ease in doping the material, all
resulting in better J. performance. On the other hand, the ex situ
technique has proved to be capable of achieving better homogeneity over
long lengths and superior control of the powder granulometry and purity
as compared to the in situ way: these characteristics have, in recent years,
encouraged extensive research activity on the optimisation of the
transport and magnetic properties of ex situ processed magnesium

diboride.
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Braccini et al. have achieved significant results in the development of
MgB: mono- and multifilamentary tapes [63, 64] which have successfully
been employed in the development of large-scale application devices. In
particular, they investigated the effects of the addition of SiC and C and
high-energy ball milling of MgB2 powders on the in-field properties of
MgB: tapes fabricated by the ex situ route of the PIT method. Ball milling
was found to both improve the magnetic field behaviour and completely
suppress the anisotropy of the critical current at the longest milling time.
These effects were enhanced in samples prepared trough ball milling of
the powders with SiC nanoparticles or carbon, reaching the outstanding
value of 104 A/cm? at 13 T in the case of C-doped sample.

The effect of ball milling onJ.and H., was further investigated by A.
Malagoli et al. in undoped MgB2 samples ex situ tapes [65]. They found
that particle refinement as a result of ball milling decreased the
crystallite sizes to a value (estimated at 18 nm) comparable to the mean
free path. The resultant density increase of grain boundaries enhanced
both the flux pinning force (no additional pinning mechanisms were
introduced by the milling) and the upper critical field, H., (reaching
values as high as 9T at 25 K). This doubly positive effect resulted in J,
reaching 104 A/cm? at 4.2°K in 10 T with H;.. values of up to 14 T at 4.2 K
in the case of ex situ tapes prepared from ball-milled powders. On the
other hand, the powder milling process was observed to decrease the
connectivity from 12% to 8%, while suppressing both J. and H.,
anisotropy. However, the overall improved J. performance suggested
that the enhanced grain boundary vortex pinning and electron scattering
overrode the effect of poorer connectivity in ex situ tapes prepared with
ball-milled powders.

A. Kario et al have investigated rolled undoped and doped MgB: tapes

prepared by using high energy milled commercial ex situ MgB, powder,
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[66, 67]. High energy milling was found to reduce J. anisotropy, as
evidenced by the low texture observed in rolled undoped MgB: tapes.
Carbon doping was seen to further improve J. isotropy, owing to the
reduction of y, and to enhance /. in high magnetic fields, explained by the
comparatively high values of the temperature dependence of upper
critical field, —duH,., / dT. The highest J. performance was achieved in
the C doped tapes heat treated at 800°C/1 h, with values as high as

3.5%10% A/cm? at 4.2°K in 9 T, being comparable to the best in situtapes.

The combination of mechanically alloyed precursor powders with
nanostructured carbon and PIT tape preparation has been extensively
studied by W. Hafller et al [68]. This research group investigated
CuNi/Ni sheathed MgB: tapes prepared by mechanical alloying of Mg, B
and nanocarbon powder. They found that the use of a double sheath,
(consisting of an inert inner Nb sheath and an outer Cu7oNi3o sheath),
inhibited the formation of a reaction layer. By contrast, the reaction of Fe
with B in Fe-sheathed monofilamentary tapes resulted in an interfering
FezB layer between the sheath and core material [69]. Since the presence
of the FezB reaction layer was believed to hinder current flow into the
superconducting core in the case of Fe-sheathed monofilament tapes, the
improvements in both the magnetic field dependence of J. (10* A/cm? in
16.4 T at 4.2 K), and the higher values of B (12T at 10 K) and Birr
(10.5 T at 10 K) were attributed to the absence of a reaction layer in the
CuNi/Ni sheathed MgB: tapes.

Listed below in table 1.2 are the literature-reported values of /. at 5 and
20K for the MgB. wires and tapes doped employing the methods

described above.
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METHOD

J.at5K

J.at20K

Single-walled carbon nanotubes

doped MgB2/Fe wires [51]

1.04x104*A/cm?in 10T

Malic acid-doped MgB: wires
[52]

2.19x10*A/cm?in 10T

1.28x104*A/cm2in 5T

MgH2+B+10% SiC tape [53]

1.52x104*A/cm?in 10T

5 wt% SiC mechanically alloyed
MgB: wire made by rectangular

wire-in-tube technique [54]

2.3x10*A/cm?in10T

2.37xX103A/cm2in5T

CHPD processed MgB, wire

with malic acid additives [55]

5.1x104*A/cm2in 10T

1.12x104*A/cm?in 6 T

2% C doped MgB; wire by IMD
process [56]

8.9x104A/cm2in 10 T

MgB2+2.5% SiO; tapes [53]

2.56x103A/cm?2in 10T

Ti doped MgB: tape [59]

1.36x104A/cm?in 3.5 T

1.3 wt% Ni/C NPs doped MgB:
wire [60]

3.15x103A/cm?2in 10T

4,15%103A/cm2in 5T

MgB: ex situ tapes prepared
with ball-milled powders with C
[63]

2.8x104*A/cm2in 10T

MgB: ex situ tapes with 5% C
addition [66]

3.44x10%* A/cm? in
85T

CuNi/Nb sheathed tapes with
nanocarbon-doped MgB: [68]

6.2x10*A/cm2in 10 T

Table 1.2: Literature-reported values of / at 5 and 20 K for the MgB: wires and tapes
doped as described in Chapter 1.9.3.
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Chapter 2

Doping and coating methods of MgB:;
superconductor and  characterisation
techniques: experimental details

In this chapter, the technique of chemical vapour deposition of carbon on
boron powder and the sol-gel method of coating boron powder by silica
are described. Moreover, presented here are the characterisation
techniques of x-ray diffraction (XRD), transmission electron microscopy
(TEM), scanning electron microscope (SEM), and vibrating sample
magnetometer (VSM), that were employed to investigate the physical and

magnetic properties of both powder and bulk samples.

2.1 Carbon Chemical vapour deposition
method

2.1.1 Overview of the Chemical vapour deposition

method
The Chemical Vapour Deposition (CVD) method, as schematically

illustrated in fig.(2.1), involves the dissociation and/or chemical
reactions of gaseous reactants in a variously activated environment (by
heating, light or plasma), followed by the formation of a stable solid
product. The deposition involves homogeneous gas phase reactions,
which occur in the gas phase, and/or heterogeneous chemical reactions
which take place in the proximity of a heated surface, leading to the

formation of powders or films.
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Figure 2.1 Schematic view of the chemical vapour deposition process.

The CVD process consists of three basic steps: (a) the generation of the
volatile carrier compound, (b) the transport of volatile compound to the
deposition zone, and (c) the chemical reaction to form a solid product.
These three distinct steps can be easily identified, for example, in the
process of coating metallic tantalum on steel components [70]. The
tantalum pentachloride, generated by flowing chlorine over heated
tantalum powder, is swept along in a stream of argon and mixed with
hydrogen. As the mixture enters a deposition chamber, which has been
pre-heated at 1000°C, the TaCls, is reduced by the hydrogen to form a
coating of metallic tantalum on the target surface. In some cases, the
preliminary step of generating the volatile species is unnecessary
because it is readily available as a gas. For example, this is what happens
in the deposition of carbon from ethylene gas, the process which was
used in this research project to coat boron particles. In other cases, such
as the “pack” processes for aluminising steel or nickel surfaces source,
sample and carrier are all mixed together. When the whole pack (a
mixture of powdered aluminum, ammonium chloride and powdered

alumina) is heated the ammonium chloride decomposes to generate
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hydrogen chloride and, then, aluminum monochloride after having
reacted with aluminum. The reaction of aluminum monochloride, at the
surface of steel and nickel parts, leads to the formation of iron or nickel

aluminide.

The formation of a CVD layer is controlled by nucleation on the substrate
surface. Growth is observed to start at specific nuclei and then to spread
outwards from these nuclei until a complete layer is obtained. This type
of growth tends to generate well-ordered structures which are usually
porosity-free and have density close to the theoretical values of the final
reaction products. The thickness of deposits is limited by the stress
incorporated in the deposit, which is caused by the competition between
neighbouring growth centres, and that generated by the difference in
thermal expansion coefficients between the coating and the substrate.
Moreover, the nature of the mechanism involved determines the extent

to which the coating bonds to the substrate.

Interdiffusion is probably the most powerful bonding factor with CVD
coatings but, in order to develop a sufficiently strong bond, high
deposition temperatures and some interaction between coating and
substrate are required (as happens between titanium carbide and
sintered tungsten carbide at 1000°C). At lower deposition temperatures,
bonding is best achieved with rough surfaces which give a mechanical

key and by removing any interfering oxide or halide layers.

2.1.2 Chemical vapour deposition of carbon on to

the boron precursor powder
As mentioned earlier, the carbon doping of boron precursor powder was

achieved by chemical vapor deposition (CVD) method using ethylene gas.
The nano boron powder supplied by Specialty Materials Inc, with a grain

size of 20-100 nm and a purity of 99%, was placed inside a titanium foil
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in a dedicated stainless steel tube furnace (previously evacuated using a
rotary pump). It was then treated with ethylene gas supplied by BOC
with a purity of 99.92% at various pressures and for different dwell
times. The process conditions (gas partial pressure, dwell temperature
and duration of the process) have been determined based on the targeted
amounts of C doping and will be detailed in the discussion of carbon-
doped magnesium diboride powder and bulk samples in the following
chapters. The proposed mechanism for the reaction of C-CVD coating of

boron powder is as follows:
C,H,~>CH, + C. (2.3)

The chemistry of this process was previously investigated for thermal
decomposition of ethylene on Pd [71]. The results reported have shown
evidence of how ethylene thermally decomposes at a temperature that
depends on the presence of a catalyst, first into ethynyl (CCH), a stable
intermediate in the ethylene dehydrogenation. In the second stage of the
reaction, raising the temperature brings the decomposition of CCH to
completion, and carbon adatoms form on the Pd (110) surface. In order
to verify whether in the case of boron an absorption of carbon species
occurs, it would be necessary to investigate the process at reaction

temperatures sufficiently low so that only the ethynyl species is present.

The C doped boron powder was then reacted with magnesium rod
supplied by Sigma-Aldrich with a purity of 99.9% to prepare C doped
MgB: powder and bulk samples.
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2.2 Sol-gel method

2.2.1 Overview of the sol-gel method

The first studies of the sol-gel method are attributed to Ebelmen and
Grahan who studied the formation of silica gel starting from silicon
alkoxides in 1846. Interest in this synthesis methodology, however, has
greatly increased in recent decades in response to the rising demand for
innovative materials and alternative techniques for their synthesis.
Through the sol-gel method it is possible to synthesize inorganic
materials (oxides, glassy materials) in the amorphous polycrystalline
state as well as hybrid materials. The method, owing to the numerous
adjustable parameters, enables the production of materials with a high
degree of homogeneity and purity in either bulk form or in the form of

thin layers.

The sol-gel method is classified as a "soft chemistry” synthesis
methodology, in that the solid state is obtained starting from low
temperatures, operating in particularly mild experimental conditions,

unlike other techniques which require more severe operating conditions.

From a chemistry point of view, the process involves a series of
hydrolysis and condensation reactions, the first stage of which involves a
"sol" or colloidal suspension; the next step involves the formation of the
"gel", which consists of a rigid grid still immersed in the liquid.
Depending on the subsequent processing of the gel, it is possible to

obtain materials in bulk form, thin films, powders, or fibres.

The precursors generally used within the sol-gel method can be alkoxides,
acetates or inorganic salts like chlorides and nitrates. Alkoxides are the
most commonly used precursors (in the sol-gel process), both because of

the existing M-0 bond, and because the chemical-physical characteristics
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vary according to the nature of the M and the alkoxide groups to which
they are bound. In general, the reactivity to hydrolysis is particularly
strong for transition metal alkoxides due to the fact that the metallic
centre is susceptible to nucleophile attack and can increase its
coordination number. In the case of silicon the reactivity is less

pronounced because the Si-O bond is less polarized than the M-O one.

2.2.2 Sol-gel method stages

The sol-gel process involves four principle stages, represented

schematically in fig.(2.2) below [72].

Hydrolysis
Solution of

precursors 9

) Condensation

o
=
=
>
b}

Heating

Product — Xerogel

Densification

Figure 2.2: Sol-gel method stages.

2.2.2.1 Solution of precursors

The preparation of the precursor solution requires the mixing of different
agents: the precursor(s), the organic solvent, water for hydrolysis

reactions and, if needed, the catalyst.
2.2.2.2 Sol-gel transformation

As mentioned previously, the reactions that determine the transition

from sol to gel are, in the case of alkoxides, of two types:
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M(OR), + H,0>HO — M(OR); + R — OH (2.3)
(OR); — M — (OH) + (OR)5 — M — (OH)>[(OR); — M — 0 — M — (OR);] + H,0 (2.4)

The above are competing reactions of hydrolysis and condensation,
respectively, that are triggered when preparing the solution of the

precursors; it is difficult to study them separately.

Such reactions lead to the formation of a gel, a structure partially
solidified in the lattice containing one part solvent and a certain amount
of water that is not used in the hydrolysis as well as the water produced
following the condensation of the hydrolysed species. If the condensation
reactions take place before the hydrolysis is complete, it causes
premature gel formation and the resulting gel still contains organic
groups. This effect may be more or less marked depending on the

operating conditions.

The parameters that most affect the course of the reaction and the
properties of the final material are the nature of the catalyst and the pH
of the solution; they influence, in fact, both the speed of the various
processes and the structure of the material. In the case of acid catalysis,
the rate of hydrolysis decreases as the reaction progresses so that the
polycondensation starts before the hydrolysis is complete. In this case,
the structures formed are of the linear type, with few branches. The gel
obtained is solid and has high density. The opposite occurs in the case of
basic catalysis, in which the polymers that are formed are much more
extended and branched but not interconnected. A progressive cross-
linking occurs, joining the various cells in the course gel formation. After
drying, a low density gel in particulate form is obtained, which is more
porous than the previous form. The gelation of the solution is evidenced
by a sharp increase of system viscosity (gel point). The time needed to

complete this transformation depends on the working conditions.
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2.2.2.3 The ageing of gel

The gelation time depends on the composition of the starting solution,

the nature of the precursors and the temperature at which the process

takes place. Furthermore, the type of catalyst is fundamentally important.

As mentioned above, it influences the microstructure of the gel. From this

moment onwards, the properties and the structure of the gel continue to

evolve, during an aging process during which numerous phenomena

occur. Among these, the most important may be classified as [73]:

Polymerisation: due to the condensation reaction which occurs
after the gel point and which leads to the formation of new M-0-M
bonds.

Syneresis: owing to the spontaneous shrinkage of the system
following an increase in number of M-0-M bonds formed by
condensation and by the movement of strands of solid phase,
fig.(2.3). This shrinkage and expulsion of liquids from pores
proceeds until the system remains flexible.

Segregation: due to the gel aging phenomena of phase separation
and crystallization can occur, which cause the formation of
inhomogeneities within the system. Many hydrated oxide-based
gels are amorphous when freshly formed, but gel aging allows a
reorganization of the structure by dissolution and re-precipitation,

thus giving rise to a crystalline product.
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Figure 2.3 Bond formation produces shrinkage due to the condensation between two
neighbouring group (a) and to the movement of flexible chains (b), [73].

2.2.2.4 Drying

The next phase(drying), which is accomplished by subjecting the gel to a
temperature slightly above ambient (50-60°C),is intended to remove the
solvent and the water present in the solid formation. In this way, a
marked reduction in the system volume occurs as well as a densification

of the xerogel/formation.

