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Amostras supercondutoras de MgB, foram produzidas seguindo os métodos ex
situ e in situ e posteriormente caracterizadas. As amostras ex situ foram
obtidas recorrendo a sinterizagfes a 950°C numa prensa isostatica a quente
(HIP) sob pressBes de 30, 50 e 190MPa. Nestas condi¢cdes obtiveram-se
valores de densidade até 98% da densidade tetrica do material. Foram usadas
técnicas de XRD, SEM, TEM e EDS para caracterizar as amostras que
revelaram uma melhoria do controlo sobre a formacgdo de fases secundéarias.
Recorrendo a uma técnica de encapsulamento em vidro as quantidades finais
de MgO foram limitadas a ~10% (em massa) e a formacdo de MgB, foi
impedida. As amostras in situ foram obtidas através do encapsulamento de
misturas de p6s de Mg e B nas proporcées molares de 1.2, 1.2:2 e 1.5:2 e
posterior sinterizagdo em vacuo num forno de grafite. Deste processo
resultaram amostras porosas e com fraca resisténcia mecanica. Técnicas de
SEM, EDS e XRD revelaram grandes quantidades finais de MgO enquanto que
a formacdo de MgB, foi evitada. As amostras ex situ séo supercondutoras com
valores de T.~37K e respectivas larguras de transicdo na ordem dos 0.5 K.
Para além destes resultados, as medidas eléctricas e magnéticas permitiram
também determinar os valores de densidade de corrente critica, J;, do
material. Contrariamente ao T., 0 J. parece ser sensivel as condi¢cdes de
processamento e foram obtidos valores que variam entre 0.37 e 3.89 x10°
Alcm? a 10K.
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Superconducting bulk samples of MgB, were produced, using ex situ and in
situ processing routes, and characterized. Ex situ samples were obtained by
hot isostatic pressing (HIP) under pressures up to ~200MPa at 950°C. In these
conditions, full densification of samples was obtained (~98% of theoretical
density). SEM, TEM, EDS and XRD analysis on final dense bodies were used
to evaluate samples. These show increasing improvement in controling the
amounts of secondary phases. MgO was limited down to ~10% wt. and
complete prevention of formation of MgB, by using simple glass encapsulation
techniques and addition of Mg(s) to the capsule. In situ samples were obtained
by encapsulating and sintering a mixture of Mg and B powders with Mg:B molar
ratios of 1:2, 1.2:2 and 1.5:2 under vacuum in a graphite furnace. This process
resulted in porous samples with poor mechanical resistance. SEM, EDS and
XRD analysis have shown large amounts of MgO while MgB, formation was
successfully avoided. Ex situ samples display superconducting properties
(T~37 K), including narrow critical transition in electrical properties (AT.~0.5 K).
Magnetic and electric measurements were performed allowing the
determination of critical current density, J;, and critical transition temperature,
T, of the material. Contrary to T., J. is quite sensitive to the processing
conditions and values from 0.37 and 3.89x10° A/cm? are obtained at 10K.
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1 Superconductivity

1.1 Brief History

Dutch physicist H. Kamerlingh Onnes was responsible for the discovery of the superconductivity
phenomenon while working in what was at the time, the coldest place on earth — the cryogenics
laboratory at the University of Leiden. There he worked as professor in experimental physics, thirty one
years after he had successfully completed his PhD study with a thesis entitled “Nieuwe bewijzen voor de
aswenteling der aarde” (tr. New proofs of the rotation of the earth)[”. He was studying the electrical
behaviour of different pure metals under cooling' when he found that mercury showed no electrical
resistance below 4.2 K. This value was termed critical temperature, T, and it refers to the
characteristic temperature below which a given material displays no electrical resistance. Onnes
reported that after an abrupt drop in the material’s resistance to electrical flow below T,, mercury had
passed into “a new state, which on account of its extraordinary electrical properties may be called the
superconductive sate.” Besides further discovering that tin and lead were also superconductors at
similarly low temperatures (3.8 K and 7.2 K, respectively), Onnes performed a series of studies in which
he observed that there were at least two more critical values that, similarly to T,, could not be surpassed
if the material was to remain in the superconductive state: the critical current density (current intensity
per unit of area, J,) and the critical magnetic field, H.,. The superconductive state can only be observed if
all three conditions are met.

In 1933 German scientists Fritz Walther Meissner and Robert Ochsenfeld found a new intrinsic property
of the superconductive state: regardless of the experimental conditions, a superconductor will always
expel a magnetic field lower than H, from its interior™. This was later called the Meissner-Ochsenfeld
effect and is nowadays widely used as a mean to evaluate superconductivity of samples. This effect is
the reason behind levitation of magnets over superconductors, applied in the construction of the
renowned Maglev train projects.

As research advanced several other materials, particularly intermetallic compounds, were found to
superconduct at increasingly higher T/s such as niobium-nitride, vanadium-silicon and niobium-
titanium. The maximum was reached in 1973 with niobium-germanium at 23.2 K™, This record was kept
until the next decade, when in 1986 a new class of superconducting materials made its first appearance

[5]

in the form of layered copper-oxide ceramics™. George Bednorz and Alex Miiller found that a sample of

lanthanum copper oxide doped with barium was superconductive below 35K. This discovery was a

! Onnes had previously been the first person to successfully liquefy Helium, in 1908. He was subsequently able to
achieve temperatures as low as 0.9 K. This achievement was what allowed him to probe material’s behaviour in
such low temperatures, and together with superconductivity, this was the main reason why he has attributed the
Nobel Prize in Physics in 1913.
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breakthrough in many ways, but perhaps the biggest surprise lies in the fact that ordinary ceramics are
insulators at room temperature. This caused some initial reluctance in accepting the reported behaviour
to be the same as superconductivity. Later the authors presented the definite proof when they
demonstrated the Meissner-Ochsenfeld effect on their sample®. Based on their findings that barium
doped lanthanum copper oxide (La,«Ba,CuO,), similar materials were also presented as
superconductors, where barium was replaced with strontium and calcium, with the generic formula of
La,«M,CuO, with M = Ba, Sr and Ca. In 1987, research led by M. K. Wu and C. W. Chu made the first
entry into the modern high temperature superconductors when lanthanum was replaced by yttrium in
YBa,Cu305, also known as YBCO, reaching an unprecedented T, above 90 K. The following year the first
high temperature superconductor without a lanthanide element in its composition was discovered by
Maeda, et a'®. The system of Bi-Sr-Ca-Cu-0, with common designation of BSCCO, yielded T.'s between
110 — 120 K. These and other compounds comprised an all together new class of superconductors.
Starting up with a T, of about 35 K, they revolutionized the way in which superconductivity was being
understood, and have reached T/s as high as 135 K Bl at ambient pressures. Because the critical
temperatures of these compounds are quite higher than typical superconductors, these are called high
temperature superconductors.

Ever since the Onnes’ discovery the class of superconducting materials is ever expanding. From the first
generation of pure metals, to alloys and finally to complex compounds, spanning several different
crystallographic structures, superconductivity is all but rare. Figure 1-1 shows the periodic table where
the known superconductive elements are highlighted.
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Figure 1-1: Table of known superconducting elements™®.

However, superconductivity remains a phenomenon restricted to low-temperatures. The first goal of
research in this field has been the tailoring of superconductors with increasingly higher critical
temperatures, but so far these materials are still bound to low temperature phenomena. The fact that
these materials must be cooled down to such temperatures implies a great barrier when it comes to
designing commercially advantageous applications. The existing market for superconductors is restricted
to a small niche of very specific applications. The optimal characteristics that a superconductor should
meet in order to make a successful entry into the world of large-scale industrial applications would be:
low cost and environmentally friendly raw materials; low cost processing; ease in being shaped into
coils, tapes, and complex shaped pieces; sufficiently high T, value so that refrigeration can be nitrogen-
based or obtainable using inexpensive cryocoolers; and high enough J.and H. to meet the requirements
of the applications.
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1.2 Overview on the fundamental properties of superconductors

1.2.1 Zero resistance

The resistivity, p, of a metal decreases with temperature, according to Equation 1-1, where m is the
mass of the electron, n the number of electrons, e the charge of the electrons and 7 is the mean free
lifetime, which is the temperature-dependent main contribution in metals.
m
pP= > Equation 1-1
ne r

Upon cooling from room temperature, resistivity will decrease following a linear behaviour. At a given
point at much lower temperatures, it tends towards a constant value called residual resistivity. The
reason for this behavioural change lies in the fact that at higher temperatures electrical conduction is
proportional to the mean free lifetime between collisions of the electrons against the lattice. Upon
cooling, the atoms comprising the lattice vibrate less. With lesser scattering, the mean free lifetime
increases as temperature decreases. This accounts for the initial linear response. Residual resistivity is
the result of impurities scattered in the lattice which are also obstacles for the electrons. At lower
temperatures, when the lattice atoms vibrations are almost totally stopped, the mean free lifetime term
in the equation is dominated by the amount of impurities, which is constant, thus causing the residual
resistance. On the other hand, a superconductor will display a sudden resistivity drop to zero at a given
temperature, T, below which it becomes an ideal conductor, regardless of the impurities. This

behaviour can be seen in Figure 1-2 for the case of mercury.
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Figure 1-2 — The transition of mercury to the superconducting state, at approximately 4.2 K
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As aforementioned, electrical resistivity is a result of the interaction between the electrons and the
lattice together with impurities. When in a superconductive state, electrical conduction is still done by
electrons, inside the same lattice with exactly the same impurities. If all those are things that remain
constant, what must change is the interaction itself.

1.2.2 Meissner effect

In a sense, superconductors are magnetic mirrors. When submitted to a magnetic field, a material in its
superconductive state will form superficial persistent currents, which in turn will generate a second
magnetic field, in order to exactly counteract the first. In this way, it prevents penetration of the
external field inside the material, apart from a small fraction near the surface. Because of this shielding
effect, superconductors are said to display perfect diamagnetism. There is, however, more to
superconductivity than just that. Diamagnetism means that a material will react to a change in an
external magnetic field according to Faraday’s law, in such a way as to compensate for the change
(Lenz’s law). This means that above T, a non-diamagnetic material would allow permeation of a
magnetic field to its interior. If this external field was maintained constant and the material cooled down
below T, it would become diamagnetic but there would be no reason for the appearance of the
persisting currents or the mirror field, because there had been no change in the external field. In these
conditions, a diamagnetic material would not shield itself from the external field. What happens is that
even when cooled under and externally applied constant field, a superconductor will still completely
repel it. This is one of the reasons why one speaks of a superconductive state: under the same
experimental conditions a superconductor always displays the same properties.

1.2.3 Types of superconductors

In 1957 Alexei Abrikosov? theoretically predicted that superconductors could be divided into two
separate categories, type-l and type-ll, according to their behaviour under a magnetic field™.
Experimental confirmation came approximately three years later. Type-l or otherwise called, soft
superconductors, are comprised by most metals and metalloids. Examples include mercury, lead and

aluminium. Typically they present T, < 10K and they have a single critical field, H., above which the

2 Abrikosov was awarded the 2003 Nobel Prize in Physics for pioneering contributions to the theory of
superconductors and superfluids.
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material is no longer able to repel external magnetic field from its interior and it returns to its normal
state. The magnetic performance of a type-l superconductor is presented in Figure 1-3. From this figure
it is possible to see that as the applied field increases an induced field that exactly mimics and cancels
the first one is created by the superconductor, until H. is reached and the material abruptly undergoes a
transition to the normal state, even if it remains below T.. Type-I superconductors have very low H, for
practical applications. The highest H, for a type-I superconductor is found in pure lead and it amounts to
ca. 800 Gauss, which is too low for most practical applications.

Harmal
State

Superconducting
State

Induced hMagnetic Field

» HG

Applied Magnetic Field

Figure 1-3 — Schematic representation of the induced magnetic field versus applied magnetic field for a type-I
superconductor[u]

Type-Il or hard superconductors have two distinct critical field values, H.; and H,,, otherwise known as
lower and upper critical fields, as presented in Figure 1-4.
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Figure 1-4 - Schematic representation of the induced magnetic field versus applied magnetic field for a type-ll
superconductor[u].

Increasing the applied magnetic field will cause the induced field to increase as well, as in type |
superconductors. But when H,; is reached, the material enters what is called the mixed state. This is an
intermediate state limited by H.; and H., where the material no longer expels completely the external
magnetic field. Instead, it allows a fraction of the field to intrude in a tubular shape. The material
becomes divided into superconducting regions separated by non-superconducting regions. Each of these
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tubes is called a vortex and all together they form a periodical lattice inside the material called Abrikosov
vortex lattice (Figure 1-5).

Figure 1-5 — Periodical Abrikosov vortex lattice in MgB, single crystal, at magnetic field of 200 oe!™.

As the applied field continues increasing, so does the number of vortices until H., is reached and the
material transits to the normal state. At low temperatures, the upper critical field can reach values in
the order of a hundred Tesla for high temperature superconductors. The vortices inside the material are
able to move about, resulting in frictional energy loss and consequently electrical resistance. A
superconductor in the mixed state cannot transport electrical current without losses. As the vortices
move, they may become trapped, or pinned, at impurity or crystalline defect sites. Due to repulsive
forces between them, it only takes a small fraction of them to be fixed to cause the whole lattice to
freeze. This pinning effect of the vortex lattice eliminates electrical resistance to current flow, and so it is
of interest to attain. However, zero resistance is only restored for direct current and only below a
certain field called irreversibility field, H;.. This field is a function of temperature and its typical
behaviour is shown in Figure 1-6.
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Figure 1-6 - Phase diagram showing the applied magnetic field as a function of temperature, for type Il superconductorsml.
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Under alternating currents such vortices induce hysteresis which leads to dissipation of energy. This
means that a superconductor in the mixed state cannot transport ac current without losses.

These intrinsic physical characteristics of type-ll superconductors have made them the election material
in all power applications due to the possibility of operating at higher temperatures and magnetic fields.
A material with T,~130 K requires an operating temperature ~90 K which can be obtained through liquid
nitrogen refrigerating systems or cryocoolers. This poses all sorts of advantages because nitrogen is
relatively cheap, abundant and environmentally friendly.

1.2.4 Superconducting theory

The first attempt to completely model superconductivity was the Ginzburg-Landau theory, developed in
1950, which presented a thermodynamical approach to the macroscopic properties of a

51 named after its

superconductor. Later in 1957 came the long awaited BCS theory of superconduction
developers John Bardeen, Leon Cooper and Robert Schrieffer, co-authors of the best known and widely
accepted theoretical reasoning for the occurrence of superconductivity, so far. It was able to account for
the microscopic origins of the phenomenon and could quantitatively predict the properties of some

superconductors such as their T..

According to the BCS theory, electrons below T, are able to overcome electrostatic repulsion between

[16]

them and become bonded in Cooper pairs™ — an indirect attraction between two electrons mediated

by the lattice which creates a bound state. Such an interaction between the lattice and the electrons

h*" and Bardeen[lgl, but Cooper was the

had been initially published in 1950 simultaneously by Fréhlic
first to demonstrate it. In this state, electrons are able to flow through the lattice by condensing into a
similar energy level leaving an energy gap separating them from any available higher energy states. At
low temperature regions of the superconducting state, the lattice vibrations cannot supply enough
energy to overcome the gap and break up the pair. This allows the Cooper pairs to flow unimpeded

through the crystal lattice without ordinary electrical resistivity.

