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Summary

MgB; is an intermetallic compound, has hexagonal crystal structure and is known for more than
five decades. The outstanding superconducting properties of MgB, were however discovered only
in 2001 by Nagamatsu et al. On the basis of experiments (isotope effect, de Haas-van Alphen ef-
fect, specific heat, photo-emission spectroscopy and tunnelling spectroscopy) and band structure
calculations, MgB, is confirmed to be a phonon mediated BCS superconductor with a s-wave
symmetry and a clear example of two band superconductivity. MgB, has two dimensional O-
bands and three dimensional Tebands giving rise to superconducting energy gaps of 5-7 meV and
2-4 meV respectively. Superconducting transition temperature (T.) of MgB: is twice that of Nb;Sn
and four times that of Nb-Ti, the two most common commercial superconductors. The upper crit-
ical field (B.,) of MgB, is anisotropic but variable and can be enhanced by introducing structural
disorder by e.g. C-doping and neutron irradiation. Recently B(0) of 70 T in thin films and 37 T
in bulk samples have been reported. The superconducting coherence length of MgB; lies in the
range of about 2-10 nm.

Superconducting wires and tapes are hysteretic type II superconductors that are exposed to
high magnetic fields and are in the critical (Shubnikov) state. Therefore the critical current density
(Je (B,T)) is an exclusively important figure of merit for these superconductors. In MgB; J. is lim-
ited by B.,, anisotropy in B, and the structural granularity introduced by the microstructure. Most
of the applied research on MgB, is aimed at enhancing the J. which reached about 1x10° Acm™ (at
4.2 Kand 12 T).

The MgB, samples investigated in this thesis were produced by partner institutes within the
HIPERMAG project (EU-FP6) and were thoroughly characterised for their superconducting prop-
erties namely T, B, and J¢(B,T) by the partner institutes. Depending on the synthesis technology
the J.'s of the MgB, wires and tapes were found to vary by a factor of about 100. The reasons for
these order of magnitude differences in J. are crucial for the understanding of the transport prop-
erties of the MgB, conductors.

Like in (B1,Pb),Sr,Ca,Cu30, (Bi-2223) superconducting tapes, chemical analysis from pm to
nm length scales is essential to understand and improve the superconducting properties of MgB..
Phase analysis is usually done by x-ray diffraction, which however fails for superconducting wires
and tapes. In Bi-2223 superconducting tapes, strong texture of the matrix prevents phase fraction
determination, whereas in MgB, conductors, x-ray phase analysis fails to detect B-rich secondary
phases because of the low x-ray atomic scattering factor of B. Therefore, structural granularity
which limits the J. of MgB, wires and tapes can only be explored by quantitative microstructure
analysis using advanced electron microscopy and spectroscopy methods as done in this thesis.
Conventional scanning (SEM) and transmission electron microscopy (TEM), energy filtered
TEM, electron beam spectroscopy and chemical mapping techniques in SEM and TEM were ex-
tensively used.

This thesis can be subdivided as follows: (I) Development of the methodology for the ad-
vanced electron microscopy and spectroscopy of MgB, and thereby assess the performance of two
energy-filtered TEMs (Zeiss 912Q and Zeiss Libra 200FE). (II) Quantitative microstructure ana-
lysis of selected MgB, samples using advanced electron microscopy and spectroscopy methods.
(IIT) Establishing a microstructure-critical current density model for MgB, wires and tapes.

(1) Quantitative electron microscopy and spectroscopy of MgB, wires and tapes is challen-
ging because of the following reasons: i) carbon and oxygen contamination artefacts during
sample preparation and under the electron beam in the microscope, ii) low fluorescence yield of
B-K, x-rays requires highly sensitive detectors for low-energy x-rays, iii) the B-Ky and C-K, x-ray
peak overlap in energy dispersive x-ray spectroscopy (EDX) has to be corrected during the quant-
itative evaluation of the spectra, iv) preferential absorption of B-K4 x-rays in the sample has to be
corrected for the quantitative analysis of B, v) formation of MgB, colonies and secondary phases
(MgBa:x, MgB7ix, MgSi O, and Mg,Si) yields structural granularity from um to nm length scale,
which needs to be quantitatively measured.
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The methodology of the quantitative electron microscopy and spectroscopy analysis of MgB,
has been established and involved a combined SEM and TEM analysis with contamination free
sample preparation, chemical mapping and advanced chemical quantification of B containing
compounds (MgB,, MgB4, MgB, etc.). Chemical mapping techniques enabled to study the ther-
modynamics of the MgB, phase formation and to investigate the chemical inhomogeneities upto
the 10 nm length-scale.

C contamination during SEM sample preparation was significantly minimized by avoiding
the use of organic resin as embedding material. Acquisition conditions for the EDX elemental
mapping using Jeol JISM 6500F SEM equipped with a field emission gun were established and the
reliability and accuracy of quantitative B analysis by SEM-EDX was checked using MgB, stand-
ards previously characterised by electron probe microanalysis (EPMA). The minimum detectable
mole fraction of carbon in MgB, for the SEM-EDX analysis was determined to be 1.7 at.%. The
volume fraction of the B-rich and Mg,Si secondary phases was quantitatively determined using
the Mg-B and Mg-Si concentration-histograms (CHI).

Diffraction contrast imaging in TEM was used for the analysis of the MgB, grain size and
crystal defects like grain boundaries, dislocations and precipitates. Chemical mapping in Zeiss
912Q and Zeiss Libra 200FE TEMs using x-ray microanalysis (STEM-EDX) and electron spec-
troscopic imaging (ESI) was applied for the analysis on the sub-um scale.

During quantitative EDX analysis, significant preferential absorption of low energy x-rays
from B occured both in SEM and TEM samples. EDX detector efficiency was carefully mon-
itored over time and no degradation by ice build-up was detected. Parameterless x-ray absorption
correction was applied for the quantitative TEM-EDX analysis of MgB, tapes. The B-K, Cliff-
Lorimer factor was determined as 8.71 with respect to Mg-K,. TEM-EDX spectroscopy was
found to be essential for a reliable interpretation of ESI elemental mapping.

(IT) Three kinds of representative and selected samples, which were well characterised by
their normal and superconducting properties by partner institutes were investigated using ad-
vanced electron microscopy and spectroscopy methods and the results were correlated with their
superconducting properties. These samples are (a) MgB, bulk samples alloyed with Al (b) long
length (1 km) MgB: tapes (c) MgB, ceramics and tapes synthesised by mechanical alloying.

(IIa) Al-alloyed MgB; ceramics were prepared with a nominal composition of Mg, AlB,
with x = 0, 0.1, 0.2, 0.3 and actual composition determined using EPMA. The B-rich secondary
phases constitute less than 4% of the total sample volume. The actual Al mole fraction in the
MgB; matrix was found to be less than the nominal Al mole fraction and the difference increased
with increasing Al mole fraction. Al is incorporated into MgB, grains of ~1 pUm size by substitu-
tion of Mg atoms causing T, and c lattice parameter to decrease at a rate of 1.56 K and 1.15 pm
per at.% of Al alloying. In comparison the a lattice parameter decreased at a lower rate of 0.17
pm/at.%. This data may be used to determine the actual Al mole fraction in Al-alloyed MgB,
samples by diffraction methods. Precipitation of Al was not detected upto highest Al mole frac-
tions but Al was found to be distributed inhomogenously which explained the broadening of the
superconducting transition width (AT.) with increasing Al mole fraction.

(IIb) Multifilamentary Ni sheathed Cu-stabilised MgB, tapes with a critical current density of
2.0 x 10° Acm? (at 20 K and 1 T) were prepared by a powder in tube technique, using pre-reacted
MgB, powders. Colony formation, i.e. an arrangement of several well connected, oxygen-poor, ~
0.5 um large MgB, grains was found in the MgB, filaments and the colony size was between 1 to
6 um. The B to Mg mole fraction ratio in the MgB: colonies was close to 2 and O mole fraction
was less than 1 at.%. MgO precipitates of the size of 15-70 nm were found in the MgB, grains.
Long straight dislocations with a density of 1 x 10'° cm? were observed. Non-superconducting
oxide layers were found on the surface of the MgB., colonies, yielding structural granularity and
reduction in J.. Intermetallic reaction layers were formed at the MgB,-Ni interface with a compos-
ition of MgB,Ni,s and MgB;;Nijo, and a width of 5 um each.