2.2.2.5 Densification (Sintering)

The last phase of the process is densification (sintering). In this phase,
the xerogel is heated to a high temperature to obtain a compact structure
with glassy and polycrystalline characteristics. The temperature of the
reheating process depends on the characteristics desired in the finished
product. In general, because of the gradual increase in temperature, the
xerogel shrinks with a concomitant loss of weight due to the removal of
residual organics and driving off the remaining water. Additional
treatment at elevated temperatures (>500°C) can induce sintering

phenomena or a phase transition.
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2.2.3 Preparation of SiOz-doped Mg(B1xCx)2 using
Silica by Sol-Gel method and C-CVD coated Boron

The coating of nano-sized boron powder with silica has been performed
by using the sol-gel method. This versatile technique involves two

competitive hydrolysis and condensation reactions as follows:
Si(OR), + H,0>HO — Si(OR); + R — OH (2.4)

(OR); — Si — (OH) + (OR); — Si — (OH)>[(OR); — Si — 0 — Si — (OR);] + H,0
(2.5)

where R=CH;-CHs.

The reagents ethanol, tetraethyl orthosilicate (TEOS) and aqueous
ammonia (38 wt%) (NH3), pure grade, were all obtained from Aldrich

and were used without further purification.

0.5 g of boron was mixed with 500 cm3 of ethanol and sonicated in
ultrasound bath for 5 minutes to achieve good dispersion. 53 cm3 of
ethanol, 1.2 cm3 of precursor TEOS, Si(OCzHs)4, and 3.5 cm3 of aqueous
NHs (catalyst) was slowly added to the suspension of boron at room
temperature under vigorous stirring. The solutions were allowed to react
for 12 hours under stirring followed by separation of a dark brown
precipitate using filtration. The solid sample was thoroughly washed with
ethanol, filtered and dried at room temperature. The resultant
percentage of silica included into boron powder was 16 wt%. Silica-
coated boron was also subsequently coated with carbon using the CVD

technique detailed in the Section 2.1.
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2.3 X-ray diffraction (XRD)
2.3.1 X-ray diffraction (XRD): basic principles

In general, diffraction occurs when a wave scatters from a set of regularly
spaced surfaces that are separated by a distance which is of the same
order of magnitude as the wavelength of the wave. On the other hand,
given the nature and characteristics of the lattice, reflection is not always
possible, even when the above conditions are satisfied, but it is also
subject to some special angular relationships between the incident
direction and the plane involved. There will be constructive interference
if the path length of each wave is equal to an integral multiple of the
wavelength, that is, if it satisfies Bragg's Law:

nl = 2dsinf (2.6)
as shown in fig.(2.4).

Figure 2.4: Fundamental Principle of X-Ray Diffraction Analysis (XRD).

This is accomplished using a diffractometer designed according to the
Bragg-Brentano geometry, fig.(2.5), i.e. by placing the disk containing the
sample in the form of powder or bulk in the direction of the incident

beam and tilted by an angle 6 while a detector rotates around to it on an
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arm at twice this angle. The X-ray source consists of a Coolidge tube
while the detector is a CCD camera that captures the detected diffraction

image.

Antiscatlar-
=it

Divergence slit

Figure 2.5.: Bragg-Brentano geometry.
The diffraction spectrum, in which the intensity data is represented as a
function of the diffraction angle, represents the projection of the

reciprocal lattice in the 2 &-monodimensional space.

The XRD is a very powerful non-destructive technique since it is capable
of performing different types of analysis by comparing the diffraction
pattern with a known standard diffraction pattern or to a database. The
most widespread and also the uses most related to our research activity
are the identification and characterization of materials, in order to
identify the constituent phases, the degree of crystallinity and the
quantitative analysis of lattice parameters, in as much as the latter two

are an indicator of the level and homogeneity of carbon doping.

2.3.2 X-Ray Diffraction of MgB;

The structural properties of MgB; were investigated using a Bruker D2
PHASER diffractometer. In particular, X-ray diffraction allows us to

estimate the amount of carbon included (defined as the actual carbon
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content) in the magnesium diboride lattice. Carbon doping of MgB, in
fact, results in highly anisotropic lattice contractions: the in-plane a-axis
dimension is sharply reduced, while the interplane c-axis is unaffected, as

shown in fig.(2.6) (a) and (b), [74].
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Figure 2.6. Lattice parameters c and a as a function of the nominal carbon content x in
the B4C doped MgB2.5x (B4C)x, SiC dopedMgB2-2x(SiC)x bulks and carbon substituted
MgB:.xCx single crystals. LS=650°C, HS=850°C. The c lattice, shown in (a) remains
unaffected, but the a lattice shown in (b) contracts with increasing x[74].

In order to estimate the carbon content, x, of samples, Mg(B1xCx)2, an

empirical result obtained through synthesis and structural analysis of
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single crystal, [75], was used as a calibration. The data for the single
crystals, plotted as the shift in the a-axis against x, is shown in fig.(2.7)

together with a linear fit.
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Figure 2.7: Interpolated curve showing the variation of lattice constants (Aa) vs
carbon content (x) in Mg(B1xC)2 single crystal.

The change in the ag-axis lattice parameter was calculated from the
angular shift of the (100) reflection which, when inserted in Bragg's
equation, gives the spacing between the planes in the atomic lattice (d).
The a-axis lattice parameter was then calculated, considering that MgB:

adopts a hexagonal structure, fig.(2.8), with the following relation:

d

a = W (23)
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Figure 2.8: Crystal structure of MgB;: hexagonal planes of magnesium (yellow)
interleaved with honeycomb layers of boron (blue).

To correct for the possible error in the positioning of the Mg(B1.xCx)2 bulk
sample in the holder when determining the carbon content, x, a bar-
shaped piece of alumina, used as a reference [76] for calibrating the XRD
peak positions, was placed alongside the sample, so that both top

surfaces were at exactly the same level, as shown in fig.(2.9).

o

Figure 2.9: Sample holder for XRD measurements with the MgB2 sample and a piece of
Al>03, used as a reference, mounted so that both top surfaces were at the same level.
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2.4 Transmission electron microscopy
(TEM)

2.4.1 Transmission electron microscopy: basic
principles

Transmission electron microscopy (TEM) is a technique in which a beam
of electrons is transmitted through an ultra-thin specimen, interacting
with the specimen as it passes through. In TEM, the object is bombarded
by a beam of electrons, the so-called primary electrons, fig.(2.10). In
areas occupied by of the object where these electrons encounter atoms
with large (heavy) atomic nuclei, they tend to rebound. Electrons can be
also repulsed (or absorbed) in areas where the material is relatively
dense or thick. However, in regions where the material consists of lighter
atoms or where the specimen is thinner or less concentrated, the
electrons are able to pass through. Eventually the traversing electrons
(transmission) reach the scintillator plate at the base of the column of the
microscope. The scintillator contains material (e.g. phosphor compounds)
that can absorb the energy of the incoming electrons and convert it to
light flashes. The contrast image that is formed on this plate corresponds
to the selective pattern of reflection or transmission of electrons,

depending on the local properties of the object.
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Figure 2.10: Functional principle of transmission electron microscopy.

2.4.2 Transmission electron microscope: main
components & features

An electron gun, generally thermionic, is placed at the top of the
instrument to accelerate electrons using a potential difference of
between 40 and 200 kV. The gun's electron beam is, then, demagnified by
a set of condenser lenses, to enable the operator to focus the beam onto
the specimen area, which is allocated in the specimen chamber. The
remaining components are the objective chamber, located at the bottom
of the specimen chamber, the function of which is to produce an
intermediate image subsequently magnified by the projector lenses, and
the image record system for direct image observation by the operator.
The use of electrons, in place of photons, allows the TEM to achieve a
resolution of 0.2 nm which is much higher than the one achievable by
optical microscopes since the wavelength of electrons is far shorter than
that of photons. Another design feature of the TEM worth mentioning is
the capability of using the mass-thickness contrast to detect areas of the

sample that are thicker, or with a higher atomic number (as in our case,
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in which C is heavier than B) which will appear dark (since they scatter
more strongly) whilst regions without a sample will appear bright -
hence the term "bright field".

On the other hand, the TEM can also be used in the dark field mode. This
is useful for crystalline samples in which the objective aperture can be
adjusted to select a particular diffracted beam. In this case, since the
reflections that are selected do not include the unscattered beam, the
image will appear dark, giving rise to the name "dark field."This mode of
operation is used, for example, for the identification of lattice defects in
crystals, such as dislocations or stacking faults. In particular, if a sample
is slightly tilted from the Bragg angle, any defect which locally tilts the
plane to the Bragg angle will produce particularly strong contrast
variation making the tilt produced by the defect quite readily visible (i.e.
the diffraction tilt produced by the local variation in the orientation of the

planes).

2.4.3 Transmission electron microscopy analysis of
Mng

Boron and MgB: powder samples were examined using a JEOL JEM-3010
transmission electron microscope. In fig.(2.11a and b), [77], two TEM
pictures of sintered MgB: samples, made from powder milled, are shown.
TEM is widely used to verify the average size of the grains and their
distribution across the sample. Moreover, taking advantage of the
enhanced contrast furnished by the bright-field images as in fig.(2.11b),
it is possible to identify the presence and the extension of porosity,
amorphous regions, and other second phases (bright regions) as well as

of heavy phase and inclusions (dark regions).
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Figure 2.11: Dark field (a) and bright field (b)TEM images showing grain-related
diffraction contrast in sintered MgB2 samples[77].

PLATE L el N 1

The mass-thickness contrast is also used to assess the level of carbon
deposited in relation to the cross section and the volume of the boron
grains in carbon coated boron samples, fig.(2.12). Carbon, which is less
dense than central boron+carbon region, appears brighter and was

observed to form an annular-shaped layer on the boron particles.

o

Figure 2.12: TEM images for carbon coated ' wder.

2.5 Scanning electron microscopy

2.5.1 Scanning electron microscopy: basic pronciples

Scanning electron microscope (SEM) is a type of microscope that

produces images of a sample by scanning it with a focused beam of
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electrons, fig.(2.13). In SEM the object is bombarded by primary
electrons from the source according to a scanning pattern. These striking
electrons can cause the emission of secondary electrons. The number of
generated secondary electrons per time unit and the velocity of those
electrons are affected by the height and slope of the surface of the object
in a particular area. The secondary electrons, accelerated by applying a
bias voltage of~+10 keV, strike a scintillator disc which, like in the TEM,
contains substances which can convert the energy of the striking
electrons into photons (light). The more secondary electrons reach the
scintillator, the brighter the signal is at that point. This light is then
transmitted into a photomultiplier tube which converts the photons into
pulses of electrons which may then amplified and used to modulate the
intensity of a CRT. With regard to the backscattered electrons, dedicated
multi-element detectors either of scintillator or of semiconductor types
are preferably used. This mode of operation is capable of achieving a
strong topographic contrast by collecting signals from elements located
on opposite side of the optic axis and then subtracting from each other so

that contrast from any topographic features will be enhanced.

Electrons from
__ the source
{primary electrons, Pe")

Charactenstic Back-scattered
X-rays electrons

Figure 2.13: Scanning electron microscopy.
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2.5.2 Scanning electron microscope: main
components & features

In principle, any radiation that is a result of inelastic scattering with the
specimen (and consequently any change in radiation resulting from a
measurable change in the specimen) can be used to provide a signal to
modulate the CRT and thus provide contrast in the image. However
among all the radiation sources illustrated in fig.(2.13), [78], the most
interesting and those detectable by virtually every SEM are: secondary
electrons and backscattered electrons.

Backscattered electrons, which are the primary electrons that leave the
surface before yielding all their energy, originate from a region of the
sample (known as sampling volume) that is smaller than one micrometre.
Therefore, although they are not so numerous as secondary electrons,
they are very energetic. Secondary electrons, on the other hand, are those
electrons that escape from the specimen with energies below 50eV.
Generally, they are likely to be electrons generated mainly by the primary
electrons penetrating the specimen and to which, within a short distance
of the surface, a certain amount of energy has been transferred. They give
the best spatial resolution because they have the smallest sampling
volume. As shown in fig.(2.14(a)), the number of backscattered electrons
emitted from the specimen for each incident electron (known as
backscattered electron coefficient, 1) is strongly dependent on the atomic
number while the corresponding secondary electron coefficient (6) is not.
The total electron yield is a complex function of the accelerating voltage,
which exhibits the maximum electron energy between 1 eV and 5 keV,
fig.(2.13(b)). This behaviour is a consequence of the voltage dependence

of §, since n does not vary with voltage.
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Figure 2.14: (a) The effect of atomic number on the yield of backscattered electrons
(m) and secondary electrons (6) (b) The effect of accelerating voltage on the total

yield (n+8), [78].
2.5.3 Scanning electron microscopy analysis of MgB:

The microstructure of the MgB. samples was studied with a JEOL JSM-
6500F scanning electron microscope. Topographic contrast is generally
exploited in the characterization of MgB2, using either secondary
electrons or backscattered electrons in a SEM. Fig.(2.15) presents
secondary electron images of a C doped MgB;, with a nominal doping
fraction of 10%, [46]. The morphology of the samples is characterised by
the presence of a porous matrix, which appears bright due to high
density of edges within the microstructure, and dense and darker islands
which are devoid of pore spaces. Since the contrast between the two

areas changes with the doping fraction, it is possible to assess the
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composition and to study the connectivity of doped MgB.. However, as
the magnitude of the atomic number contrast is weak for adjacent
elements (such as B and C), compositional differences cannot be
satisfactorily investigated using only SEM, but it would be better to
perform analysis by EDX (which is available in SEMs equipped with a X-
ray detectors) to achieve a full understanding of the composition of

specimens.

ﬁ P ’ 1DDnm

Figure 2.15. Scanning electron images of C doped MgB: (porous matrix is shown in (a),
dense island in (b))[46].
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2.6 Magnetization measurements

2.6.1 Vibrating Sample Magnetometer (VSM): main

components & features
Magnetic measurements allow the equilibrium value of the

magnetization in a sample to be determined. The sample is magnetised
by an applied magnetic field and the magnetic moment of the sample is
measured, producing the characteristic magnetization curve M(H).

In this study, we have performed magnetization measurements using a
Vibrating Sample Magnetometer (VSM) in a Quantum Design Physical
Property Measurement System operating up to 9T. A typical
experimental set-up for this type of magnetization measurements is
illustrated in fig.(2.16), [79]. The Vibrating Sample Magnetometer is
equipped with a linear motor transport (head) for vibrating the sample, a
coilset puck for detection, electronics for driving the linear motor
transport and detecting the response from the pickup coils. The sample is
attached to the end of a sample rod that is driven sinusoidally. The centre
of oscillation is positioned at the vertical centre of a gradiometer pickup
coil. The voltage induced in the pickup coil is amplified and lock-in
detected in the VSM detection module. The VSM measurement is
performed by oscillating the sample near a detection (pickup) coil and
synchronously detecting the voltage induced. The principle of operation
for a vibrating sample magnetometer is that a changing magnetic flux will
induce a voltage in a pickup coil (Faraday’s Law). The time dependent

induced voltage is given by the following equation:
do d
Veoit = 7 = (d®/dz)(3) (2.7)

where @ is the magnetic flux (expressed in Wb), z is the vertical position

of the sample with respect to the coil (measured in m)and t is time (s).
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The voltage is given by:
Veoir = 2nfCmA sin(2rft) (2.8)

where C is a coupling constant, m (A/cm) is the DC magnetic moment of
the sample, A is the amplitude of oscillation, and f (Hz) is the frequency of
oscillation. Therefore, the magnetization measurement involves
measuring the coefficient of the sinusoidal voltage response from the

detection coil.