Although the BCS theory has successfully described superconductive behaviour for elements and simple
alloys in low temperatures regimes, it was found to be inadequate to fully describe all superconductivity
phenomena. In fact, it had predicted a theoretical maximum for the T, of a superconductor of around 30
K —40 K, which does not account for the whole class of high temperature superconductors.
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1.2.5 High Temperature Superconductors

There is no precise definition stating the temperature above which a material should be considered a
high temperature superconductor. The term itself was initially used in the renowned 1986 paper by

Bednorz and Miiller™

. At the time a T, of 35 K was more than 10 K above the previous maximum.
Nowadays that the record has been set in the orders of the hundred Kelvin, the threshold has increased
and “a superconductor is usually referred to as a high temperature superconductor (HTS) if the

superconducting state is attained by cooling in liquid nitrogen”“g]

, i.e., above 77 K. All high temperature
superconductors present a type-ll behaviour under external magnetic fields. This enables them to
remain superconducting under higher magnetic fields than conventional low temperature

superconductors (LTS).

Structurally, high temperature superconductors have a perovskite-like crystal arrangement and show an

array of different layered structures. They can be grouped into three categories[lg]:

e  “three dimensional compounds based on BaBiOs;
e layered copper oxide compounds with hole conductivity;
e compounds based on Nd,CuO, with electron conductivity.”

The second category of layered cooper oxides, or cuprates, includes some of the most known
compounds such as La,,Sr,CuQO,, YBa,Cus0,,, BiSr,CaCu,0s: and Tl,Ba,Ca,Cus04. Of these, the
polycrystalline forms of YBCO- and BSCCO-type compounds have attracted most of the attentions in
terms of practical applications. All of these materials have at least one CuO, crystal plane per unit cell in
its lattice. It is believed that superconductivity is strongly connected to the electronic interactions in
these CuO, planes in which Cu has a mixed valence state, according to the coordination number of
oxygen atoms. Indeed, T, increases with the increasing number of these planes in copper oxide
superconductors.

But the same layered structure that makes up the heart of these superconductors is also responsible for
their limitations, such as anisotropic behaviour and poor mechanical properties. Common applications
for superconductors require them to be drawn into long flexible wires but because high temperature
superconductors are ceramic in nature, this is often an issue. These materials have a highly anisotropic
superconductive behaviour. This happens because the Cooper pairs are formed via vibrational
interactions with the crystal lattice, which makes some directions more favourable than others. In the
case of these materials, superconductivity is favoured along the CuO, planes. Anisotropy becomes
problematic when it comes to polycrystalline pieces, where each grain is randomly oriented and only a
small fraction of the material will be correctly oriented in a finished device. When the superconducting
current does not flow adequately from grain to grain, either due to relative orientation, crystalline
defects, or impurities, these are said to be “weak-linked”. The weak link effect is undesirable because it

limits the critical current density and critical field values®®®.
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1.3 Applications of superconductors

Ever since the discovery of superconductivity, a world of practical applications was immediately
envisioned: powerful magnets could be built much smaller than existing ones; windings could carry
enormous amounts of electrical current without energy loss; smaller electrical generators could
generate the same amount of electricity with less energy input which could be distributed without
losses; energy storage could rely on superconductors to be retained for large periods of time without
losses. Unfortunately, also ever since that day, the main obstacle to wide-spread applications,
particularly those that involve operation over large extensions of space, has been the increased costs of
very expensive and unpractical refrigeration equipment to produce and maintain the low temperatures
required for superconductivity. That is the reason why HTS were considered a giant step forward, which
has continued up until now. Helium-based refrigeration is no longer mandatory and can be replaced for
cheaper and safer liquid nitrogen or cryocoolers.

Superconducting materials are usually synthesised in the form of bulk, wires (tapes) or film, according to
the intended application:

e bulk —structures or devices where a specific shape is necessary
e tapes/ wires — where large length is a factor
e film—employed in microwave devices, detectors and microelectronic circuits.

Some superconductors are already well established in some specific areas of application, such as
research and industrial applications, particularly NbTi (Tc = 9 K) and NbsSn (Tc = 18 K). Although HTS
present the greatest amount of potential in terms of their physical properties, such as higher critical
values, they are yet to reach a market position that threatens the overall dominance of both these
materials.

The most recognizable of all superconductor applications must be the Maglev train. The underlying
concept of operation relies on the Meissner effect that causes the train to be suspended above the rails,
thus allowing it to glide virtually frictionless, at speeds up to 550 Km/h. But the Maglev train is still
problematic, and has been recently constrained due mainly to environmental concerns regarding the
strong magnetic fields that are potentially bio-hazardous. Most of the applications for superconductors
are heavily concentrated on superconducting quantum interference devices (SQUID) and
susceptometers, used for materials science and bio-physics research. Another example of a solidified
market niche lies in biomedical applications. Magnetic resonance imaging (MRI) and nuclear magnetic
resonance (NMR) devices require large magnetic fields that enable accurate diagnosis and reduce the
need for exploratory surgery and present an optimal opportunity for new superconductors. There are
also some applications that are strictly envisioned towards scientific development such as those used
high-energy particle physics. These devices also require strong magnets to accelerate particles until they
reach velocities in the order of light speed and collide. An example is the Large Hadron Collider (LHC) at
CERN. While the superconductor used is, in this case, NbTi, another accelerator using HTS with increased

10



Preparation and Characterization of MgB2 Superconductor

capabilities, coined the Very Large Hadron Collider (VLHC), is currently being developed. In the first
model project, the material of choice was BSCCO but most of these applications were developed with
LTS conductors. These are attractive due to their low cost, well known properties, ability to be
manufactured into wires, high current densities and to the fact that by now the relationship between
material and intended application in these devices is understood, providing a very insuring stability.

In terms of upcoming applications, the biggest potential market for new superconductors is in the area
of electric power and magnet applications at temperatures above 30 K. Examples of these are power
transmission cables, high-power industrial and ship propulsion motors, utility generators, synchronous
condensers, fault-current limiters, and transformers. In these the “benefits of HTS power generation

include improved efficiency, thermal management reduction, improved power handling, reduced life

cycle costs, and size and weight reduction.”!"

Some of the current production problems to solve for new superconductors are:

- cost: commercially available second generation HTS must be silver sheathed to retain
their properties;

- mechanical properties: due to their brittle nature, these materials are difficult to
shape into wires;

- materials science: the understanding of these materials is still limited and optimization

processes are empirical in nature.

11
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2 Literature review on MgB;

2.1 Discovery

Magnesium boride has been known as an intermetallic compound for over fifty yearsm]. So far it had
been used as a typical reagent in chemical reactions. In January of 2001, Jun Nagamatsu presented it has
a superconducting material at a conference in Japanlzs]. At a time when a great deal of effort in research
was being made in the area of HTS, it was a surprise that an extremely simple compound presented a
relatively high critical transition temperature at 39 K. It is the highest ever reported for a non-copper
perovskite. Superconductivity in boride compounds appears to be of a somewhat controversial matter.
There are conflicting results regarding some of these compounds, with some reporting

24,25 25, 26
[ ], Tale ]

superconductivity while some deny it, where ZrB, are examples. It is believed that these

contradictions are due to stoichiometry of the compounds, which seems to play an important role. For

27 \while BeB,.s was found to

[29]

example, the stoichiometric compound BeB, is not superconducting
superconduct at 0.7 K. For a review on superconductivity in borides, see Buzea and Yamashita

In this family of boride compounds with generic formula MB, including non-stoichiometric compounds
and binary boride alloys, the highest T, reported is 11.2 K for M0ogsZr015B7 52, roughly four times lower
than that of MgB,. Due to these discrepancies, scientists were quickly triggered into suspecting that
superconductivity in MgB, arose through a non-conventional mechanism. But soon evidences would
start pointing another way. MgB, is now recognized as a conventional low temperature, type-l
superconductor, albeit having some unconventional properties.

2.2 Crystal structure

3B and a

X-ray crystallographic studies show that MgB, has a theoretical density value of 2.625 g/cm
AIB2-type hexagonal structure (space group P6/mmm), which is typical for some transition metals and
most lanthanide diborides®> *%. The crystal structure has alternating layers of Mg and B atoms (Figure
2-1), with lattice constants a= 3.0824+0.001 A and c= 3.52240.002 A®%. Each unit cell (Figure 2-2)
contains one magnesium atom and two boron atoms. The boron atoms are arranged in a honeycombed

layer, similar to the ones found in graphite. Each metallic atom is coordinated by 12 boron atoms.

13
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Figure 2-1 — Schematic representation of the crystallographic Figure 2-2 — Unit cell of MgB2[32].
structure of MgBZ[33].

2.3 Mg-B equilibrium phase diagram

Thermodynamical data, and phase diagrams in particular, are key elements to pre-emptively access the
behaviour of a compound under different conditions of temperature, composition, pressure and/or
atmosphere. This allows modelling and optimization of processing conditions and hint on the final
properties of a given mixture of elements or compounds. Regardless of that, such data for all Mg—B
compounds seems to be scarce and incomplete. In fact, no experimental phase diagram for the Mg-B
system has been reported, and the atomic ratios in stoichiometric compositions of boron-rich phases is
an issue still being debated®".

In 2001 Dou et al.®® reported a model of the temperature-composition, pressure-composition and
pressure-temperature phase diagrams, which were calculated using CALPHAD method. In this particular
study boron-rich phases with Mg:B molar ratios above 1:7 were not taken into account. The resulting
composition-temperature diagrams at two distinct pressures are presented on the next pages. Looking
at the diagram corresponding to ambient pressure (Figure 2-3), one can see that at ambient pressure
the MgB, phase is stable up to 1545 °C, coexisting sequentially with solid, liquid and gaseous Mg, as
temperature increases. Above this temperature, it decomposes into gaseous Mg and MgB,. These
results were substantiated by an independent publication in 2002 by Brutti et al.B4,

14
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Figure 2-3 — Computer-modulated temperature-composition phase diagrams for Mg-B system at atmospheric pressureBS].

Dou’s work also showed that decreasing the pressure to 1 Torr (~10° atm) severely influences the
decomposition temperature, lowering it to 912°C (Figure 2-4). The effect of pressure on the composition
of a compound is paramount for film processing techniques which occur under vacuum conditions, but
also for apparatus that apply external pressure to the material.
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Figure 2-4 — Computer-modulated temperature-composition phase diagrams for Mg-B system at P=1 Torr®,
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Most recently, in 2005, two separate research groups published alternative phase diagrams. Cook et
al.B® reported a decomposition temperature of 1268 °C, which is significantly lower than the one
obtained by Dou et al.. The phase diagram determined by Cook et al. is reproduced below in Figure 2-5.

1400 T - .
Mag(g) + MgB,(cr)
) 1268 °C
1200 Mg(g) + MgB.(cr) .
1095 °C
MgB,
1000 -
o .
= Ma(lig) + MgB;(cr)
800 + .
MgB,
650 °C
600 | -
Mgl(cr) + MgB.(cr)
400 i ; .
0 2 4 B 8

Mole fraction B/(Mg+B)

Figure 2-5 — Calculated phase diagram for the Mg-rich region of the Mg-B system at ambient pressure[%].

On the other hand, a paper published by Balducci et al®” in which new data together with a
reassessment of the previous data reported by Cook et al. is presented, 1707 °C is pointed out to be the
decomposition temperature of MgB,. The phase diagram obtained and published in that work can be

seen in Figure 2-6.
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Figure 2-6 — Calculated Mg-B equilibrium phase diagram at ambient pressure[37].

The dispersion in these values and corresponding diagrams is eloquent in demonstrating the need for
consolidation of the thermodynamical data regarding the Mg-B system.
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2.4 Preparation methods

There are several ways to synthesize superconducting MgB, into a wide range of sizes and shapes with
different properties. Once all the parameters, operating conditions and the material’s behaviour are
well understood, these different processing methods can be used to engineer the material in a way that
best fits a given application. Until that point, most of the work is typically empirical in nature. However
MgB, made such an impact that it was almost immediately being processed in a variety of forms, from
single crystals to polycrystalline bulk samples, including thin films, wires and tapes.

There are two main approaches into the fabrication of MgB,, according to whether the compound is
formed prior or during the sintering step. These are commonly called ex situ and in situ methods,
respectively. In this chapter the different preparation methods leading to the different forms of MgB,
will be briefly reviewed, and this differentiation will be made evident, whenever applicable. Stronger
emphasis will be made in the preparation of bulk samples.

2.4.1 Bulk

Because in principle the process is simpler, initial practical research on a new material is mainly focused
on bulk samples. The accumulated knowledge acquired during this process can then be extrapolated to
other methods. Bulk MgB, samples can be obtained following either the ex situ or in situ methods. In the
ex situ preparation method, commercially available MgB, powder is packed into a die, pressed and then
sintered in different conditions of pressure/temperature. The sintering step serves the single purpose of
densifying the powder into a compact solid. In-situ processing is basically the same as reactive sintering.
In this case the powder is comprised of a mixture of the desired elements, which then follows the same
steps as the ex-situ method. The sintering step must be chosen between a range of temperatures which
will cause the powder mixture to react and form the desired compound, followed by densification. This
method has the additional advantage of allowing some control over the stoichiometry of the compound.
It also allows doping the material with different elements. In the case of in situ processing some care is
required due to the fact that magnesium melts at approximately 650 °C, which is below the temperature
of MgB, phase formation®. Many different ways have been used to sinter bulk MgB,. They can be
divided into three categories according to the pressure applied during that stage.

19



Preparation and Characterization of MgB2 Superconductor

2.4.1.1 High pressure sintering

The high pressure methods require multiple-anvil apparatus and typical sintering pressures applied are
in the order of several GPa"* > |n these cases the sample sizes are very small® %> %! typically in the
order of a few millimetres, which makes them impracticable for any ends other than research. They are
however fully densified 4% 43! by the end of the process and with good mechanical properties, with
reported density values that even surpass that of the theoretical value of Mnglgg' 2 This is probably
due to the presence of other phases that went unaccounted for in the calculations.

Albeit the extreme pressures applied, sintering is performed at similar temperatures used in methods
that don’t require such high pressure values. The lowest sintering temperature reported was 700°C,

1.2, However, sintering was performed for 8 hours under 5.5 GPa. The typical

used by Angst et a
sintering temperature in the above mentioned references is situated around 950°C. Although it is clear
that pressure has a strong effect on the final sample density, the effects on the superconducting
properties seem less obvious. Although at the time they presented significant improvements on the
results first reported by Nagamatsu, it became evident later when lower pressure methods were
employed, that the highest contribution of pressure-assisted sintering was in deed to the densification
of the samples. High pressure methods were widely used initially after the discovery of
superconductivity in MgB,, probably because that had been the way Nagamatsu’s sample had been
processed. These methods were replaced by others involving lower pressures and have fallen to more or
less into disuse in recent years, the two latest reports being those of Prikhna et al.® in 2004 and

Kalavathi et al.*® in 2005.