(Ilc) The quality of the B precursor powders significantly affect the superconducting proper-
ties of MgB, conductors and its influence on the microstructure was investigated in detail. The
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nominal purity specified by the B-powder suppliers considers only metallic impurities which was
found to be inadequate. Oxygen impurities and the grain size of the B precursor powder were
found to affect T, and the microstructure of the MgB, tapes. MgB, precursor powder was pre-
pared by mechanical alloying which resulted in a small 20-60 nm MgB, grain size in bulk samples
and tapes. Boron precursor powder with small grain size and small fraction of metallic impurities
yielded bulk samples with highest MgB, phase fraction and a critical current density of 4.7 x 10*
A/cm? (at 20K, 1T). Such powder also yielded compact tapes with a J, of 5.0 x10* A/cm? (at 20K,
3T) and required lower annealing temperatures for the MgB, phase formation. The high J. of
these tapes, without additives like SiC, is attributed to the enhanced grain boundary pinning be-
cause of the small size of MgB, grains and shows the importance of mechanical alloying for en-
hancing the critical current density of MgB, tapes.

(IIT) In order to establish a microstructure-J. correlation model, about 10 MgB, wires and
tapes were prepared by using either pre-reacted MgB, (ex-situ) or a mixture of Mg + 2B (in-situ)
as the precursor powders and analysed with respect to their microstructure. In some wires the pre-
cursor powders were mixed with SiC. Ex-situ wires showed dense oxygen-poor MgB, colonies
embedded in a porous matrix. The MgB, grains in the porous matrix are surrounded by MgSi,O,
layers yielding structural granularity. In-situ wires are generally more dense, but show inhibited
MgB; phase formation with significantly higher fraction of B-rich secondary phases in comparis-
on to the ex-situ wires. The MgB, grain size was 20-100 nm in in-situ and 200-1000 nm in ex-situ
samples. The smaller MgB, grain size resulted in significantly enhanced pinning properties for in-
situ samples.

The large, order of magnitude, differences in the J.'s of MgB, wires and tapes could be ex-
plained using microstructure- critical current density model which contains the following micro-
structure parameters: 1) MgB, grain size, 2) oxygen mole fraction, 3) volume fraction of B-rich
secondary phases and 4) colony size. The J. curves of superconducting MgB, wires and tapes
were parameterised by straight lines in the logarithmic J«(B) diagrams. The parameters of these
line were correlated with the four quantitatively determined parameters of the microstructure-J,
model. Results of the microstructure-J. model are discussed with respect to the percolation model
presented by Eisterer and Weber.

The microstructure analysis of MgB, using a 200 kV Zeiss-Libra FEG TEM (SESAM II mi-
croscope), carried out in this thesis also aided in assessing the analytical performance of this mi-
croscope. The Sub-Electron Sub-Angstrom Microscope (SESAM)- project is a joint effort of the
University of Tuebingen and Max Planck Institute for metal research, Stuttgart.

Based on this thesis, the following investigations are highly recommended for the future: (i)
MgB, grain boundaries are observed to be efficient pinning centres. Structural analysis of the
MgB, grain boundaries would be helpful in understanding the mechanism of grain boundary pin-
ning in MgB,. (i) The microstructure analysis of MgB, wires and tapes synthesised at different
annealing temperature and annealing times has began with this thesis but is incomplete at the
present stage. Advanced electron microscopy and spectroscopy of these samples would yield un-
derstanding of the thermodynamics of Mg-B-O and Mg-B-Si-C-O system about which little is
known in the literature, but is necessary to control the phase and microstructure formation in these
systems.(iii) The successfully established quantitative B analysis using TEM-EDX should be ap-
plied to determine the exact chemical composition of B-rich secondary phases smaller than 1 pum.
(iv) The technique of quantitative phase analysis established here for SEM-EDX should be ap-
plied also to ESI and EDX elemental maps acquired in the STEM.






Zussamenfassung

MgB; ist eine intermetallische Verbindung, hat eine hexagonale Kristallstruktur und ist seit iiber
fiinfzig Jahren bekannt. Die auBergewohnlichen supraleitenden Eigenschaften von MgB, wurden
aber erst 2001 durch Nagamatsu und Mitarbeiter entdeckt. Auf Grundlage experimenteller Ergeb-
nisse (Isotopeneffekt, de Haas-van Alphen Effekt, spezifische Wirme, Photoemissionsspel-
troskopie und Tunnellspektroscopie) und Bandstrukturrechnungen wurde gezeigt, dass MgB, ein
BCS-artiger Supraleiter mit s-Wellensymmetrie ist und Phononen zur attraktiven Wechselwirkung
fiihren. Auerdem ist MgB, ein Zweiband-Supraleiter, bei dem zwei unterschiedliche Bénder an
der Fermikante auftreten, zweidimensionale 0-Biander und dreidimensionale T-Bander. Die den
Bindern zugeordneten Energieliicken betragen 5-7 meV und 2-4 meV. Die supraleitende Uber-
gangstemperatur T, von MgB, ist mehr als doppelt so hoch wie die von Nb;Sn und mehr als vi-
ermal so hoch wie die von Nb-Ti, die beiden meist verwendeten Materialien fiir supraleitende An-
wendungen. Das obere kritische Feld B, von MgB; ist anisotrop und kann durch strukturelle Un-
ordnung wie C-Dotierung oder Neutronenbestrahlung erhoht werden. Es wurden extrapolierte
Werte des oberen kritischen Feldes von bis zu 70 T bei Diinnfilmen und bis zu 37 T in Volumen-
materialien gemessen. Die supraleitende Kohérenzldnge von MgB; liegt zwischen 2 und 10 nm.

Supraleitende Dréhte und Bander sind harte Typ-II Supraleiter, die hohen Magnetfeldern aus-
gesetzt werden und sich dann in der Shubnikov Phase befinden. Deshalb ist die kritische Stromdi-
chte j. (B,T) fiir solche Supraleiter eine wesentliche Giitezahl. In MgB, wird j. durch das obere
kritische Feld B.,, die Anisotropie von B, und durch die Granularitit der Mikrostruktur bestimmt.
Der Grofiteil der angewandten Forschung an MgB, zielt auf eine Erhhung der kritischen Strom-
dichte ab, die zur Zeit maximale Werte von 10° Acm2bei 4,2 K und 12 T erreicht.

Die MgB; Proben, die in dieser Arbeit untersucht wurden, wurden durch Partner innerhalb
des HIPERMAG Projektes (EU-FP6) hergestellt und wurden sorgfaltig beziiglich der supra-
leitenden Eigenschaften, d.h. T., B., and J.(B,T), charakterisiert. Abhidngig vom Herstellungsver-
fahren wurden bei den kritischen Stromdichten zwischen den Leitern Unterschiede bis zu einem
Faktor 100 gefunden. Die strukturellen und chemischen Ursachen fiir diese deutlich verschieden-
en Werte fiir j, sind wesentlich, um die Transporteigenschaften von MgB, Leitern zu verstehen.

Wie auch in (Bi,Pb),Sr,Ca,Cu;0y (Bi-2223) Supraleiter-Biandern ist es auch in MgB,
wichtig, die Mikrostruktur auf Langenskalen von pm bis nm zu messen, um die supraleitenden Ei-
genschaften zu verbessern. Phasenanalysen werden gewohnlich mittels Rontgenbeugung durchge-
fiihrt, jedoch versagt dieses Verfahren fiir diese Verbindungen. In Bi-2223 verursacht dies die
starke Textur der Matrix, hingegen ist in MgB, der geringe atomare Streufaktor von B aussch-
laggebend und B-reiche Phasen kdnnen nicht empfindlich genug nachgewiesen werden. Auch de-
shalb kann eine Analyse der Granularitit der Mikrostruktur, die zu einer Beschrinkung von J, in
MgB, fiihrt, nur mit den hier beschriebenen quantitativen elektronenmikroskopischen und spek-
troskopischen Methoden durchgefiihrt werden. Konventionelle Raster- (REM) und Transmis-
sionselektronenmikroskopie (TEM), energiegefilterte TEM, Elektronenstrahlspektroskopie und
abbildende chemische Methoden wurden im REM und TEM angewandt..

Diese Arbeit ist wie folgt gegliedert: (i) Methodische Arbeiten fiir die quantitativen elektron-
enmikroskopischen und -spektroskopischen Verfahren fiir MgB,, bei denen auch zwei energiege-
filterte TEMs (Zeiss 912 Omega und Zeiss Libra 200 FE) beziiglich ihrer Leistungsfahigkeit beur-
teilt wurden, (i) Mikrostrukturbestimmungen ausgewéhlter MgB, Leiter, bei denen die quantitat-
iven Methoden angewandt wurden, (iii) Erstellen eines Mikrostruktur-kritische Stromdichte Mod-
ells fiir MgB, Dréhte und Bénder.

