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ABSTRACT

EFFECT OF FABRICATION PARAMETERS ON STRUCTURAL AND
ELECTRICAL PROPERTIES OF MgB: SAMPLE
PHD THESIS
DINCER YEGEN
BOLU ABANT IZZET BAYSAL UNIVERSITY
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF PHYSICS
(SUPERVISOR: PROF. DR. CABIR TERZiOGLU)

BOLU, AUGUST 2022
LIV + 54 PAGES

In this thesis, the effects of annealing temperature on the microstructure, electrical
and magnetic properties of MgB> samples during the annealing process were
investigated. For this purpose, 4 different samples (S650, S750, S850 and S950)
were produced by pressing MgB: in powder form into bulk and annealing at 650°C,
750°C, 850°C and 950°C for 1 hour. In order to compare the produced samples,
XRD, SEM, R-T, R-H and AC susceptibility measurements were taken. When XRD
measurements were examined, in addition to obtaining information about their
purity, crystal structure parameters a and ¢ (crystal structure size) were calculated.
By examining the surface structures from SEM measurements, particle sizes and
material densities were calculated. The temperatures at which MgB> samples, a
typical Type-II superconductor, started to become superconducting (Zonser) and
completely superconducting (7,pse:) under different external magnetic fields were
determined from the measurements of the change in resistance with respect to
temperature. In these measurements, the H.; magnetic fields, at which temperatures
the external magnetic fields we determined, began to deteriorate the
superconductivity, and the Hc> magnetic fields, which completely deteriorated,
were determined. In the R-H measurements, the curves of the variation of the
resistance with externally applied DC magnetic field at constant temperature were
obtained. From these curves, the Hc> magnetic fields, which are completely
disrupted by superconductivity at constant temperature, were found. Tonser and Topfses
temperatures were determined from the curves obtained from AC-Susceptibility
measurements, and J. intergranular critical current densities were calculated.

As a result of all measurements and calculations; The increase in annealing
temperature up to 850°C improves the microstructure properties such as grain size,
surface density, intergranular bonding, and worsens after this temperature, the
critical temperature, critical current density and critical magnetic fields are better in
the S850 sample, all measurements are compatible and consistent with each other,
and showed that 850°C temperature in heat treatment of all measurements improved
the microstructure, surface morphology, superconductivity and magnetic properties
of the MgB, sample.

KEYWORDS: MgB», Microstructure, XRD, SEM, AC-Susceptibility



OZET

IMALAT PARAMETRELERININ MgB: NUMUNESININ YAPISAL VE
ELEKTRIKSEL OZELLIKLERINE ETKISi
DOKTORA TEZi
DINCER YEGEN
BOLU ABANT iZZET BAYSAL UNIVERSITESI
LiSANSUSTU EGIiTIiM ENSTITUSU
FiZiK ANABILIM DALI
(TEZ DANISMANI: Prof. Dr. CABIiR TERZiOGLU)

BOLU, AGUSTOS - 2022
LIV — 54 SAYFA

Bu tezde, MgB> numunelerinin siiperiletken hale getirilirken yapilan tavlama islemi
sirasinda tavlama sicakliginin mikroyapi, elektrik ve manyetik 6zelliklerine etkileri
incelenmistir. Bu amagla toz haldeki MgB> presslenerek bulk hale getirilip 650°C,
750°C, 850°C ve 950°C sicakliklarda 1 saat tavlanarak 4 ayr1 numune (S650, S750,
S850 ve S950) iiretildi. Uretilen numunelerin karsilastiriimasi amaciyla XRD,
SEM, R-T, R-H ve AC alinganlik 6l¢timleri alindi. XRD ol¢limleri incelendiginde
safliklar1 hakkinda bilgi edinilmesinin yani sira kristal yap1 parametreleri a ve c¢’de
(kristal yap1 biyiikligi) hesaplandi. SEM o6l¢iimlerinden yilizey yapilar
incelenerek tane biiylikliikleri ve malzeme yogunluklari hesaplandi. Direncin
sicakliga gore degisim Ol¢limlerinden tipik bir Tip-II siiperiletken olan MgB:
numunelerinin farkli dis manyetik alanlar altinda siiperiletken olmaya basladigi
(Tonser) ve tamamen siiperiletken oldugu (7yper) sicakliklar belirlendi. Bu
Olciimlerde  belirledigimiz dis manyetik alanlarin  hangi sicakliklarda
stiperiletkenligi bozmaya basladigi Hc; ve tamamen bozdugu Hc> manyetik alanlari
tespit edildi. R-H dl¢limlerinde, sabit sicaklikta direncin disardan uygulanan DC
manyetik alanla degisim egrileri elde edildi. Bu egrilerden sabit sicaklikta
stiperiletkenligin tamamen bozdugu Hc2 manyetik alanlar1 bulundu. AC-Alinganlik
Olctimlerinden elde edilen egrilerden Tonser Ve Tofer sicakliklar belirlendi ve J.
taneler arasi kritik akim yogunluklar1 hesaplandi.

Tim oOl¢limler ve hesaplamalar sonucunda; tavlama sicaklifindaki 850°C kadar
olan artigin tane boyutu, ylizey yogunlugu, taneler arasi baglanma gibi mikroyap1
oOzelliklerini iyilestirdigi bu sicakliktan sonra kotiilestigi, kritik sicaklik, kritik akim
yogunlugu ve kritik manyetik alanlarin S850 numunede daha iyi oldugu, tim
Olctimlerin birbiriyle uyumlu ve tutarli oldugu ve tiim 6l¢iimlerin 1s1l islemde 850°C
sicakliginin  MgB> numunesinin mikroyapisini, yiizey morfolojisini, siiper
iletkenligini ve manyetik 6zelliklerini iyilestirdigini gosterdi.