2.4.1.2 Ambient and low pressure sintering

The logical tendency for any process is simplification. There have been many attempts to produce MgB,

[47, 48] [32, 42, 49-51]

samples recurring to low pressure sintering , ambient pressure or in vacuum conditions.

Although it is relatively simple to obtain superconducting MgB, samples, it is the control over secondary
phases, sample densification and related mechanical resistance of the material, which instead turn into
issues resulting from this method. Synthesis at low pressures typically originates highly porous

samples[43' 8 due to either decomposition of MgB,, in the case of ex situ processing, or Mg evaporation

[32]

for the in situ route. Because of poor densification some samples lack mechanical resistance*” and are

too fragile even to be handled. To minimize the loss and oxidation of magnesium, encapsulation
techniques are used, where the material is inserted into a capsule which is then sealed, often under

vacuum. Different encapsulating techniques have been used, from simply wrapping the starting material

in tantalum foil®®>Y to inserting it into quartz ampoules®™®, iron or tantalum tubes™® which were sealed
[52]

later on, and sometimes a combination of these™*. Whenever there is no encapsulation, inert sintering
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[32, 49, 50] [52] [43]

atmospheres such as Ar and He”", or reducing atmospheres such as H,"”, are used. Typical XRD

0" %8 and

patterns for samples resulting from low pressure methods indicate the presence of Mg
sometimes MgB4[48], the most common secondary phases when no additives are used. Both phases
appear as a result of MgB, decomposition. Upon heating, once the decomposition temperature of MgB,

is reached, it decomposes into MgB, and frees magnesium, according to Equation 2-13%,

T
ZMgBZ — MgB, + Mg Equation 2-1

The free magnesium will easily react with any available oxygen to form MgO, according to Equation 2-2.

ield
Mg + 1/2 02 3LS) MgO Equation 2-2

MgO can also already be present in the initial composition, or it can be formed during sintering from
oxidation of free magnesium eventually present in the powder mixture.

The superconducting properties reported by research groups using these methods are usually obtained
through magnetic instead of transport measurements™’, due to both the frailty of the material and
presence of secondary phases, including porosity, which most of the times constitute barriers to current
flow.

Amongst the best overall results are the samples produced by a variant of the in situ method, termed

reactive liquid Mg infiltration method™*

. In this method a pre-form of crystalline boron powder is
pressed and sintered in the presence of magnesium, which is added in massive form, inside a sealed
container which should be in close contact with the pre-form. During thermal treatment, the liquid
magnesium will infiltrate and react with the boron in the pre-form, resulting in samples with relative
B3 Wwith T, in the range

of 39 to 40 K and J. in the 10°A/cm? up to 3 T, these samples presented excellent results both in terms of

densities above 90% and in a variety of shapes, including hollow pieces and wires

superconducting as well as structural properties.

2.4.1.3 Medium pressure sintering

Medium pressure methods make use of hot isostatic pressing (HIP) apparatus that apply pressure to the
samples during sintering that reaches up to 200 MPa. This was originally how Nagamatsu produced the
first superconducting MgB, samples. Mentioned in the corresponding seminal paper, are the remaining
preparation conditions: in situ sintering of a stoichiometric mixture of the elements at 1246 °C and 196
MPa for 10 hours. Results included the X-ray diffraction pattern, the magnetic and transport results. No
reference was made in that or any other following paper, as to the density of the samples or their
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microstructure was made. Evaluation of the superconducting phase volume of the sample done by
magnetic measurements at 5 K resulted in 49%.

Allied to the advantages of using pressure-assisted sintering, HIP also allows for larger samples with
complex shapes to be produced. Nonetheless, few studies have been performed using HIP methods to
produce the samples. Among them is included the work of Frederick et al.®", which have succeeded in
producing MgB, samples at lower sintering temperatures and times than those used in high pressure
methods. In one of their publications, they stated that simple HIPing of pre-prepared MgB, powders was
insufficient to produce dense samples®. To ensure densification samples were wrapped in zirconium
and tantalum foil and encapsulated in glass capsules, which were then sealed under vacuum. Separate
capsules were sintered at two different temperatures, 850 °C and 1000 °C, for 2.5 hours at 200 MPa.
Sintering at the lower temperature resulted in samples that lacked mechanical strength, albeit having
relative densities above 90%. Those sintered at higher temperature had relative densities above 100%,
(3% 421 and were much more resistant to
handling. No XRD results were presented or discussed. Despite the poor mechanical strength (the

similarly to what was reported for high pressure methods

samples were said to “not have resulted in a solid compact”), the samples sintered at 850 °C were
superconducting with T, ~ 36.8 K according to susceptibility measurements. In transport measurements,
samples sintered at 1000 °C had T, ~ 37.5 K. The main difference was found in the transition width, AT,
which was approximately 0.5 K for the 1000 °C samples and ~11 K for the 850 °C.

Months later, the same group reported a similar work where samples had been fully densified using a
HIPing cycle at 950 °C and 100 MPa for 4 hours™. XRD revealed the presence of secondary phases MgO
and MgB;, indicating that MgB, had decomposed during sintering. Because no XRD of the initial powders
was presented, it is not possible to conclude if oxidation had occurred during sintering, or if it was
already present in the initial composition. Microstructural evaluation showed that starting with average
particle size of 1 um, grain sizes reached 150 um. Grains consisting in B-rich phases were visible in SEM
micrographs, appearing as darker islands in the matrix (Figure 2-7). T, of 37,5 K was determined by
susceptibility measurements and J. found to be in the order of 10° A.cm™ at 20 K at zero field, similarly
to the values reported for the samples in Ref. ¥, but more importantly, to samples obtained recurring
to high pressure methods.

Figure 2-7 — SEM micrograph of a HIPed MgB2 (grey matrix) sample with B-rich grains (darker grains)[‘r’sl.
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Serquis et al. have made a comparative study between HIPed samples and sintered at ambient
pressure®®. An MgB, sample was synthesized in situ using an atomic ratio of Mg:B = 1:1. The mixture
was wrapped in tantalum foil and sintered at 900 °C for 2 hours under flowing argon. This sample was
characterized as to its magnetic and electrical properties and then ground back to powder and used to
make another sample, this time by HIP. This second sintering was performed for approximately 3,5
hours at 1000 °C and 200 MPa and followed the same characterization procedures as the first sample. A
third sample was prepared in HIP following the ex situ processing route. No results regarding the
composition of the samples or their densities were presented. The first interesting result is that
susceptibility measurements revealed that the two first samples had higher T/'s (roughly 1 K higher) and
sharper transitions than the third sample. Among the two first samples, the HIPed one had the highest
T.. In terms of critical current densities, they found that although both in situ samples had similar values
at 0 T, the third sample performed better with increasing magnetic fields. It is believed that this was due
to flux pinning enhancement caused by crystalline defects and microstructural changes that had
occurred during the HIPing process. SEM micrographs (Figure 2-8a and b) show the differences aspect
the HIPed and un-HIPed samples’ microstructure.

Tum

—
25k X5000 16mm

Figure 2-8 — SEM micrographs of sample surfaces of: a) in situ sample sintered at ambient pressure, with well developed
grains (0.3 — 0.5 pm) and poor connectivity; b) HIPed in situ sample, with noticeable improvement in intergranular
connectivity[SG].

When samples were observed using TEM, MgO was found at the grain boundaries of MgB, grains of the
un-HIPed sample and evidence of porosity was described. MgB, grains in the HIPed sample were clear or
at least, MgO was not detected. Conclusions of these study state that although HIPing reduced sample’s
T., it had improved J. by enhancing flux pinning. The reduction in T, is explained by the fact that the
same sample had been sintered twice, possibly leading to changes in composition. HIPing also reduced
porosity of the sample and MgO was either absent, which is unlikely, or it was finely dispersed in the
matrix, perhaps aiding and enhancing the flux pinning effect. Comparison between ex situ and in situ
shows that the former results in samples with higher T, values.
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Serquis et al. went on to produce MgB, wires by ex situ PIT method®”). The wires were then HIPed at
900°C and 200 MPa for 0,5 hours. A second set of samples annealed at ambient pressure was used for
comparison with similar conclusions regarding the advantages of HIP processing. These conclusions
were confirmed in a TEM microstructural study on the presence of defects of HIPed wires.

HIP has also been successfully used in chemical doping of MgB,. After finding that doping MgB, with Si, C
and SiC particles increased J. of samples up to 2.4x10° A/cm? at 2T and 20K, which is an order of
magnitude higher than those of undoped samples, Dou et al. used HIP to improve densification of the
sampleslsg]. Densification in their previous samples processed at ambient pressure was lower than 50%.
As a result of doping, T, decreases by as much as 2.7 K and hinders densification, while increasing flux
pinning effects and consequently, 12 The addition of these dopants promotes also the appearance of
secondary phases such as Mg,Si, MgB,C, and Mg,Cs, which are believed to be the reason behind
enhanced flux pinning.

Senkowicz et al.® have also produced HIPed MgB, samples doped with carbon, but following a different
strategy. Pre-reacted MgB, powder was high energy ball milled with powdered graphite with nominal
compositions of Mg(B;.,C,), with x =0.0525 and x = 0.17. The mixture was encapsulated into steel tubes
under vacuum, and then HIPed at 1000°C and pressure above 200 MPa for approximately 3,5 hours. The
resulting samples were “black, lustreless and lacked mechanical strength”. They encapsulated the
samples again, this time adding extra magnesium so that during sintering they would be exposed to
magnesium vapour. Heat treatment was performed at 900°C for 5 hours. Samples were now dense and
hard, although XRD peaks had lower intensities and were broader than before. The best sample was the
one with x = 0.0525 with T. = 35 K and J, in the order of 10° A/cm? at 20 K and 2 T. These are similar
results to the ones obtained by Dou et al. (s8]

2.4.2 Wires and Tapes

Fabrication of superconducting wires and optimization of their properties is fundamental for most
practical applications and particularly, those that represent today’s biggest market for these materials:
the biomedical and research devices. As expected, MgB, wires were processed very soon after
Nagamatsu’s discovery. The first wires produced were reported by Canfield et al. and were obtained by
diffusion of gaseous magnesium into pre-forms of boron fibbers with a tungsten core®”. Following an in
situ method, a nominal mixture of magnesium and boron fibres were sealed in an ampoule, sintered for
one hour and then quenched to room temperature. With a J. in the order of 10° A/cm” at 5 K and zero
field, dropping to 10®° A/cm? at 20 K and zero field, this successful first attempt showed promising
results and a second group soon reproduced this method with slightly poorer results’®. Both groups
obtained short wires due to the limitation in the boron fibber’s length.
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Although most wires and tapes reported are usually short, in the order of a few centimetres, long coils
up to 100 meters have already been processed®. The main fabrication procedure of metal clad MgB,
wires and tapes is the powder-in-tube or PIT method, following either the in situ or the ex situ approach.
In this method pre-reacted MgB, powder or Mg+B powder mixture is inserted into one or several
metallic tubes. These tubes are then cold-drawn into thinner wires which can be rolled into the shape of
tapes, or maintained to obtain wires. This is followed by heat treatment, optional in the case of ex situ
processing, with the purpose of densifying and reducing tensions in the final piece. The sheathing metal
has to be ductile and should act as an effective barrier to magnesium evaporation and diffusion, and at
the same time it shouldn’t affect the superconducting properties of the core material. Metal sheaths
USEd so far include Cu[43, 48, 59, 64»71], Fe[35, 59, 72-79]’ Ag[59, 66, 80]' Ni[72, 74, 81—83]' Nb[79, 84] and Ta[79].

Grasso et al. obtained MgB,/Ni superconducting tapes with J. values in the order of 10° A/cm? at 4.2 K
without any heat treatment®. Suo et al. have managed to produce dense monofilamentary MgB,/Ni
tapes, with J. as high as 2.3 x 10° A/cm” at 4.2 K and 1.5 T with an annealing step at 980 °C for 30
minutes?. A value above 1000 A for critical current was determined by extrapolation to zero field.
Working with Fe-clad MgB, wires, annealed at 800 °C for 3 minutes, Wang et al. have attained J. in the
order of 10° A/cm?* at 10 K and 2 T Grovenor et al. have produced wires in which J. reached 10° A/cm?
at 4.2 K in self-field with an annealing using annealing temperatures from 850 °C to 110 ocl&4l, By doping
the MgB, with SiC nanoparticles, Wang et al. have managed to increase J. values up to 10° A/cm? in zero
field and up to 10 K, and 10° A/cm? for 30 K and zero field, 20 Kin 2 T and 10 K in 4 T7%,

HIP can also be used in the annealing step of PIT processing method. It has been done by Serquis et al.®
8l with the same advantages as for the case of bulk samples: increased densification, enhancement
critical current densities and irreversibility field. The 25 m long wire was able to generate a magnetic
field of 1 T at 25 K in self-field.

2.4.3 Thin Films

Superconducting thin films are used for electronics devices, as is the case of Josephson junctions, and
for superconducting quantum interference devices (SQUID). There are many reports by groups that have
successfully prepared MgB, thin films. Some issues in the preparation of these films are similar to the
ones found in the remaining processing methods, such as high volatility of magnesium and its strong
tendency to oxidize. But in the case of film processing there is a particular problem: the great difference
between the vapour pressures of magnesium and boron. There are many ways to prepare these films,
and in a variety of substrates. Common processing methods include pulsed laser deposition[87"94], Mg

[95-97] (98101 and magnetron sputtering®® ® %21 Thanks to the

diffusion , molecular beam epitaxy
hexagonal structure of MgB,, which is able to accommodate substrates with different lattice
parameters, films have been grown on different substrates such as AI203[87' 89,91, 94, 103], SiO,, SrTiO3[58' 100,

105] and Mgo[97, 102, 106].
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These methods can also be divided into in situ and ex situ techniques, the first requiring a single step for
the preparation of the film, and the second being a two step preparation method (film deposition and
annealing). The ex situ method has been the most used to attain good crystallization and
superconducting properties, but has the disadvantage of not being able to produce multi-layered films,
while the in situ method the opposite happens. For applications in electronics, single-step processing is
highly desirable.

2.5 Chemical Doping

MgB, has the advantage of having a relatively high T, but its behaviour under magnetic fields still leaves
some room for improvement. One way to increase the critical current densities is to enhance flux
pinning. This can be done in different ways, but the most common and perhaps, most practical, is
through chemical doping. By doping the material it is possible to add extra pinning centres in the
materials’ microstructure in different ways, depending on the nature of the dopant and the chemical
interaction with the matrix.

Doping of MgB, has been experimented in a variety of ways, but it has been claimed to be misreported
for all cases except for carbon, aluminium and manganese[1°7]. According to Cava et al. other elements
do not meet the criteria for successful chemical doping, and most reported doping attempts were
unable to control the formation of secondary phases that appear due to decomposition of MgB, and
oxidation of Mg. Despite that, doping has been studied extensively, and there are many reports in which
magnesium and boron have been partially replaced by using elements such as C (35, 58, 94, 1081471 p| [70, 85,
118—128]’ sj 70 118]’ 7p 176,129, 130], Tj 14951, 75, 129-134]’ Fe (98135, 135]’ Ag [70, 130, 137]’ Na 43 138 139]’ Lj 32 118,129, 140-142],

Cu [136, 143—145]’ Ca [94, 146], Co [147, 148], Mo [75]’ Y[75], Zn [70]’ Pb [42, 149]' Hf [131]' Ir [150, 151], Sn [147] and Mn [152].