(I) Quantitative Elektronenmikroskopie und -spektroskopie von MgB, Drihten und Béndern
ist wegen der folgenden Griinde anspruchsvoll: (i) Kohlenstoffkontaminations-Artefakte miissen
vermieden werden, die bei der Probenpriparation und unter dem Elektronenstrahl auftreten, (ii)
die geringe Fluoreszenzausbeute von B erfordert hochempfindliche Detektoren fiir weiche,
niederenergetische Rontgenstrahlung, (iii) mit der B-K, und C-K, Peakiiberlagerung in EDX-
Spektren muss bei der quantitativen EDX-Analyse geeignet verfahren werden, (iv) die bevorzugte
Absorption von Rontgenstrahlung muss bei quantitativer Messung geeignet beriicksichtigt wer-
den, (v) strukturelle Granularitit muss quantitativ gemessen werden.
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Quantitative elektronenmikroskopische und spektroskopische Methoden wurden etabliert und
umfassen eine kombinierte REM und TEM Analyse mit kontaminationsfreier Probenpraparation,
chemische Abbildung und fortschrittlicher Verfahren zur quantitativen Bestimmung der
chemischen Zusammensetzung von B-haltigen Verbindungen. Elementverteilungsbilder mittels
Rontgenmikroanalyse und energiegefilterter Abbildung erlaubt die Thermodynamik der MgB,
Phasenbildung zu studieren und die strukturellen und chemischen Inhomogenitéten bis zu der 10
nm Léngenskala zu untersuchen.

Kohlenstoff-Kontamination konnte bei der Probenprédparation verhindert werden, indem
keine organischen Einbettmittel zur Anwendung kamen. Die Akquisitionsbedingungen wurden
fiir EDX Elementverteilungsbilder an einem Jeol JSM 6500F REM ausgeriistet mit einer Felde-
missionsquelle festgelegt und die Genauigkeit der quantitativen B-Analyse durch REM-EDX
wurde liberpriift, indem Standards vermessen wurden, deren chemische Zusammensetzung zuvor
mittels Elektronenstrahl-Mikrosonde bestimmt wurde. Die Nachweisgrenzen von Kohlenstoff in
MgB, wurden fiir REM-EDX als 1,7 at% festgestellt. Der Volumenanteil B-reicher Sekun-
dérphasen und Mg,Si wurden quantitativ durch Mg-B und Mg-Si Konzentrationshistogramme
(CHI) bestimmt.

Beugungskontrastabbildung im TEM wurde fiir die Analyse der MgB, Korngréfe und
Kristallbaufehler wie Korngrenzen, Versetzungen und Ausscheidungen verwendet. Elementver-
teilungsbilder im Zeiss 912 Omega und dem Zeiss Libra 200 FE TEM wurden mittels Rontgen-
mikroanalyse (STEM-EDX) und energiegefilterter Abbildung (ESI) fiir die sub-um Léngenskala
verwendet.

In der quantitativen EDX-Analyse tritt sowohl im REM als auch im TEM bevorzugte Ab-
sorption der weichen Rontgenstrahlung von B auf. Die Detektoreffizienz fiir B wurde iiber die
Zeit iiberwacht und es trat keine Degradation infolge Vereisung auf. Ein parameterloses Korrek-
turverfahren fiir die Rontgenabsorption wurde fiir die quantitative TEM-EDX Analyse von MgB,
Béndern angewandt. Der Cliff-Lorimer k-Faktor fiir B-K, Rontgenstrahlung wurde als 8,71 bezo-
gen auf Mg-K, ermittelt. Die quantitative EDX-Spektroskopie ist fiir eine zuverléssige Interpreta-
tion von energiegefilterten Elementverteilungsbildern unabdingbar.

(IT) An drei verschiedenen repréasentativen und ausgewihlten Proben wurden die normal- und
supraleitende Eigenschaften durch Partnerinstitutionen untersucht und die Mikrostruktur mittels
quantitativer elektronenmikrskopischer und spektroskopischer Verfahren vermessen. Mikrostruk-
turergebnisse und supraleitende Eigenschaften wurden korreliert. Diese Proben sind (a) Al-le-
giertes MgB, , (b) MgB, Bénder, die in langen Langen (1 km) hergestellt werden und (c) MgB,
Keramik und Bénder, die mittels mechanischem Legieren hergestellt wurden.

(ITa) Al-legierte MgB, Keramik wurde mit Zusammensetzungen Mg AlB, , mit x = 0, 0.1,
0.2, 0.3 hergestellt. Die B-reiche Sekundéirphase enthélt weniger als 4% Volumenanteil. Der tat-
sdchlich eingebaute Al-Atomzahlanteil der MgB, Matrix war geringer als der nominelle, eingewo-
gene Anteil und der Unterschied stieg mit steigendem Al-Anteil an. Es wurde mittels Rontgen-
mikroanalyse nachgewiesen, dass Al in die Kristallstruktur von MgB, eingebaut wird, indem Al
Mg substituiert. Dabei wird die kritische Temperatur und die ¢ Gitterkonstante um 1,56 K bzw.
1,15 pm pro at% Al verringert. Die a Gitterkonstante verringert sich lediglich um 0,17 pm pro at
% Al. Mit Hilfe dieser Ergebnisse kann die tatsdchliche chemische Zusammensetzung von Al- le-
giertem MgB, iliber Beugungsmethoden bestimmt werden. Ausscheidungsbildung wurde selbst
bis zum hochsten Al-Anteil der Probenserie nicht beobachtet. Jedoch wurden Inhomogenitéten in
der Al-Verteilung mittels Rontgenmikroanalyse im TEM nachgewiesen, die die beobachtete Ver-
breiterung des supraleitenden Phaseniibergangs (AT.) der Proben bei zunehmendem Al-Atomzah-
lanteil erkléren.

(IIb) Ni umhiillte, Cu stabilisierte MgB,-Multifilamentbandleiter, die eine kritische Stromdi-
chte von 2.0 x 10° Acm™ (at 20 K and 1 T) aufweisen, wurden iiber eine Pulver-im-Rohr Techno-
logie hergestellt, wobei vorreagiertes MgB, Pulver verwendet wurde. Koloniebildung, d.h. eine
Anordnung von mehreren sauerstoffarmen, ohne Zwischenlagen verbundenen Kornern mit
Korngréfen von 0,5 pm, wurde nachgewiesen, die Kolonien hatten Durchmesser von 1-6 pum.



Das B zu Mg Atomzahlanteilsverhdltnis wurde als nahezu 2 bestimmt und der Sauerstoffanteil
war kleiner 1 at%. MgO-Ausscheidungen mit Durchmessern von 15-70 nm wurden in den MgB,-
Korner gefunden. Einzelne, gerade verlaufende Versetzungen wurden mit einer Dichte von 10
cm? beobachtet. Normalleitende Zwischenphasen wurden an den Grenzen der Kolonien beo-
bachtet und fiihren zu Granularitit und Verringerung der kritischen Stromdichte j.. Intermetallis-
che Zwischenschichten mit bis zu 5 um Breite wurden an der MgB,-Ni-Grenzflaiche beobachtet
mit einer Zusammensetzung von MgB,Ni,, und MgB;;Nij,.

(Ilc) Die Qualitit der B Ausgangspulver beeinflusst mafBlgeblich die supraleitenden Ei-
genschaften von MgB, Leitern und der Einfluss auf die Mikrostruktur wurde detailliert unter-
sucht. Die nominelle Reinheit der Pulver, wie sie durch die Hersteller spezifiziert wird, erfasst nur
metallische Verunreinigungen und ist deshalb unzureichend. Oxidische Verunreinigungen und die
Korngrofle der B Korner beeinflussen maBigeblich T, und die supraleitenden Eigenschaften der
MgB, Béinder. MgB, Ausgangspulver wurde {iber mechanisches Legieren erzeugt und lieferte
Korngréfien von 20-60 nm in MgB, Volumenproben und Biandern. B Ausgangspulver mit kleinen
Korngréflen und geringen Anteilen metallischer Verunreinigungen lieferte Volumenproben, die
sich durch einen hohen Phasenanteil MgB, und Stromdichten von 4.7 x 10* A/em? (bei 20K, 1T)
auszeichneten. Dasselbe Pulver lieferte Bander mit Stromdichten von 5.0 x10* A/cm? (at 20K, 3T)
und erforderte geringere Glithtemperaturen zur Phasenbildung. Die hohe kritische Stromdichte
dieser Bénder, die ohne Additive wie z.B. SiC hergestellt wurden, ergibt sich durch die hohen
Verankerungskrifte fiir magnetische FluBBschlduche an Korngrenzen bedingt durch die geringen
Korngréflen. Damit wird das Potential des mechanischen Legierens fiir die Herstellung der MgB,
Béndern mit hoher Stromdichte dokumentiert.