Figure 2.16. Vibrating sample magnetometer (VSM) used to perform magnetisation
measurements, [79].
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2.6.2 Magnetisation measurements of MgB: using
VSM: calculation of f and description of the main
effects causing a deviation from the reported

magnetic field
There are some physical phenomena that cause the PPMS reported

magnetic field to differ from the actual magnetic field at the sample
location [80]. In the processing and analysis of magnetization data, we
have considered, in particular, two effects: magnetic remanence and

paramagnetic contribution.

Magnetic remanence is the magnetization of a superconductor that
remains after the previously applied magnetic field has been removed.
This phenomenon typically occurs when the magnetic field is set back to
zero from a high value. Some pinned flux lines remain, and create a small

residual magnetic field.

In order to eliminate this artefact, the following procedure, illustrated in
fig.(2.17), has been adopted. First, the equation of the line passing
through the maximum value of magnetization and the origin of axes has
been calculated. Then, the equation data has been used to generate a
correction for the PPMS reported magnetic field. A similar procedure has
been used to subtract the paramagnetic contribution from the PPMS
reported magnetisation data, which causes a positive deviation of the
data in correspondence of the maximum applied magnetic field. The
corrected magnetisation loop, plotted with a solid red line in the same
figure, has then been used to derive the magnetic /. using the Bean’s

model as described above.
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Figure 2.17. Graph showing the original magnetisation loop (solid black line) and the
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Chapter 3

Preparation and properties of MgB2(C - x%)
powder samples using carbon chemical

vapour doped boron
MgB:(C - x%) powder samples were prepared by reacting Mg with

carbon-doped boron powder at 900°C. Carbon doped boron powder was
obtained by chemical vapor deposition using ethylene gas on nano-sized
boron particles (20-100nm diameter) with varying deposition
temperatures and gas partial pressures. Analysis through x-ray
diffraction, transmission electron microscopy and the characterization of
the temperature-dependence of magnetisation was employed to estimate
the level of the carbon doping and evaluate the homogeneity and
effectiveness of the method in enhancing the critical current density

performance.

3.1 Synthesis procedures of undoped and
C-CVD doped MgB: powder samples

The preparation of the undoped and doped MgB; was carried out by
using nano-particle boron powder with diameters between 20-100nm.
The powder was wrapped in tantalum foil along with 20% excess of the
stoichiometric amount of Mg either in the form of ribbon or rod and
placed inside a stainless steel tube as shown in fig.(3.1). Then the tube,
sealed by applying uniaxial pressure on both ends (one before and the
other after inserting the powder), was placed in a furnace, which was

evacuated, and was heated up to 900°C for 6 hours in an argon
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atmosphere at a pressure of 0.3 bar, and finally allowed to cool to room

temperature.

Figure 3.1: Preparation process of MgB: powder samples.

The methodology for preparing samples has been the result of
modifications that have over time affected the entire process, just
described, with the aim of optimizing it, and speeding it up. Argon, for
example, was used to prevent any leaks in the system from enabling air
to penetrate inside the oven, which would result in a probable oxidation
of the precursor with obvious deleterious effects on the transport
properties, which constitute the scope of this research. This precaution

was very effective, as confirmed by the XRD results presented in the
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following section, and allowed us also to eliminate the delicate and time-

consuming task of welding the pipe ends to provide the seal.

Using the methodology just described, we prepared samples of undoped
magnesium diboride treated at 900°C for six hours using the tube furnace
shown in fig.(3.2). The reaction temperature of 900°C and the dwell time
of six hours were chosen because they allowed to obtain fully reacted
powder samples. Lower reaction temperatures and/or shorter dwell
times were observed to not be capable of achieving completely reacted
powders, resulting in samples containing significant amounts of MgBx
phases with x=4,6,12. The phases were identified by matching the XRD
patterns of the produced samples and the literature-reported patterns

for Mg-deficient compounds.

In order to assess the effect of chemical dopants on electron transport
properties, in addition and in parallel with those samples, the first
experiments in carbon doping magnesium diboride by chemical vapour
deposition (CVD) were performed. This operation was carried out by
treating boron powder, which had been placed inside either tantalum or
titanium foil in a stainless steel tube furnace (evacuated using a rotary
pump), with ethylene gas for 2 hours at 0.1-1.5 bars. The doping was
performed using both 12C and 13C, in order to verify if the use of different
isotopes of C produced any effect on the microstructural and magnetic

properties of final samples, in particular in terms of phase homogeneity.

The amount of deposited carbon, estimated from the mass increase
(determined by measuring the mass of boron powder before and after
the deposition), allowed us to identify which process conditions (gas
partial pressure and duration of the process) produced certain nominal

values of carbon doping.
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The precursor boron powder, coated with carbon using CVD, was then
used to prepare carbon-doped magnesium diboride powder samples,
referred to as C-CVD MgB;, with the same method and process
parameters used to make undoped MgB.. Detailed in Table 3.1 are the
MgB:(C - x%) samples produced along with the respective nominal and
actual carbon content and doping temperatures. The C doping
temperatures for all precursor boron powders were set to 650°C, except
for MgB2(C - 4.4%), which was treated at 900°C in order to evaluate if
and to what extent the higher doping temperature would influence the

microstructure and the transport properties of the final samples.

Figure 3.2: Tube furnace used to react MgB2 powder samples.

3.2 XRD characterization and temperature-
dependent magnetization measurements

The undoped and C-CVD MgB: samples were characterized by XRD
measurements. The purpose of this type of analysis was both to identify

the oxygen-containing compounds that disrupt the transport properties

78



of superconductors and also to effect a qualitative and quantitative

analysis of the constituent phases of the C-CVD MgB: samples produced.

The XRD analysis of undoped MgBz, shown in fig.(3.3), was conducted
over a rather wide range of angles (10-70 degrees) and resulted in an
absence of peaks that would indicate the presence of oxygen (which is an
indirect confirmation that the system used for reacting the powder was

vacuum-tight).
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Figure 3.3: Powder XRD pattern for the undoped MgB:. The different crystallographic
reflections are indicated in red.

Fig.(3.4) shows the (100) reflection for the undoped MgB: and C-CVD
doped MgB: samples. The graph indicates that the (100) peaks in the
doped samples were shifted to larger angles with increasing nominal
doping percentages of carbon. This behaviour has previously been
explained by the shrinkage in a-axis lattice parameters caused by carbon
substitution for boron in MgB; [75]. The actual doping fractions have

been estimated using the empirical calibration curve described in
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Chapter 2.3 using Al:03 as a reference [76]. The results obtained,

indicated as MgB2(C - x%) in Table 3.1 and in the rest of this chapter,

evidence that only part of the carbon deposited on the boron powder was

replaced in the MgB: lattice. Furthermore, the data suggest that the

increase of dwell temperature from 650°C to 900°C did not seem to

significantly affect the amount of carbon substituted in the MgB: lattice.
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Figure 3.4: Reflection of (100) from XRD of the undoped and C-CVD doped samples
with increasing nominal doping percentages of C.

Sample

Nominal doping

fraction (%)

Actual doping

fraction (%)

Carbon doping

temperature (°C)

MgB2(C - 4%) 6.3 4.0 650
MgB2(13C - 1.7%) 4.2 1.7 650
MgB2(13C - 5.2%) 7.5 5.2 650

MgB2(C - 4.4%) 6.4 4.4 900

Tab.3.1. Nominal and actual doping content of MgB2(C - x%) along with the carbon

doping temperature at which the C-CVD process was performed.
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In fig.(3.5) the change in the lattice parameter, a, plotted against the
nominal percentage of C for the C-CVD MgB. powder samples was
compared to the literature-reported data for carbon substituted single
crystals [75], and B4C [43], SiC [43] and C-CVD doped bulk samples [40].
In [40] it was shown that full carbon substitution at the nominal doping
level was achieved in C-CVD samples as evidenced by the agreement of
Aa between these samples and C doped single crystal reported in the
literature. In this work, we employed the same C-CVD method, but we
focused on preparing samples using smaller powder size (which was 20-
100 nm in this study and less than 1 pm in [40]) because we wanted to
verify if better structural and superconducting properties can be
achieved using nano-sized boron powder. In terms of level of boron
substitution by the C content in MgB: lattice, our C-CVD MgB2 powder
samples exhibited a shrinkage of the a-axis length, Aa, significantly
smaller than that of the carbon substituted single crystals (as did the
other C doped MgB; samples produced using different sources of carbon
doping). The different results obtained in the two MgB2(C - x%) samples
made from C-CVD doped boron could be explained by virtue of the
substantially different particle sizes of the boron powder. It is also worth
noting that whilst, in the following analysis of the XRD data, the shifting
of the (100) peak was calculated using Al,03 peak as a reference, in [40]
the (002) peak was used as a reference. This difference in the type of
reference used, which provides a better level of approximation, since the
(100) peak and the Al:03 peak are comparatively close, could also
partially affect the calculated change in the a-axis lattice parameter Aain

[40].
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Figure 3.5: The change in the a-axis lattice constant, Ag against the nominal
percentage of C indicated specifying an error bar of £0.5%, for the Mg(B1xCx)2
samples, made from C-CVD boron powder, from this work. The data are compared to
the literature-reported values for C doped single crystals [75], and doped MgB; bulk
samples, [40] and [43].

In order to better evaluate the effect of the pre-reaction boron and
boron-carbon mixture on the phase homogeneity of reacted carbon-
doped magnesium diboride, the temperature dependence of FC (field-
cooled) magnetization was studied for the undoped and the C-CVD doped
MgB: powder samples. In fact, phase homogeneity can be better assessed
in powders than in bulk samples, owing to the absence of screening
currents which affect magnetic susceptibility measurements. Fig.(3.6)-
(3.10) show the temperature-dependent field cooled magnetization
curves at 100 Oe, along with those of the respective first derivatives of
the magnetization, dM/d7, for undoped MgB., MgB.(13C - 1.7%), MgB2(C
- 4%), MgB2(C - 4.4%), and MgB2(13C - 5.2%), respectively.
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Figure 3.6: Temperature-dependent FC magnetisation (solid line) and dM/dT (filled-
in symbols), at 100 Oe, for undoped MgB:.
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in symbols), at 100 Oe, for MgB,(13C - 1.7%) doped at 650°C.
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Figure 3.10: Temperature-dependent FC magnetisation (solid line) and dM/dT (filled-
in symbols), at 100 Oe, for MgB2(13C - 5.2%) doped at 650°C.

All samples exhibited a broad superconducting transition which suggests
the possibility of phase separation. However, whilst the onset 7: was
easily determined (taking the interpolated value corresponding to the
first significant positive deviation in the dM/dT curve), the transition
peak representing to a potential lower 7t cannot be properly resolved.
Inductive currents arising from local variations in magnetic field affected
the nature of magnetic measurements, preventing us from separating the
contribution due to the Meissner effect from that attributable to the
presence of demagnetization currents. In fig.(3.11) the onset values of
critical temperature have been plotted as a function of Aa (change in the
a-axis lattice constant) for the undoped and C-CVD doped MgB:2 samples.
In the same graph, the 7t versus Aa (and X) behaviour for C-CVD doped
MgB: is compared with the literature data relative to the Mg(B1xCx)2
samples prepared using carbon black [81] and B4+C doped MgB2 samples
[43], with the Mg(B1.xCx)2 single crystal sample [75] shown as a reference.
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7¢'s (onset) of the C-CVD doped MgB: prepared and characterised in this
work are comparable to those of single crystal sample, whereas the other
two polycrystalline samples from literature exhibited values that are
noticeably higher. This behaviour indicates that doping by CVD results in
more homogeneous crystalline properties, expect for MgB2(13C - 5.2%)
which exhibited a relatively high 7t. The broad 7: transition and the fact
that 7: onset increases again with a higher doping percentage might
suggest that there is a distribution of composition within MgB2(13C -
5.2%) and the highest 7t value corresponds to the portion of the sample
with a lower carbon content. Fig.(3.12) shows the comparative graph of

M/M(22 K) vs T for the undoped and doped MgB: powder samples.
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Figure 3.11: Comparison of the critical temperature, 7t, as a function of Aa (and X),
between MgB:(C - x%) prepared by C-CVD boron powder from this work and Mg(B1-
xCx)2 made using carbon black, B4C doped MgB: samples and MgB2(C - x%) single
crystal samples.
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Table 3.1.

The distribution of 7: at different carbon doping temperatures was also
investigated, by carrying out a comparative analysis of the temperature-
dependent field-cooled magnetization curves -see fig.(3.8) and (3.9)- for
MgB:(C - 4%) doped at 650°C and MgB2(C - 4.4%) doped at 900°C. The
comparatively sharp profile of the temperature dependence
magnetization graph for the 650°C treatment presented two clear and
distinct variations in slope of the curve, one corresponding to about 37 K
and the other to 33 K. In contrast, with regard to the C-CVD 900°C MgB,,
the 37 K step was virtually absent and, furthermore, there was a broad
superconducting transition below 33 K indicating a lower homogeneity
of carbon doping. The results correlated with the XRD data, showing a

wider distribution of 7 with the higher carbon doping temperature.
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3.3 TEM image analysis

In order to assess the level of homogeneity within the carbon distribution
and check for any correlation between the boron grain size and the
amount of deposited carbon, we used the TEM (transmission electron
microscopy), the theoretical principles of which were described in the

second chapter.

In fig.(3.13(a)-(b)) the TEM images of pure boron powder (a) and
carbon-doped boron powder (b) are presented. The thickness of the
deposited carbon layer achieved by CVD was observed to be virtually
constant, as shown in the TEM images of fig.(3.14) and in the graph of
fig.(3.15), where the carbon layer thickness has been plotted as a
function of boron particle diameter. The results confirmed that deposited
carbon layer remains nearly constant at 5.5+0.7 nm with varying values
of particle size. Both the pure boron and the carbon coated boron
particles were observed to be hexagon-shaped, however, in order to
provide a quantitative estimation of the fractional carbon volume relative
to the volume of the boron grain, the particle circled in red dashed line in
fig.(3.13(b)) was considered as a parallelepiped, and it was assumed that
the length of the boron particle was equal to the width since it simplified
the calculation. The value of fractional carbon volume relative to the
volume of the boron particle has then been estimated using the following
relation:

Volumecgrpon (L4 2a) X (W + 2a) X (t + 2a)
Volumeg,,on IxwXxt

1 (3.1)

where [ is the length, wis the width, ¢ is the thickness of the boron
particle, and a is the thickness of the carbon layer. The fractional carbon
value, as assessed in terms of volume, was estimated to be approximately

99%. Since the amount of deposited carbon was estimated to be just
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under 7 wt% of the boron mass, the density of the carbon layer is about
14 times smaller than that of the boron particle. In order to have a carbon
layer with the same density of the boron particle, the layer thickness
would have had to be 0.45-0.50 nm, a value less than one tenth of the
actual carbon layer thickness. The comparatively small density of the
carbon layer suggests that the mass of C deposited was composed
predominantly of light compounds of carbon such as carbon black.
Carbon black is a fluffy fine powder with a large surface area and is
composed essentially of elemental carbon. It is generally manufactured
by the controlled vapour-phase pyrolysis and partial combustion of
hydrocarbons and it is initially formed as roughly spherical primary
particles, which tend to rapidly form aggregates [82]. The aggregate
dimension ranges from tens to a few hundred nanometers with a density
comprised in the range of 0.02-0.38 g/cm? when available in the form of
fluffy powder, or 0.2-0.68 g/cm3 when compressed into pellets.
Comparison of the TEM images of fig.(3.16(a) and (b)) relative,
respectively, to undoped MgB: and C-CVD doped MgB: suggests that
there was no appreciable remnant of carbon on the surface. This result
contradicts the XRD finding that only partial carbon substitution of the
nominal doping content was achieved in these samples via the CVD
technique. This contradiction could be explained assuming that the
remaining carbon was located at grain boundaries, however the amount
present, which was about 2%, was not sufficient to cause an appreciable

variation in the mass-thickness contrast in the TEM images.
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Figure 3.13: TEM images of pure boron powder (a), C-CVD doped boron (b). The
boron particle, circled by the red dashed line, was used to estimate the fractional
carbon volume by using the eq.(3.1).