Some compounds have also been used as dopants, including ZrSi, [49], Wsi, [49], ZrBzm' 49], SizNg B2, 153],
Y,0; ¥ Mosi, BY sic 1 701541551 g, (124,155, 1561 " | 0, [124 157, 158] 50 polycarbosilane (PCS)®Y. All of
these papers report a drop in T. with doping, as steep as 17 K in the case of carbon doping™*”,
depending on dopant concentration, although carbon was also reported by Hol'anova et al.™ to

improve the irreversibility field, and J. by Pogrebnyakov et al.!***.

The most common reason for T, drop reported are chemical pressure effects”> % 137 29 formation of
secondary phases and hindered percolation due to grain boundary segregation of doping elements!**®!
or resulting reaction phases[m]. On the other hand, J; is increased as a result of enhanced flux pinning
effects when compared with their undoped counterparts. The exceptions to this were found in samples
that actually denote a drop in J, as well as T, 4% 115 124 126135 1571 ‘Mot of these dopants also lead to
poorer mechanical properties of the samples, with the appearance of secondary phases and low sample

densities, with the exceptions of those doped with titanium!®® 2% 130 334" cqn56rl%3 and zirconium!®,
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Some of the best results in terms of J. include those of samples doped with PCS with 3.6x10° A/cm? at 8T
and 10K®Y, SiC with 1.4x10° A/cm? at 10T and 4.2K Y, Zr with 1.8x10° A/cm” at self field and 20K *?%, Ti
with 1x10° A/cm? at OT and 20K and Cu with 5x10° A/cm? at self field and 20K!13¢] J. values are usually
difficult to compare because they are taken at different conditions of temperature/field that vary from
publication to publication, even if the results are coming from the same research team.

2.6 Physical properties

2.6.1 Anisotropy

The knowledge of anisotropy is important not only for a better understanding of the properties of a
material, but also in devising practical applications for that material, since it strongly influences pinning
characteristics and critical values.

MgB, is an anisotropic material. Due to its layered structure, measured values of field and electric
currents will vary depending on their orientation relatively to the crystallographic alignment. These
anisotropic differences can be assessed and quantified by measuring the properties on single crystals. In
the case of polycrystalline samples where the grains are randomly oriented, this characteristic is not
fundamental to the materials’ final properties, and the obtained values are an average. It becomes
much more significant in the case of drawn wires where the grains tend align perpendicularly to the
applied pressure, and in films, where the sample is textured as the grains are lined up against the flat
surface of the substrate.

ab

. . . H
The anisotropy of H., can be evaluated from the anisotropy ratio,y = HCCZ , where H¥ corresponds to

c2

the critical values measured along the crystallographic a-b plane and H¢, is the same value measured
along the c axis. While some groups have found a constant value for y below 7.9 most results
published point to a dependence of this value with temperature, decreasing as temperature approaches
7,138, 42, 58, 160] yvalues reported from measurements in single crystals near 0 K vary greatly, ranging from

1.6 to 6!,
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2.6.2 Critical magnetic fields

The lower critical field values, H,; at OK have been determined to be HY ~ 120 mT and HE; ~250mT by
Caplin et al.™ which have recognized a potential use in microwave applications if these values could
be attained in textured films.

The higher critical field, H., indicates the capacity of a material to maintain superconductivity under
external magnetic fields and is an important property in determining its potential applications. Similarly
to the other values presented in this chapter, these values vary widely from sample to sample.
Measurements at OK in single crystals have resulted in HS,values which vary from 3.2 Tto 7 T, and in
H% ranging from 14.6 T up to 21 T 11621831 1y has also been determined for single crystals doped
with aluminium and carbon. Results at OK show that H,, decreases with the increase in doping levels for
the former™®. For samples doped with C it was found that H¢, increases with increasing doping level
with a maximum at 11.3 T and ngb only increases up to a certain doping level, reaching a maximum at
35.4 T,

In a study by M. Kiuchi et al."® two undoped samples of MgB, with different processing conditions and
two B,4C and SiC-doped samples were evaluated as to their H,, values. The highest value for the undoped
samples was attained in a sample sintered at 600 °C for 24 hours with 14.5 T, against the 9.8 T for a
sample sintered for 12 hours but at 950 °C. In the doped samples the values were similar with 17.9 T
and 18.4 T for the B,C and the SiC doped, respectively. Doping the samples can further increase this

[133]

value to 25 T as in the case of carbon doping™, or 40 T as reported for a SiC-doped sample by

Matsumoto et al.[*¢®

2.6.3 Irreversibility field

Ultimately, the irreversibility field, H,,, is the value above which a superconductor loses the ability to
carry current without losses. Among the studies on irreversibility field of bulk samples, one can find
values as different as 3.3 T 3.8 T30 4.2 185 5.2 T8 3nd 5.7 T at 20 K for undoped samples. Du et
al®Y have stated that this discrepancy in reported H,, values for stoichiometric MgB, hinders a
systematic comparison of the results and raises the possibility that the actual composition of the
samples is not accurate, which would justify the different results. One other possible explanation may
be the eventual differences in microstructural characteristics of the samples.
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2.7 Attractiveness and potential

It is of common agreement that Nb-Ti and Nb-Sn-based LTS that have ruled the market of practical
applications for the last four decades have reached their limits. They are now being replaced by the HTS,
such as silver-sheathed BSCCO, that have been under strong development since the 1980’s. These have
already reached a point in their development that allows them to threaten the market position of the
conventional superconductors. The alternatives are not limited only to HTS.

Regardless of being a newcomer in this field, MgB, is already considered a good alternative to
conventional LTS and HTS, providing an intermediate solution between both. This situation was
acknowledged by Scanlan et al. in a 2004 review paper™”, where it is said that “for the first time, one
can say that the Nb-based LTS conductors are approaching their limits and that BSCCO and YBCO
materials and perhaps MgB, are ready to surpass LTS capabilities in higher fields and higher temperature
domains, thus opening new markets”. The following characteristics are presented as requirements that

superconductors should meet for power and magnet technology:
- wires should mechanically resistant to withstand fabrication steps;
- J. must reach 10%-10° A/cm? in magnetic fields from 0.1to 25T,
- T. as high as possible.

Because superconductors are used in conditions of large electric currents and/or magnetic fields, it is
necessary to insure that these do not cause a transition of the material to its normal conducting state
during operation. In practical applications superconductors are cooled to a temperature substantially
lower than their T, typically to about half of this value. This means that a T, of about 20 K, as in the case
of LTS, refrigeration systems must reach 10 K which can only be achieved by recurring to liquid helium.
The superconductor with lowest T, that can be applied recurring to hydrogen-based refrigeration
systems is MgB,.

Unlike HTS, the performance of MgB, is not limited by weak link effects. The critical values are
independent of the alignment of the grains in the microstructure. This was first described by Dhalle et

al.*®® and Kim et al."*!

when they observed that the transport measurements of bulk samples resulted
in similar J. values to those obtained through inductive measurements. For this reason it is not necessary
to be concerned with texture in polycrystalline samples. In fact, it has been stated by Caplin et al. that a
reasonable degree of anisotropy is helpful in sustaining J. in higher field values™®.Fabrication of wires
with HTS cores requires expensive silver sheathing, while MgB, wires have been presented with
relatively inexpensive materials such as copper and iron. Reasonable properties have been obtained for

PIT wires even without any heat treatment.
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Summarizing, the high critical temperature of 39 K, absence of weak link effects, high critical currents
and fields, and relatively low costs of raw materials and fabrication processes, make MgB, a promising
material for applications with operating ranges above 20 K, the temperature of boiling hydrogen at
normal pressure, or attained by recurring to cryocoolers, which do not require helium. These are the
reasons behind the technological interest of this material, and the motivation behind the present study.
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3 Experimental Methodology

In this chapter the experimental procedures followed in preparing and producing the samples and in
characterization studies for this study, will be described.

3.1 Sample Preparation

Polycrystalline bulk samples of MgB, were prepared by the conventional solid state reaction following
both the in situ and the ex situ routes.

3.1.1 Ex situ

For the preparation of ex situ samples, commercial MgB, powder (Alfa Aesar -365 Mesh) was used to
make three sets of samples, named A, B and C. Set A is comprised of a single sample, while sets B and C
are comprised of four samples each. From now on, samples will be designated by their corresponding
set letter and number. As an example, Sample B3 refers to the sample number 3 from set B. The MgB,
powder was weighed and conformed in a cylindrical mould under uniaxial pressure of 500 MPa. All
samples except A1l were wrapped with metallic foil before being inserted into the glass capsule. Set B
samples were wrapped in tantalum foil (Goodfellow, 10 um thickness, 99.9% purity) and set C samples
in zirconium foil (Goodfellow, 12,5 um thickness, 99.5+% purity). The samples were then encapsulated
and sealed under vacuum in a pyrex glass tube and magnesium flakes were added to the bottom of
capsules of set Band C.

3.1.1.1 Encapsulation step

In order to keep the sample from oxidizing and deteriorating while sintering, the furnace chamber must
be kept in vacuum. Still, the volume of the chamber is much larger relatively to the sample volume. The
vacuum efficiently is limited and the relative amount of gas molecules remaining inside the chamber will
react with the samples, increasing the amount of secondary phases by the end of the processing cycle.
Encapsulating the samples under vacuum conditions reduces the amount of atmospheric molecules to
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which they are exposed. Several alternatives for the encapsulating material were pondered and glass
was considered the most promising: it was relatively easy to work, it is a good pressure transmitting
medium and samples were easily recoverable at the end of the process.

Pyrex borosilicate glass 3.3 (chemical composition in Table 3-1) was chosen because of its high melting
point (821 °C) and improved thermal shock resistance due to its low expansion coefficient (3.3 x 10° K%).

Table 3-1 - Typical chemical composition of pyrex glass in weight fraction

SiO, 80.6%
B,0O; 13.0%
Na,O 4.0%
Al,O3 2.3%

Long tubes of pyrex glass with 13.4 mm of inner diameter and 2 mm wall thickness were used to
prepare the capsules. Once cut into smaller sections with roughly 25 cm long, one end of the tube was
sealed using a blow-torch. The samples were inserted and pushed into the tube until they reached the
closed end. With a diameter of 13 mm adding to the thickness of the metallic wrapping, the samples
were tightly fit into the tube. Heating the tube, two constricted areas were made: the first 2 to 2.5 cm
above the sample furthest from the closed end; the second 7 to 9 cm away from the first. The first
constriction was done at the Glass-Blower’s Workshop in the Chemistry Department at the University of
Aveiro. It was fundamental that this constriction had the following characteristics:

e |ength should be between 2 and 2.5 cm;
e the inner diameter should be the smallest possible, without fully closing;
e the wall thickness should be kept between 1 and 2 mm.

The second constriction was not such a demanding task, and required a longer length and thinner wall.
The open end of this second constriction was then inserted into a hose connected to two step
rotary/molecular vacuum pump and evacuated. The closed end was inserted into a heated tube furnace
to help the vacuum process and removing any humidity left inside the capsule. The exact preparation
parameters used for the three sets are discriminated in Table 3-2. At the end of this step, the closed end
was taken from inside the furnace, and a blow torch was used to heat the glass at the first constriction
leaving the pump running. Once the glass was softened and vacuum made it collapse, the closed end of
the tube was pulled and the blow torch used to finish sealing the capsule.
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Table 3-2 — Encapsulation parameters used for ex situ samples.

Sample Set A B C
Temperature 160 °C 200 °C 200 °C
Time 3 hours 1 hour 2 hours
Internal Pressure 10 mbar 10 mbar 10” mbar
Sample wrapping no Ta Zr

Once the capsules were prepared they were placed in a graphite crucible filled with graphite powder to
prevent glass flow once they reach high temperatures. Sintering was performed in a Hot Isostatic Press
(HIP) (Vitek HIP/GPS system) which can be seen in Figure 3-1. Each capsule was sintered under different
conditions of temperature and pressure. In all there was a first hold step at 700 °C where the glass is
already softened and pressure could be increased until it reaches the desire value, minimizing the
possibility of cracking. Sintering conditions are discriminated below for each sample set. Samples were
recovered after the processing cycle by breaking the glass capsules.

Figure 3-1 — Hot Isostatic Press used for ex situ sample sintering at the Ceramic and Glass
Department.
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3.1.1.2 Set A

Sample Al was heated at a rate of 20 °C/min until 700 °C and held until pressure reached 50 MPa (~500
bar). Heating was then resumed and sintering occurred at 950 °C for 2 hours. Figure 3-2 shows a
representation of the pressure/temperature cycle.

HIP cycle for set A

1000 - 950 + 1000
O 5
- O
|_ S
o
500 - + 500
0 : T : T : T : T : T 0
0 70 90 1025 2225 268,75
t(min)

Figure 3-2 — Temperature/pressure cycle used in processing sample Al.
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3.1.1.3 Set B

Four samples were prepared in this cycle. They were heated at a rate of 20 °C/min until 700 °C and held
until pressure reached ~30 MPa. Heating was then resumed and sintering occurred at 950 °C for 3
hours. Figure 3-3 shows a representation of this cycle.

400
1000 —0=T(°0) 950
== P (bar) 314
300
800
g 600 3
= 200 3
400
100
200
25
0 : : : : : . o
0,0 55,0 70 75,0 100,0 340,0 432,5 435
t{min)

Figure 3-3 — Temperature/pressure cycle used in processing samples from set B.
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3.1.1.4 Set C

Four samples were prepared in this cycle. They were heated at a rate of 20 °C/min until 700 °C and held
until pressure reached a maximum of 190 MPa. Heating was then resumed and sintering occurred at
950°C for ~1,5 hours. Pressure was not maintained constant due to equipment malfunction, which
caused pressure to oscillate between 190 MPa and 145 MPa. Figure 3-4 shows a representation of this
cycle.

HIP cycle for set C
2000 - + 2000
—o-T°C A 1900
1500 - 1500
¢ B
~ o]
|_ ~—
o
1000 - 1000
500 - 500
O - G\ T T T T T T T . O
0 70 125 140 196 206 225 260 275
t (min)

Figure 3-4 — Temperature/pressure cycle used in processing samples from set C.
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3.1.2 In situ

In situ samples were prepared using magnesium powder (Alfa Aesar -325 Mesh, 99.8% purity) and boron
powder (ABCR amorphous < 1um, 99% purity). Powders were weighed separately and mixed by hand in
the following Mg : B molar ratios: 1:2; 1,2 : 2 and 1,5 : 2. These compositions were designated by A, B
and C, respectively. Each sample was then pressed into pellets, individually wrapped in zirconium foil
and encapsulated in the same way described for the ex situ samples. The capsules were then heated to
110°C and sealed under vacuum of 102 mbar. Samples were sintered under vacuum inside a graphite
furnace (Thermal Technology Inc). Pressure inside the chamber reached 2,5 x 10" mbar at 100 °C and
was maintained for 30 minutes. Furnace was then heated at 20 °C/min until it reached 700 °C and was
maintained for 1 hour. Cooling occurred at 20 °C/min until room temperature. The samples were
recovered by breaking the glass capsules.