Um das Mikrostruktur-j. Modell zu erstellen wurden 10 MgB, Dréhte und Bénder hergestellt,
indem entweder vorreagiertes MgB,-Ausgangspulver (ex-situ) oder Ausgangspulver aus element-
aren Mg und B (in-situ) verwendet wurde, und beziiglich der Mikrostruktur vermessen. Fiir einige
Proben wurde nanokristallines SiC zugegeben. Ex-situ Proben zeigten dichte MgB, Kolonien, die
in einer granularen Matrix eingebettet waren. MgB, Korner in der granularen Matrix waren von
MgSi,O, Zwischenphasen umgeben, die zu Granularitét fithren. In-situ Proben wiesen eine héhere
Dichte auf, aber zeigen, dass die MgB, Phasenbildung nicht vollstindig erfolgte und enthielten
hohe Anteile B-reicher Sekundérphasen. Die MgB, Korng6en in in-situ Proben waren 10-100
nm, hingegen betrugen die Korngréfen in ex-situ Proben 200-1000 nm. Die FluBlinien-Veranker-
ung war wegen der kleineren Korngr63en in in-situ Proben deutlich erhoht.

Die groBen Unterschiede in der kritischen Stromdichte dieser Proben konnten durch ein
Mirkostruktur-kritische Stromdichte-Modell erklart werden. In diesem Modell wurden die fol-
genden MirkostrukturgréBen eingefiihrt: (1) MgB, KorngrofBle, (2) Sauerstoffanteil in der MgB,
Matrix, (3) Durchmesser der Kolonien und (4) Volumenanteil der B-reichen Sekundirphasen. Die
jo Kurven der untersuchten MgB, Drahte und Bander konnten in logarithmischen j(B) Diagram-
men durch Geraden parametrisiert werden. Die Parameter der Geraden wurden mit den experi-
mentell Gréfen der Mikrostruktur korreliert. Die Ergebnisse des Mikrostruktur-kritische Stromdi-
chte-Modells wurden in Bezug auf das Perkulationsmodell von Eisterer diskutiert.

Die Mikrostruktur-Untersuchungen von MgB,, die auch mittels des Zeiss-Libra FEG TEM
(SESAM II Mikroskop) bei 200 kV im Rahmen dieser Arbeit durchgefiihrt wurden, erméglichten
auch, die Leistungsfahigkeit dieses Gerdtes zu beurteilen. Das Subelektron-Subangstrom-Mik-
roskop (SESAM)-Projekt ist ein von der Universitdt Tiibingen und dem Max Planck Institut fiir
Metallforschung getragenes Projekt.

Auf der Grundlage dieser Arbeit ergeben sich folgende Prioritdten fiir weiterfithrende
Arbeiten: (i) MgB, Korngrenzen wurden als effektive FluBlinien-Verankerungszentren nachge-
wisen, die Struktur dieser Korngrenzen sollte mittels Hochauflosung im TEM untersucht werden.
(i1) Die Untersuchung der Mikrostruktur von MgB, Proben, die bei unterschiedlichen Gliihtemper-
aturen und -dauern hergestellt wurden, wurde mit dieser Arbeit begonnen, sollte aber weiter auf
Probenserien angewandt werden, fiir die diese Gréflen systematisch variiert werden, um die Ther-
modynamik in den Systemen Mg-B-O und Mg-B-Si-C-O quantitativ zu erfassen, {iber die in der
Literatur wenig bekannt ist. (iii) die erfolgreich etablierte, quantitative B-Analyse im TEM sollte
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angewandt werden, um die exakte chemische Zusammensetzung der B-reichen Fremdphasen mit
Korngréfien kleine 1 um zu bestimmen. (iv) die Methoden der quantitativen Phasenanalyse, die
hier fiir REM-EDX etabliert wurde, sollte auch fiir STEM-EDX und energiegefilterte Elementver-
teilungsbilder (ESI) angewandt werden.



Chapter preview

Chapter 1 summarises the important physical properties of MgB like its thermodynamical phase
diagram, crystal structure and electronic structure. Various aspects of supercoductivity in MgB,
like two-band superconductivity, electron-phonon coupling, upper critical field and its anisotropy,
and critical current density will be briefly described. Various routes for the synthesis of MgB,
wires and tapes are summarised. Importance of MgB, superconductor for commercial applications
will be discussed.

Chapter 2 briefly describes the principles of advanced electron microscopy and spectroscopy
methods. These include EDX spectroscopy and quantitative phase analysis using EDX chemical
mapping in SEM, and EDX spectroscopy, STEM-EDX chemical mapping and ESI chemical map-
ping in TEM. Then the SEM (Jeol 6500F) and two TEMs ( Zeiss 912Q and Zeiss 200FE Libra ),
which have been used in this work are described. Carbon contamination free sample preparation
which is of crucial importance for the microstructure analysis of MgB, samples, is also included.

Chapter 3 describes the challenges in the quantitative microstructure analysis of MgB, and
the application of advanced electron microscopy and spectroscopy methods to MgB,. By ad-
vanced electron microscopy we mean a combined SEM and TEM analysis with contamination
free sample preparation, chemical mapping with good counting statistics and advanced chemical
quantification (Figure 3.1(a)). The importance of electron microscopy and spectroscopy methods
in the understanding of the thermodynamics of phase formation in MgB, as well as in improving
the synthesis technology and the superconducting properties of MgB, wires and tapes is de-
scribed.

Chapter 4 describes the Quantitative TEM-EDX analysis of B. B-K, x-ray absorption in
TEM samples is demonstrated. parameterless methods of absorption correction, which do not re-
quired the explicit sample thickness measurement, are reviewed. Application of Eibl's method of
absorption correction to MgB, is demonstrated.

In chapter 5, the microstructure of MgB: bulk samples, alloyed with Al, are investigated us-
ing SE imaging, EPMA-WDX and TEM-EDX. The actual Al mole fraction alloyed into the MgB,
lattice is determined. The influence of microstructure on the residual resisitivity and supercon-
ducting properties like B, T. and AT, is discussed.

In chapter 6, the microstructure of long length, commercial, 14-filament MgB, tapes is in-
vestigated. Structural granularity which arises not only from voids but also from oxygen rich lay-
ers surrounding the MgB, grains is analysed using SEM. The reaction zone between the MgB, fil-
ament and the Ni-sheath is analysed using EPMA. TEM diffraction contrast imaging is used to
determine MgB; grain size and, the density of dislocations and precipitates. The influence of ox-
ide layers and the crystal defects on J. is discussed.

Chapter 7 is concerned with the MgB, ceramics and tapes synthesised by mechanical alloy-
ing. First the chemical impurities, grain size and crystallinity of precursor boron powder was de-
termined. Then the voids, cracks and B-rich secondary phases in MgB, bulk and tapes were in-
vestigated using secondary electron imaging and EDX in SEM. Effect of precursor powder qual-
ity and the annealing temperature on the microstructure and superconducting properties of MgB,
bulk and tapes is discussed.

In chapter 8, a microstructure-critical current density model is given to explain thee large dif-
ferences in the J.'s of different MgB, wires and tapes. Based on the advanced electron microscopy
of well characterised MgB, wires and tapes, following microstructure parameters were extracted:
1) MgB, grain size, 2) oxygen mole fraction, 3) volume fraction of B-rich secondary phases and
4) colony size. The influence of these parameters on the J. is discussed.
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Chapter 1

1 Physical properties and synthesis of MgB;

1.1 Introduction

MgB, was known at-least since 1953 [1], however, the superconductivity in MgB, was dis-
covered only in 2001 by Nagamtsu et al.[2]. A summary of the important physical properties
of MgB; like phase diagrams, crystal structure, electronic structure, two band superconduct-
ivity and state of the art values of the superconducting properties like T, B.; and J. are given
in this chapter. The synthesis and technological importance of MgB, wires and tapes will
also be given.

1.2 Thermodynamical phase diagrams

1.2.1 Mg-B system

Experimental phase diagrams of MgB, are not available so far primarily because phase analysis
by x-rays is not feasible because of the poor diffracted signals from B-rich secondary phases like
MgB., and MgB;. A hypothetical temperature-composition phase diagram at Atmospheric pres-
sure, proposed by Spear [3] is reported in compilation of Predel [4]. Recently Liu et al. [5] pub-
lished calculated temperature-composition, pressure-composition and pressure-temperature phase
diagrams which agree with the phase diagram of Spear. The historical development of the identi-
fication of phases in Mg-B system is reviewed by Braccini [6].

The temperature-composition phase diagram (Figure 1.1) at atmospheric pressure indicates
that MgB, phase can exist with Mg rich solid, liquid and gas phases for temperatures upto 1545
°C and for B/Mg mole fraction ratios smaller than 2. Above this temperature MgB, decomposes
into MgB. and gaseous Mg. The magnesium rich phases are more likely to react with residual
oxygen forming MgO precipitates. For B/Mg mole fraction ratios between 2 and 4 and temperat-
ure less than 1545 °C, MgB, and MgB. phases coexist.