ANAHTAR KELIMELER: MgB,, Mikroyap1, XRD, SEM, AC Alinganlik
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1. INTRODUCTION

Below the specific temperature, the material with no resistivity is called as
a superconductor. When the current flows on the superconductors, which has no
resistivity, therefore it goes on forever if the temperature is below the critical
temperature, 7. The flowing current should not exceed a specific point in this
process. When defining the superconductors, it is not enough to say only zero
electrical resistivity exist. Moreover, superconductor materials display perfect
diamagnetic properties. Therefore, superconductors repel the magnetic field
completely. Superconductivity appears only below T, critical current density, J,
and critical magnetic field H.. Thus, it is important to get information about three
critical parameters, 7., H. and J., which define the order of superconductivity as
shown in Figure 1.1. In addition, as can be seen from the figure, J. depends on either
the function of magnetic field or the function of temperature whereas H. depends

on the function of temperature.

Niobium Titanium Alloy
NbsSn
NbsGe (Film)

TE) Phlo 5,

B (Tesla)
Figure 1.1 Phase Diagram

History of the low temperature physics began in 1908 after Heike
Kamerlingh Onnes (Holland physicist) liquidized the Helium boiling at 4.2 K. After
three years, in 1911, Onnes et. al. discovered the superconductivity phenomenon
when investigating the low temperature resistivity for metals at low temperature.
They realized that the resistivity dropped sharply to an immeasurably small value
at 4.15 K when they investigated the mercury (Figure 1.2). In fact, they won the
noble prize in 1913 [1,2].
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Figure 1.2 Resistivity goes to zero at T

Above T., mercury material has the finite resistivity while the resistivity goes to

zero below T. in which material called as a superconductor.

In 1933, Meissner and Ochsenfeld, German Physicists, investigated the
magnetic shielding properties of the superconductors. They analyzed that
superconductor cooled under the magnetic field excludes the magnetic flux and
does not let the flux penetrate in it as displayed in Figure 1.3. This phenomenon is

called Meissner Effect [3].

A A F' Y r b > r

Normal state Superconductor state

>

Figure 1.3 At T < T, excluding of magnetic field

In addition, it was observed that superconductivity disappears when external
magnetic field exceed the specific H. value. Namely, superconductivity phase
phenomenon is observed below the T, J. and H.. Superconductor niobium-nitride

was discovered at 16 K in 1941 [4]. First theory about superconductivity was



established by Cooper, Barden and Schrieffer called BCS theory in 1957. The basis
of his theory is explained charge carriers generate opposite momentum electron
pairs known as Cooper pairs in superconductors. However, at higher temperatures
and with different superconductor systems, the BCS theory has become failed for
high temperature cuprate and MgB> superconductors [5,6]. Moreover, Alexei
Abrikosov found that there are two types of superconductor material named as
Type-I and Type-II in 1957 [7]. The Type-I excludes magnetic flux completely
from its interior whereas magnetic flux penetrates to Type-II only at small fields,
but partially in higher external fields. The Type-II materials can sustain
superconductivity in mixed state even higher than 10 T. Therefore, Type-II

superconductors are the ones that are of interest for most large-scale applications.

B. Josephson forecasted an wunusual phenomenon named weak
superconductivity or the Josephson effect in 1962 and it is used for practical
applications [8]. A Josephson junction is a structure formed by two superconducting
electrodes separated by a thin non-superconducting (tunnel) layer. In figure 1.4, a
typical junction is depicted. The electrodes are superconducting plates of width w,
length L and thickness D, while the tunnel layer is of thickness d. The thin lines
show the magnetic field H, due to the vortex, which penetrates the electrodes and

extends into free space. The extended stray magnetic field creates the additional

N

surface current Js.

AZZQ\.L-FQ'
L2t

Figure 1.4 Schematic view of an edge-type long Josephson junction.

In 1986, J. Georg Bednorz and K. Alex Miiller pointed out 7. above 30 K
for an oxide of lanthanum, barium and copper. Therefore, research on high

temperature superconductivity has started [9].



K. Wu and Paul Chu discovered Y1Ba;Cu3O7 (Y-123) ceramics above liquid
nitrogen temperature at 7. = 92 K in 1987 [10]. One year later, Bi (BSCCO) and
Tl-cuprate oxides were fabricated at 7. =110 and 125 K, respectively [11,12]. Since
then, several research groups have claimed even higher 7., but they were not

reproducible or independently supported by other scientists.

In 2001, it was observed that magnesium diboride (MgB>) is an
extraordinary new superconductor. It is found that the transition temperature of
magnesium diboride, does not contain any copper, at 39 K far above the highest 7
of any of the elemental or binary alloy superconductors [13]. While 7. of MgB> is
still well below that of ceramic superconductors (BSCCO and Y-123), productions
of MgB: have paved the way for its use in industrial applications. Laboratory testing
showed that MgB> has more outperformance than that of NbTi and Nb3Sn wires in

magnetic resonance imaging (MRI).

At last, the discovery of high 7. iron and arsenic superconductors (AsFe)
were found in 2008 [14]. These compounds do not contain copper but have oxygen,

flour or arsenic and iron.



2. SUPERCONDUCTIVITY AND MgB:

2.1 Superconductor Types

Superconductors can be classified in two types: Soft and hard
superconductor. The first type superconductor is composed of metal and metalloids.
Although it has some resistance at room temperature, it behaves as superconductor
when cooling below the critical temperature. The first type superconductor
indicates sharply translation to the superconductor, moreover; it has a perfect
diamagnetism property. On the other hand, copper, silver and gold elements, perfect
conductors at room temperature, do not behave as superconductor. B¢ (Hc) values

of some superconductor elements are displayed in Figure 2.1.