Figure 3.14: TEM images of C-CVD doped boron powder.
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Figure 3.15: Carbon layer thickness plotted as a function of boron particle diameter.

Figure 3.16: TEM images of undoped MgB: (left), C-CVD doped MgB: (right).
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3.4 Conclusion

In this chapter promising results on controlling the carbon doping of
MgB:2 powder have been presented. The XRD analysis of the (100) peak
has evidenced both an incomplete carbon substitution at the nominal
doping level and an inhomogeneous distribution of carbon doping within
the MgB: lattice. No correlation was seen between the amount of carbon
incorporated in the MgB: lattice and the FWHM of the XRD peaks, which
exhibited noticeably high values for the 13C doped samples.

The magnetization data correlated with the findings from the XRD
analysis of diffraction patterns: both the decrease of the a-axis length and
the 7t appeared to be due to the actual carbon content. The coexistence of
multiple phases, evidenced by the Gaussian analysis of the XRD peaks,
could not be resolved using the results of magnetization data, owing to
the presence of induced shielding currents. However, the onset 7: values
plotted as a function of Aa for the C-CVD MgB: samples prepared and
characterised in this work were found to be comparable to the literature
data relative to C doped single crystals. The only significant deviation
from single crystal behaviour was observed for MgB2(13C - 5.2%) which

exhibited a relatively high 7.

Chemical vapour deposition of carbon was shown by transmission
electron microscopy to achieve a constantly thick layer of carbon on each
boron powder particle. The layer has also been estimated to be equal to
5.540.7 nm, regardless of particle size. The fractional carbon volume
relative to the volume of the boron particle has been estimated to be
approximately 99%. The resulting significantly low value of the carbon
layer density seems to indicate that the mass of C deposited was

constituted largely of light carbon compounds such as carbon black.
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Chapter 4
Preparation and properties of MgB2(C - x%)
bulk samples using carbon chemical vapour

doped boron and SiO; coated boron

The purpose of the present research project has been, apart from
synthesising the MgB: powder samples, the optimization of the
preparation process of MgB»> bulk samples and the characterization of
their magnetic and transport properties. In order to enhance their
properties, two different doping techniques have been experimented:
carbon coating by CVD and silica coating by sol-gel method. The results
on the characterisation of undoped and doped MgB: bulk samples are

presented, discussed and compared with the best data from the literature.

4.1 Methods of preparing MgB; bulk
samples and related issues

4.1.1 Background to in-situ challenges

Traditionally, the MgB: bulk samples are fabricated in two different ways:
one is heating and reacting the powder mixture of Mg and B, which is the
so-called /n situ method, and the other is the sintering of commercially
available or home-made MgB2 powders, known as ex situ method [35].
The latter method is capable of achieving density values substantially
higher than those obtained by the former, with the obvious advantage of
enhancing the magnetic and transport properties. However, the ex situ

method presents the inconvenience that the MgB: tends to be brittle and
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to form cracks, due to the the weak coupling of MgB; crystals.
Maintaining the initial content of Mg, which has high chemical reactivity
with oxygen and high equilibrium vapour pressure at sintering
temperatures, is one of the main issues concerning the in situ method.
One of the approaches that has been shown to be most effective in this
sense is the powder-in-closed-tube (PICT), which is the result of an
optimization of the well-known powder-in-tube (PIT) method commonly
applied to the manufacture of wires or tapes [35]. This new technology
consists of the following steps: first a force is applied to one end of the
tube, then after inserting and packing the magnesium and boron powders,
the other end of the tube is pressed (this process is illustrated in
fig.(4.1)). The central part, in which the powders are placed, is then
pressed flat producing a tape-shaped bulk sample, while the ends are
folded up and pressed again. In this way it is possible to obtain high
quality MgB: samples, avoiding the occurrence of losses of Mg, which can
result in poor reproducibility of the microstructure as well as the critical

current properties.
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Figure 4.1: Synthesis procedure of the PICT method for MgB2 bulks [35].

4.1.2 Sample preparation

So as to overcome the issues of fragility and of MgB:'s tendency to form
cracks, some changes to the above described PICT method of preparing
the samples have been made. The new preparation assembly and

synthesis sequence is illustrated in the flow diagram of fig.(4.2).
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Figure 4.2: Fabrication method of MgB2 bulk samples: an iron tube was inserted into a
purpose-built stainless steel block for boron powder pouring (a); packing of the
boron powder (b); exploded view of the rod of Mg, the two rods of Ti, and the
removable section of Ti inserted into the iron tube, as indicated in the picture (c); the
tube with both ends crimped ready to be heat-treated in the furnace (d).

Boron powder was inserted and packed into an iron tube (5 mm L.D., 8
mm 0.D.) between two rods of titanium, and one of magnesium, the mass
of which was determined using a super-stoichiometric ratio (20% excess
magnesium) with respect to boron. Moreover, a removable section made
of titanium was added to one end of the tube where the sample was
placed to facilitate clamping. Then the tube was subjected to the same

thermal treatment as in the case of the powder samples.

The main difference from the previously described PICT method is that
only the two ends of the tube were crimped, while the central part of tube,
filled with packed powder, retained its cylindrical shape. Moreover, in

place of Mg powder, a Mg rod was placed at one end of the tube.
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4.1.3 Study and optimization of preparation process

4.1.3.1 Experimental details
In order to study the parameters affecting the process of reaction and

sintering, and the mechanical integrity of final samples, a wide range of
experiments in preparing bulk MgB: samples, at varying dwell
temperatures and temperature ramp rates, have been performed, as

detailed in Table 4.1.

Starting Dwell Dwell Temperature Boron
materials temperature (°C) | time (h) | ramp rate (°C) | packing
density (%)
Mg rod, B powder 900 6 200 75
Mg rod, B powder 900 6 100 49
Mg rod, B powder 900 6 10 49
Mg rod, B powder 970 6 100 49
Mg rod, B 970 6 100
powder, MgB.
powder
Mg rod, B powder 850 6 100 41
Mg rod, B powder 775 6 100 36
Mg rod, C doped 850 6 100 33
B powder

Table 4.1: Summary table of MgB: bulk samples prepared with the dwell temperature,
the dwell time, the temperature ramp rate, and the packing density indicated.

In the initial phase, the samples were produced resorting to the PICT
(powder-in-closed-tube) method, which has previously been described in
the Section 4.1.1, and treated at 900 °C for 6 hours. The only variation to
the PICT method was the use of Mg rod (placed at both ends of the tube)
in place of Mg powder in order to overcome the problem of the high
chemical reactivity of Mg powder with oxygen. However, the results
obtained did not prove to be satisfactory in terms of mechanical integrity

of sintered samples which, when taken out of the furnace, were found to
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be broken into multiple pieces, as shown in fig.(4.3). This was the result
of extensive cracking which might be caused by the excessively high
value of boron packing density (approximately 75% of the boron
density), which hindered the diffusion of Mg into boron during the
sintering process. The validity of this hypothesis was also confirmed by
the analysis of XRD peaks for the treated sample, fig.(4.4), which revealed

the presence of compounds characteristic of a Mg-deficiency.

Figure 4.3: Optical microscopy image of undoped MgB: synthesized by PICT method
and treated at 900°C.
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Figure 4.4: XRD pattern for MgB2 bulk sample with the MgB: phases indicated in red,
and the Mg-deficient compounds indicated in blue.

98



The fabrication method and assembly sequence of samples was, then,
changed, as described in section 4.1.2 and illustrated in fig.(4.2). These
changes to the samples’ preparation process allowed the packing density
to be reduced to 49% of the boron density. Moreover, the temperature
ramp rate was lowered from 200°C/h to 100°C/h and subsequently to
10°C/h. This course of action was undertaken based on the idea that
slower heating rate could result in better diffusion of the magnesium, as
reported in the literature [83]. The results showed that, whilst the
changes improved the compositional homogeneity of the samples (their
diffraction patterns, fig.(4.5), are, in fact, devoid of Mg-deficiency
compounds except for a minor peak attributable to Mgo97B12), they have
not produced significant improvements in the samples’ mechanical

integrity, as shown in fig.(4.6) and (4.7).
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Figure 4.5: XRD pattern for MgB: bulk sample sintered at 850°C for 6 hours. A bar-
shaped piece of Al,03 has been positioned next to the sample in the sample holder
and used as a reference, as explained in Chapter 2.3.
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Figure 4.6: MgB; bulk sample sintered at 900°C for 6 hours, using a heating rate of
100°C/h.

Figure 4.7: MgB; bulk sample sintered at 900°C for 6 hours, using a heating rate of
10°C/h.

At this point, in an attempt to improve the mechanical properties of the
samples three different approaches were taken. The first consisted in
increasing the dwell temperatures to 970°C, leaving the other parameters
unchanged, namely the temperature ramp rate (100°C/h) and dwell time
(6 h). This approach made it possible to produce samples which were
even more dense than those produced previously. This behaviour can be
explained by an increase in the amount of available liquid that permitted
the particles to be wetted and favoured interparticle contact. However,
the increase in the samples’ density did not lead to any significant
improvement in the mechanical properties of the samples, which

presented random-oriented cracks, as illustrated in fig.(4.8).
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Figure 4.8: SEM image of MgB: bulk sample sintered at 970°C for 12 hours.

We have then explored the viability of preparing MgB: samples
synthesized from a mixture of Mg, B and MgB2 powder in the molar ratio
of (Mg+2B):MgB,=1:1. This approach -defined in the literature as the
“premix method” [35], since it is a mixture of MgB2, prepared at 900°C for
6 h, and boron powder and then reacted at a temperature of 970°C with a
magnesium rod- was attempted to solve the problem of the diffusion of
magnesium into the boron particles, by bringing the boron and
magnesium powders into intimate contact, which would expect to
achieve a well-sintered microstructure devoid of cracks throughout the

sample.
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Figure 4.9: MgB: bulk sample sintered at 970°C for 6 hours starting with a mixture of
Mg, B andMgB: (molar ratio of (Mg+2B):MgB>=1:1).

However, samples produced using the “premix method”, when taken out
of the furnace, exhibited major cracks orthogonal to their principal axis
which caused the samples to fracture into two pieces, although the
number and the extension of the cracks were observed to be fewer and
less pronounced than in the other samples fabricated using a different

method, as shown in fig.(4.9).

The third approach consisted of addressing both the sintering
temperature of MgB: samples and the boron packing density. In
particular, two undoped samples have been produced by lowering the
dwell temperature to 850°C and 775°C, respectively, and by reducing
their respective boron packing densities to 41% and 36% of the value of
boron density. The results obtained showed that progressive reduction of
boron packing density and of the sintering temperature caused a
significant improvement in the mechanical performance of the material.
In fact, the major cracks orthogonal to the sample's principal axis, which

were seen to compromise the integrity of the sintered samples, were
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observed to be less extensive in the undoped MgB: sample treated at
850°C, fig.(4.10), and completely absent in that sintered at 775°C,
fig.(4.11). Moreover, as shown in fig.(4.12), the residual small cracks
resulting from the hoop stresses, observed in the undoped MgB: sample
sintered at 775°C, were noticeably smaller than those detected in the
higher temperature treated samples. The density was macroscopically
measured for the undoped MgB: sample sintered at 775°C and was found
to be equal to 1.88 g/cm3, which is about 73% of the theoretical density

of magnesium diboride.

A similar behaviour was observed in the C-CVD doped MgB: sample
treated at 850°C, fig.(4.13) and (4.14). The sample appeared devoid of
major cracks and the resulting microstructure was only marred by the
presence of a limited number of voids and microcracks, in the order of a
few pm, which was probably the result of the hoop stresses undergone by

the specimen.

Magnification: 5x
Creation Time: 01/08/2012 10:54:15

Figure 4.10: Optical microscopy image of the undoped MgB: treated at 850°C.
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Figure 4.11: Optical microscopy image of the undoped MgB: treated at 775°C.
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Figure 4.12: Optical microscopy image showing an enlarged view of a section of the
undoped MgB: treated at 775°C exhibiting comparatively small cracks, which
presumably arise from hoop stresses.
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Figure 4.13: Optical microscopy image of C-CVD doped MgB: treated at 850°C. The
sample was prepared for resistivity measurements in the PPMS.

Figure 4.14: Optical microscopy image of C-CVD doped MgB2 treated at 850°C.
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In order to better study the connectivity of the undoped MgB: sample
sintered at 775°C and the 3.9% C-CVD doped MgB: sample treated at
850°C, resistivity measurements were performed in the Quantum Design
PPMS using the four-probe system illustrated in fig.(4.13). The electrical
contact was achieved by pressure contacts which were made with
custom made, hardened copper clip springs, with one side bonded with
silver loaded epoxy for mechanical support and thermal contact. The
effective cross section, Ar, was calculated from the temperature
dependent resistivity plots of fig.(4.15) by using the following expression:
1 _ 4dpsc

A =
FZF 4p

(4.1)

where Apsc is the temperature dependent resistivity of the single crystal,
i.e. the difference between the resistivity value at room temperature and
that at 40 K, whilst Apis the change in resistivity between 300 K and 40 K
for a polycrystalline bulk sample. The reported values of Aps- for undoped
and 3.9% C doped single crystal MgB2 samples are 4.3 pQdcm and 4 pflcm,
respectively [84, 85]. The values of Ar obtained, 0.52 for the undoped
MgB2 sample and 0.25 for the 3.9% C-CVD doped MgB: sample, were
quite high compared to many polycrystalline samples in the literature
which have reported values below 0.2. In particular, the significantly high
value calculated for the undoped sample indicates that it exhibited a high
density and a low level of porosity. These results confirm that the
optimisation of boron packing density, and of synthesis temperature, is
capable of achieving a well connected microstructure, characterised by a
limited number of cracks and voids within the sintered samples, as
evidenced by the analysis of SEM and optical microscopy images. With
regard to the undoped sample, the low residual resistivity, po, value,
(2.5 pQicm) is quite close to the values reported for undoped samples
produced by using the melt impregnation (po=1-2 p{lcm) [86] and single
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step methods (po=0.55 puflcm) [87]. C doped sample exhibited a po of
10 pQcm, a significantly low value compared with the literature-reported
values of other samples doped with the same actual percentage of C, such
as MgB2+CsHs0s (po=90.2 pQicm) [88] and MgB: doped by high-energy
ball milling of C (po=95uQlcm) [46]. These results suggest that the
manufacturing process of MgB: bulk samples, and, in the case of C doped
samples, the C-CVD method were capable of producing materials

exhibiting high purity as well as high density.
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Figure 4.15: Resistivity measurements of the undoped MgB2 sample sintered at 775°C
and the MgB2(C - 3.9%) sample treated at 850°C. The respective values of A,
calculated using eq.(4.1), are included in the graph.