3.2 Sample Characterization

This chapter lists all the procedures used for the characterization of raw materials and finished samples.

3.2.1 Raw materials

Initial powders used for sample processing were characterized as to particle size distribution, phase
composition and chemical composition.

3.2.2 Particle size distribution

Initial particle size distribution for the commercial MgB, powder used in ex situ sample processing was
determined by laser diffraction. In this analysis, an aqueous suspension of MgB, powder dispersed with
dispex was prepared and analysed using a Coulter LS230 system. The powders were later observed using
scanning electron microscopy (SEM).
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3.2.3 Phase composition and morphology analysis

X-ray diffraction (Rigaku — Diffractometer system “Geigerflex” D\max — C series), Hitachi $S4100 field-
emission scanning electron microscope (SEM) coupled with energy dispersive spectroscopy (EDS) were
used to carry out these phase composition and morphological analysis.

3.2.3.1 X-ray diffraction and Rietveld method

X-ray diffraction technique was used to determine the qualitative phase composition of the initial
powders and processed samples. Once the diffraction patterns were obtained, a semi-quantitative
determination of the detected phases was made, recurring to Rietveld method. This analysis gives a
relative abundance measure (weight fraction, wt.%) of the phases identified in the diffraction pattern.
Determining the relative amounts of each phase is considered to be quantitative analysis. Semi-
guantitative analyses are those in which the results yield some measure of the quantity of phases using
a somewhat subjective assessment of the data, or a method that does not allow its accuracy to be
determined. The difference between semi-quantitative and quantitative analysis is the degree of
uncertainty in the results obtained. However when comparing results obtained via the same approach,
although accuracy may be compromised, one usually assures precision.

There are different methods used to determine relative phase composition. In this work the Rietveld

refinement method was used™®’

. The Rietveld method is based on a refinement technique and
therefore, a starting point is necessary. The objective is to refine all parameters which determine the
structure of the diffracting phases. A special requirement is that any instrumental and sample factors
that affect the diffraction behaviour have to be correctly specified. The objective is then to obtain a
theoretical diffraction pattern which best fits into the one obtained experimental experimentally. This
process is referred to as profile fitting. The chance of success is increased with an experimental pattern
of good quality and the availability of structural data, which can then be modified as the profile fitting is

done. In this work FullProf softwarel*”®

was used for profile fitting. This is an iterative method in which
small changes in the parameters are implemented and then the software calculates the resulting
theoretical pattern based on these parameters. At the end of each iteration, both diffraction patterns
are overlapped and displayed on screen, so that the user can make an evaluation of the fitting. As a
measure of the fitting accuracy a parameter, chi’ or ;f, is calculated and presented by the software
during every step of the iteration. The closest it gets to zero, the better the fitting. In the resulting
output file, the phase relative phase composition is presented as weight ratios. Some advantages of this

method are presented in the following list:
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o All the peaks in the pattern play a part in the analysis.

e  The use of a continuous fitting function provides a much improved background fit.

e  The effects of preferred orientation and extinction are reduced.

e  Crystal structure and peak profile parameters can be refined in several stages, thus it is easier to

refine peak widths, peak asymmetry, peak shape and instrument zero.

3.2.3.2 SEM

SEM provides fundamental information about a given material’s microstructure through a combination
of high resolution, relatively simple sample preparation procedure, ease in interpreting the images,
together with the possibility to realize localized elemental analysis and semi-quantification recurring to
EDS. MgB, powders were observed using SEM to analyse general particle morphology, namely their
shape and size. EDS was used to probe local chemical composition. The powders were mixed in ethanol
in a dilute suspension. A drop was placed on top of an aluminium sample holder. After drying the
powders were inserted into the SEM specimen chamber and analysed.

3.2.4 Bulk Samples

The processed samples were characterized as to their density, chemical phase composition and
microstructure. For each experiment, a different piece of each sample was cut and analysed.

3.2.4.1 Density Measurements

Initial (green) and final density of the samples was determined for every HIP processing cycle. Two
different methods were used: geometrical for green and final sample densities; through immersion or
Archimedes technique for a second assessment of final sample density. In the latter a small piece of the
HIPed sample was cut and weighed in air, yielding m, Then they were immersed in diethylphtalate oil
and slightly heated for some minutes to saturate any open porosity. After being cooled to ambient
temperature, they were weighed while immersed in the oil, yielding m, After they were taken from the
oil and their surface wiped with a clean cloth, a third and final weighing in air was done, yielding m, The
sample’s experimental density was determined using Equation 3-1.
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=———— X Py Equation 3-1
Pexp my —m, Poil q

where po; = 1.118 g/cm’.

Densification of a sample is commonly determined through its relative density, which is obtained
dividing its experimental density by the theoretical density of the material it is made of. When the
sample is not composed of a single phase, one must take into account its relative composition and
corresponding theoretical densities of all phases. To attain a more accurate theoretical density value,
pe,for a sample with n phases, the following equation was used:

1

n 12 E i 3-2
/ quatlon

where f; is the weight fraction of phase i, and p; its corresponding theoretical value.

3.2.4.2 X-ray Diffraction

Two types of XRD analysis were performed on bulk samples: broad and small-angle, otherwise known as
grazing incident angle XRD. The former is the most common type to access phase composition in bulk or
powdered samples to a certain depth of the sample surface, depending on the test conditions and
sample compositions. Low-angle XRD is used when information about the composition of the phases
closer to the surface of the sample is required. It is very commonly used for thin films, since they have
low diffraction volumes. The difference between both techniques is depicted in Figure 3-5.

Source Detector
Detector
y)

s /,'

Source HI"

Film

Substrate

Figure 3-5 — Differences between broad and small-angle XRD: a) conventional geometry for broad angle XRD; b) small-angle
[171]
XRD .

In broad-angle technique, the incident beam is broader and irradiates a larger volume of the sample
simultaneously at different angles. The angle range can be setup for each measure, but typical values
range from 5° to 90°. The detector is movable and it rotates over to the opposite side of the sample as it
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gathers diffracted beam information. In the case of low-angle technique, the incident beam hits the
sample at a lower angle, thus increasing the X-ray beam path at the surface, and retrieving more
information on its composition. In this configuration, the incidence angle is maintained fixed while the
detector rotates through the angular range collecting the resulting data. There is no special preparation
required for the experiment, apart from exposing the correct sample surface one wishes to analyse.

3.2.4.3 SEM / EDS

In order to observe the processed sample’s microstructure each pellet was cut in half. One of the halves’
exposed surface was polished using diamond coated films with decreasing grain sizes, of 30 um, 15 pm,
3 um and 1 pm. The polished surface of some of the samples was cleansed by immersion in HCI 0.1 N
solution for 10 seconds. This procedure will be noted whenever applicable. The samples were then
glued to a sample holder using carbon glue. With the inner surface exposed, it was possible to observe
any microstructural differences and porosity along the cross section of the sample. Local chemical
analysis was performed on specific areas of the sample using EDS.

3.2.4.4 TEM / EDS

Transmition electron microscope (Hitachi S9000) coupled with EDS was used to study two
representative samples with the intent of further characterizing the sample’s microstructure, analysing
the dispersion of MgO grains on the microstructure and study the chemical composition along the grain
boundaries. TEM samples were prepared by polishing a small piece of HIPed MgB, in diamond coated
films with decreasing grain sizes until sample thickness reached ~70um, followed by ion milling until
perforation. Because samples have shown signs of surface alteration upon air exposure, great care was
taken to avoid such problems. Sample C7, which was the first one prepared for TEM observation, was
kept inside the ion milling vacuum chamber until the observation date, but still showed sign of surface
contamination, obvious in the micrographs taken. Sample B3 was removed from the ion miller after
polishing, kept under ambient conditions for 2 days and was ion milled again for 20 minutes just before
TEM observation. This sample showed no signs of such surface alterations during its observation.
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4 Experimental Results

In this chapter experimental measurements and characterization results will be presented in detail for
the starting MgB, powders, the three sets of HIPed samples that followed the ex-situ processing route,
and the in-situ samples sintered in the graphite furnace under vacuum. Although there are some
important remarks to take into consideration for a full analysis of these results, in the current chapter
only results and immediate conclusions will be presented. Their discussion will be reserved to the
following chapter.

4.1 Starting MgB, Powders

4.1.1 Crystalline phase composition

A theoretical XRD pattern was calculated using crystallographic data presented on section 2.2 and
plotted using Carine Crystallography software and is presented in Figure 4-1. This can be compared with
the experimental x-ray diffraction pattern in Figure 4-2, where it is visible that besides MgB, (95% wt.) a
second phase corresponding to MgO (5% wt.) is already present. The weight fraction of the two phases
was obtained by profile fitting using Rietveld analysis (Figure 4-3).
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Figure 4-1 — Theoretical X-ray diffraction pattern for MgB, as obtained using Carine software.
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Figure 4-2 - Shows the experimental diffraction pattern of the starting MgB, powders.
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Profile fitting for MgB2 starting powders
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Figure 4-3 - Profile fitting as determined by Rietveld refinement, for the starting MgB, powders. On the caption Yobs refers
to the experimental data points (in red), Ycalc the refined peaks (in black), Yobs-Ycalc is the difference between theoretical
and experimental data points (in blue, at the bottom), and Bragg_position the diffracting angles for both phases (in green:
top — MgB,, bottom — MgO).

4.1.2 Particle Morphology

Laser diffraction performed on initial powders shows a bi-modal log-normal distribution of particle size
with peaks centred on 0.4 um and 3 um (Figure 4-4).
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Figure 4-4 — Differential volume distribution of the MgB, powder obtained by laser diffraction technique.

The average particle size is 0.903 um. The particle size distribution in percentage is presented in Table
4-1.

Table 4-1 — Particle size distribution for MgB, powder.

Vol. % particles with sizes lower 10 25 50 75 90
than

Particle size (um) 0.319 0.368 0.446 0.601 2.615

Observation of the powders in SEM confirms the previous particle size values. Figure 4-5 shows a
micrograph of the powers comprised of particles as small as 1 um and others as big as 15 um. A closer

look (Figure 4-6) reveals that these particles consist in physically connected agglomerates of smaller
plate-shaped particles.
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Figure 4-6 — SEM micrograph of the same powders (magnification 20000x).
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4.2 EXx situ Samples

Ex situ samples were HIPed under different conditions of pressure and time while temperature was
maintained constant. In Table 4-2 an overview of the processing conditions for all three sets is resumed.
Detailed parameters for the processing cycles can be found in the previous chapter.

Table 4-2 — Summary of the sintering conditions for HIPed samples.

Sample T P t
(°C) (MPa) (hour)
Al 950 50 2
B2-5 950 30 3
C6-10 950 150 1.5
4.2.1 Set A

Table 4-3 shows the dimensions of Al sample (both green and HIPed) used to determine experimental
densities, which were obtained from their geometry. As this was the first sample to be processed, its
main purpose being to test the capsule and the HIP apparatus, data collected was not very detailed. The
dimensions presented for the HIPed sample correspond to a fraction of the whole sample because some
glass from the capsule had collapsed and adhered to the sample’s surface. To remove it, the sample was
polished using diamond abrasive film.

Table 4-3 — Geometrical and relative density values for green and HIPed sample Al.

m d h

Al Pg Pr
(9) (cm) (cm) (g/cm’) (%)
Green 1.55 1.310 0.665 1.73 66
HlPed 0.89 1.080 0.450 2.16 82
caption:
m— sample’s weight

d- sample’s diameter

h—- sample’s height
pg— experimental density
p,— relative density
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Figure 4-7 shows the XRD pattern obtained for sample Al, where three crystalline phases were
identified: MgB,, MgO and MgB,.
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Figure 4-7 — Diffraction pattern for sample Al revealing the presence of a third phase, MgB, which was formed during
sintering.
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Table 4-4 presents the results for the density values and phase composition determined for sample Al.
The theoretical density was determined taking into account the relative phase composition as
determined by XRD and Rietveld analysis, using Equation 3-2.

Table 4-4 — Phase composition and corrected density values for sample A1l.

Phase composition

Pexo Pt Pr I
Sample Al (wt. %)
(g/cm?) (glcm®) (%) (%)
MgB, MgO MgB,
Green 1.729 95 5 0 2.625 66 34
HIPed 2.159 75 17 8 2.738 88 12
caption:
pexp — experimental density
pt— theoretical density

pmgo — 3.580 g/cm?®
Pugss — 2482 g/cm’
pr— relative density

IT-  porosity
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4.2.2 SetB

Table 4-5 summarizes the results obtained for Set B samples in green and after being HIPed, where the
relative density values were calculated using the theoretical density value for MgB,.

Table 4-5 — Results of green and after processing of samples of Set B.

B2 B3 B4 B5

Caption:
my 1.946 | 1.911 | 1.924 | 1.908 m, — green sample mass
weight | ., | 1823 1.793 | 1.794 | 1.896 m; — HIPed sample mass
(g) Am - weight variation, calculated using
Am Equation 4-1
63 | 62 | 68 | -06 q
(%)

dy — green sample diameter

do | 1.310 | 1.310 | 1.310 | 1.310

d¢ — HIPed sample diameter

diameter | 4 | 1185 | 1.170 | 1.180 | 1.235

Ad - linear retraction, calculated using
Equation 4-2
cm
(cm) Ad
(%) 9.5 10.7 9.9 5.7 Pro — 8reen sample’s relative density

pr — HIPed sample’s relative density

density Pro 68 68 69 67

(%) Pre 89 88 88 80

Mo
Am = —x 100 Equation 4-1

dy
Ad =—x 100 Equation 4-2

Phase composition was determined by XRD on all samples and semi-quantification was calculated by
Rietveld analysis. A typical XRD with the refinement pattern already included can be seen in Figure 4-8,
where the MgB, phase subsides.
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Figure 4-8 — XRD and profile fitting patterns for the sample B4. In caption, Yobs refers to the experimental data points (in
red), Ycalc the refined peaks (in black), Yobs-Ycalc is the difference between theoretical and experimental data points (in
blue, at the bottom), and Bragg_position the diffracting angles for both phases (in green: top — MgB,, middle — MgB,, bottom
- MgO).

The density of the samples was measured again, this time using the Arquimedes method, and the
relative weight fractions of the phases were obtained from the Rietveld analysis. These were used to
correct the relative density values and porosity of the samples, taking into account the densities of MgO
and MgB,. The results are presented next in Table 4-6.
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Table 4-6 — Phase quantification and corrected relative density values for set B samples.

Phase composition

Pt Pexp pr II
SET B (weight %)
MgB, MgO MgB, (g/cm’) (glem®) (%) (%)
B2 84 12 4 2.707 2.407 89 11
B3 80 12 8 2.704 2.366 88 12
B4 81 13 6 2.709 2.390 88 12
B5 78 14 8 2.715 2.450 90 10
Caption:
Pr— theoretical density
Pexp — experimental density
Pr— relative density = p,.,,/p;
- Porosity

All samples were prepared and observed in SEM. The collected images are presented in the following
table. In a general way, the microstructures are heterogeneous both in terms of grain size distribution
and inter-grain connectivity. Grain boundaries are not totally distinguishable, but tilting the sample
between 30°-40° provides some visual enhancement.
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Table 4-7 — Compilation of SEM images showing the microstructure of set B samples.