Brutti et al.[7] have carried out MgB, and MgB. vaporisation experiments using knudsen ef-
fusion-mass spectrometry. They determined the MgB, and MgB. decomposition temperatures at
atmospheric pressures to be 1615 £124 °C and 1615+ 69 °C respectively which are in close agree-
ment with the values calculated by Liu et al. indicating the reliability of their calculated phase dia-
grams[5].

However, the phase diagram of Liu et al. does not allow the simultaneous existence of MgB.,
and MgB- phases which is inconsistent with the EPMA analysis of MgB, ceramics [8] [9][10]
which show MgB-,s secondary phases in the matrix of MgB,.

Grivel et al [11] investigated the MgB, phase formation in Fe sheathed tapes by in-situ x-ray
diffraction with hard synchrotron radiation (90 keV). From the variation of the Mg, MgB, and
MgO x-ray diffraction peak intensities as a function of annealing temperature, they found the
MgB; phase formation to begin at 575°C which is below the melting point of Mg (650°C). The in-
tensity of the Mg reflections was found to decrease from temperatures as low as 100°C, reasons
for which were not clearly understood. MgO was reported to form at a temperature of 450°C,
which is lower compared to the temperature of MgB, formation.

1.2.2  Mg-Si system

Mg-Si phase diagram is important to understand the formation of Mg,Si phase in in-situ MgB,
samples with SiC additives. Using the experimental phase diagrams of previous researchers,
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Nayab-Hashemi et al [12] constructed an assessed phase diagram of Mg-Si, which is used to draw
the phase diagram of the Mg-Si system [13] given in Figure 1.2. In the Mg rich section (Mg-1.16
at.% Si) the eutectic temperature is at 637.8 °C, i.e. slightly below the melting point of Mg (650
°C).
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Figure 1.2: Temperature-composition phase
diagram of Mg-Si system [13].

1.3 Crystal structure

MgB:; is an intermetallic compound with hexagonal crystal structure (Figure 1.3 [14])of the AlB,
type and was determined as early as 1953 [1]. The Mg atoms are at the positions (0,0,0) forming
hexagonal close packed Mg-layers and the B atoms are at the positions (1/3,2/3,1/2) and
(2/3,1/3,1/2) forming graphite like B-layers. The centre of the hexagonal boron ring lies both dir-
ectly above and below each Mg atom. Its space group is P6/mmm and the space group number as
given in the international tables of crystallography [15] is 191. MgB, thus has primitive crystal
structure. The crystallographic direction [001] has a six-fold symmetry of rotation, while [100]
and [1-10] each has two-fold symmetry of rotation. Each of these axis also has a mirror plane of
symmetry perpendicular to it.

After the discovery of superconductivity, the structural properties of MgB, were investigated
in much more detail. Jorgenson et al [16] measured the variation of lattice constants with temper-
ature and pressure using neutron powder diffraction. 'MgB, samples were prepared by reacting
isotopically enriched "B and Mg at a temperature of 1073 K under an argon atmosphere of 50 bar
for 1.5 hours. The linear thermal expansion coefficients along a and ¢ axes (0., O.), Debye-Waller
factors in the basal plane (U11) and perpendicular to the plane (U33) for B and Mg, and the bulk
modulus [Vo(AP/AV)] were determined by them. The values of the structural parameters at 297 K
are given in Table 1.1 [16]. The thermal expansion coefficient and Debye-Waller factor for B are
substantially higher along the ¢ axis than the a axis. This anisotropy is among the highest for AlB,
type compounds and was attributed by Jorgenson et al.[16] to the weaker B-Mg bond. Such a
structure facilitates the formation of two-dimensional-like electronic structure which is thought to
be important in understanding the two gap superconductivity, high T., and and the anisotropy in
B, [17].

Apart from MgB., three other higher borides of Mg exist: MgB., MgB7 and MgB,. The crys-
tal structure of MgB. and MgB- have been determined by Naslain et al [18] and Guette et al [19]
respectively using x-ray diffraction and are listed in the compilation of Predel et al.[13], while
MgB, has been recently discovered and investigated by Brutti et al. [20] using x-ray diffraction.
The structural parameters of these higher borides are given in Table 1.2 . A fourth boride, MgB,



CHAPTER 1 3

is also suggested in the literature [21], but conclusive results concerning its crystal structure and
stoichiometry could not be obtained [22].

Table 1.1: Structural parameters of MgB: at 297 K

Crystal structure Space group a (A) ¢ (A) a.(K*Y) a.(K?)
hep P6/mmm 3.08489 3.52107 5.4x10°¢ 11.4x10°¢
Un(Mg) () U(Mg) (4)) Ui(B) (4) Us(B) () [V, (AP/AV)] (GPa)
0.00545 0.00559 0.00454 0.00648 147.2

Table 1.2: Crystal structures and lattice parameters of higher borides (MgB,, MQB7 and MgB:)

Crystal system Space group a(A) b(A) c(A)
MgB, Orthorhombic Pnam 5.464 7.472 4.428
MgB; Orthorhombic Imam 5.970 8.125 5.240
MgB: Trigonal R3m 10.9830 (hexagonal cell) 24.1561 (hexagonal cell)

1.4 Electronic structure

MgB, like graphite has sp.p, (sp?) bonding. Each B atom in the graphite like (honeycomb) B layer
is joined to three others by strong covalent @ bonds, between the sp® hybrid orbitals. The remain-
ing p, orbital which have lobes above and below the B layer create Ttbonds. The electrons in the O
bonds are localised in the B planes, while those in the Tt bonds are delocalised throughout the
crystal.

Band structure calculations of MgB, have been carried out by e.g. Kortus et al. and Mazin et
al. [23]. The energy bands in the MgB, are shown in Figure 1.4 and the Fermi surface (FS) is
shown in Figure 1.5. Two bonding 0 bands derived from Boron px and py orbitals cross the Fermi
level in the section —A of the Brillouin zone. These two 0 bands form cylindrical sheets (hole-
like) of the FS around '-A line and possess nearly two-dimensional (2-D) character. These con-
ducting, covalent 0 bands are an unique feature of MgB,. One bonding Ttband and one antibond-
ing Ttband derived from Boron p, oribitals cross the Fermi level just after point K and at point M
of the Brillioune zone respectively. The bonding and antibonding Tt bands form holelike (blue)
and electronlike (red) tubular networks in FS. The mand 0 bands contribute 58% and 42 % of the
total density of states at the Fermi level and both are important for the electronic properties of
MgB; [24][25].

The results of the band structure calculations agree with the experimental studies of FS e.g.
de Hass-van Alphen effect [26][27][28] and angle-resolved photoemission spectroscopy (ARPES)
[29][30].

1.5 Superconducting properties of MgB,

The superconducting and normal state properties of MgB, are given in Table 1.3. The values are
taken either from review articles of Buzea et al [14] and Muranaka et al [31] or from the single
crystal studies of Eisterer et al [32].
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Table 1.3: Normal and superconducting state properties of pure MgB,

Critical temperature (T.) 39-40 K Superconducting coherence length in 10.2 nm
the ab plane (&.,(0))
Total isotope effect (ar) 0.32 Superconducting coherence length 2.3 nm
along c axis (&(0))
Resistivity near T. (p (40K)) 0.4-16 uQ cm Penetration depth in the ab plane 82 nm
(Aa(0))
Upper critical field parallel to the ab 145T Penetration depth along c axis (A,(0)) 370 nm

plane (Bew (0))
Upper critical field parallel to ¢ axis (Be 3.18T Superconducting energy gap on 0 band 5 .&-7.7 meV

0)) Do)
Lower critical field parallel to the ab 22 mT Superconducting energy gap on Ttband 1.8 —3 meV
plane (Bcia(0)) ()
Lower critical field parallel to the ¢ axis 63 mT
(Beic(0))

1.5.1 Isotope effect, T. and two gap superconductivity

The T. (39 K) of MgB, is extraordinarily high- the next highest T. among other intermetallic su-
perconductors being that of NbsGe (T. =23 K). Experimental observations of other superconduct-
ing properties like isotope effect coefficient (0), average electron phonon coupling strength (M)
and the superconducting energy gaps cannot be adequately described by the standard BCS model.
A convincing understanding of the superconductivity in MgB; can be obtained by considering the
anisotropy in A and the anharmonicity in the lattice vibrations[33]. Physics of the superconductiv-
ity in MgB2 has been beautifully explained by Canfield and Crabtree [34]. These aspects will be
briefly reviewed.