4.1.3.2 Crack issue

The study and optimisation of the fabrication method of the bulk MgB:
samples has suggested that the presence of cracks could be caused by the
combination of two distinct phenomena, as described below. A post

mechanical analysis of the thermo-mechanical stress behaviour
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introduced by the process of sintering has shown that, during the phase
of cooling, normal forces (specifically, tensile stress) are produced as a
result of shear stresses of friction between the sample and the walls of
the iron tube. Mathematically, this may be described by the following

relationship:
o(x) = —-2a(AT)E (4.2)

where o(x) is normal stress, AT is the temperature difference between
the dwell temperature and the room temperature, a is the sample
coefficient of thermal expansion and £'is the sample Young’s module. The
above-described analysis shows that the dwell temperature is one of the
parameters on which you can act since it affects the thermo-mechanical
behaviour of the material. The differences in mechanical behaviour
between undoped and C-CVD-doped MgB:, when treated at the same
dwell temperature, can therefore be explained by virtue of the difference
in the coefficients of thermal expansion (along both the a-axis and the ¢
axis) between the two materials which is reflected in the values of

thermo-mechanical stresses in play.

Another possible explanation of the inhomogeneous and incomplete
process of sintering and of the consequent phenomenon of cracks might
be represented by the difference between the time constant of reaction
and the time constant of diffusion. In fact, the magnesium must diffuse
into the boron particles in order to react and form magnesium diboride.
If the rate of reaction is higher than the rate of diffusion, it could lead to
the formation of well-reacted and sintered areas, which are located in the
proximity of the original position of the magnesium rod, and of areas
which are poorly reacted and sintered, and are predominantly
constituted of boron powder, as shown in fig.(4.16). When the poorly
reacted and sintered areas finally react and convert to magnesium
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diboride, they tend to expand, but this expansion is prevented by the
areas that have already reacted and sintered. This phenomenon could
result in the formation of cracks compromising the mechanical integrity
of the samples, as observed in the Section 4.1.3.1. This behaviour is
expected to be more evident when using nanometric boron powder than
it is when using coarser boron particles, because both the specific surface
area and the packing density are higher than in the case of coarser boron
particles. The crucible could not be put in vertical, even though this might
have improved the diffusion of Mg in the liquid state, because the length
of the iron tubes used, fig.(4.16), was greater than the diameter of the

furnace tube.

Figure 4.16: Optical microscopy picture of MgB: bulk sample showing the presence of
well-reacted and dense areas, which are located in the proximity of the original
position of the magnesium rod, and powdery sections of the sample, which are poorly
reacted and sintered.

In order to reduce the difference between the rate of reaction and the
rate of diffusion, two different approaches were explored: the viability of
preparing MgB: samples synthesized from a mixture of Mg, B and MgB:
powder and the progressive reduction of the packing density of boron
powder. In particular, the latter method proved to be beneficial to solving

the problem of the formation of cracks, in that it favoured the diffusion of

109



magnesium into boron powder and material rearrangement during the

sintering process.

In order to verify which of the two models could explain the formation of
cracks within the MgB: samples, a very short sample (20 mm) was
prepared, using the same method employed to produce the samples
discussed in the previous section. The sample was then heat-treated at
750°C for 12 h, cooled to room temperature, and then removed from the
iron tube, to be examined under an optical microscope, fig.(4.17a). The
sintered sample was then placed between two titanium rods within
another iron tube, the two ends of the tube crimped as before, and heat-
treated at 950°C for other 12 h. The sample was again removed from the
tube and re-examined under the optical microscope, fig.(4.17b). The
absence of cracks in both samples, evidenced by the comparison of the
two optical microscopy pictures, fig.(4.17a and b), suggested that the
difference between the time constant of reaction and the time constant of
diffusion was the cause of crack formation. In fact, the well-sintered
microstructure which appeared devoid of cracks in the case of the short
sample heat-treated at 750°C, indicated that the sintering at
comparatively low temperature on a short length scale resulted in a
reduction of the gradient between the rate of reaction and that of
diffusion. On the other hand, the absence of cracks in the higher
temperature treated sample seems to indicate that differential thermo-
mechanical stress, which should be enhanced by high sintering
temperatures, was not the main mechanism which led to the formation of

cracks.
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Figure 4.17: Optical microscopy pictures showing an undoped MgB: after a first cycle
of heating up to 750°C for 12 h and cooling down to room temperature (a), and the
same sample after a second cycle of heating up to 950°C for 12 h and cooling down to
room temperature (b).
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4.2 Characterisation of undoped MgB:

4.2.1 Experimental details

Using the fabrication method described in the Section 4.1.3.1, three
undoped MgB: bulk samples, treated at different dwell temperatures as

detailed in Table 4.2, have been produced and characterised.

SAMPLE SINTERING TEMPERATURE (°C)
MgB; 850
MgB; 775
MgB; 740

Table 4.2: Summary table of the undoped MgB; bulk samples prepared and
characterised in this work, and the respective sintering temperatures.

4.2.2 Structural analysis and critical current density
properties

Fig.(4.18) shows the critical current density as a function of magnetic
field at 11 K and 22 K for the three undoped MgB: samples. The sample
treated at 775°C clearly exhibits the best critical current density
properties throughout the field range, both at 11 K and 22 K. The J. value
in 0.1 T for this sample is two times higher than that for the 850°C
sample at 11 K, and 40% larger at 22 K. The J. performance of the 740°C
sample at low fields is substantially lower than those for the other two
higher temperature treated samples. The field dependence of J. is
observed to be comparatively weak in the 850°C sample, whilst it is
enhanced in the samples sintered at lower temperatures. This behaviour
is even more evident when considering the normalized critical current
density, J.(B)/J.(B =0.1T), in function of the field B, as shown in
fig.(4.19). TheJ.(B)/J.(B =0.1T) curves for the higher temperature
treatment fall off more quickly than those for the other two specimens,

whilst there is a crossover between the curves of the 740°C sample and
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the 775°C sample, corresponding to 2.3 T at 22K, and 43T at 11K,

respectively.
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Figure 4.18: Field dependence of the critical current density, /(B), at 11 K and 22 K
for the undoped MgB: samples treated at the specified dwell temperatures.
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Figure 4.19: Field dependence of the normalized critical current density,
Je(B)/J(B=0.1T), at 11K and 22 K for the undoped MgB; samples treated at the
specified dwell temperatures.

113



The SEM pictures, fig.(4.20), show that the microstructure of the three
undoped samples transitions from spherical shaped grains, mainly
grouped into clusters, to well distinguishable, bar/plate shaped grains as
sintering temperature is increased. However, the analysis of the SEM
images does not provide evidence that there is sufficient difference in the
levels of porosity to justify so marked a variation in J. performance.
Therefore, in order to investigate if, and to what extent, the presence of
internal cracks affects the J. properties, magnetisation measurements
were performed on the three undoped MgB; samples polished at two
different levels of thickness. In fact, it can be proved that, by virtue of the
Bean critical state model, the J. value of a sample with a thickness tis not
equal to that of another sample composed of two pieces, each one having
thickness t/2, placed one on top of the other. For a parallelepiped sample
with thickness ¢ length x and width y, J. is given by:

_ 20M
 xyt?

(4.3)

C

whilst the critical current density value for the sample composed of two
pieces each having thickness ¢/2 (with the other dimensions x and y

unchanged) is equal to:

_ 40M
 xyt?

(4.4)

C

Since the model of the two part sample having thickness ¢/2is equivalent
to one sample having a crack in the middle, the equations (4.3) and (4.4)

prove that the presence of cracks would change the J. value.

Fig.(4.21) shows the J.(B) curves at 10 K for the 775°C sample which has
been polished and characterised for thicknesses of 0.33 mm and 0.23 mm.
The curves are observed to almost overlap, which is indicative of an

absence of, or a low presence of, internal cracks within the sample. In
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contrast, /.(B) curves, fig.(4.22), at 10 K for the 740°C sample show that
the sample 0.74 mm thick exhibited higher critical current density
properties throughout the field range than the same sample polished to a
thickness of 0.39 mm. This result suggests that the 740°C sample
presented an inhomogeneous distribution of internal cracks throughout
its thickness, and, unfortunately, the non-cracked portion of the sample
was polished away, resulting in a reduction of ], properties for the
0.39 mm thick sample. With regard to 850°C sample, fig.(4.23), there is a
nearly identical /. performance between the 0.28 mm thick and the
0.117 mm thick sample down to 0.7 T, whilst below that magnetic field
value, a significant variation in J. is observed. That variation might be
explained by the presence of internal cracks within the thicker sample,

which hindered the /. at the lower field values.
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Figure 4.20: SEM images for undoped MgB: samples treated at 850°C(a), 775°C (b)
and 740°C (c).
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Figure 4.21: Comparison of /(B) at 11 K for the 775°C MgB2 sample, polished and
characterised for thicknesses of 0.33 mm and 0.23 mm. The inset shows the
magnetisation per unit volume plotted against magnetic field.
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Figure 4.22: Comparison of /:(B) at 11 K for the 740°C MgB: sample, polished and

characterised for thicknesses of 0.74 mm and 0.39 mm. The inset shows the
magnetisation per unit volume plotted against magnetic field.
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Figure 4.23: Comparison of /(B) at 11 K for the 850°C MgB2 sample, polished and
characterised for thicknesses of 0.28 mm and 0.117 mm. The inset shows the
magnetisation per unit volume plotted against magnetic field.

The analysis of the XRD patterns has revealed that the full width at half
maximum (FWHM) of the (100) peak for the 850°C sample is smaller
than that for the lower temperatures sintered samples, as shown in
fig.(4.24), passing from 0.1 to 0.17. Therefore, small crystal sizes,
evidenced by the broadening of the XRD peaks (higher FWHM values),
could be one of the reasons for the enhanced magnetic field dependence
of /. observed in samples processed at low temperatures. In fact, it is
reported [43] that the decrease of the crystal size contributes to
enhancing the intraband scattering and shortening the electron mean
free path /and coherence length & The pinning force at grain boundaries
(%) is thought to increase with impurity which is inversely proportional
to /[89].
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Figure 4.24: XRD patterns of (100) reflection for undoped MgB; samples treated at
850°C(a), 775°C (b) and 740°C (c). In the same figures, the full width at half
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maximum (FWHM) values are indicated.

In order to investigate the pinning mechanisms, we analyzed the pinning
force. Fig.(4.25) and (4.26) show the Kramer plots -produced by plotting
F, = J.>®H%25 35 a function of the applied field A, at 11 K and 22 K- that
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have been used to estimate the irreversibility field H;... [90] Although the
plots do not show a linear behaviour in a large range of field, the values of
the irreversibility field, H;.. = Hk, could be estimated by extrapolating
the linear part of the Kramer function at high currents to the field axis
intercept. These values have then been used to plot the normalized
pinning forces, //Fymax where F, = J.H, as a function of the reduced field
H/Hg at 11 Kand 22 K, as shown in fig.(4.27) and (4.28). The graphs also
include the normalised theoretical curves of pinning forces for grain

boundary mechanism, expressed analytically by

ol = () (1= (+5)
propmax Hirr Hirr ’ .

and point defect mechanism, as reported in [65, 91]. It is evident that no
correlation exists between the sintering temperature and the position of
the pinning force maximum. In fact, whilst in the case of the sample
sintered at 775°C, both at 11 and 22°K, the peak positions are located at
values of H/Hy slightly close to 0.2, for both the 850°C and 740°C

treatments a shift to a higher angle is observed. The positions of the F,

maxima are virtually coincident at H/Hy = 0.33 for both samples at 11 K,
whereas at 22 K the maximum position tends to approach 0.3 for the
850°C treatment, but it is nearly 0.37 for the sample sintered at 740°C.
These results suggest that the predominant pinning mechanism is by
grain boundary for the 775°C treatment, whilst in the other two samples
(and, in particular, for the 740°C treatment) there is clear evidence of
changing of pinning mechanisms to point defects. However, this
additional pinning mechanism, which has been found to improve the
vortex pinning strength at high field [91], is not capable of producing a
significant improvement in / in the samples treated at 850°C and 740°C.

This is presumably due to the presence of cracks, which, as evidenced by
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the analysis of the /. properties at two different levels of sample thickness,

was observed to be more significant than in the sample sintered at 775°C.
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Figure 4.25: Kramer plots as a function of magnetic field at 11 K from the / data for
undoped MgB; samples treated at 850°C (black), 775°C (blue) and 740°C (green).
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Figure 4.26: Kramer plots as a function of magnetic field at 22 K from the / data for
undoped MgB; samples treated at 850°C (black), 775°C (blue) and 740°C (green).
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Figure 4.27: Behaviour of the normalised pinning force vs normalised magnetic field
at 11 K from the magnetic /. data for the undoped MgB, samples treated at 850°C
(black), 775°C (blue) and 740°C (green). Grain boundary pinning, eq.(4.5), and point
defect models, [91], are also shown for comparison.
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Figure 4.28: Behaviour of the normalised pinning force vs normalised magnetic field
at 22 K from the magnetic /. data for the undoped MgB: samples treated at 850°C
(black), 775°C (blue) and 740°C (green). Grain boundary pinning, eq.(4.5), and point
defect models, [91], are also shown for comparison.
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For the 775°C and 850°C samples, the temperature dependence of /. has
also been studied. In the analysis and discussion of the /. properties, in
this chapter, the critical temperature is indicated as 7+ since 7c is a
reversible property, while the critical current is irreversible. The
temperature-dependent critical current density curves at 0.1 T, as shown

in fig.(4.29), have been fitted using the equation:

T
Je() = o) [1 = | (46)

The fitting parameters are J.(0) = 3.022 = 10® A/cm? and 7;+=37.5 K for
the 775°C MgB; sample, and J.(0) = 1.8 * 10 A/cm? and T =37.3 K for
the 850°C MgB: sample.
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Figure 4.29: Temperature dependence of the critical current density, /.(T), at 0.1 T for
the 775°C MgB2 (red) and 850°C MgB: (black) samples. Circles represent
experimental data, whilst solid lines represent fitting curves, described by eq.(4.6).
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The linear decrease of J. with increasing temperatures, which has also
been reported in [92, 93] and has been explained by the temperature
dependence of the coherence length £(T) in J(7), was observed to be
valid down to 22-24 K. Below that temperature range, the /(7) deviated

from such behaviour and tends to flatten out.

In order to verify if the flatting off persists at higher magnetic field and
study the irreversibility temperature behaviour near the 7 region, the
temperature dependence of/.at 1T was studied. The temperature-
dependent critical current density curves at 1T, as shown in fig.(4.26)

and (4.27), have been plotted and fitted using the following equation:

T,

Je(T) =], (0) - [1 - TTl ] +J.,(0) - [1 -

irrg

+ et ], (0) - [1 —TT” ] (4.7)

Tirr2 irrm

The eq.(4.7) is a linear combination of n eq.(4.6) with different 7i.'s and
Je(0)'s. In particular, the temperature dependence of /. of both the
undoped MgB: samples could be described using two 7i.'s, which are
32.7 K and 30.5 K for the 775°C MgB: sample, fig.(4.30), and 31.2 K and
29.3K for the 850°C MgB: sample, fig.(4.31). The splitting into two
irreversibility temperatures at higher fields could reveal the existence of
two current paths having a different pinning strength. The presence of
two Ti's, i.e. two current paths, in the undoped MgB: samples can be
explained by material inhomogeneities, which are particularly sensitive
to the intensity of, and orientation with respect to, the applied magnetic
field, as suggested by Eisterer [94]. It is also evident that the flattening off
at low temperatures, which was observed in the plot of the temperature-
dependent critical current density curves at 0.1 T, fig.(4.29), virtually
disappears, which would suggest it is a remnant of the magnetisation

measurements due to self field effect.
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Figure 4.30: Temperature dependence of the critical current density, /(7), at 1 T for
the MgB sample sintered at 775°C. Circles represent experimental data, whilst solid
black line and dashed red line represent respectively the fitting curve defined using
one 7ir and the cumulative fitting curve defined with two 7, as described by eq.(4.7).
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Figure 4.31: Temperature dependence of the critical current density, /(7), at 1 T for
the MgB2 sample sintered at 850°C. Circles represent experimental data, whilst solid
black line and dashed red line represent respectively the fitting curve defined using
one 7ir and the cumulative fitting curve defined with two 7, as described by eq.(4.7).
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Another interesting result which could be drawn from the analysis of the
temperature dependence of J. at 1 T is that 7i appears to drop quickly
with field. The quick decrease of 7i+ with field is evident when compared
with the literature-reported data [95], [96] for undoped MgB: samples
characterised using resistivity measurements under the applied magnetic
field of 1 T, as detailed in Table 4.3. All the MgB> samples exhibited a two-
step superconducting transition, however the 7 values estimated from
the fitting of the temperature-dependent critical current density curves

at 1 T in this work were significantly lower.