L L Microstructural details at high magnification
Overview images at low maghnifications.

and sample tilting (35°).

%588  60.8@srm

a) b)

Figure 4-9 — Microstructure of sample B2: a) 500x magnified; b) 20000x magnified.

a) b)

Figure 4-10 — Microstructure of sample B3: a) 1000x magnified; b) 15000x magnified.
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Figure 4-11 — Microstructure of sample B4: a) 500x magnified; b) 20000x magnified.

a) b)

Figure 4-12 — Microstructure of sample B5: a) 500x magnified; b) 20000x magnified.

EDS was performed on every sample. Sample B3 is presented here as an example because it was
possible to capture typical microstructural features in a single image (Figure 4-13). The areas where EDS
was performed are indicated in the picture and the corresponding results can be seen below.
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Figure 4-13 — SEM image showing some microstructural features of sample B3, which are more or less common to every
sample. The rectangles indicate the 3 separate zones where EDS analysis was performed (magnification 1000x).
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Figure 4-16 — EDS spectrum resulting from zone 4.
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From the EDS analysis it is possible to know the elemental composition in specific areas of the sample.
EDS made in zone 1 indicated the presence of boron and magnesium as the only detectable elements,
while in zone 2 which had darker areas, a peak corresponding to oxygen is visible. Zone 3 is a depression
on the sample surface and several extra elements, such as sodium, silicon, potassium, chlorine and
aluminium were detected. More than likely these are impurities were introduced during sample
preparation that was not properly eliminated.

Sample B3 was also prepared and taken for TEM observation. The resulting micrographs and EDS
analysis are presented next. EDS showed that this microstructure consists of a matrix of grains with an
Mg-B-based composition, and small MgO precipitates with sizes ranging from 20 to 100 nm (Figure 4-17
and Figure 4-18).

MgO
precipitates

precipitate \ (%= "

Figure 4-17 — Micrograph of an MgB, grain (~3um in size) and  Figure 4-18 — Micrograph of an MgO precipitate on a triple
MgO precipitates on its grain boundary. point with ~80 nm in size.

EDS performed on matrix grains have shown a low-intensity peak corresponding to oxygen signal. MgO
precipitates were perfectly distinguishable because they always displayed a noticeable increase in
oxygen signal intensity (Figure 4-19 and Figure 4-20).
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Figure 4-19 — EDS spectrum on MgB, matrix grains.
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Figure 4-20 — EDS spectrum on MgO precipitates.
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Figure 4-21 shows MgO grains dispersed and isolated in the microstructural matrix. The shape of MgO
grains found on both samples is often rectangular and with well defined facets. On the other hand, the
precipitates found are round-shaped with a tendency to acquire the typical regular shape as growth
occurs.

} » \ dd
b( o -;,\ :

Figure 4-21 — Image showing the dispersion of some MgO
grains with different sizes (~0.16 to 0.3 um) in the matrix.
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42.3 SetC

Table 4-5 summarizes the results obtained for Set C samples in green and after being HIPed. In this table

the relative density values were calculated using the theoretical density value for MgB,. In this set the

weight of the samples has increased during thermal processing.

Table 4-8 — Results of both green and sintered samples of Set C.

C6 c7 cs c9
weight my 1.900 | 1.890 | 1.900 | 1.890
(g) m; 1.916 | 1.904 | 1.911 | 1.942
Am (%) | 08 0.7 0.6 2.8
diameter do 1.310 | 1.310 | 1.310 | 1.310
(cm) ds 1.180 | 1.175 | 1.160 | 1.175
Ad (%) 9.9 10.3 11.5 10.3
density Pro 65 67 68 68
(%) Pr 87 93 89 88

Caption:
mg — green sample mass
m; — HIPed sample mass

Am - weight variation, calculated using
Equation 4-1

dy — green sample diameter
d¢ — HIPed sample diameter

Ad - linear retraction, calculated using
Equation 4-2

Pro — 8reen sample’s relative density

P — HIPed sample’s relative density

Phase composition was determined by XRD on all samples and semi-quantification was calculated by

Rietveld analysis. A typical XRD of sample C8, with the refinement pattern already included can be seen

in Figure 4-22. In samples C8 and C9 no crystalline MgB, phase was detected. Instead, weak intensity

peaks corresponding to metallic magnesium have appeared. MgB, is still present in samples C6 and C7.
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Figure 4-22 — XRD and profile fitting patterns for the sample C8. In the caption Yobs refers to the experimental data points (in
red), Ycalc the refined peaks (in black), Yobs-Ycalc is the difference between theoretical and experimental data points (in
blue, at the bottom), and Bragg_position the diffracting angles for both phases (in green: top — MgB,, middle — MgO, bottom
- Mg).

The density of the samples was measured again, this time using the Arquimedes method, and the
weight fractions of the phases were obtained from the Rietveld analysis, exception made to metallic
magnesium phase, whose values were lower than the error margin (< 1%). These were used to correct
the relative density values and porosity of the samples and are presented in Table 4-9.
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Table 4-9 — Phase quantification and corrected relative density values for set B samples.

Phase composition

SET C (weight %) & Pero > 1
MgB, MgO MgB, (g/cm®) (g/cm®) (%) (%)
C6 77 15 8 2.726 2.469 91 9
C7 79 13 8 2.710 2.558 94 6
c8 89 11 0 2.702 2.659 98 2
C9 86 13 0 2.700 2.652 98 2
caption:
Pe— samples’ theoretical density
Pep—  experimental density
Pr - relative density
- Porosity

All samples were also prepared and observed in SEM. Between sample preparation and SEM
observation there was a time lag of roughly two months. During this time, the surface of the samples
lost their metallic mirror-like appearance, possibly due to air exposure. To remove this reacted layer,
samples C6, C7 and C8 were polished again. Sample C8 was also immersed in HCI 0.1N in an attempt to
better reveal the grain boundaries. Sample C9 was observed as it was, and then polished and observed a
second time. The collected images are presented in the following table.
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Microstructural details at high magnification

Overview images at low magnifications. L
and sample tilting (35°).

XsSee '‘e@.@rm

a) )

Figure 4-23 — Microstructure of sample C6: a) 500x magnified; b) 20000x magnified.

MB1l1_Eb XS5.88K B6.88+rm

65



Preparation and Characterization of MgB2 Superconductor

®1.58K 2@.@»m

c)

Figure 4-24 — Microstructure of sample C7: a) 500x magnified showing a darker island-like grain embedded in the
matrix; b) interface of the grain in a) with the microstructure, showing the polishing scratches (20000x
magnified); c) general microstructure (20000x magnified); d) similar feature found in previous micrographs
(1500x magnified)

Figure 4-25 — Microstructure of sample C8 after being immersed in HCI solution to clean the surface: a) 5000x
magnified; b) 10000x magnified.
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Figure 4-26 — Microstructure of sample C9: a) un-polished sample showing some sort of reaction occurred at the
surface; b) close-up of the reactive layer showing that this reaction is preferential in specific areas, while others
remain apparently unchanged; c) same sample after being polished (500x magnification); d) magnified 20000x.

A contamination layer that appeared to be over the microstructure (Figure 4-27) was observed. It is
possibly the same oxy-hydroxy phase that has been identified by XRD, but confirmation of its chemical
composition by EDS was not possible due to this technique’s limitation regarding light-weight elements.
It is fundamental to avoid such contaminations if one wishes to perform TEM observation on the
samples.

0,5um
Amorphous
structure

Figure 4-27 — Micrograph showing an amorphous layer, Figure 4-28 — Micrograph displaying an overview of
forming a web-like structure that interconnects the the microstructure veiled by the contamination layer.
grains in the microstructure.

General microstructure of the sample consists of a matrix of MgB, / MgB, grains and small precipitates
of MgO. MgB, and MgB, are undistinguishable both visually and by EDS performed, due to limited boron
detection. In terms of observed grain size, it was possible throughout the observation to see that the
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matrix grains range from ~3um to sub-micron particles. MgO precipitates presented a size range of 20 to
100 nm (Figure 4-29 and Figure 4-30). It evidences MgB, grains presenting intra-granular dislocations,
which is often observed in TEM imaging of materials processed under pressure. The visualization of
these defects relies on a variation of atomic planes in respect to the direction of the incident electron
beam.

MgB, grains

MgOo

nrarinitatac

0,5 um

Figure 4-29 - Darkfield micrograph evidencing MgB,
grains and small MgO precipitates.

Figure 4-30 — Micrograph displaying an MgB, grain with MgO
precipitates over it.

MgO precipitates can be found dispersed throughout the microstructure, although at times they give
the impression of being inside the matrix grains (Figure 4-30).
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Figure 4-31- EDS spectrum resulting from the MGB, grain in Figure 4-30.

4.2.4 Low angle X-ray diffraction

After samples from set C had shown signs of surface reaction while pending for SEM observation, the
remaining samples were checked. At the time when this was situation was verified, sample Al was no
longer available for further studies. The surface of all the remaining samples, prepared in sets B and C,
have shown some signs of alteration after being exposed to air. Apparently samples from set C were
much more affected than those of set B. This was visible even by naked eye as the samples loose their
metallic mirror-like appearance. It was also visible under SEM observation, as can be seen in Figure 4-26-
a) and b). Low angle XRD was performed at an angle of 4°, in an attempt to find the composition of this
superficial reaction layer. A summary of the results for all samples is presented in Table 4-10. Indication
of an oxyhydroxyde - MgBO,(OH) - was detected only from samples C7 to C9.
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Table 4-10 — Summary of the secondary phases (besides MgB, and Mg0) detected by low-angle X-Ray diffraction; graphic
sign * was used to identify the second results for sample C9, after being polished.

Sample Secondary Phases
MgB., Mg MgBO,(OH)
B2 X
B3 X
B4 X
B5 X
C6 X
c7 X X
C8 X X
C9 X X
Cco* X X X

Sample C9 was polished in an attempt to remove the contamination layer and tested again. It was
expected that the MgBO,(OH) would disappear, since it should be only superficial. Instead this second
analysis still detected its presence and MgB, phase was also detected. Elemental magnesium was
detected in samples C7 to C9, confirming the previous results obtained by conventional XRD. Samples
were coated with sputtered carbon for SEM observation and some samples still had remains on their
surface. This explains the carbon peaks found in some of the samples. Representative patterns are
shown in Figure 4-32 and Figure 4-33.
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Figure 4-32 — Above: Low-angle diffraction pattern obtained for sample B3; Below: Peak list for the phases detected.
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Figure 4-33 — Above: Low-angle diffraction pattern obtained for sample C7; Below: Peak list for the phases detected.
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4.3 In situ samples

For this set of experiences, 3 capsules were initially prepared. Capsule C opened up during thermal

treatment and a second capsule was prepared and sintered. These were designated capsules C-a and C-

b, respectively. The following table shows the results of measuring and weighing, as well as density

values for all the green in situ samples prepared.

Table 4-11 — Green sample’s average dimensions and density values.

Mo d h Pg
Composition | #
9) cm) | (cm) | (glem?)
1
A
2 1.000 | 1.310 | 0.500 1.48
1:2 3
1
B
2 1.000 | 1.310 | 0.500 1.48
1.2:2 3
1
C-a
2 0.994 | 1.310 | 0.487 1.52
1.5:2 |,
1
C-b
2 0.998 | 1.310 | 0.548 1.35
15:2 3
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Table 4-12 shows the results obtained after sample sintering, including linear retraction and weight
variation obtained from the same formulas used previously for ex situ samples. These samples were
darker than the HIPed samples, very fragile and had to be handled with care.

Table 4-12 - Resulting sample dimensions and densities after sintering.

My d h Py Ad Am Pr
Composition | #
(9) cm) [ €m) | (gem®) | (%) | (%) (%)
A 1 0.907 0.545 1.154 9.0 -9.3 44.0
2 0.911 1.355 0.535 1.180 7.0 -8.9 45.0
1:2
3 0.896 0.535 1.161 7.0 -10.4 44.2
X = 1.2 7.6 -9.5 44.4
B 1 0.809 0.520 1.078 6.1 -19.1 41.1
2 0.854 1.355 0.535 1.107 9.2 -14.6 42.2
1.2:2 3| 0.821 0.520 | 1.095 6.1 | -17.9 | 41.7
X = 1.1 7.1 -17.2 41.7
1 0.693 0.495 0.971 4.2 -30.7 37.0
C-a
2 0.707 1.355 0.500 0.980 2.0 -29.3 37.3
1'5 * 2 3 0.691 0.490 0.978 -1.0 -30.9 37.3
X = 1.0 1.7 -29.9 37.2
1 0.724 0.560 0.896 1.8 -27.6 34.1
C-b
2 0.748 1.355 0.550 0.944 0.9 -24.8 35.9
1'5 ‘ 2 3 0.752 0.560 0.931 1.8 -24.8 35.5
X = 0.9 1.5 -25.7 35.2
Caption:
m; - weight Al — linear retraction Pe — geometrical density
d - diameter Am — mass variation
h - height Pr - relative density
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Comparative analysis of the previous tables shows that the samples have lost weight during sintering
and underwent an expansion, leading to a decrease in the sample’s density to values close to 40%. Also,
comparing the results obtained for composition C samples, it is visible that the fact capsule C-a opened
inside the furnace has caused a greater weight loss and expansion. Regardless of that, these samples
apparently have relatively higher density values.

Similarly to ex situ processed samples, composition was determined by XRD on all samples and semi-
guantification was calculated by Rietveld analysis. A typical XRD with the refinement pattern already
included can be seen in Figure 4-34, where two crystalline phases have been identified: MgB, and MgO.
Although possibly present in the samples, there are no peaks in the diffraction pattern that correspond
to boron, for it is an amorphous phase. There are some unidentified peaks in the patterns, quite visible
near the baseline. They must correspond to a third phase, but it was not possible do match any known
phases in the database to them.
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[ . Yobs= ]

4400 - Yoalc ]
[ Tob=—Ycocalc ]

3600 — Eragg position ]
2800 | J
2000 - .
~ H 3

1200 | ]
400 F i -

= Ko, ]

a0 E I I I I (I I 3
- I I I I Il

-1200 - -
- 11’ -, 1r‘ A - M sy ‘ -

_2000 oy
20 26 32 38 44 50 56 62 68 74 80

26 (°)
Figure 4-34 — XRD and profile fitting patterns for the sample B2. In the caption Yobs refers to the experimental data points (in

red), Ycalc the refined peaks (in black), Yobs-Ycalc is the difference between theoretical and experimental data points (in
blue, at the bottom), and Bragg_position the diffracting angles for both phases (in green: top — MgB,, bottom — Mg0).

In Table 4-13 the weight fraction values for both crystalline phases are presented. From these the
volume fractions of each crystalline phase, as well as the porosity volume were calculated.
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Table 4-13 - Results of phase quantification, both in volume and weight percentage, corrected density and porosity values
for each sample.