0.09
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g 006
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Figure 2.1 Critical field vs applied field plot for various elements

As seen from the figure, when magnetic field is about 0.03 T for the Type-I
superconductors, superconductivity disappears. Therefore, high magnetic field
magnet cannot be produced from these type superconductors. Type-II
superconductor is known as ‘Hard’ superconductor composed of metallic
compounds and metallic mixtures except for vanadium, technetium and niobium.
T. of these type superconductors is quite higher than that of the Type-I
superconductors while they behave as superconductor at liquid nitrogenous
temperature instead of liquid helium. Unlike the Type-I superconductor, even
though they have no sharply translation to the superconductor, it can be mentioned
from the specific mixed state. The Type-II start to behave as superconductor before

attaining in the mixed state (Figure 2.2).
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Figure 2.2 Temperature versus magnetic field behavior of Type-I1

superconductors

Here there is an interesting point: normally there are many ceramics used as
insulators; however, they are used as high temperature superconductor now. By
1950, the Type-II superconductors were investigated. Superconductivity translation
point of these type materials can be determined by two critical fields as Hc; and
Hcz. The Type-1I material is an exact superconductor under Hc; field whereas the
vortexes are formed between Hc; and Hcz, (Figure 2.2). Therefore, they are in the
mixed state at which external magnetic field penetrates to the material. When the

external field exceeds Hc> field value, the material loses totally superconductivity

property.

Table 2.1 Variation of T. for Type Il Superconductors.

Element T.(K) | He(0)(T)

Nb3Al 18.7 32.4
Nb;Sn 18.0 24.5
Nb;Ge 23 38

As seen from Table 2.1, Hc2 (T) values are larger than Hc values of the
Type-I superconductors. Thus, the Type-II superconductors are useful for magnets

to generate the high magnetic field. Figure 2.3 shows change of internal magnetic



field with the external magnetic field for the first and second type superconductor

at the constant temperature.
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Figure 2.3 Magnetic behavior of the superconductor.

Penetration depth and coherence length are very important parameters in
order to study superconductors. Penetration depth in superconductors is defined as
a measure of length that the applied magnetic field can penetrate a material. For
Type-I superconductors, the relationship between magnetic field and penetration

depth, 4, can be given as

B(x) = Bje~*/*
where 4 and By are the penetration depth and value of the magnetic field at the
surface, respectively. The graph of variation of the magnetic field inside a Type |
superconductor with distance is depicted in Figure 2.4. The typical value of the / is
in the range of 10-100 nm. The relationship between penetration depth and
temperature can be written as
A(T) = A [1 = (T/T)?*
where Ao is the penetration depth at T = 0 K [15].
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Figure 2.4 Schematic decay of magnetic field in the interior of a superconductor

Definition of the coherence length, &, for superconductors can be defined as the
maximum distance that electrons of a cooper-pair is correlated. Both § and A deviate

at T=T.. The relationship between them, Ginzburg—Landau parameter, &,
k=M\E,

stay finite as 7— T.. The value of k gives information about the types of
superconductor: k << 1 (i.e. A << &) for Type-I superconductors and k£ >> 1 (i.e. A
>> &) for the Type-II [16].

2.2 Magnesium Diboride - MgB:

MgB>, known for half century, is a compound used in the science and
industrial world, and is especially used in the area to be held high magnetic field.
Akimitsu et al presented research [13] in 2001. Therefore, it was understood that
MgB: is superconductor at 39 K (Figure 2.5) and has a perovskite structure as

shown in Figure 2.6.



10—

T T T
| Te=39K |
80| \ -
= 1, d
S eol =
2 ' .
_2:1 .
z L 1
ﬁ 400 4
€ L .
@
20 i
[}_ i, 1 | L L 1 L L L | L L L
0 20 40 &0 80 100

Temperature (K)

Figure 2.5 Resistivity versus temperature graph for MgB>

Figure 2.6 Crystal structure of MgB>

This investigation started the intense study field in the world. The first
important reason of intense interest is that MgB: is a metallic superconductor
appears at 39 K which is high critical temperature. Secondly, because Boron atom
is superconductor, so it comes up with the test about prediction of the BCS theory

by investigating the isotope effect. After investigation of the MgB: superconductor,



works on the boron atom proved isotope effect. Boron isotope effect and band
structure studies points out the connection between electron and phonon coupling
of superconductivity in this compound. Measurements of the H. and J. proved the
Type-II superconductor for MgB5. Thirdly, maybe the most important reason is
that the MgB: superconductor compound has more stable state, so it is useful for
technology. Critical temperature (39 K) of MgB> is higher than the 7. of metallic
superconductors while it is lower than the critical temperature of the Cu-O
compound superconductors discovered in 1986. Therefore, it can be thought as
restrictive factor in technology. However, development on the cooling “crycooler”
technology in last decade has shown that MgB» uses micro-electric and machine
in the technology fields. In addition, intensive works on fabrication of thin film
MgB> has been continued [17]. There are two main properties for any
superconductor material. The first one of them is that the resistivity of material
goes to zero when cooling the below the specific 7. value. The second of them is
that they behave as perfect diamagnet below this critical temperature and low
enough magnetic field. After the fabrication of superconductor, for the
characterization of the superconductor, either by using resistivity measurements
the electrical properties are determined or by using magnetic measurements
without contact with superconductor magnetic properties are determined. AC
susceptibility is the best method to determine the magnetic properties of the
superconductors. AC susceptibility is a relation between peak and zero-point
values of applied magnetic field or magnetization appearing when magnetic flux
goes inside the sample. The most important property is to separate a signal relation
with magnetization as in-phase () ) and out of phase () ) as harmonic susceptibility
and allow to take easily measurements. Phase adjusting is important for accuracy

of experiment results.