SAMPLE (SINTERING TEMPERATURE) Tirt (K) T2 (K)
Bulk (775°C) 32.7 30.5
Bulk (850°C) 31.2 29.3
Wire (725°C) [95] 36.3 35.2
Bulk (750°C) [96] 36.3 35.6

Table 4.3: Comparison between the irreversibility temperature, 7, values at 1 T for
the undoped MgB: bulk samples from this work and the literature-reported values
[95], [96] for MgB2 samples characterised by using resistivity measurements.
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4.3 Preparation and characterisation of
MgB2(C - x%) using Carbon Chemical
Vapour Coated Boron

4.3.1 Experimental details

Two portions of the boron powder were coated with carbon using the
CVD technique detailed in Chapter 3. The percentages of C deposited,
estimated from the mass gain observed following the process of carbon-
doping of the boron powder, were found to be about 6.5% and 19%,
respectively. The carbon coated powders were then reacted with
magnesium using the in-situ process described in Section 4.1.3.1. Three
bulk samples were prepared from the two portions of C doped boron
powder. Two samples were produced by sintering two portions,
respectively, of the 6.5% C doped boron powder and the 19% C doped
boron powder at 850°C, whilst the third sample was obtained by first
sintering a second portion of the 19% C doped boron powder at 850°C
and, then, post-treating it for 24 hours at 1000°C, as detailed in Table 4.4.

4.3.2 Structural analysis and critical current density
properties

Fig.(4.22a, b, c and d) shows the (100) reflections for the C-CVD doped
MgB: samples with the previously discussed undoped MgB: treated at
775°C included as a reference. The actual doping fractions have been
estimated using the empirical method described in Chapter 2. The
nominal and actual doping fractions, along with the sintering
temperatures, and any post-treatments are reported in Table 4.4. These
results indicate that, for all C-CVD doped MgB: samples, only a fraction of

the carbon deposited on the boron powder is included in the MgB: lattice.
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It is worth noting the inconsistency between the nominal and the actual
carbon content of the two non-post-treated samples. In fact, the actual
doping fraction has been found to be higher in MgB2(C - 3.9%), although
the nominal carbon content estimated from mass gain was much larger in
MgB:(C - 2%), 6.5% compared to 19%, respectively. This result can be
explained by supposing that such a high carbon content was not
homogeneously distributed within the boron powder. Therefore, the
selected portion of C doped boron powder used for preparing MgB2(C -
2%), was not representative of the average level of carbon content within
the boron powder. A Gaussian deconvolution of the (1 0 0) peaks is also
shown in fig.(4.32). Two underlying peaks were found in the C doped
samples. The MgB2(C - 3.9%) sample exhibited a major peak at x=3.7%
and a broad secondary peak corresponding to a carbon doping
percentage of 5.5%. The MgB2(C - 2%) sample has one main peak at
x=1.9% with a small secondary peak with a value near 3.4%. With regard
to the post-treated sample, the Gaussian deconvolution has shown that
the (1 0 0) peak is composed of two reflections with a major peak
centered at x=8.0% and a very small secondary peak at x=8.5%;
therefore, the sample can be considered to be formed by a single-phase
composition. Moreover, in the XRD pattern of the MgB2(C - 3.9%) and
MgB:(C - 2%) samples, a second peak was observed. With regard to the
latter sample, the presence of two peaks may suggest the existence of two
different doping regimes within the sample: the main peak
corresponding to a carbon doping level of 2%, whilst the small secondary
peak would be consistent with a content of 15.5%. The MgB2(C - 3.9%)
sample also exhibited, along with the major peak at a carbon doping level
of 3.9%, a secondary peak centred in correspondence of the reported
reflection of boron carbide, B4C. The post-treatment was observed to not

only favour the inclusion of carbon into the magnesium diboride lattice in
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MgB:(C - 8.2%), but also to slightly reduce the broadness of the (100)

peak, when compared to the peak for the MgB:(C - 2%) sample, which is

the largest of all the characterised samples.

1300

a)

1200 -
1100
1000 -
900

800

Intensity (a.u.)

700
600

500 [

| FWHM=0.25

T T T 4001
MgB,(C - 3.9%)

350

300

)

u
N
o
o
o

T

B,C

Intensity (a.
N
8

150

1 1
33,2 33,4 33,6

700

1 1 1 1 1
33,8 34,0 34,2 34,4 34,6

20 (degree)

c)

600

500

Intensity (a.u.)

“MgB,(C-5.2%

| FWHM=0.23

|

1
33,6

334

1 1 1 1 1
33,8 34,0 34,2 34,4 34,6

20 (degree)

1000 -

0

b)

0

0

S
T

0

500 hros ™

|\ FWHM=0.26

MgB,(C - 2%)

B,C

33,2

1 1
33,8 34,0
20 (degree)

1 1
334 33,6

1 1 1
34,2 34,4 34,6

Figure 4.32: XRD patterns (empty circles) of (100) peak for MgB2(C - 3.9%) (a),
MgB2(C - 2%) (b) and MgB2(C - 8.2%) (c). In the same graph, the results of the
Gaussian deconvolution of the (100) peak are also shown: the deconvolution peaks
are plotted with wine line, while Gaussian interpolation with blue line. Any additional
secondary phase is indicated in red.

Nominal Actual Sintering Post-

Sample carbon carbon temperature treatment
content (%) content (%) (°C) (°C)
MgB2(C — 3.9%) 6.5 3.9 850 none
MgB2(C — 2%) 19 2 850 none
MgB,(C — 8.2%) 19 8.2 850 1000

Table 4.4: Summary table of the C-CVD doped MgB: bulk samples. The table lists the
estimated nominal and actual doping fractions, the sintering temperatures, and the
post-treatment temperatures.
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Fig.(4.33) shows the critical current density as a function of magnetic
field at 11 K and 22 K for the three C doped MgB; samples and the
undoped MgB: treated at 775°C. Of all the C doped samples, MgB2(C - 2%)
exhibited the best /. performance throughout the field range, both at 11 K
and 22 K. In particular, / for this sample reached as high as 4.72x10*
A/cmZat 11 Kin 5T, over two times as high as the critical current density
values for MgB2(C - 8.2%) and MgB:(C - 3.9%). At 22K in 3 T, the kL
value was 2.85x10% A/cm? for MgB:(C - 2%), three times that of MgB2(C
- 8.2%), and almost nine times the MgB2(C - 3.9%) critical current
density value. At low fields (0.1 T), J for MgB2(C - 2%) was 8.52 X105
A/cm? at 11 K and 5.92%x10>A/cm? at 22 K, about 40% smaller than the
respective values of the undoped MgB: samples (at the same
temperatures). The / value at 11 K was about 20% larger than that for
MgB2(C - 8.2%) and nearly 70% larger than that of MgB2(C - 3.9%),
whilst the critical current density performance of MgB:(C - 2%) at 22K
was two times as high as the respective values for the other two C doped
samples. Magnetic field dependence of ) was improved by the carbon
doping, as evidenced by the fig.(4.34) showing the normalized critical
current density, £(B)//.(B=0.1T), in function of the field B. This result
indicates that the flux pinning strength under high fields is enhanced by
the C-CVD doping. The most significant improvement was observed in the
MgB2(C - 2%) sample, both at 11 K and 22 K. On the other hand, the
sensitivity of /. to magnetic field was considerably decreased also in the

post-treated sample, in particular at high fields.
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Figure 4.33: Field dependence of the critical current density, /.(5), at 11 K and 22 K

for the C-CVD doped MgB: bulk samples listed in Table 4.4 and undoped MgB: treated
at 775°C.

I I I I I I I |
Tp——————a - - E
c |
s 01F E
2 N
Q 01 K

~° _\3.\‘(‘
0,01 | —— Undoped MgB, 775°C WyT
— MgB.(C - 3.9%
95 °) 22 K ]

——— MgB,(C - 2%) o
N o T

e MgB,(C - 8.2%) | L

0,1 0,4 0,7 1 2 3 4567
Magnetic field (T)

Figure 4.34: Field dependence of the normalized critical current density,
Je(B)/J(B=0.1T), at 11 K and 22 K for the C-CVD doped MgB: bulk samples listed in
Table 4.4 and undoped MgB: treated at 775°C.
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In fig.(4.35) and (4.36) the Kramer plots at 11 and 22 K, as extracted
from the magnetic /, for the three C doped MgB: samples are shown. The
plots have been employed to evaluate the irreversibility field H;.. = Hy,
as explained in Chapter 4.2. As in the case of the undoped samples, the
Kramer functions were not linear throughout the considered field range,
but exhibit variations in the slope of the plots. This behaviour has been
attributed [63] to percolative paths, which can be quite significant in
samples prepared with nanosized boron powders. Considering the linear
part of the curve at high current, the Hy values have been extrapolated
and employed to plot the normalized pinning forces, //Fma as a
function of the reduced field H/Hy at 11 K and 22 K, as shown in fig.(4.37)
and (4.38). Unlike the undoped samples, which exhibited a varying
pinning force maximum with sintering temperature, the predominant
pinning mechanism for all the characterised C doped MgB: samples is
grain boundary, whether or not post-treatment was performed, and
regardless of the amount of carbon included. This behaviour is evidenced
by the plots, fig.(4.38), which show that the normalized pinning force as a
function of reduced field at 22 K almost overlapped the theoretical curve
defined by eq.(4.7) for the grain boundary mechanism. At 11 K, as shown
in fig.(4.37), while the maxima for all C doped samples were very close to
0.2, the pronounced broadening of the F,/Fmax curves observed for
MgB2(C - 2%) and, in particular, for MgB2(C - 8.2%) suggests that a
minor contribution from the point defect pinning mechanism should be

considered.
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Figure 4.35: Kramer plots as a function of magnetic field at 11 K from the magnetic /.
data for the C-CVD doped MgB: bulk samples listed in Table 4.4.
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In order to further investigate what factors affect the critical current
density performances of carbon doped MgB: samples, the temperature
dependence of f has also been studied. The temperature-dependent
critical current density curves at 0.1 T, plotted in fig.(4.39)-(4.41), have
been fitted using eq.(4.6), which is the fitting equation used to describe
the temperature-dependent /. behaviour for the undoped MgB2 samples
at 1 T in the previous section. The provision of different 7i's reveals the
existence of multiple current paths due to distinct doping regimes within
the C doped samples, as suggested also by the XRD analysis. In particular,
the temperature dependence of /. of the MgB2(C - 3.9%) sample could be
described using two 7i+'s, which are 32.3K and 30.7 K, as shown in
fig.(4.39). In the case of MgB:(C - 2%) and MgB:(C - 8.2%), three 7i:'s
are needed to fit the J.(7) curves. They are, respectively, 34.1 K, 32.7 K
and 31.3 K for the non-post-treated sample, fig.(4.40), and 32.2 K, 30.2 K
and 25 K for the post-treated sample, fig.(4.41). A large amount of carbon
substitution, as in the case of the post-treated sample, was observed to
cause quite a significant decrease of 7i's degrading the /. characteristics,
particularly at low fields, as displayed in fig.(4.33) and (4.34). In contrast,
the presence of a phase containing a level of carbon of 15.5% was seen
not to reduce the 7i:'s for MgB2(C - 2%), and this could explain the
significant / characteristics at low fields. On the other hand, this phase is
thought to improve the magnetic field dependence of [, as suggested by
the analysis of the normalized field dependent critical current density
graph, f(B)//).(F=0.1T). It is also worthwhile to notice that there was a
significantly wider distribution of 7i:'s for the post-treated sample than
that for non-post-treated sample. These results contrast with the XRD
data that the post-treatment was observed to reduce the FWHM of the
(100) peak.
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Figure 4.39: Temperature dependence of the critical current density, /(7), at 0.1 T for
the MgB2(C - 3.9%) sample. Circles represent experimental data, whilst solid lines
represent fitting curves, which are described by eq.(4.6).
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Figure 4.40: Temperature dependence of the critical current density, /.(7), at 0.1 T for
the MgB2(C - 2%) sample. Circles represent experimental data, whilst solid lines
represent fitting curves, which are described by eq.(4.6).
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Figure 4.41: Temperature dependence of the critical current density, /{(7), at 0.1 T for
the MgB2(C - 8.2%) sample. Circles represent experimental data, whilst solid lines
represent fitting curves, which are described by eq.(4.6).

In fig.(4.42) the values of critical temperatures, estimated by the fit of the
temperature-dependent /. curves, have been plotted in function of Aa
(and X) for the undoped and C-CVD doped MgB: bulk samples. Each C
doped sample included a phase, corresponding to a respective value of
critical temperature, which was comparable to the value reported for
single crystals [75]. The same samples exhibited additional critical
temperature values, which were observed to lie either above or below
those of single crystals. With regard to MgB2(C - 8.2%), it had two higher
Tir’'s than would be expected, so the main current path was not through
the higher doped region, which was seen in the XRD analysis. In contrast,
the MgB2(C - 3.9%) and MgB:(C - 2%) samples exhibited, respectively,
one 7ir and two 7iw’'s lower than would be expected, therefore the main
current path is likely to have been through regions with a carbon content
higher than that was estimated from the (100) peak. Therefore, the

multiple 7i's could be interpreted as a result of distinct levels of carbon
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doping, with the biggest contribution coming from the middle value
(indicated with a red circle in fig.(4.42)), which represents the dominant
pinning mechanism, and a weaker one -absent in the case of MgB2(C -
3.9%)- at higher temperatures. The lower temperature value was

difficult to argue as it was quite weak.
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Figure 4.42: Dependence of 7 on Aa (and X) for C-CVD doped MgB: bulk samples
and C doped MgB: single crystals [75]. The circles in black, red and blue around the
symbols indicate, respectively, the Ziw1, 7ir2 and 7ir3 estimated by the fit of the
temperature-dependent /. curves, as shown in fig.(4.25)-(4.27).
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The analysis of SEM images, displayed in fig.(4.43a) and (4.43b),
revealed that the post-treatment resulted in an increase in the density of
the sample through a coalescence of grains and in the growth of the
particles, which reached dimensions of 200-300 nm, whilst in the non-
post-treated sample, particles with a radius of about 100 nm were
observed. These results correlated with the XRD data, fig.(4.23), which
showed a decrease in the average FWHM value of the (100) peak for the
post-treated sample, compared to those of the non-post-treated samples.
The degradation of crystallinity was believed to increase grain boundary
pinning improving the field dependence of the critical current density,

Je(B), as observed in the MgB2(C - 2%) sample.
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4.4 Preparation and characterisation of
SiO2-coated MgB:(C - x%) using Silica Sol-
Gel and Carbon Chemical Vapour Coated
Boron

4.4.1 Experimental details

Nano-sized boron powder has been coated with silica by using the sol-gel
method, as detailed in Chapter 2. 0.5 g of boron was mixed with 500 cm?3
of ethanol and sonicated in ultrasound bath for 5 minutes to achieve good
dispersion. 53 cm?3 of ethanol, 1.2 cm? of precursor TEOS, Si(OCzHs)4, and
3.5 cm3 of aqueous NH3 (catalyst) was slowly added to the suspension of
boron at room temperature under vigorous stirring. The solutions were
allowed to react for 12 hours under stirring followed by separation of a
dark brown precipitate using filtration. The solid sample was thoroughly
washed with ethanol, filtered and dried at room temperature. The
resultant percentage of silica included into boron powder was 16 wt%.
Two portions of the silica-coated boron were also subsequently coated
with carbon using the CVD technique detailed in Chapter 2. Two samples
with two different levels of carbon doping were produced by varying the
dwell temperature of the carbon doping process from 350°C to 550°C.
The percentages of C deposited, estimated from the mass gain observed
following the process of carbon-doping of the boron powder, were found
to be about 2% and 6.1%, respectively. Both silica coated and
silica+carbon coated powders were then reacted with magnesium at
850°C using the in-situ process described in Chapter 4.1, in order to
produce cylinder-shaped bulk samples. The percentage of silica that was
coated onto boron powder, any nominal percentages of carbon doping,

along with the dwell temperature of the carbon doping process (if
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applicable) are indicated in Table 4.5.