Phase composition
sample | (weight %) (vol. %) (real vol. %) i P e M
MgB, | MgO | MgB, | MgO | MgB, | MgO | (glem®) | (glem®) | (%) | (%)
Al 92 8 94 6 40 3 1.154 2.683 43 | 57
A2 93 7 95 5 42 2 1.180 2.676 44 56
A3 88 12 91 9 39 4 1.161 2.713 43 | 57
B2 95 5 96 4 40 2 1.107 2.661 42 | 58
B3 98 2 99 1 41 1 1.095 2.639 42 58
Cl-a 59 41 66 34 22 11 0.971 2.953 33 67
C2-a 50 50 58 42 19 12 0.980 3.036 32 68
C3-a 65 35 72 28 24 9 0.978 2.900 34 66
Cl-b 95 5 96 4 32 1 0.896 2.661 34 | 66
C2-b 96 4 97 3 35 1 0.944 2.654 36 | 64
C3-b 94 6 96 4 33 2 0.931 2.668 35 | 65
Caption: weight % — relative weight fraction

vol. % — relative volume fraction
real vol. % — relative volume fraction with porosity

ps— geometrical density

p: — corrected theoretical density (calculated according to Equation 3-2)
p. — relative density
II - porosity fraction
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Composition B has the highest relative density and superconducting phase obtained relatively to the
amount of MgO. For all samples except those in capsule C-a, the amount of MgO was limited to a
maximum value of 3 (wt. %).

All samples were prepared and observed in SEM. The collected images are presented in the following set
of figures. The microstructures made up of a highly porous matrix (areas labelled “2”) with some denser
particles dispersed and embedded in it (areas labelled “1”).

Figure 4-35 — Sample Al’s microstructure showing Figure 4-36 — Detailed view of region 1 in sample
two distinct regions, marked 1 and 2. Al. (magnification 300x).

AN

"‘e@l@rm

Figure 4-37 — Detailed view of region 2 in sample
Al. (magnification 500x).

Figure 4-38 — Sample C3-a microstructure, again
with two separate regions identified in the picture
(magnification 40x).
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5 Discussion and Conclusions

In this chapter all the results presented so far will be discussed following the same sequence found in
the previous chapters. A list of conclusions will then be compiled and correlated with the electric and
magnetic properties resulting from the samples physical characterization.

5.1 Ex situ

One of the major objectives during ex situ processing was to limit the amount of remnant MgO phase in
the finished samples. MgO is known to be one of the most stable oxides. Combined analysis using XRD
and Rietveld has determined its amount to be about 5 % wt. in the initial powder mixture. A second
objective was to improve the density of the samples. Higher density values can be associated with
increased intergranular connectivity. This effect was expected to positively influence the mechanical
resistance of the samples as well as the electrical transport of superconducting currents. Reducing the
amount of voids in the samples will increase the interfacial contact area between grains, indicated by an
increase in the relative density values. In the same way, increasing the contact area will provide
alternative routes for the current flow thus enhancing the percolation path. Maximizing the
superconducting phase content was a third objective as it was expected to contribute with larger
fraction volumes of superconductive material, thus also maximizing the samples’ J.. These aspects will
be taken into consideration in the following discussion of the results.

5.1.1 Set A

5.1.1.1 Densification

The initial sample from SET A was a first attempt to produce a dense MgB, superconducting sample.
With a final relative density value slightly above 88%, it is safe to say that the objectives were met. Some
expected problems did occur, such as the fact that molten glass had adhered to the sample and had to
be mechanically removed to the expense of the sample’s integrity.
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The relative amount of MgO increased almost three and a half times to 17% in the finished sample and
8% of MgB, was formed during processing. From these results the new objectives for the next set of
samples were to increase the samples’ density as much as possible and to avoid the formation of MgB,,
while maintaining the amount of MgO phase under control.

5.1.1.2 Formation of MgO and MgB,

The presence of MgO and MgB, can be associated to MgB, decomposition during sample processing[34].

MgB, dissociation results in MgB, and magnesium; the free magnesium will easily react with any oxygen
that remains inside the capsule or in the powder mixture despite the purge during vacuum
encapsulation, and lead to oxidation of the samples during the HIP cycle resulting in additional MgO
content. Therefore in the following preparations, extra magnesium was added to the bottom of the
capsules with the intent to create a magnesium-enriched atmosphere which should deter the
dissociation process and compete for the available oxygen inside the capsule. In addition, the samples
were wrapped with metallic foil to avoid contact between the sample and the glass at all times. From
the bibliographic survey tantalum and zirconium were the selected materials, since they tend to oxidize
and would also compete for any available oxygen.

5.1.2 Set B

Even though these samples were sintered at a lower pressure than the previous sample, similar
densification values were achieved in samples B2-4, while sample B5 reached 90%. Weight loss averaged
6.4% in all samples, except in the case of sample B5 where it was limited to 0.6%. Linear shrinkage
values show a similar behaviour, averaging 10% in samples B2-4 and 6% in sample B5. These results
seem to be the result of the proximity between the samples and the extra magnesium in the bottom of
the capsule.

It can be seen in Table 5-1 that by taking the phase composition into account for the calculation of
theoretical densities, the relative density values differ from those obtained geometrically. The latter are
believed to be more accurate. Although there aren’t any differences in the first 3 samples, the case of
sample B5 shows that this difference can be significant. It is the sample with least amount of
superconducting phase and also the most densified as opposed to being the least dense. The average
relative density for this set of samples is 89%, representing a slight improvement when compared to
sample A1, despite the relatively lower processing pressure.
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Table 5-1 — Density values obtained by two different methods.

geometrical density  corrected (Archimedes)

Sample (%) (%)
B2 89 89
B3 88 88
B4 88 88
B5 80 90

pP=86 p=89

XRD results have shown that all samples are composed of a combination of MgB,, MgB, and MgO.
Rietveld composition analysis shows that there is still a considerable amount of both MgO and MgB, in
the final samples. On average the amount of the former increased 2 to 3 times during processing from
the initial amount of 5% initially found in the powders. When compared to sample Al, the amount of
MgB, found in set B samples decreased to an average of 6.5%. The amount of MgB, is about 80% for all
samples. Overall these results are slightly better than those obtained for the initial sample. Considering
the different processing conditions they show improvement.

The effect of the extra magnesium on the results becomes relevant when one realizes the disposition of
the samples inside the capsule: B2 was the closest to this extra source of magnesium, followed
sequentially by the remaining samples. Even though in a first approximation the conditions inside the
capsule should be the same all around, the fact is that the results show otherwise. There is a slight
decrease of density from sample B2 to B5. In the same way, there’s also a slight increase in the amounts
of secondary phases. Therefore it is quite possible that these results are positively influenced by the
proximity of the sample to the magnesium. This relationship will be developed in the next set of results.

5.1.2.1 SEM

The observed microstructures are very similar in all of the samples, even in the local features that are
somewhat spread throughout the observed surfaces and that differ from the typical matrix. It is possible
to identify three distinct areas in the images which were captured in the same micrograph, shown in
Figure 5-1. The microstructure was divided into different regions according to their characteristics,
labelled 1,2 and 3 on the figure.
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HIP322 25.8kV X1.80K 30.0sm

Figure 5-1 — SEM image showing some microstructural features of sample B3. The white rectangles indicate the 3 separate
zones into which the microstructure can be divided.

Area labelled “1” represents the overwhelming majority of all sample’s observable surface area. At
higher magnification (seen in Figure 5-2) it is possible to see that the microstructure is granular,
comprised of particles with irregular shapes and sizes, which can vary from 0.3 um to 1 um.
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Figure 5-2 — Detail of the area labelled “1” in the previous figure. The darker areas are not seen at 15.000 magnification.

EDS analysis has revealed that the chemical composition consists of magnesium, boron and oxygen,
which was expected. However, phases MgB, and MgB, are chemically indistinguishable under EDS
analysis. Any attempt to make an elemental quantification would result in inaccurate results due to the
fact that the beam interaction volume inside the sample would be too great for both magnesium and
especially boron, which are light-weight elements. Combined with the small particle sizes this would
result in a total interaction volume greater than the volume of the particle under analysis. Inevitably one
would get chemical results not only from the desired particle but also from the immediate surroundings.
The same reasoning may be applied to MgO particles. The detected signal for boron is, in any case, quite
small and always subjected to some error. Given the chemical composition of the samples, boron should
be the most abundant element detected in any EDS analysis performed. Yet it is usually the peak with
less intensity. For these reasons, EDS was not performed in a specific point but in a general area instead.
In this way it was possible to get a better idea of what elements are present in average in that area. For
instances, it is possible to state that there is oxygen inside area 1, since there is a peak corresponding to
oxygen in the resulting spectrograph. The form in which oxygen is present is not exactly clear, but it
most probably comes from dispersed MgO particles identified previously by XRD.

Area labelled “2” is quite different. In Figure 5-3 a micrograph of a similar structure in the same sample
is shown.
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X1l1.58K 28.0rm

Figure 5-3 — SEM micrograph showing a darker area crossed by lighter ones, similar to the one found in area 2 in Figure 5-1.

Its shape is irregular and while the majority of the area has a slightly darker tonality than its
surroundings, it is crossed by lines which in turn are lighter. This feature was only found in two samples:
B4 and C7. EDS shows an Mg-B based compound together with a negligible signal for oxygen, if one
takes into consideration the previous arguments regarding the signal intensity and sensibility. Because
there is a contrast showing at least two different areas, one lighter than the other, it is valid to argue
that it is a result of atomic weight contrast. Under this argument, the lighter areas should be richer in
magnesium than the darker ones. In principle, because there are only two crystalline phases indentified
by XRD which match these compositions, the darker areas should be MgB, and the lighter ones MgB,.
However, there are published results that state that there is a wide variation in stoichiometry for MgB,

(172 similar structures were found, but in that case specifically, it was a very

compounds. In reference
common feature that could be found in most of the grains. Electron probe microanalysis (EPMA)
revealed Mg/B ratios that pointed to compositions such as MgB,, MgB; and MgB,,. Because no XRD
results were presented, one assumes that these conclusions were based only on electron microscopy
and EPMA analysis. Such is not this case. Area labelled “3” is an internal pore and it is almost black in
colour due to topography effects that make depressions appear in darker shades. This effect is
particularly sensitive to the magnification at which one is observing the sample: the lowest the
magnification, the stronger the effect as can be seen comparing Figure 5-1 and Figure 5-2. Whereas in
the latter the interior of the depressions can be seen clearly without any indication of composition

differences, the former shows every depression in a darker shade.
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5.1.2.2 TEM

TEM studies have allowed identification and characterization of MgO particles in the samples. Unlike
SEM where the sample is observed in bulk state, TEM observation is done on a very thin layer near the
perforation edge. This limits the interaction volume simply because the volume of the samples is
reduced to a minimum. In this way it is possible to run EDS on a specific grain and in case any oxygen is
detected it is almost certainly from the chosen grain. Results have shown that MgO is present in two
different forms: precipitates and fully grown grains. Precipitates are smaller in size (<0.1 um) and are
rounder in shape. They originate from magnesium resulting from MgB, dissociation, consequently
reacting with any available oxygen or even from the free metallic magnesium inserted inside the
processing capsule. MgO grains have a rectangular shape and are larger in size. These are already
present in the initial powders and can also be the result of precipitate growth during processing. In
either shape or form, MgO was not seen incorporated inside the matrix grains but isolated at the
boundaries of MgB, grains instead.

For the same reason presented in the discussion of SEM results, the matrix grains could not be identified
as being either MgB, or MgB,. Typical particle size ranged from 3 um to below 1 um which are similar
values to those obtained for the initial powders. This shows that there wasn’t much grain growth
occurring during thermal treatment. The grains have an irregular shape and appear to be well
connected. There are some dislocation lines visible on their interior. These are a common feature of
HIPed samples due to the external pressure applied to the samples which distorts the lattice structure.
These results show that HIPing under these experimental parameters promotes densification of the
samples, but not grain growth. This was also expected and is also related to the external pressure
applied which increases the energy required for grain growth to occur.

5.1.3 Set C

The HIPing parameters for this set of samples had the highest value of applied pressure and the lowest
hold time of all of the previous sets.

Contrary to the previous results, samples in this set have gained weight during HIPing while linear
retraction values are slightly larger than those in set B. The average weight gain amounted to 0.7%,
except that of sample C9 which was of 2.8%. This represents a difference of at least 3.5 times more than
that of any other sample in this set. Again this seems to be related to the disposition of the samples
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inside the capsule relatively to the source of extra magnesium. This time around sample C9 was closest
to it, with distance increasing in the reverse sample order.

Table 5-2 — Density values obtained by two different methods.

geometrical density  corrected (Archimedes)

Sample (%) (%)
(o3) 87 91
Cc7 93 94
c8 89 98
c9 88 98

p=89 p=95

This hypothesis is further supported with the results obtained for sample densities (Table 5-2). In the
light of the previous argument regarding the two different methods by which these values were
obtained, and which support the accuracy of the corrected values, only the second set of density values
will be discussed. Average relative density for all samples was of 95%. This represents an increase of 6%
over the previous set. Once more, samples C8 and C9 which were closer to the extra magnesium have
the highest relative density values with 98%. Therefore one may conclude that the presence of
magnesium on the sintering atmosphere (inside the capsule) improves the mechanical resistance of the
samples by reducing porosity. On the other hand, while it is and effective way to hinder MgB,
dissociation, it may be responsible for some of the MgO detected on the final samples.

XRD results show that the two samples that were farther from the extra magnesium source still
developed MgB,, while the two closest to it did not. For the latter, small amounts (below 1 % wt.) of
metallic magnesium was detected and quantified, which accounts for the weight gain discussed earlier.
The amount of MgB, calculated for samples C6 and C7 was of 8%. The amount of MgO is practically the
same for all samples, averaging 13%. These are similar results to the ones obtained in Set B. The amount
of superconducting phase averages 83% with a maximum of 89% and a minimum of 77% in sample C8
and C9, respectively.

Two issues arise from these results: on one hand, the higher the amount of detected MgB,, the higher
the amount of MgO (sample B3 is the only exception); on the other hand, samples C8 and C9 have no
MgB,, but still have similar amounts of MgO to those of C6 and C7. While it is still reasonable to assume
that MgO and MgB, are a result from MgB, dissociation, it is not clear how the amount of MgO in
samples C8 and C9 rose from 5% in the initial powders to ~12% in the processed samples, without
forming any MgB,. The hypothesis developed during this work is that some MgO has its origin in the
extra magnesium which gets oxidized earlier in the processing cycle, instead of resulting from MgB,
dissociation. Nonetheless, the final density values are quite positive and contribute significantly to the
samples’ mechanical properties allowing them not only to be easily handled, but also to be machined
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into any desirable shapes. These results are certainly associated with the highest pressure applied
during sintering which certainly contributed to sample densification. Despite the shorter hold time of 1,5
hours at 950 °C programmed for this HIP cycle formation of MgB, and oxidation of magnesium still
occurred. One can conclude that shorter cycles at lower sintering temperatures in MgB, sample
processing are not only possible and desirable, but advantageous from the results standpoint.