MgB> well characterized is a component in hexagonal crystal structure
(Fig. 2.6.). As well-known from literature, it is in AlB; structure. Research has
become interesting since the superconductor structure of MgB» is discovered in
2001. Intergranular weak links of MgB: are problem for ceramic high temperature
superconductor, unlike that; they behave as different for MgB> superconductor and
so J. which appears at the boundaries can be compared with intergranular J..

However, unlike the high temperature superconductor, MgB, translates the normal

10



state lower critical magnetic field. For this reason, application area for MgB: is
restricted. It has the similar properties with Nb3Sn compound used widespread for
superconductor applications. MgB> is interesting and useful material for
technology thanks to higher transition temperature, lower density, either Mg or B
atoms are abundant. Stoichiometric amount of Mg and B powders reacting with
each other nearly 2 hours at 950°C to fabricate the MgB, powder which is

commercial material owing to chemical applications.

As well as electrical properties, mechanic properties and cost are useful to
use widespread a superconductor material. Magnesium diboride with 39 K
transition temperature as some high temperature superconductors does not work in
the liquid nitrogenous environment, however; nowadays closed-circuit cooling
system is widespread and makes the temperature go down nearly 2 K. Furthermore,
when it is in normal state about 40 K, the resistivity is below 0.5 pQ cm (but it can
be changed with fabrication method) which are desirable properties. On the other
hand, transition state of Nb3Sn appears at 20 K where the resistivity is 11 pQ. At
the room temperature the resistivity is 9.6 pQ for MgB, and 80uQ for NbsSn,
respectively. Thus, resistivity is in favor of MgB>. On the other hand, critical
current level of MgB> is lower than that of Nb compound superconductors.
Provided this value, however, increases density of the material, it is expected that
the value can be increased by decreasing distance of intergranular and by forming
magnetic flux pinning centers. On the other hands, like the copper oxide
superconductors, the results of performance adjustment are inefficiency via the
displacement of the chemical material. Al atom doped instead of Mg atom causes

to disappear completely the superconductivity.

Many various methods have been tried to show MgB: is useful to fabricate
the thin cable, filament, etc. and good enough results have been taken. The
materials are still fragile. Most important part of the research deals with solving
this problem. For the cost of MgB:> as a material which is cheaper than fabricated
by Nb material. However, the final fabrication cost will be determined by means

of the method including the process of raw metal.
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3. MATERIALS AND METHODS

3.1 Preparation of The MgB> Samples

A commercially available MgB> powder (Alpha Aesar) was used as the
starting material for the preparation of MgB: superconducting samples. In order to
fabricate the pellet samples, the starting powder was pressed in rectangular shape
(with surface area of 4x10 mm?and thickness of 1 mm) under 100 MPa pressure as
shown in Picture 3.1. The pellets in this state are not superconducting. In order to
produce MgB> superconducting samples, a heat treatment called annealing was
chosen to be 650, 750, 850 and 950°C in flowing Ar gas for preventing oxidation
for 2 h. The annealing processes was carried out in the high temperature resistant
quartz tube that inserted inside the three-section tube type furnace (Picture 3.2). In
order to reduce the interaction between the sample and the quartz tube in the furnace
during heat treatments after the sample is placed in the middle of the furnace, and
to minimize the effect of any residual Oz, the samples were wrapped with Ta foil
since Ta is well known to be a very efficient Oz acceptor. In the annealing procedure
under Ar flowing, it was heated to the selected temperatures (650, 750, 850 and
950°C with a scan speed of 6°C per minute, and after waiting at these temperatures
for 2 hours, the oven was turned off and let it cool to room temperature. After the
heat treatments, the four different MgB> superconductor samples were obtained
with different annealing temperature. After the time being, the samples annealed at
650, 750, 850 and 950°C in 2 hours in Ar atmosphere were called as S650, S750,
S850 and S950.
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Picture 3.1 TUMAS press machine and mold

Picture 3.2 Quartz tube and PROTHERM programmable tube furnace

3.2 XRD Measurements

A diffractometer is a device that uses a beam of radiation or particles (such
as X-rays or neutrons) to analyze the structure of a material, displaying the pattern
of rays scattered from the material. In this thesis, a Rigaku D/Max-IIIC Jeol
Multiflex diffractometer (Picture 3.3) was used with Cu-Ka radiation (A= 1.5418
A) in the range of 20 = 3°- 60° at room temperature with a 0.02° step increment

and a scanning speed of 3°/min. beam diffraction (XRD) data were obtained. XRD
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measurements give about lattice parameters, average crystalline size and phase

purity for the produced samples.

L}

Picture 3.3 Rigaku X-Ray Diffractometer

3.3 SEM Measurements

The Scanning Electron Microscope (SEM) is a type of electron microscope
that views the surface of the sample using a high-energy electron beam with a raster
scanning pattern. A result signal is produced as electrons interact with the atoms of
the sample. The signals contain information about the properties of the samples
such as surface topography, composition and electrical conductivity. The surface
morphology of the superconducting samples was examined with a JEOL JSM-
6390LV SEM as displayed in Picture 3.4.

Picture 3.4 JEOL JSM-6390LV Scanning Electron Microscope.
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3.4. Resistivity Measurements (R-T)

In order to study the electrical properties of a superconductor
(characterization process), we performed resistivity as a function of temperature at
0.0, 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 T measurements by using the four probe method
(four wires attached to the rectangular shaped samples with silver paint, two outer
wires for current and two inner wires for voltage). In order to measure the resistance
of the sample, a current (5 mA) is passed through the sample and the voltage

(potential difference) is recorded momentarily. The resistance were obtained from
the R = V/ 7 (Ohm’s law). These measurements were carried out in He gas cooled

Cryostat device that can operate between 10K-300K (Picture 3.5). The sample was
glued to the cold head part of this device with wax that provides therm al

conductivity as displayed in Picture 3.6.