Mass Nominal Dwell
Sample percentage | carbon | temperature of
of silica content | carbon doping
coating (%) (%) process (°C)
MgB,+16 wt% SiO, 16 None None
MgB,(C - 2 wt%)+16 wt% SiO, 16 2 350
MgB,(C— 6.1 wt%)+16 wt% SiO, 16 6.1 550

Table 4.5: Summary table of the SiO2 coated MgB2(C - x wt%) samples. The table lists
the estimated mass percentage of silica coating and nominal carbon doping fraction,
and the carbon doping dwell temperature.

4.4.2 TEM images analysis of Si0,-coated boron
powder and characterisation of the structural and
critical current density properties of reacted bulk
samples

The silica-coated boron powder was examined by transmission electron
microscopy (TEM) in order to assess the distribution and the level of

homogeneity of the coating on the boron powder.

Figure 4.44: TEM images of SiO2-coated boron powder, (a) and (b). Lumps of silica are
indicated with red arrows.
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The TEM images, fig.(4.44a) and (4.44b), show that the sol-gel method,
differed from the CVD technique in that it was not capable of producing a
constant silica-rich layer on each individual boron grain; however, lumps

of silica were observed in proximity of some grains.

Fig.(4.45a, b, ¢ and d) shows the wide angular range x-ray diffraction
spectra of the undoped MgB: sample and the Mg(B1.xCx)2+SiO2 samples
(in the doped samples the positions of the peaks of the crystalline phases
were determined by using the Al20s3 peak as a reference). The
MgB2+16 wt% SiOz and MgB2(C - 2 wt%)+16 wt% SiO2 samples are
composed of nearly single phase of MgB: except for a peak of Mg>SiOs,
which derives from the reaction 2MgO + SiO, —» Mg,Si0,, where MgO
derives from the reaction 4Mg + Si0, — Mg,Si + 2MgO0. In contrast, the
presence of additional peaks, namely SiC and MgCOs (deriving from the
reaction MgO + 2Si0, + 3C — 2SiC + MgCO3), was found in the pattern
of the MgB2(C - 6.1 wt%)+16 wt% SiO2 sample. In order to elucidate how
the presence of those peaks affects the actual percentage of carbon that is
incorporated into the lattice of MgB, the peak associated with the (100)
reflection was investigated, fig.(4.46a, b, ¢ and d). The Gaussian
deconvolution of the (100) peak evidences the presence of three
underlying reflections for the higher temperature treated carbon+silica
coated MgB: sample, as shown in (fig.4.46d). The lowest angle peak
corresponds to a percentage of C doping equal to 0.2 at%, the
intermediate angle peak to a broad peak centered at 0.5 at%, whilst the
highest angle peak approaches 1.3 at%. No appreciable split of the (100)
peak was instead observed in relation to the lower temperature treated
carbon+silica coated MgB: sample, (fig.4.46c¢), after deconvolution with
Gaussian functions and, therefore, it can be considered to be formed by a
single-phase composition. Moreover, the percentage of carbon doping in

MgB2(C - 2 wt%)+16 wt% SiO: is not sufficient to determine any shift in
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the (100) peak position with respect to the undoped MgB: sample,

although a broadening of the reflection was observed.

250

(d) ' MgB,(C - 6.1 Wi%)+16 wt% SiO, |
Al_O
200 + Al203 2 3 i
Al 03
5150 - E
&
oy Al_O Al_O
2 100 | 23 A 3 i
i} Al_O o
£ 3 “'20803 20 A O
g2 MgO 23
50 SiQB MZS|4 B i
Mg '2
0 -
00—t
(c) MgB,(C - 2 wt%)+16 wt% SiO, |
250 - A|203 i
Al_O
200 Al O 2°3 E
23

Intensity (a.u.)
2
T
1

=
o
o

50

e, NGBt i,

Intensity (a.u.)

1 1 1 1 1 1
(a) MgB2101 Undoped MgB, |
80 |- -
e
s
> 60| .
[72]
c
k5
£
40 —
MgB,100 MgB110
" MgB,002 1
O -
n 1 n 1 n 1 n n n n n
10 20 30 40 50 60 70 80 90

20 (degree)

Figure 4.45: Wide angular range x-ray diffraction spectra of undoped MgB: (a),
MgB:+16wt% SiOz (b), MgB2(C - 2wt%)+16 wt% SiOz (c¢) and MgB2(C -
6.1 wt%)+16 wt% SiO (d) samples.
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Figure 4.46: XRD patterns (empty circles) of (100) peak for undoped MgB: (a),
MgB2+16 wt% SiO2 (b), MgB2(C - 2wt%)+16 wt% SiO2 (c¢) and MgB2(C -
6.1 wt%)+16 wt% SiO2 (d) samples. In the same graph, the results of the Gaussian
interpolation of the (100) peak are also shown, with the solid wine lines representing
the deconvoluted peak reflections, whilst the solid blue line represents the
cumulative fit peak.

In the case of the MgB:+16 wt% SiO: sample, (fig.4.46b), a (100) peak
shift to a larger angle was observed whilst the (002) peak position, as
shown in (fig.4.47), remained comparatively unchanged. This behaviour
contrasts with what has been reported [74], namely, that the addition of
SiO2 does not affect the position of (100) reflection, but it does favour the
formation of MgzSi, and causes an increase in the c lattice parameter,
leading to the (002) angle shifting to lower angles. Our results could be
explained, in the absence of carbon, by an excess percentage of
magnesium, as suggested by [97], although the shortening of a lattice
parameter has generally been observed in samples sintered at

temperatures below 850°C.
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Figure 4.47: XRD reflection of (002) peak for the undoped MgB;, MgB2+16 wt% SiO-,
MgB2(C - 2 wt%)+16 wt% SiO2 and MgB2(C - 6.1 wt%)+16 wt% SiO2 samples.

Fig. 4.48 shows the critical current density as a function of the magnetic
field at temperatures at 11 K and 22 K for undoped MgBz, MgB:+16 wt%
Si02, MgB2(C - 2 wt%)+16 wt% SiOz, and MgB:(C - 6.1 wt%)+16 wt%
SiO2. Of all the Si coated samples, MgB:+16 wt% SiOz exhibited the best /.
performance throughout the field range, both at 11 K and 22 K. The
introduction of carbon into MgB: lattice for Si coated samples not only
impairs /) at low fields, but also does not seem to result in any
improvement even at high fields. This deterioration in critical current
density performance becomes more evident with increasing percentages
of C included: j for MgB2(C - 6.1 wt%)+16 wt% SiO; was 2.28x103
A/cm? at 11 Kin 3 T, a value which is less than one fifth that for MgB2(C -
2 wt%)+16 wt% SiO: and less than one fifteenth that for MgB2+16 wt%
SiOz. Similar ratios regarding the /. performances were observed at 22 K

in 2 T: the /. value was 1.2x103 A/cm? for the MgB2(C - 6.1 wt%)+16 wt%
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SiO2 sample, which is as high as one ninth that for lower C doped sample

and less than one fifteenth that for MgB2+16 wt% SiO-.

The undoped sample clearly exhibited better critical current density
properties throughout the field range in comparison to any Si coated
sample. On the other hand, the sensitivity of /. to magnetic field at low
fields, both at 11 K and 22 K, for MgB2+16 wt% SiO: is even better than
that of the undoped MgB: sample, as displayed in fig.(4.49). The presence
of the MgC0O3 and MgSiOs compounds observed within the MgB2(C -
6.1 wt%)+16 wt% SiO: sample, is thought to impair its critical current
density performance and, in particular, its self-field /. which was found to

be significantly reduced as compared to the other characterised samples.
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Figure 4.48: Field dependence of the critical current density, /(5), at 11 K and 22K

for undoped MgB;, MgB2+16 wt% SiO2, MgB2(C - 2 wt%)+16 wt% SiO; and MgB2(C -
6.1 wt%)+16 wt% SiO2 samples.
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Figure 4.49: Field dependence of the normalized critical current density,
J(B)/J(B=0.1T), at 11K and 22K for the undoped MgBz, MgB:+16 wt% SiOo,
MgB2(C - 2 wt%)+16 wt% SiO2 and MgB2(C - 6.1 wt%)+16 wt% SiO2 samples.

Fig.(4.50) and (4.51) show the Kramer plots at 11 and 22 K, as extracted
from the magnetic /, for the three SiO;-coated undoped and C-CVD doped
MgB: samples. The plots have been employed to evaluate the
irreversibility field H;., = Hg, by extrapolating the linear part of the
Kramer function at high currents to the field axis intercept, as described
for the undoped and C-CVD doped MgB: samples. Fig.(4.52) and (4.53)
show the behaviour of the normalized pinning forces curves as a function
of the reduced field H/Hg at 11 K and 22 K, which have been plotted by
using these Hg values. The dominant pinning mechanism was observed
to be grain boundary at both 11K and 22K, actually at 11K the
maximum values of F,/Fmax Was shifted to values lower than 0.2, the
typical value for this pinning mechanism as shown by the normalised
theoretical curve [65, 91] included in fig.(4.40). It is worth noting that the
coating with silica, similar to what was seen for the carbon doping, did

not introduce any additional pinning mechanism. Moreover, the best
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sample, MgB2+16 wt% SiO2, achieved maximum pinning force values of
3.55X10°N/m3 at 11 K, and 1.51x10° N/m3 at 22 K, both of which were
40% lower than the respective values for the best C-CVD doped sample,
namely MgB:(C - 2%), while the best undoped sample, the 775°C MgB:
sample, reached values of 7.19X10° N/m3 at 11 K, and 4.24X10° N/m3 at
22 K. The pronounced broadening of the F,/Ffmax curves observed for
MgB:(C - 6.1 wt%)+16 wt% SiO2 at 22K suggests that a minor
contribution from the point defect pinning mechanism should be
considered. However, the synergic effect of the C doping and the coating
with SiOz in MgB2(C - 6.1 wt%)+16 wt% SiO; was observed to strongly
reduce the maximum pinning force values which were estimated to be an
order of magnitude lower than those for MgB2+16 wt% SiO, at both 11 K
and 22 K.

N > MgB,+16 wt% SiO,
700 © MgB,(C - 2 wt%) +16 wt% SiO,
° MgB,(C - 6.1 wt%)+16 wt% SiO,

Magnetic field (T) )

Figure 4.50: Kramer plots as a function of magnetic field at 11 K from the magnetic /
data for the SiO2-coated MgB2(C - x wt%) bulk samples listed in Table 4.5.
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Figure 4.51: Kramer plots as a function of magnetic field at 22 K from the magnetic /.
data for the SiOz-coated MgB2(C - x wt%) bulk samples listed in Table 4.5.
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Figure 4.52: Behaviour of the normalised pinning force vs normalised magnetic field
at 11 K from the magnetic /. data for the SiOz-coated MgB:(C - x wt%) bulk samples
listed in Table 4.5. Grain boundary pinning, eq.(4.5), and point defect models, [91],
are also shown for comparison.
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Figure 4.53: Behaviour of the normalised pinning force vs normalised magnetic field
at 22 K from the magnetic /. data for the SiOz-coated MgB2(C - x wt%) bulk samples
listed in Table 4.5. Grain boundary pinning, eq.(4.5), and point defect models, [91],
are also shown for comparison.

Fig.(4.54)-(4.56) show the temperature-dependent critical current
density curves in 0.1 T for the three SiOz coated Mg(B1xCx)2 samples. The
curves have been fitted using the equation (4.2). Whilst the temperature
dependence of /. of MgB2+16 wt% SiO2 and MgB2(C - 2 wt%)+16 wt%
Si02 could be described using one 7, two 7ir's are needed to fit the £(T)
curves in the case of MgB2(C - 6.1 wt%)+16 wt% SiO2. This finding
correlates with the results of XRD analysis, showing the existence of two
different doping regimes within the higher C doped sample, whilst the
other two SiO2 coated Mg(B1xCx)2 samples can be considered to be
formed by a single-phase composition. Moreover, the comparatively low
values of 7ix's for the MgB:+6.1 wt% C+16 wt% SiO2 sample could
explain the degradation of /). performances particularly at low magnetic

fields, as displayed in fig.(4.48) and fig.(4.49).

150



& Experimental data
J_ (T, ,=36.6 K)

.|rr1|

103I.I | YR Y [T T [NU ST T U

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Temperature (K)

Figure 4.54: Temperature dependence of the critical current density, f(7), at 0.1 T,
for the MgB2+16 wt% SiO2 sample. Circles represent experimental data, whilst solid
line represents fitting curve, which is described by eq.(4.6).

106:I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'

J (Alcm?)

¢ Experimental data

J_(T. =37.2K)

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Temperature (K)

Figure 4.55: Temperature dependence of the critical current density, £(7), at 0.1 T,
for the MgB2(C - 2 wt%)+16 wt% SiO2 sample. Circles represent experimental data,
whilst solid line represents fitting curve, which is described by eq.(4.6).
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Figure 4.56: Temperature dependence of the critical current density, /t(7), at 0.1 T,
for the MgB2(C - 6.1 wt%)+16 wt% SiO2 sample. Circles represent experimental data,
whilst solid line represents fitting curve, which is described by eq.(4.6).

In fig.(4.57) the values of 7i: from magnetisation measurements have
been plotted in function of Aa (and X) for the SiO2-coated MgB2(C - x wt%)
samples. The values for the undoped and C-CVD doped MgB: samples,
which have already been presented in the previous section, are shown for
comparison. With regard to the MgB2(C - 6.1 wt%)+16 wt% SiO2 sample,
both the values of 7i's (34.3 K at X=0.2% and 28.4 K at X=1.3%) are
noticeably lower than the respective values for single crystals. This
behaviour indicates that the main current path is not through the lower
doped regions, as otherwise shown by the XRD analysis, and that the
formation of compounds MgCO3z and MgSiOs could have caused a
dramatic decrease of 7, significantly reducing the self-field /. compared
to the other samples. In contrast, the virtual coincidence between the
Tirr's of MgB2+16 wt% SiO2 and MgB2(C - 2 wt%)+16 wt% SiO:z and that
of undoped MgB: on the one hand confirms the virtual absence of carbon
incorporated into the MgB; lattice for the MgB2(C - 2 wt%)+16 wt% SiO>
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sample, as suggested by the XRD data. On the other hand, it suggests that
silica behaves differently from carbon, in that it is not substituted in the
boron honeycomb layers, hence it does not provide impurity scattering of

charge carriers, which leads to a decrease of 7.