The isotope effect coefficient (a1;) of element i in a multicomponent system is defined by

—dInT,
M o
where M; is the atomic mass of element i . Budko et al.[35] Measured the B isotope coefficient
(a) to be 0.26 which is significant and indicated that phonons associated with B vibrations play a
major role in the superconductivity in MgB,. Hinks et al [36] measured the Mg isotope effect
(M) to be 0.02 and the total isotope effect coefficient () to be 0.32, which is significantly smal-
ler than the BCS value of 0.5 for a conventional superconductor.

The specific heat of MgB, at low temperatures (<50 K) has been measured by e.g. Wang et al
[37] , Bouquet et al [38]and Yang et al.[39]. The electronic contribution to the specific heat di-
vided by temperature shows a large hump at about 10 K. Tunnelling [40] and photoemission[41]
spectra and point contact spectroscopy [42] show excitations at two energies close to 2.5 meV and
7 meV. These results indicate two superconducting energy gaps in MgB..

Significant understanding of the nature of superconductivity in MgB, was obtained by
Midgal-Eliashberg type calculations based on the band structure calculations. Midgal-Eiashberg
theory is a generalisation of BCS theory and allows to take into consideration the anisotropy in A
and the anharmonicity in the lattice vibrations. These band structure calculations have been re-
viewed by Dahm [25].

According to isotropic Eliashberg theory the T, and a, can be calculated [36][43][44][45] in
terms of the material properties: electron-phonon coupling strength (A), the repulsive electron-
electron interaction (U*) and the logarithmic average frequency (). Hinks et al [36] argued that
the reduced isotope effect is due to large A and p*. They further pointed out that the reduced a,
could also be due to the complex dimensional effects of FS and anharmonic lattice vibrations.
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They predicted that the cause of the reduced O, may in some way be related to the high T, in
MgB2

Liu et al [46] investigated the anisotropy in A on the FS. A on ¢ bands was found to be signi-
ficantly higher because of its preferential coupling with the E,, phonon mode of the in-plane vi-
brations of the boron atoms, than the A on Ttbands. They showed that the effective A relevant for
superconductivity ( Ay) is enhanced from its dirty limit value (0.77) to an effective clean limit
value of 1.01. Together with w,=56.2 meV and a realistic u* value of 0.13, the higher T. of 40 K
could be explained. However, these values of p* and A, could not explain the reduced a, , which
they attributed to the anharmonicity of the lattice vibrations and a possible two-phonon coupling.

Correct explanation of both the high T, and reduced o, was given by Choi et al.[33] by solv-
ing Eliashberg equations in which the anisotropy of electron-phonon interaction and the anhar-
monicity of the phonons was considered. They concluded that anisotropy in MgB: increases T,
while anharmonicity decreases T., yielding a resultant T, of 39 K. The reduced a, was attributed
primarily to the phonon anharmonicity.

In an extended work Choi et al [47] evaluated the superconducting energy gap on the FS at 4
K, which was found to have s-wave symmetry, but the size of gap differed significantly on differ-
ent part of the FS (Figure 1.6). The average value of the gap was 6.8 meV for 0 bands and 1.8
meV for Ttbands, which is consistent with the experimental observations [37] [38] [39] [40] [41]
[42].

In a two gap superconductor like MgB,, T is expected to decrease with increase in residual
resistivity because of interband impurity scattering [48]. However, experimentally, the T, of MgB,
is seen to be essentially independent of the residual resistivity [49]. Mazin et al [50] explained this
discrepancy by considering the disparity between the 0 and Tt bands. The 0 bands derived from
boron pyy orbitals are mainly symmetric with respect to the boron plane, while the Ttbands derived
from p, orbitals are mainly antisymmetric. Due to the disparity of @ and Tt bands, the supercon-
ducting energy gaps at these gaps bands are stable against impurity scattering, which explains the
high T. of MgB, sample, even when their residual resistivity is large.

Apart from impurity scattering, the residual resistivity can also be dominated by the structural
granularity (i.e. reduced connectivity)[49], introduced by the microstructure in the form of cracks,
voids, grain boundary secondary phases and is discussed in detail in chapters 3 and 8.

1.5.2  Upper critical fields and their anisotropy

Measurements of the upper critical fields of MgB, samples in the form of bulk, wires and single
crystals have been reviewed by Buzea et al [14]in 2001 and more recently by Muranaka et al
[31]. The upper critical field at zero kelvin (B(0)) of different samples was found to lie between
2.5 to 32 T. Thin films with a low T, of 31 K even showed a B.,(0) of 39 T [51].

B., of MgB, single crystals has been investigated by [52] [53] [54] [55] using magnetisation,
magnetotransport and specific heat measurements. The B, showed anisotropy which decreased
with increasing temperature. Boa(0) (B parallel to the boron plane) was 14-19 T, while Bo(0)
(B perpendicular to the boron plane) was 3-4 T yielding an anisotropy ratio of about 5 at 0 K.
Near T, Bean(T) showed a positive curvature while B(T) showed a linear temperature depend-
ence, yielding significantly decreased anisotropy ratio of about 2 [54] [25] [31].

Recent experiments on single crystals, bulk and wires showed that it is possible to enhance
B2ar(0) and decrease anisotropy ratio by introducing structural disorder in the form of carbon dop-
ing [56] or neutron irradiation [57] [58].

Theoretical calculations of B., and its anisotropy ratio for structurally ideal two gap super-
conductors like MgB, have been reviewed by Dahm [25]. These are based on Eilenberger theory
which is a generalisation of the BCS theory to inhomogenous superconducting states. In the clean
limit (i.e. neglecting impurity scattering) Dahm and Schopohl [59] explained the strong temperat-
ure dependence of the anisotropy ratio as follows. At low temperature and high magnetic field the
anisotropic 0 bands dominates the behaviour of B, because of its larger superconducting energy
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gap leading to a strong anisotropy in B,. At temperature close to T, (and the concurrently reduced
magnetic fields) the influence of more isotropic T bands become significant yielding a reduced an-
isotropy. Dahm and Schopohl show that intermediate interband pairing interaction is essential for
strong temperature dependence of B., anisotropy. Too strong or too weak interband pairing inter-
action was shown to result in an effective single gap behaviour.

Even in the best MgB, samples, impurity scattering is believed to affect the temperature de-
pendence of MgB,. Calculations considering general impurity scattering have not been given so
far. However, “dirty limit theories” in which intraband scattering rate is larger than superconduct-
ing gaps and the intraband impurity scattering is negligible, have been given by Gurevich [60] and
Golubov et al [61]. The physical explanation for the temperature dependence of B., anisotropy ac-
cording to dirty limit theories is similar to that in the clean limit theory: an intermediate interband
pairing interaction together with the strong anisotropy of Fermi velocities in 0 bands which result
in a strong anisotropy of the diffusivities in 0 bands. The theoretical models of Dahm and Scho-
pohl as well as Gurevich have been able to explain the positive (upward) curvature of B, o (T).
Gurevich predicted that such an upward curvature can yield Be.w(0) of upto 70 T by suitable ma-
nipulation of scattering centeres in 0 and Ttbands for example by C and Al alloying [62] [62]. Ex-
trapolated Bewy(0) of 70 T has recently been observed in MgB, thin films alloyed with C [63].

1.5.3 Critical current density

Critical current density (J.) is the most important figure of merit for applied superconductors [64].
J. is microstructure dependent and might be influenced by weak links (structural granularity), B.,
and its anisotropy, and pinning centres [64]. In (Bi,Pb),Sr,Ca,Cu;0, (Bi-2223), the J. is primarily
limited by thermally activated flux flow, because of its extreme two-dimensional (layered) crystal
structure. In Yba,Cu;Ox (YBCO) the J. is primarily limited by the weakly coupled grain boundar-
ies [64].

Bulk (intergrain) J.'s of ~4x10° Acm? (at 10K and 1 T) [65] and 2x10° Acm? (at 10K and 0
T) [66] were found from the magnetic measurements on untextured bulk samples of MgB,, which
indicated strongly coupled grain boundaries in MgB,. Kambara et al [66] showed that the remnant
magnetization in the hysteresis loops decreased by a factor of 50 when the bulk sample was
ground into a fine powder and re-measured under similar conditions, indicating dramatic reduc-
tion in the current loop size. The intragrain J. in the powder was however found to be comparable
to the intergrain J. in the bulk sample. Furthermore the remnant magnetization in bulk sample was
found to increase continuously as a function of the maximum applied field external magnetic
field, without showing any steps. These results clearly demonstrated the presence of strongly
coupled grain boundaries in polycrystalline MgB,, which enables high J. in wires and tapes pre-
pared by the relatively simple powder in tube technique.

MgB, with its relatively large coherence length (~10 nm) offers significant scope to optimise
its microstructure. The synthesis processes (to be described in next section) are adjusted to obtain
optimum microstructure yielding highest J..