As known, the superconducting materials are superconductor (zero
resistivity) below a certain temperature called the critical transition temperature, 7.
Since the transition temperature of MgB: is around 39 K, it was decided to measure
the resistivity between 15 and SOK. Thus, the critical temperature values (7) of the
samples were determined with zero resistance. In the measurements, the average of
the measured value was taken by applying +5mA and —5mA current to the outer

ends of the samples, respectively. Figure 3.1

Picture 3.5 He gas cooled cryostat
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Figure 3.1 Contacts of samples

3.5. R-H Measurements

For the R-H measurements, He gas cooled Cryostat device was also used. The
difference between the R-T and R-H measurements is the resistivity as a function
of temperature at a constant magnetic field for R-T measurements while the
resistivity as a function of applied magnetic fields at a constant temperature. After
the samples were first cooled to below T¢, the temperature was kept constant and
the magnetic field was swept from zero to the value where the superconductivity
was broken, and then the critical magnetic field values at this temperature were

recorded (Picture 3.7).
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Picture 3.7 DC Magnet System

3.6. AC Susceptibility Measurements

AC Susceptibility measurements were carried out in the cryostat with the
help of Hall Generator in a homemade setup. In this setup, a 63.3 mm long and 20
mm diameter coil with 1266 windings (Picture 3.8), which creates an external
magnetic field with the driver voltage, was placed to include the cold head of the
cryostat, the sample and the hall generator. When the sample was placed in the cold
part of the cryostat (Figure 3.2), because the samples did not reach the desired
position in the coil, so it was ensured that the sample came to the appropriate place
in the coil with a quartz glass piece which has a very good thermal conductor
(Picture 3.9). A Si diode attached to the cold head was used to measure the
temperature, as the sample did not touch the head of the cryostat. The temperature
reading accuracy of this Si diode was around 20 mK. Then, the Axial Hall generator
from Lakeshore Company with 0.55 mV / kG magnetic sensitivity and 0.08 cm
diameter active area was placed on it touching the sample (Picture 3.10). A control
current of 200 mA was applied to the Hall generator. As the applied magnetic field
to the outer coil wound by hand was excluded by the superconductor, the
susceptibility signals of the Hall generator magnet were captured with a Lock-in
amplifier and recorded using a Labview computer program. The measurements
were made at AC field of 240, 480, 720, 960 and 1200 A/m at a frequency of 10
Hz. After the samples were first cooled to around 15 K and kept at this temperature
for a while (the sample was expected to reach thermal equilibrium), measurement

data were taken with a heating rate of 0.5 K/ min in the temperature range of 30 to
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45 K. Since the signal produced by the Hall generator is very weak, a Tegam model

73 precision ratio converter was used for a voltage amplifier.

Susceptibility signals consist of 3 harmonics. With this mechanism, we
measured the 1* harmonic signal of susceptibility. The Lock-in amplifier separates
the only signal from the sample into two parts; real and imaginer parts of the
signal.These measurements were plotted and then the susceptibility-temperature
curves were obtained. The peak point (peak point) of the curve in the imaginer part
gives the peak temperature, T, J-" (critical current density between particles)
values were calculated with the Bean’s model depending on the applied area and
the thickness of the sample. Since the thickness of the sample and the applied area

-inter

were equal, J.""" was equal for all samples. However, these critical current values
are at different peak temperatures for each sample. Tonser and Topser values were

found from the real part of the graphs. [18-21]

Picture 3.8 AC Susceptibility measurements coil

Hall generator

Sample

Cold head of
crycooler

Figure 3.2 Homemade Hall probe AC-Susceptibility measurement system
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Picture 3.9 The quartz glass piece
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Picture 3.10 The Axial Hall generator
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4. RESULTS AND DISCUSSION

MgB: has a high 7. of 39 K and can operate in the 20-30 K temperature
range with cryocoolers where low temperature superconductors cannot be used. For
this reason, the cost of making usable materials of MgB> is lower than the most
commonly used NbTi and Nb3Sn. The superconducting properties of MgB: have
shown that it has already achieved or even exceeded many of the critical properties
of low-temperature superconductors. On the other hand, it has been seen that the
engineering current density of MgB» wires with superconducting materials used in
practice is at applicable levels. MgB: has weak unbound grain boundaries and grain
boundaries serve as good pinning centers [22-27]. Long multifilament forms of
MgB: are easy to prepare and raw materials are inexpensive. The density of MgB»
is much lower than other superconductors and therefore suitable for light
applications. MgB:> can be configured in round and rectangular cross sections,
providing flexibility in coil design and fabrication. MgB: can be prepared using a
number of inexpensive and readily available sheath materials, and the process only
requires a lower heat treatment temperature and time. From an industrial point of
view, these are significant advantages and therefore MgB> is considered the
material for the next generation of high field magnets [28,29]. MgB», which can be
made a better superconductor with the effect of fabrication parameters, will become
more useful industrially. In this thesis, the effects of annealing temperatures on the
microstructure, electrical and magnetic properties of superconducting samples of
MgB: were studied by performing XRD, SEM, R-T, R-H and AC susceptibility as

a function of temperature experiments.
4.1 XRD Analysis

XRD measurements were made by using an XRD (Jeol Multiflex) at room
temperature. The lattice parameters (a and c) of the crystal structure were extracted
from these XRD peaks.