5.1.3.1 SEM

The microstructural changes associated to the increase of density
values are clearly visible in the SEM micrographs obtained. The
particles are much better interconnected. The microstructure of
samples C6 and C7 still resembles those of the previous set but
with better grain connectivity and less porosity. Grain sizes are
quite similar to those found in set B, showing again that not much
grain growth occurs during sintering. The microstructures of
samples C8 and C9 are evidently denser than those in any other 30um

——
sample. In sample C7 an uncommon feature was found and

presented in Figure 5-4. It appears to be a particle embedded in

Figure 5-4 — Sample C7 micrograph
taken in SEM at 500x magnification
sample polishing and indicate a lower hardness. Its size is largely  showing a darker island-like grain

the microstructure. Some scratch lines crossing it are a result of

superior to any other particle in the microstructure. EDS  embeddedinthe matrix.

performed on this particle did not show any chemical difference

from the surroundings. Given its darker shade this is believed to be a boron-rich area. Boron atoms
provide weak scattering centres for X-ray diffraction so, the amount of this phase in the sample may not
be enough to show up in the XRD patterns. One other hypothesis is that it is not a crystalline phase and
as such, it is permeable to the technique. SEM does not allow one to reach definite conclusions in this

51 similar features were found and analysis also pointed to a B-rich composition,

regard. In reference
although no additional specifications were made. This sample also has a similar structure to that

discussed previously for sample B4.
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Immersing the sample in HCI did not result in clearer grain
boundaries, but it did clean the surface and provided a
clearer view of the microstructure. The surface changes
that have occurred are believed to be the result of a
reaction between the surface of the samples and the
surrounding atmosphere. It is clear in that before the
sample was polished a second time, a thin reaction layer
over the microstructure was visible (Figure 5-5). Again, EDS
was unable to reveal any chemical differences. The layer is

not homogeneously spread along the surface. Instead it
seems that it is limited, at least at this point, to certain

Figure 5-5 - Close-up of the reactive layer before
areas of the microstructure, while other areas seem sample polishing. It shows that the reaction is
unaffected. preferential in specific areas, while others
remain apparently unchanged.

5.1.3.2 TEM

Observation of sample C7 under TEM was greatly affected by the existence of a contamination layer
over the microstructure. This is a similar effect to the one reported during SEM discussion, most likely
with the same origin. The reason why this sample was affected while sample B3 was not, is probably due
to the fact that the latter was taken from the ion milling machine and immediately taken for TEM
observation. The ion beam chamber is under high vacuum and the ion beam itself must have
successfully removed any contamination around the observable area, near the puncture.

Oxidation of the surfaces, hydration or a combination of both, particularly in Mg-rich areas, were taken
as possible explanations and although contamination appears to be a very thin superficial film, low angle
X-ray diffraction was able to indicate the presence of an oxyhydroxy phase - MgBO,(OH). As presented
in the previous chapter, this phase was only detected in the last three samples of set C in which sample
C7 is included. It is therefore quite possible that the layer seen during TEM observation of this sample
corresponds to this oxyhydroxyde. Previously observed sample B3 did not show any signs of this effect.
It is quite reasonable to assume that the extra magnesium, also detected in low-angle XRD analysis,
explains the existence of the oxyhydroxyde phase in these samples. The magnesium makes these
samples prone to oxidation and hydration of their surfaces. However, definitive conclusions regarding
the exact composition of the superficial layer were not possible due to a set of limitations regarding the
techniques available and the chemical nature of the contamination itself:

e the oxyhydroxylized layer is very thin;
e oxyhydroxydes are amorphous to a certain degree;

e Low-angle diffraction technique is very sensitive to surface topography;
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e EDS techniques are particularly limited in the case of low atomic weight elements.

MgO particles, perfectly identifiable by EDS
analysis, were again found in this sample in the
form of isolated grains and precipitates.
Although, as stated in chapter 4, at times
precipitates gave the impression of being inside
MgB, grains, analyses during observation lead to
a different conclusion. If the precipitates were in
deed growing inside the grains, strain lines due
to lattice distortion surrounding them should be
visible. Figure 5-6 shows an MgB, grain very
clearly, without any observable lattice distortion

effects. Moreover the motion of the dislocation  Figure 5-6 — Micrograph displaying an MgB, grain with
isolated MgO precipitates as well as grains, over it.

lines inside the bottom grain, while tilting the
sample during observation, was smooth and
continuous, further supporting that there is no
precipitation of MgO inside MgB, grains.
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5.2 In situ

This set of samples was an attempt to synthesize MgB, from precursor powders under vacuum
conditions. Boron and magnesium have quite different melting temperatures. While magnesium melts

at 650 °C, melting point for boron is 2076 °C. Based on the results found in reference 2

, magnesium
melts at a slightly lower temperature than the MgB, formation temperature - roughly 50 °C higher
(Figure 5-7). This has two implications on the process: the synthesis of the superconducting phase
occurs by liquid-phase sintering; high amounts of magnesium will be lost by evaporation during sintering
and will not react with boron. While the presence of liquid phase is usually helpful for densification, for
promoting reaction and in shortening sintering times, it is detrimental in this specific case for all the

reasons already presented.

“ ENDO EXO —

RATE 20°C/min
ATMOSPHERE Ar 140ml/min

T T T
0 200 400 600 800 1000
T/C

Figure 5-7 — Curve obtained by differential thermal analysis of a mixture of magnesium and boron powders (Mg:B = 1:2)
showing one endothermic (a) and an exothermic (b) peak. These correspond to the melting point of magnesium and
formation of MgB, phase, respectively.

The results have shown that the samples lose weight and expand during thermal treatment. These
effects contribute to a decrease in sample density after processing, the reasons being two-fold. Weight
loss is associated with the amount of magnesium lost by evaporation at processing temperature. In fact,
weight loss is aggravated with increasing amounts of magnesium in the initial mixture. Average weight
losses are 10%, 17% and 26% for samples of compositions A, B and C, respectively. Results also show
that samples have expanded during sintering. Although formation of MgB, has been associated with an
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expansion, this relation is not obvious with these results due to high amounts of porosity in resulting
samples which influence the analysis.

XRD performed in all in situ processed samples has shown two crystalline phases present: MgB, and
MgO. No MgB, was formed at this temperature. One must bear in mind that boron used was amorphous
and thus cannot be detected by XRD. Amorphous boron was preferable to crystalline because, beingin a
metastable state, it is more reactive. Given the results and the fact that melting point of boron is much
higher than the sintering temperature, there must be boron still present in all samples. This leads to
some complications when determining relative phase composition. Even so, by determining the
amounts of MgB, and MgO present, it is possible to evaluate the amount of superconducting phase
relatively to the amount of periclase created during sintering. The average MgB,/MgO ratios for each set
can be seen in the next table.

Table 5-3 — MgB, and MgO volume fraction ratios for in situ samples.

Set MgB;/MgO

ratio
A 14
B 38
C-a 2
C-b 26

Under the processing conditions, composition B samples have resulted better both in terms of final
relative density as in terms of the amount of superconducting phase obtained relatively to the amount
of MgO. For all samples except those in capsule C-a, the amount of MgO was limited to a maximum
value of 3 (wt. %). Another important aspect revealed with these results is the role played by the
capsules during thermal treatment. Encapsulation effectively hinders the oxidation of magnesium.
Samples in capsule C-a which were exposed inside the furnace chamber, have roughly 9 times the
amount of MgO than those in capsule C-b. The effect of encapsulation on sample densification is
minimum. The initial powder composition doesn’t affect the amount of MgB, formed during sintering,
because it doesn’t stop magnesium to be released from the sample.

SEM micrographs show a highly porous structure with denser grains embedded. These grains are aligned
perpendicularly to the direction of pressing. This means that packing of the initial powders plays a role in
the densification of the samples. EDS is ineffective in detecting differences in chemical composition for
these samples. The microstructures of these samples are completely different from the ones processed
ex situ. The interconnection between grains is severely weak due to the high amounts of porosity caused
by the absence of external pressure during sintering stage.
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5.3 Electric and Magnetic properties

Parallel to the work presented in this thesis, the physical characterization of the samples was
performed. This characterization was focused on the electrical and magnetic properties, in order to
evaluate the superconducting performance of the samples. A summary of the most relevant results
obtained are presented on Table 5-4, together with sample density values and phase composition.
Transport measurements were made using conventional four point probe set-up. Magnetic
measurements were obtained using a SQUID magnetometer.

Table 5-4 — Results from the magnetic characterization of the samples. Density, and phase composition results for all samples
were included.

Sample p MgB. MgO MgB, T, AT Je (x10° Alcm?)

(@lem®)  Wt.%)  (Wt.%) (Wt %) K ® Tox ok mx
Al 88 75 17 8 3640 09 - e o
B2 88.9 84 12 4 36.64 05 122 091 0.59
B3 87.5 80 12 8 36.98 05 050 037 025
B4 88.2 81 13 6 3700 04 503 389 274
B5 90.2 78 14 8 3718 03 038 029 02
c6 90.6 77 15 8 3703 06 219 167 114
c7 94.4 79 13 8 3692 05 288 22 151
cs 98.4 89 11 0 36.30 04 080 06 039
co 98.2 86 13 0 36.39 05 e e e

Caption:

p - relative density

T, — critical transition temperature (from transport measurements)

AT, - transition width (from magnetic measurements)

J. — critical current density (from magnetic measurements); values at 0K were obtained by extrapolation

Figure 5-8 shows the critical current Jc at zero magnetic field determined using the usual procedure,

from the Bean critical state model*’®

, by accounting the magnetic irreversibility, A4M, at a given
magnetic field, and sample size, considering a long parallelepiped of section 2a x 2b, according to

Equation 5-1.
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Figure 5-8 — Critical current (J.) at zero magnetic field as a function of temperature for samples B4, B5 and C6.

The range of T, values is relatively narrow - between 36.40 (sample Al) and 37.18 K (sample B5) for all
samples. The transition temperature range is considerably low, ~0.5 K, corresponding to very sharp
transitions both in transport (Figure 5-9) as well as in magnetic measurements (Figure 5-10). Such low
transition width values are common in MgB, sampleslag’ 174-178] J.values measured at zero field and 10 K
have a minimum of 0.6x10° in sample C8, and a maximum of 3.89 x10° A/cm? for sample B4.
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Figure 5-9 — Temperature dependence of the magnetic susceptibility. Inset: detail near Tc.
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Figure 5-10 — Temperature dependence of the electrical resistivity of sample B3. Inset: detail near Tc.
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The values obtained for T, obtained through transport measurements are very similar for all samples.
The difference between the highest and the lowest values is no greater than 1K, despite the
microstructural and chemical differences between the samples. On the other hand the dispersion of J.
values is much greater. This is a consequence of the principles underlying each technique. While
transport measurements are a function of the path taken by the intergranular currents, magnetic
measurements are a function of both the inter and the intragranular currents generated during the
experiments. Considering a hypothetical sample whose microstructure is comprised of superconducting
grains and where each grain is perfectly isolated from each of its neighbours with a very thin and
insulating layer, both methods would provide very different results. Transport measurements would not
show any transition because the current had no way to flow from grain to grain. On the other hand,
magnetic measurements would indicate that the sample was in deed superconductive with
superconductive phase close to 100%, provided that the insulating layer was thin enough. In practical
terms transport measurements are a much better indicator of the electric conductivity of the samples
and as long as there is a percolative path between the superconducting material and the T, will not vary
much. Any variation in T, is associated with interfacial phenomena at the grain boundaries, such as the
presence of second phases for instances, like the amorphous layer observed in TEM in sample C7. Jc
results obtained from magnetic measurements will be more sensible to phase composition and its
relative amount in the samples. But Jc results in MgB, samples were found to be subjected to errors if
typical Bean critical state model is applied directly, as will be discussed next.

One effect observed during this study was the dependence of the magnetic properties on sample
dimensions (besides demagnetizing effects). This effect has also been reported in other studies™® 2%,
Such behaviour is characteristic of an inhomogeneous current distribution inside the material, with
magnetic screening at different length scales, and may also be responsible for this discrepancy. Horvat
et al. have measured the different length scales at which superconducting currents circulate on MgB,
samples and found them to be of ~1 um, ~10 um, and in the whole of the sample (in the orders of
miIIimeters)mo] Based on these results the report states that due to the inhomogeneous structure of
MgB,, J.(T) values obtained by simply applying the critical state model will be a result of different types

IM

of screening scale length’s causing and will lead to errors. These errors include the “artificia
[180]

dependence of J. on the sample size
Given the T, and J,. results obtained, there seems to be no apparent relation between these any of the
factors studied in this thesis, namely densification, processing conditions, phase composition and
microstructural characteristics. For instances, sample B4 has the highest J. with 2.74x10° A/cm? (at 20 K)
but is not the sample with highest amount of superconducting phase, with 84 wt. %. On the other hand,
sample C8 which does have the highest amount of MgB, with 89 wt. % has one of the lowest J, values
with 0.39x10°A/cm?. (at 20 K). As already discussed, this correlation is subjected to some errors in J.
measurements and further studies are required to reach definite conclusions.

[54, 55, 174, 181]

Overall these results are consistent with previous works in HIPed MgB, samples presented in

Chapter 2. However, our work has resulted in a combination of high sample densities, improved
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mechanical properties and composition control, while maintaining the physical properties. J. results at
0T and 20K compete with some of the best results found for doped samples, namely with those doped
with zr'*?? Til2% and cul™el, Comparison of J. with different doping elements presented in Chapter 2 is
irrelevant given the different measuring conditions, specifically the applied magnetic field.

5.4 Summary

The results presented and discussed throughout this report are the result of the combination between
HIP sintering and a simple encapsulation technique, which has proven to be a successful strategy in
fulfilling the purposed objectives with this study. The following lists summarize the conclusions reached
and recommendations for future work.

Conclusions:

e Excellent mechanical properties were attained for all ex situ samples due to the samples’
relative density which have reached values above 98%;

e Good degree of control over the final composition was attained with superconducting phase
amounts reaching values near 90%;

e MgB, formation was successfully avoided by adding extra magnesium to the capsules;

e Although MgO amounts was still increased during sintering, its final amount was limited to a
maximum of 15 wt. % with encapsulation step, and believed to be further decreased with lower
sintering temperatures; small amounts of MgO may benefit physical properties[ml, controlling
the processing conditions can be one way to tailor its presence;

e Good physical properties with results that are consistent with previous works using HIP and
compete even with results from doped samples;

e Despite the densification problems for in situ processed samples, it has allowed us to fully

realize the importance of sample encapsulation and pressure-assisted sintering.
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Future work recommendations:

- Systematic study on temperature and pressure parameters to search for the optimal

conditions of MgB, superconducting bulk samples and minimize production costs;

- Systematic study on the optimal amount of MgO in superconducting samples to

enhance flux pinning effects;

- Systematic study on doping to improve magnetic behaviour of MgB,;

- Systematic study of the sample surface alteration and possible influence on the

physical properties and applications;

- EPMMA and XPS studies to fully characterize phase composition of the samples;

- Systematic study on the influence of the presence of magnesium on the phase

composition and physical properties of the samples.
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