Dou et al [67] reviewed the recent developments in the J. of MgB, single crystals, bulk, wires
and tapes. The influence of various additives like C, nano-SiC, Si, Silicides (WSi,, ZrSi,, MgSi,,
Mg,Si and Si0,), metals (Fe, Mo, Cu, Ag, Z), oxides (Y»0s, ZrO,) as well as other compounds

like BN and Si;N, is discussed. Nano-SiC was found to be the most effective additive in enhan-
cing the Jc. This was attributed to i) enhanced B, because of C and Si alloying at the B sites of
the MgB; lattice and ii) to enhanced flux pinning due to nanoscale impurities like Mg,Si, BC,
BO,, SiBOy introduced by SiC addition.

Recently in 2007, Dou et al.[56] proposed a “dual reaction model” to explain the enhance-
ment of J., Bix (irreversibility field), and B, of MgB,, by various kinds of carbon containing
nanoaddtives. In this work the nano-SiC added MgB, wires showed a J. of 1x10° Acm™? at 4.2 K
and 12 T, which was the best in-field J. reported till then. The high effectivity of nano SiC in en-
hanc
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Figure 1.6: (a) The superconducting energy gap
on the FS at 4 K using colour scale, (b) the distri-
bution of gap values at 4 K [47]

ing the J. of MgB, wires was attributed to its high reactivity with elemental Mg to form Mg,Si.
The free carbon released in the process was considered to be doped into the MgB; lattice during
the subsequent formation of MgB, phase. Currently the J. at 20 K of best MgB, samples with SiC
additives is comparable to that of Nb-Ti at 4.2 K and to that of Bi-2223 at 20 K and low fields
[68].The electron microscopy results obtained in this thesis, support the aforementioned “dual re-
action model” proposed by Dou et al.[56].

A statistical analysis of the J.(B) data in the literature published between 2003 and 2006 has
been given in chapter 3 of van Weeren's thesis [69]. Three parameters were used to assess the
trends of the influence of the MgB, conductor development routes on the J.: i) Jo i.e. critical cur-
rent density at zero field and is influenced by grain connectivity, ii) B, i.e. magnitude of inverse
slope of the log J. versus B plot and is influenced by pinning and iii) B*, i.e. magnetic field at a J.
of 10* Acm™ which is influenced by the first two parameters as well as B, and is technologically
the most relevant parameter. Weeren concluded that most progress has been done in B* which
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gauges the field retention of the J.. From this point of view, in-situ samples were found to be bet-
ter than the ex-situ samples.

In the present work J. of about 10 MgB, samples in the form of bulk, wires and tapes are re-
ported. The J.'s of wires and tapes were determined by transport measurements using 1 uVem'!
criteria. J.'s of some bulk samples were determined by magnetic measurements using Beans model
[70]. Depending on the synthesis technology, the J.'s of wires and tapes varied by a factor of upto
100. The highest J. of 4x 10° Acm™ was obtained in mechanically alloyed MgB, without any ad-
ditives. Microstructure of these wires and tapes showed substantial structural granularity. In
chapter 8, a microstructure- J. correlation model is given to explain this large variation in the J, of
MgB, wires and tapes. The high J. of MgB, wires, inspite of the substantial structural granularity,
can be attributed to the unique features of superconductivity in MgB,: the 10 nm coherence
length, variable B, and the anisotropy in B.,. The large variations in the J. of MgB, wires and
tapes could be attributed to the variations in the microstructure affecting the structural granularity
(connectivity) and pinning[71] [72].

1.6  Synthesis of MgB, superconductors

Synthesis of MgB, bulk, wires and tapes involves the following thermodynamical parameters of
freedom: Mg/B stoichiometery, SiC and other additives, annealing temperature and annealing
time. There are also some technological parameters like precursor powder processing and deform-
ation process in the case of wires and tapes. By varying these parameters one can control the res-
ulting microstructure to yield optimal superconducting properties.

In an ex-situ synthesis, a pre-reacted MgB, powder and a annealing temperature of about
900°C is used, where as in an in-situ synthesis, elemental powders of Mg and B or suitable pre-
cursor like MgH, are annealed at a relatively lower temperature of about 650°C. In a third type of
synthesis called mechanical alloying (MA) [73], which is actually a intermediate between in-situ
and ex-situ synthesis, the precursor powders are mixed together using planetary ball mill at high
speed. In the process grains in the precursor are broken down and also partially react to form a
highly reactive mixture of unreacted precursor elements and MgB,. The annealing temperature in
MA is similar to that in in-situ synthesis. The melting points of Mg and B are 650 and 2076°C re-
spectively and the equilibrium vapour pressure of Mg is very high. Therefore the MgB, phase
formation in in-situ and MA samples takes place by diffusion of gaseous or liquid Mg into boron
grains in solid phase. MgB, bulk, wires and tapes can be prepared by any of the above three meth-
ods: ex-situ synthesis, in-situ synthesis and mechanical alloying.

Bulk samples are prepared by sintering under pressure using techniques like hot pressing
[73], hot isostatic pressing [74] or resistive sintering [75]. Sintering under pressure is essential to
achieve strong connectivity between the MgB, grains [31].

A simple method of preparing MgB, wires is to react Mg vapour with boron wires at a tem-
perature of about 900°C for few hours [76]. Because of the high equilibrium pressure of Mg va-
pour, this kind of wire synthesis as well as the bulk synthesis described earlier has to be carried
out in sealed metal cells or under well controlled Mg vapour pressure[31]. Such kind of wires are
very dense and therefore suitable to study the basic properties of MgB, but are not suitable for ap-
plications as there is no metal sheath around them.

The wires and tapes are usually prepared by powder-in-tube (PIT) technology. A schematic
of steps involved in such a synthesis are a given in Figure 1.7 [77]. The precursor powder is put
into a metal tube followed by deformation into monocore wire or tape of desired dimensions using
different techniques like rolling, drawing, swaging, hydrostatic extrusion [78], two-axial rolling
[79], continuous tube forming and filling (CTFF)[80] [81], and then annealed in a furnace. In case
of multifilament wires and tapes, either many monocore wires or tapes are bundled together and
inserted into a tube or the precursor powder is put into a tube with many holes drilled into it. The
subsequent deformation and annealing procedure is similar to that for a monocore wire or tape.
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Figure 1.7: Schematic sketch of the PIT wire and tape preparation mechanism

1.7 Technological importance of MgB, superconductors

The favourable superconducting properties of MgB, have important and mostly positive technolo-
gical implications. The 39 K T. of MgB, which is four times the T, of Nb-Ti (Table 1.4), would
result in an operating temperature close to 20 K, which could be easily and economically achieved
using liquid hydrogen or close cycle cryostats (chapter 1 of [69]).

The precursor powders of Mg, or MgH, and B are cheap, abundant and light in weight. The
MgB,; synthesis is relatively simple. The large (~10 nm) coherence length of MgB, yields strong
coupling between the MgB, grains, and the existing PIT technology can be used to synthesise
wires and tapes of MgB, which is a great simplification. In addition MgB. is essentially a line
compound i.e. it has fixed stoichiometry [82][31], which results in reproducible T.'s.

In pristine MgB, B., and J, are low and B., is anisotropic. However due to the two gap super-
conductivity in MgB,, theoretical predictions [60] as well as experiments [63] suggest that a B.,
(0) close to ~70 T could be obtained by introducing structural disorder. Already MgB, wires with
nano-SiC additives have shown a J. of 10° Acm™ at 20 K and 3 T, which exceed the J. of the state
of the art Ag/Bi-2223 tapes [67]. Moreover, as the subsequent electron microscopy analysis repor-
ted in this thesis will show, there is still a tremendous scope to improve and optimise the micro-
structure of MgB, wires and tapes, specially the in-situ ones, by controlling the MgB, grain size,
C-doping and the distribution of secondary phases, and to enhance the already competitive J.'s.

One of the most extensive application of superconducting MgB, wires and tapes is the super-
conducting magnet in the MRI machines, which require a moderate field of about 1 T [31]. MRI
machines with MgB, magnets have already been built and first MRI images of the human brain
have been acquired [83].

Table 1.4: Comparison of T. and B.; of MgB;> and other metallic and high-Tc oxide
superconductors[84]

Nb-Ti MgB, NbsSn Nbsy(ALGe) Bi-2223  YBCO

T. (K) 9.8 39 18 20 92 110
B, (T)at4.2K 11.5 Anisotropic and variable 25 43 >100 >100







Chapter 2

2 Electron microscopy methods, microscopes
and sample preparation

2.1 Introduction

Electron microscopy (EM) methods in SEM, EPMA and TEM have been used in this work to in-
vestigate the microstructure of MgB, superconductors. Principles of these EM methods, electron
microscopes and sample preparation methods are described in this chapter. Application of con-
ventional TEM to MgB; is described in detail. Application of other advanced electron microscopy
techniques like chemical mapping using SEM-EDX, STEM-EDX, EFTEM-ESI and quantitative
analysis using SEM-EDX, EPMA-WDX (wavelength dispersive x-ray spectroscopy) and TEM-
EDX to MgB; is described in chapters 3 and 4.