Some of the Miller indices are depicted for all the samples in Figure 4.1. As
can be clearly seen from the XRD patterns of the sample S950 that the presence of
minor elemental Bor (B) peaks were observed as well as MgB» while there were no

traces of MgO, MgBe or MgB12. However, in comparison with the other samples
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(8650, S750 and S850), these B peaks were not detected [30,31]. This result
indicates that the annealing temperature 950 °C is too high for the samples of MgB:
and may cause the separation of elemental B through its sublimation. Moreover, no
traces of MgO peaks were observed for the samples S650, S750 and S850 in the
XRD patterns due to the use of argon gas during the annealing of the samples
prevented the oxidation of Mg. As the annealing temperatures increased from 650
to 850°C, the values of 20 at maximum peak shifted to smaller angles and the
intensity of all the peaks (the full-width and half maximum) increased (decreased)
while they shifted to higher angles and the intensity of peaks (the FWHM)
decreased (increased) at 950°C. The all the MgB> samples annealed at different
temperatures showed polycrystalline structure. The increment in the intensity of the

peaks indicates an increase in the size of the crystal as will be confirmed in the SEM

analysis.
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Figure 4.1 XRD patterns for the S650, S750, S850 and §950 samples
Lattice parameters a and ¢ were extracted with the Least-Square Fits
method. The calculated lattice parameters a and ¢ extracted from the (100) and (001)

peaks of the XRD patterns are listed in Table 4.1. The in-plane B-B distance

proportional to the lattice parameter a while the interplanetary B-B distance
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proportional to the lattice parameter ¢ [30-34]. The crystallographic symmetry of
the material is hexagonal and the unit cell parameters (i.e., a and ¢) are found to be
3.0701 and 3.2522 A for the sample S650, 3.0723 and 3.3522 A for the sample
S750, 3.0844 and 3.5285 A for the sample S850, and 3.0752 and 3.5090 A for the
sample S950, respectively. A noticeable change in the lattice parameters of the
samples was obtained within the experimental limit of 0.0001 A. From these results,
we can conclude that the parameter a increased slightly from 3.0701 to 3.0844 A
and the parameter ¢ increased significantly from 3.2522 to 3.5285 A with the
increase in the annealing temperature from 650 to 850°C while the parameters a

and c increased which are reasonably consistent with the other studied [35].

Table 4.1 The lattice parameters a and c for all the samples and density of

samples

Density
Samples a (A) c (A)
(g/cm’)
S650 3,0701 3,2522 1.922
S750 3,0723 3,3522 1.950
S850 3,0844 3,5285 2.180
S950 3,0752 3,5090 2.002

The calculated crystallite size from the XRD peaks using Scherrer—Warren
equation from the full-width and half maximum (FWHM) was found to be between
50-70 nm for S650, S750 and S950 samples while it was 100 nm for the sample
S850. The decrement (increment) in the FWHM (the intensity of the peaks) with
the increase in the annealing temperature from 650 to 850 °C reveals that crystallite

size increased as confirmed by the SEM analysis.

4.2 SEM Analysis

In order to study the surface morphology and microstructure for the samples,
SEM measurements were performed using the JEOL 6390-LV instrument. The

surface micrographs for all the samples annealed are depicted in Figure 4.2. The
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extracted grain sizes using program was found to be about 100-120 nm for both the
samples S850 and S950 while more traces of partial melting because of high heat
treatment temperature was observed for the sample S950. Mg sublimation at the
grain boundaries and separated boron accumulation were seen in the micrograph
for the sample S950 which reveals the existing of B peaks in the XRD patterns. This
result will be confirmed by the AC susceptibility as a function of temperature
measurements.

However, it was obtained that the grain size of the samples S650 and S750
is smaller than that of the sample S850. These values agree with crystallite size
extracted using Scherrer-Warren equation from XRD patterns. As can be seen from
Picture 4.1, a better grain connectivity, a denser surface and a decrement in the
number and size of voids were observed with the increase in the annealing
temperature which is consistent with J. values of the samples [32,33,36]. It was also
obtained that the samples annealed at lower temperature were randomly oriented
with a non-uniform surface. It can be concluded from this result that the grain
connectivity was poor or weak. It can be also concluded that the lower heat
treatment decreased the reactivity for the formation of MgB> phase and the best

optimum annealing temperature for the MgB> samples is 850°C among the samples.
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Picture 4.1 The surface micrographs for all the samples
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The decrease in grain sizes and their orientations worsened coupling
between superconducting grains may also be reason of the decreased number of

flux pinning centers and of 7. of the samples as will be confirmed by the AC

susceptibility and resistivity measurements, respectively.
4.3 The Analysis of Resistance versus Temperature Measurements

Magnetoresistance measurements as function of temperature at 0, 0.5, 1, 2,
3,4 and 5 T were performed using four-points method for all the samples and

displayed in Fig. 4.2. In these measurements, measurements were taken by

changing the temperature under a constant external magnetic field.
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Figure 4.2 Magnetoresistance versus temperature graph of the samples
annealed.

From the findings of these measurements, the transition temperature values
(Tonser and Togver) as a function of annealing temperature and applied magnetic field
are listed in Table 4.2, graphs AA and graphs BB. As can be seen from the table

and graphs, the Tonse: value increased from 38.1 to 39.6 K while the heat treatment
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temperature increased from 650 to 850 OC, while it decreased with the increase of
the magnetic field, it decreased to 39 K for the S950 sample. It was deduced that
Tonser also decreased with increasing the magnetic field while it does not change for
Bi-2223, Bi-2212 and Y-123 superconductors. The resistance in the normal state
increased as the temperature is raised, that is, it shows the metal-like behavior. As
a conclusion, Tyuser value is proportional to the increase in heat treatment
temperature while it is inversely proportional to the applied magnetic field. On the
other hand, the AT temperature transition interval between Tonser and Togser
temperatures is approximately 3K in the S650, S750 and S950 samples, while this
value is approximately 2K in the S850 sample. This shows that the S850 sample is

better.