In fig.(4.58) the SEM image of the MgB:+16 wt% SiO2 sample shows the
presence of dispersed magnesium silicate inclusions of the order of
50 nm in size, whilst agglomerations were observed at grain boundaries
which limit the current path. Optical microscope pictures show that
MgB:(C - 6.1 wt%)+16 wt% SiOq, fig.(4.59), exhibited a microstructure
that appeared quite inhomogeneous, possessing a large number of voids
when compared to MgBz(C - 2 wt%)+16 wt% SiO2 and MgB2+16 wt%
SiOz (which exhibited a very limited number of voids), fig.(4.60) and
(4.61).
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Figure 4.57: Dependence of 7ir on Aa (and X) for SiOz-coated MgB2(C - x wt%)
samples and Mg(B1.xCx)2 single crystals [75]. In the same graph the values for the
MgB2(C - x%) samples are shown for comparison.
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Figure 4.58: SEM image for MgB2+16 wt% SiO2. The nano-sized magnesium silicate
inclusions are circled in red.
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Figure 4.59: Optical microscopy picture of MgB2(C - 6.1 wt%)+16 wt% SiOz.
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Figure 4.60: Optical microscopy picture of MgB2+2 wt% C+16 wt% SiOz.
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Figure 4.61: Optical microscopy picture of MgB2+16 wt% SiOz.
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4.5 Comparison of /.(B) between MgB(C -
2%) and literature-reported data for doped
MgB; bulk samples, and MgB, wires and
tapes

4.5.1 Comparison of f(B) between MgB:(C - 2%)

and literature-reported data for doped MgB, bulk
samples

In fig.(4.62), the (B) at 20 K of our best C-CVD sample, MgB2(C - 2%), is
compared with that of the best bulk samples from the literature. The
Mg(Bo.9sCo.02)2 sample exhibited critical current density performance as
high as 24.8x104A/cm?2 in 1T, and 5.5X103 A/cm? in 4 T, which were
comparable with the highest values reported for doped MgB: bulk

samples.
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Figure 4.62: Comparison of the field dependence of the critical current density, /(B),
at 20 K, between MgB2(C - 2%) and bulk samples data from the literature.
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The only sample that was reported to have a better performance
throughout the field range is the 10 wt% nano-SiC doped sample
prepared using the hot-isostatic pressing (HIP) method [45]. The
presumable difference in density between our sample (49% packing
dense) and the 10 wt% nano-SiC doped sample (no value has been
reported, but the authors specified that the samples were HIPed under
150 MPa at 850°C for 30 min) could explain the difference in /, in
particular at low fields. As explained in Chapter 4.1, lowering of the
packing density is observed to be beneficial to solving the problem of the
crack formation. However, it arguably has a limiting effect on the
transport properties, although the effective cross section, Ar, estimated
from the resistivity for the MgB2(C - 3.9%) sample treated at 850°C, was
found to be 0.25, which is relatively high when compared to many
polycrystalline samples in the literature, which have reported values
below 0.2. The difference in the /) performance between the
Mg(Bo.98Co.02)2 and the 10 wt% nano-SiC doped sample becomes more
pronounced with increasing field strength, as evidenced by fig.(4.63), in
which the normalized critical current density, /(B)//(B=1T), has been
plotted as a function of the magnetic field. Wang et al. [45] have observed
that the smaller the doping source particles were, the smaller the
precipitates formed, and the stronger the flux pinning achieved. Our
sample has been prepared by reacting a Mg rod with C-CVD coated boron
powder composed of particles sized in the range 30-100 nm, as revealed
by TEM images in Chapter 3, whilst the 10 wt% nano-SiC doped samples
have been produced from mixing Mg, B with SiC powder which has
particle sizes of 20 nm. Therefore, the difference both in the doping
method employed and in particle size could be responsible for the
increasing gap in the field-dependent /. performance between the two

samples. Another reason could be the processing conditions under which
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the two samples have been treated. The MgB2(C - 2%) sample has been
sintered at 850°C for 12 h, whilst the 10 wt% nano-SiC doped sample has
been heat-treated at 700-900°C for 3 min to 1 h. The different processing
conditions were likely to produce a degradation of crystallinity in the
10 wt% nano-SiC doped sample, resulting in an enhancement of He, Hir
and, therefore, /.. Dou et al have proposed a dual reaction model [44],
according to which, as explained in Chapter 1, SiC can provide suitable
content of carbon within MgB2 even through the low-temperature
synthesis performed at 600°C, which yields small grain size with poor
crystallinity. This result could also explain the significant magnetic field
dependence of J reported for another SiC-doped sample, the
MgB1.80(SiC)o.10 [74], which showed a crossover with that of the MgB2(C -
2%) sample at 4 T, as evidenced by fig.(4.62).
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Figure 4.63: Comparison of the field dependence of the normalized critical current
density, /(B)/f(B=1T), at 20 K, between MgB2(C - 2%) and bulk samples data from
the literature.
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It is worth noting that the 7% SiO2-supplemented MgB: sample [48]
exhibited the highest /. performance at low fields among the samples
considered (except for the 10 wt% nano-SiC doped sample), whilst its
critical current density fell off with increasing field strength. These
results confirmed the outcomes on the field dependence of / for the SiO-
doped Mg(B1xCx)2 samples presented in this work.

At 5K, as shown in fig.(4.64), the MgB:(C - 2%) sample exhibited /.
performance, which, compared to that of other literature reported bulk
samples, was better than that observed at 20 K. Except for the above
mentioned 10 wt% nano-SiC doped sample, which exhibited quite an
erratic /. behaviour, only the mechanically alloyed Mg(Bo.93Co.07)2 sample
[46] had a better performance throughout the field range. The use of the
ex-situ process (using pre-reacted powder) and the HIP processing at
1000°C for 200 min of the before-sintering-pellets for this sample could
partly account for the difference in f as compared to our C-CVD MgB:
sample, particularly at low fields. The gap in / at high fields can instead
be explained as a result of the difference in the grain size between the
mechanically alloyed Mg(Bo.93Co.07)2 sample (=50 nm) and the MgB:(C -
2%) sample (=100 nm, as revealed by the SEM images in Chapter 4.3)
rather than of the amount of carbon included into MgB: (B. ]J. Senkowicz
et al. observed that, for nominal content larger than 0.05, the error bar in
the lattice parameter measurement became too large to draw true

conclusions).
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Figure 4.64: Comparison of the field dependence of the critical current density, /c(5),
at 5 K, between MgB2(C - 2%) and bulk samples data from the literature.
The field dependence of normalized critical current density,
Je(B)/J(B=2T), graph, fig.(4.65), confirms the significant critical current
in field performance for the MgB:(C - 2%), which was observed to be
comparable to the one of the two reported SiC doped samples,
MgB1.80(SiC)o.10 [74]. MgB2(C - 2%) exhibited a better / field dependence
as compared to that of the other C-CVD sample, Mg(Bo.sCo.04)2 [40],
whilst the /[ values at low fields was lower. Since the carbon doping
process was the same for both samples, these results can be accounted
for by the difference in the boron particle sizes (Young et al have used
boron powder with a grain size of less than 1 pum).
The pinning force behaviour is well described by the grain boundary
based pinning model in all C doped bulk samples, and no additional

pinning mechanisms was introduced upon carbon doping.
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Figure 4.65: Comparison of the field dependence of the normalized critical current
density, k(B)/)(B=2T), at 5 K, between Mg(Bo.98Co.02)2 and bulk samples data from
the literature.

4.5.2 Comparison of /(B) between MgB2(C - 2%)
and literature-reported data for doped MgB; wires
and tapes

In order to achieve a more complete understanding of the effects of
chemical doping process of MgB:, the field-dependent \ properties, at
20 K and 5K, of our MgB2(C - 2%) and of the best bulk samples from
fig.(4.43) have been plotted, fig.(4.66)-(4.67), along with the best results
for doped wires and tapes from the literature, a brief description of
which has been provided in Chapter 1.9. Before starting any discussion
on the comparison between the properties of these samples, it should be
noted that some deviations in the results can be partly attributed to the

different types of measuring techniques adopted (the /. of all the bulk
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samples considered has been estimated from magnetic measurement of
critical current density, whilst transport measurements of f have been
performed in the case of the wires and tapes). In particular, magnetic /.
has been shown to depend on the size of the sample [98] and
characteristic deviations from transport ) (upwards at low fields and
downwards at higher fields [99]) have been observed. The detailed study
by Hovart et al [100] has shown that the field dependence of / is actually
a contribution of different types of screening. Once source, which is
prevalent at low fields, is that coming from the screening currents around
the cells of MgB: between the voids, another is related to currents
flowing around the whole of samples giving a dominant contribution to
the measured irreversible magnetic moment in the intermediate fields, a
third contribution, which dominates at high fields, is that found at the
~1 mm clusters that constitute the MgB: crystals. Only the Am within the
intermediate field range should be used in the critical state model to
calculate f, which has been found to be in good agreement with the
transport /.

Fig.(4.66) shows that, at 20 K, there are two samples, namely the malic
acid-doped MgB: [52] and monofilamentary malic acid (C4HsOs) added
MgB: wires obtained by Cold High Pressure Densification (CHPD) [55],
that exhibit in-field /. performance significantly higher than those of all
the other doped samples and, in particular, of the bulk samples. These
results have been explained by the respective authors as a result of boron
vacancies and the associated stacking faults, which produce an
enhancement of the upper critical field in the case of the malic acid-
doped MgB: wire, and of an increase of the C content in the MgB:
structure as a consequence of CHPD processing. The comparatively high
packing density of the wires (and tapes) with respect to bulk samples,

could also explain why in the plot of fig.(4.66), the majority of wire and
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tapes /. values lie above the correspondent values for bulk samples in the
high magnetic field range.

Also at 5 K, fig.(4.67), the best /. performance, in the high field region, is
observed, apart from the above-mentioned mechanically alloyed
Mg(Bo93Co.07)2 bulk sample [46], for MgB: wires and tapes. The
comparatively high in-field /. properties could be attributed to the
greater density achieved in wires and tapes. The best /i properties are
observed in advanced internal-Mg-diffusion-processed MgB; wires [68]
attributed to the optimum connectivity and high fill factors achieved, and

in MgB:2 tapes studied by W. Hifller et al [68] due to the effective

combination of the nanocrystalline precursor powder prepared by

mechanical alloying and the doping with nanostructured carbon.
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Figure 4.66: Comparison of the field dependence of the critical current density, i(B),
at 20 K, between MgB2(C - 2%) and data for doped MgB: bulk samples, and wires and
tapes from the literature.
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tapes from the literature.
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Chapter 5

Conclusion and future work

The study of a method of chemical vapour deposition of carbon on to the
boron precursor powder has been performed and the effects on the
structural and magnetic properties of the sintered MgB2(C - x%) powder
and bulk samples made from the C-CVD doped B and bulk samples have
been investigated. In addition, initial results on the physical and critical
current density properties of SiO2 coated MgB2(C - x%) bulk samples
prepared using silica-coated boron via the sol-gel process and C-CVD
doped boron were presented.

Chemical carbon deposition of carbon was shown by TEM to achieve an
almost constantly thick layer of carbon (5.5+0.7 nm) on each boron
powder particle, which was independent of the boron particle sizes. A
quantitative estimation of the fractional carbon volume relative to the
volume of the boron grain has evidenced that the density of the carbon
layer is about 14 times less than that of the boron particle. This result
suggested that the mass of C deposited was composed predominantly of
light compounds of carbon, and, in particular, the estimated density value
was found to be consistent with that of carbon black.

The Gaussian analysis of the (100) peak revealed the coexistence of
multiple phases within the sintered MgB2(C - x%) powder samples,
which could not be resolved using the results of the field-cooled
magnetisation data, due to the presence of induced shielding currents.
The broadness of the superconducting transition, which was a common
feature of all the characterised samples, was observed to be significantly
pronounced for the higher temperature treatment in carbon-doping. Both
the XRD and magnetisation results could be explained by virtue of the

uniformity of the carbon layer thickness, as suggested by the analysis of
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the TEM images, from the precursor boron particle sizes which resulted
in multiple C doping levels in the MgB2(C - x%) samples.

The study of the preparation process for bulk samples suggested that the
cause of the formation of cracks observed in sintered bulk samples could
be the difference between the time constant of reaction and the time
constant of diffusion. This finding was confirmed by the results
performed on a short sample, prepared using a relatively low packing
density (36%), which was found to be devoid of cracks after being
treated at low temperature (750°C), and then post-treated at higher
temperature (950°C).

The XRD analysis of the (100) peak and the fitting of the temperature-
dependence of the critical current density confirmed the existence of
multiple doping regimes also within the MgB2(C - x%) bulk samples. In
particular, the provision of multiple 7i.'s as fitting parameters of the
temperature-dependent /. curves has been interpreted as a result of
distinct levels of carbon doping, with the biggest contribution coming
from the middle value, which represents the dominant pinning
mechanism, and a possible weaker one existing at higher temperatures.
The doping with carbon by CVD method was observed to be beneficial to
improving the in-field critical current properties, reaching, in the case of
the MgB2(C - 2%) sample, the /. performance of the best bulk MgB2(C -
x%) bulk samples. The lower packing density value achieved in the
preparation process of the bulk samples in order to limit the problem of
the crack formation within the sintered samples could, however, explain
the gap in /. performance, in particular at high magnetic fields, with
respect to the best literature-reported data for wires and tapes.

The Sol-gel method has been shown by TEM to be a less controllable
coating technique as compared to the CVD process, resulting in samples

with a non-constant layer of silica on the boron particles. The huge
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amount of silica loaded onto the boron powder, which is likely to impair
the connectivity of the samples, and the formation of oxygen containing
compounds within the sintered microstructure, are thought to impair the
Je properties of silica-coated MgB2(C - x%) bulk samples. In particular, as
observed in the case of the MgB2(C - 6.1 wt%)+16 wt% SiO: sample, the
presence of carbonate was believed to have caused a dramatic decrease
of 7, resulting in a significant reduction of the self-field /&, compared to
the undoped sample.

The results presented in this work on the chemical vapour deposition of
carbon onto the boron precursor powder are expected to confirmed by
future experiments on samples made by a wider range of carbon dopant
conditions. In particular, it would be interesting to prepare samples using
boron powder having a narrow range of particle sizes. In that way, it
would be possible to achieve an homogeneous carbon-rich layer on each
individual boron powder particle, since, as was observed in the analysis
of the TEM images, the deposited layer of carbon has a uniform thickness,
with varying values of particle sizes. Future work should also address the
preparation of long bulk samples devoid of cracks, by attempting to
overcome the problems derived from the difference between the time
constant of reaction, and the time constant of diffusion in the course of
the sintering process. It could be interesting to explore the viability of
producing bulk samples using coarser boron particles, since their specific
surface area is lower than in the case of nanometric boron powder. This
approach could prove to be beneficial to reducing the rate of reaction,
although it might negatively affect the critical current density
performance, due to the consequent decrease of the grain boundary
density.

The results on the SiOz-coating of boron by the sol-gel method suggest

that it might be beneficial to try to reduce the amount of silica loading on
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the precursor powder. That reduction could be expected both to improve
the connectivity of the samples, and should hinder the formation of
oxygen containing compounds, resulting in a significant improvement of

the /. properties throughout the magnetic field range.
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