Table 4.2 The values of transition temperatures (Tonse: and Tofser) at 0, 0.5, 1, 2, 3,
4 and 5 T for the samples

Samples S650 S750 S$850 S$950

HApp Toffset Tonset Toffset Tonset Toffset Tonset Toffset Tonset
(T) (K) | (K) | (K) | (K) | (K) | (K) | (K) | (K)

0 34.7 | 38.1 | 35.6 | 38.7 | 37.7 | 39.6 | 36.6 | 39.0

0.5 33.2 1 36.5 | 34.1 | 37.0 | 36.5 | 38.7 | 35.2 | 37.9
31.9 | 35.6 | 33.2 | 35.9 | 358 | 37.8 | 34.2 | 36.9
29.7 1 33.9 | 31.3 | 344 | 34.1 | 36.8 | 32.6 | 35.5
27.6 | 31.6 | 29.1 § 32.6 | 32.9 | 35.5 | 31.0 | 34.2
26.1 | 29.9 | 28.0 § 31.7 | 31.8 | 34.6 | 29.8 | 33.0

LN AN W N~

24.4 § 29.3 | 26.3 § 30.5 | 30.8 | 33.5 | 28.2 | 31.8
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Figure 4.3 Applied magnetic field versus Tonse: temperature graph of the
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Figure 4.4 Applied magnetic field versus Togse: temperature graph of the
samples
Again, from the findings of the same measurements, the values of the critical
magnetic field Hc2 where superconductivity starts as a function of annealing
temperature and temperature and the values of the magnetic field Hc; where it is
completely superconducting are listed in Table 4.3. As can be seen from the table,
when we look at each sample for the same value in the H.; magnetic fields that we
apply externally to disrupt the superconductivity; As the heat treatment temperature
increases, we see that the superconductivity begins to deteriorate at higher

temperatures and decreases again after the S850 sample. This shows us that the
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850°C annealed sample is more resistant to the external magnetic field that tries to
disrupt the superconductivity. Hc2 completely behaves in the same way in the

transition magnetic fields to superconductivity.

Table 4.3 The values of temperature at 0, 0.5, 1, 2, 3, 4 and 5 T Hc; and He

magnetic fields for the samples

S650 S750 S$850 S$950

T | He2 T Hc: T Hc: T Hc:
(K) | (T) 1 (K)  (T) | (K) | () | (K) (1)
36.7 | 0 |37.2 0 387 0 1380 0
350 | 0.5 1359 | 05 |37.8 | 05 1369 | 0.5

34.0 | 1 35.0 1 37.0 1 36.0 1
31.9 | 2 33.1 2 35.7 | 2 344 | 2
30.2 | 3 31.6 | 3 34.5 | 3 33.0 3
288 4 1304 4 336 4 |31.9 4
275 | 5 29.2 5 32.8 5 30.8 5
S650 S750 S850 S$950

T | Hcr T Hci T Hci T Hci
(K) | (T) 1 (K) | (T) | (K) | (T) | (K) (1)
35,0 0 |]36.0 0 137.7 | 0 |36.8 0
33.7 | 0.5 |34.8 | 0.5 |36.8 0.5 |358 | 0.5

324 | 1 33.6 | 1 35.9 1 34.8 1
30.3 | 2 31.7 | 2 34.5 | 2 33.2 2
285 3 30.0 | 3 33.3 3 31.6 | 3
269 4 386 4 |]32.1 4 1303 4
254 5 273 5 |31.1 5 |28.1 5
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4.4 The Analysis of Resistance versus Magnetic Field Measurements

Figure 4.3 depicts the resistance as a function of applied magnetic field for
four different temperatures. In these measurements, measurements were taken by
changing the magnetic field under the external magnetic field, keeping the
temperature constant. From these measurements, we have determined the critical
applied magnetic field values, Hcz, for different constant temperatures as tabulated
in Table 4.4. The Hc? value decreased with the increase in the temperature measured
for all the samples was clearly observed. In these measurements, there is no way to

compare the Hcz values with each other because the constant temperature is

different for each sample.
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Figure 4.5 Resistance versus magnetic field graphs for all the samples at constant

four different temperatures

Table 4.4 The values of critical magnetic field, Hcz, for the samples

S650 S750 S850 S950
T Hc: T Hc; T Hc: T Hc:
(K) (T) (K) (1) (K) (T) (K) (T)
26 4.6 27 4.8 31 4.7 29 4.6
28 3.1 29 3.5 33 2.8 31 3.3
30 2.1 31 2.1 35 1.4 33 2.0
32 1.0 33 1.2 37 0.3 35 0.8

4.5 The Analysis of AC Susceptibility Measurements

Figure 4.4 shows AC susceptibility versus temperature at various AC field

for all the samples. The extracted Toger and Tonser values at 240 A/m from the real

part of AC susceptibility measurements were listed for each sample in Table 4.5.

The Topser at 240A/m AC-magnetic field for the samples S650, S750, S850 and S950
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were found to be 38.66, 39.46, 39.85 and 39.66 K, respectively. It is observed that
the 7. value exhibits a non-monotonic dependence of the annealing temperature
since it is maximized for the S850 sample which in good agreement with the present
resistance measurements. It was also observed that the characteristics of the AC-
susceptibility curves depend on the annealing temperature and the applied AC field.
The superconducting transition width of the S650, S750 and S950 samples is 3 K
while that of the S850 sample is 1 K. The bulk nature of superconductivity is
confirmed by observation of well-defined single-step transition and large shielding
fracture for the S850 sample. The reduction in the width of the AC-susceptibility
curve observed in the S850 sample may be due to microstructure changes and
increase in the contact area among the superconducting grains induced by the
optimum annealing temperatures as confirmed with SEM. This behavior probably

reflects the improvement of the coupling between superconducting grains.

In the imaginary part of the AC-susceptibility curves, there are usually two
peaks that relate to the intrinsic (intra-grain behavior observed for low amplitudes
of the AC-magnetic field) and extrinsic (inter-grain behavior observed for relatively
high amplitudes of the AC-magnetic field) properties of the superconducting grains
that form the specimen investigated. No intra-grain peak arising from the
irreversible motion of vortices inside the grains was obtained in the present work.
The loss peak observed in the imaginary part of the ac-susceptibility curves relates
to the coupling between neighboring grains (inter-grain behavior) and is suppressed
for the S650 sample while it is quite pronounced for all other samples. This peak
indicates the maximum hysteresis loss due to inter-grain motion of vortices. As can
be seen in Figure 4.5, the real part of the AC-susceptibility curves shifts to higher
temperatures and with (i) decreasing ac-magnetic field amplitudes from 1200 to 240
A/m and (ii) increasing annealing temperature from 650 to 850°C while the inter-
granular peak of the imaginary part of the AC-susceptibility curves shifts to lower
temperatures and broadens as the AC-magnetic field increases from 240 to 1200
A/m. The amount of the shift as a function of AC-field amplitude is proportional to
the strength of the pinning force. In addition, the intensity of the imaginary part
increases with increasing AC-field amplitude. This is associated with the
irreversible flux penetration into the inter-grains of superconducting MgB,.

Moreover, the imaginary part of the AC-susceptibility curves for the S650, S750
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and S950 samples shows a slightly broader coupling with a substantial shift to lower
temperatures and with smaller amplitude. This result suggests that these samples
have a weaker pinning force. On the contrary, the coupling between neighboring
grains is strong so that narrower coupling peaks are obtained, ultimately indicating
a higher pinning force for the S850 sample. This finding is supported by the peak
temperature dependence as a function of AC-magnetic field investigations and the
respective J. calculations were explained as below. Hence, the conclusion based on
the results of AC-susceptibility investigations presented here might be that the S850
sample is a better candidate than the S650, S750 and S950 samples, especially in

high-field and current-carrying applications.

Table 4.6 tabulates the peak temperature extracted from the imaginary part
of AC-susceptibility measurements as a function of applied AC field for all the
samples. From the position of the peaks, the inter-granular critical current densities
JIteT at the peak temperatures, T, can be evaluated by using Bean’s “‘loss peak
maximum’’ method [18-21]. In Figure 4.6, magnetically estimated critical current
densities for only inter-grain region at temperatures close to 7. were plotted since
there is no intra-grain peaks. The data of Figure 4.6 were obtained as follows: Full
flux penetration occurs at the imaginary part of peak maximum value. At 7), the

magnetically estimated J7**¢"is given by

é'nter(Tp) — Hac/d

where Huc (Happ) and d are the AC-magnetic field amplitude and the thickness of
the sample, respectivelySince we produced the thickness of all samples as equal
and 1 mm, the intergranular critical current density values were the same for all

samples. (Table 4.7)
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Figure 4.6 AC-Susceptibility measurements of MgB2 sample under 240, 480, 720, 960
and 1200 A/m magnetic field for all the samples.
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Table 4.5 Tqﬁse[ al’ld Tonse[ Values at 240 A/m

Tonset Toffset
Samples
(K) (K)
S$650 38.6 37.7
S750 38.9 38.3
S850 39.6 39.1
S$950 39.4 38.9

Table 4.6 The peak temperature as a function of applied AC field for all the

samples. Happ is the external AC applied magnetic field

Samples S650 S750 S850 S$950
Haupp (A/m) Tr (K) Tr (K) Tr (K) Tr (K)
240 38.70 39.48 39.62 39.66
480 38.59 39.32 39.53 39.52
720 38.48 39.19 39.42 39.38
960 38.38 39.06 39.34 39.24
1200 38.28 38.94 39.29 39.10

Table 4.7 The calculated J. (Tp) at peak temperatures for all samples

Hypp (A/m) Je(Ty) (Alem?)
240 24
480 48
720 72
960 96
1200 120
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Figure 4.7 The calculated J: as a function of peak temperature for all the
samples

Je was calculated based on the applied area and the thickness of the sample
Je=H/d. Since the samples were of the same thickness (d = 1 mm) and the applied
areas were equal, J. was equal for all samples. However, these critical current

values are at different peak temperatures for each sample.
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5. CONCLUSIONS AND RECOMMENDATIONS

We have studied the microstructure and surface morphology by means of

XRD and SEM, the electrical and superconducting properties by means of

resistance as a function of temperature and DC magnetic field, and the magnetic

behavior by means of the Hall AC-susceptibility method as a function of

temperature and AC-magnetic field for the S650, S750, S850 and S950 samples.

The findings were listed as following:

I.

The increase in annealing temperature up to 850°C promoted the
microstructure properties.

The lattice parameters and the grain connectivity were worsened while the
number and size of voids at surface were worsened with decreasing
annealing temperature from 850 to 650°C. The microstructure properties
such as grain sizes, denser surface good connectivity between the grains
were remarkably enhanced with increasing annealing temperature obtaining
their optimum values at 850°C.

The superconducting properties such as 7. and 47 had maximum and
minimum values for the S850 sample, respectively. The enhancement of
them with increasing the annealing temperature is due to the modification
of grain boundaries together with a better crystallinity and larger grains.
The higher heat treatment improves the coupling characteristics between
superconducting grains, the grain connectivity and these lead to a higher
critical temperature and current density. The highest values of inter-grain J.
and 7. were obtained for the S850 sample.

From the real and imaginary parts of the AC susceptibility measurements,
it is the first time that the anisotropic nature of the MgB> compound is
revealed by our measurement system in polycrystalline samples.

Je value was the same for all samples. however, it is at different peak
temperature values with this value. 7, temperature values at 1200 A/m
magnetic field are 38.28, 38.94, 39.29 and 39.10 for S650, S750, S850 and
S950 samples, respectively. Therefore, the 7. value depends on the

magnetic field and annealing temperature.
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Our measurements showed that an increase in the heat treatment up to 850°C
enhanced the microstructure, surface morphology, superconducting and magnetic

properties of the MgB2 specimen.
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