2.2 SEM and EPMA

Principles of SEM and EPMA can be found e.g. in [85][86][87] and [88][87] respectively. SEM,
because of its short sample preparation and analysis time has been extensively used to analyse the
microstructure of a large number of MgB, wires and tapes on um scale. EPMA has been used for
a precise quantitative analysis of a few selected samples.

2.2.1 SEM-EDX chemical mapping and quantitative phase
analysis

In SEM, a focussed electron beam is scanned on an array of points on the sample and the response
signal of the sample (SE, BSE, or x-ray photons) is measured by a detector (SE, BSE or EDX). A
SE image, BSE image or an EDX-elemental map is then formed by associating to each of the ar-
ray points on the sample, a 8-bit pixel with a grey value proportional to the magnitude of the re-
sponse signal.

To acquire an EDX-elemental map of a particular element, an energy window is set at the
characteristic x-ray line of the element and the x-ray intensity detected in this window is used as a
signal. Background x-ray intensity is not subtracted and the elemental map is used to qualitatively
study the spatial distribution of the particular element. The characteristic x-ray lines used for the
acquisition of B, C, O, Mg and Si elemental maps and for quantitative analysis are given in Table
2.1.

Table 2.1: Characteristic x-ray lines used for the SEM-EDX elemental mapping and quantification of
B, C, O, Mg and Si

B C (0] Mg Si
X-ray line B-K, c-K, 0-K, Mg-K, Si-Kq
X-ray energy (eV) 183.3 277.0 524.9 1536 1740

A RGB image is formed by assigning red, green, and blue channels to, for example, Mg, O
and B elemental maps respectively, acquired from the same sample area and then overlaying them
on each other. Such a false colour overlay of Mg (red), O (green) and B (Blue) elemental maps
will henceforth be referred to as RGB(Mg-O-B) image. A SE image of a MgB, sample (sample 5
of chapter 3) and the corresponding Mg elemental map, B elemental maps and RGB(Mg-O-B)

11
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images are shown in Figure 2.1(a-d). RGB images enable to study the spatial distribution of dif-
ferent chemical phases.
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Figure 2.1: (a) SE image, (b) RGB-(Mg-O-B) image, (c-d) Mg and B elemental maps, (e-f) histograms
of Mg and B elemental maps, (g) CHI of B and Mg elemental maps, (h) Synthetic phase map of B-rich
secondary phases
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Volume fraction of the chemical phases can be determined by quantitative phase analysis
which is described in detail in [89]. A brief summary of the application of this technique to de-
termine volume fraction of B-rich secondary phases in MgB, will be described here. The Mg and
B elemental maps are converted into an 8-bit images using corel photopaint 8. Further image ana-
lysis was carried out using Matlab script given in section (9.2.1) of appendix. The grey values
( 0-255) in the Mg elemental map (henceforth called as Mg-grey values) are read pixel by pixel
and stored in the form of a matrix. A one -dimensional histograms giving number of pixels with a
particular Mg-grey value is shown in Figure 2.1(e). A similar histogram for B-elemental map is
given in Figure 2.1(f). A two-dimensional histogram, called as concentration histogram (CHI) ,
with Mg-grey values on x-axis and B-grey values on y-axis is shown in Figure 2.1(g). The intens-
ity in the CHI is proportional to the number of pixels with a particular combination of Mg-grey
value and B-grey value. Different regions in the CHI correspond to different chemical phases. The
brightest region corresponds to the MgB, matrix. A region shown by rectangular mask with high
B-grey values and low Mg-grey values correspond to B-rich secondary phases (MgB4 and MgB>).
A synthetic phase map of B-rich secondary phases (Figure 2.1(h)), which is a 2-bit image, is cre-
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ated by assigning a grey value 1 to pixels with B and Mg grey values lying inside the mask and 0
to pixels lying outside the mask. Good agreement is seen between the synthetic phase map and the
B-rich secondary phases which show up as blue in RGB(Mg-O-B) image. The volume fraction of
the B-rich secondary phases is determined by counting the number of pixels whose B and Mg
grey values lie inside the mask. In the present case the volume fraction of B-rich secondary phases
is 1.4%.

2.2.2 SEM-EDX and EPMA-WDX quantification

ZAF method:
Quantitative x-ray microanalysis of bulk samples is usually carried out using a ZAF method:
[sample
A —
[stnadard =€y ZAF ’
4

where, psample and  pstandard are the x-ray intensities of element A obtained under similar ex-
4 4

perimental conditions (beam current, acquisition time, x-ray take-off angle etc.) from sample
whose composition is to be determined and from a pure element standard. C, is the weight frac-
tion of element A in the sample. Z, A and F are the atomic number, absorption and fluorescence
correction factors, essential because the sample and specimen are obviously different. Z, A and F
themselves depend on the chemical composition, therefore the final composition C, is determined
iteratively. Z, A and F together with the depth distribution of x-ray generation (((pz)) are de-
scribed below.

Depth distribution of x-ray generation (Phi (rho-z)):

@(pz) is of crucial importance in the calculation of atomic number and absorption correction.
@(pz) is written as a function of “mass thickness” that is a product of density and thickness, to
make it independent of the physical state of the material. It gives the distribution of x-ray intensity
induced by primary ionisation as a function of mass-thickness (pz) of the sample. It is defined as
the x-ray intensity generated per unit mass thickness at mass-thickness (pz) of the sample normal-
ised with respect to the x-ray intensity generated per unit mass thickness in a similar sample of in-
finitesimally small thickness ([88], p.48).

@(pz) can be determined experimentally by tracer method, and by monte-carlo calculations.
However tracer method can be applied only to pure element systems and both, the tracer method
and monte-carlo simulations, are time consuming.

Philibert [90] derived an analytical expression for ((pz) by considering the physical pro-
cesses of electron scattering and ionisation occurring in the sample,

¢(pz)=exp(—0opz)[4—(4—¢p(0))exp(—opz/h)|.

He used Lenard's [91] exponential law for attenuation of electron density and Bothe's [92] law to
determine the diffusion depth of electron in the sample. The ionisation cross section was assumed
to be independent of energy. Further, the surface ionization function @0) was set to 0 to obtain a
simplified Philibert formula,

p(pz)=4exp(—opz)[l—exp(—0opz/h)],
with, h=12 Al1Z?, o=Lenard constant=4.5x10°/(E,"—E.®)

c
where, A is atomic weight, Z is atomic number, E, is the primary energy and E. is the ionisation
energy. In case of multi-element samples, average value of h is taken. An experimental and the
simplified Philibert @(pz) curves are shown in Figure 2.2 (a) and (b) respectively. While the shape
of the simplified philibert @(pz) resembles the experimental @(pz), the agreement is not exact, spe-
cially near the surface of the sample.
Atomic number correction:
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Atomic number correction ([88], p.148) takes into account the difference in the characteristic x-
ray intensity of element A in the specimen and in the standard. It can be expressed in terms of
@p2),

sample

[Tqb(pZ)de]A
7=_0

standard ~

[Tqb(pZ)de]A

Calculation of @(pz) from first principles, as in the case of simplified philibert model, is inac-
curate. Consequently, the Z is usually calculated using

[RIST™e :’} 0

(RIS S % dEldpz

where, R is the backscatter loss factor, S is the stopping power factor and Q is the ionisation cross
section of element A.

Absorption correction:

Absorption correction factor takes into account the difference in the absorption of the characterist-
ic x-ray intensity of element A in the specimen and in the standard. It can be expressed in terms

of @(pz) as,

[f]sample th)(pZ)eXp(/,l COS@CQ)de
4= f wa’ = : 7 ,
LA™ J#lpz)dpz
0

where, p is the mass absorption coefficient of the characteristic x-rays of element A and 0 is the
x-ray take-off angle. Either the experimental or calculated @(pz) is used. Because the term @(pz)
occurs both in numerator and denominator, acceptable absorption correction of heavy element
(z>12) x-rays [93] can be obtained even with an approximate @pz) like that of the simplified
philibert model.
Fluorescence correction:
Fluorescence correction factor takes into account the difference in the contribution of Fluores-
cence x-rays to the characteristic x-ray intensity of element A in the specimen and in the standard.
It is written ([88], p.58) as

F=1+y+¢6 ,
where, Y is the ratio of intensity of fluorescence emission caused by characteristic x-rays to the in-
tensity of primary characteristic x-rays of element A, and & is the corresponding ratio for con-
tinuum fluorescence contribution.
Phi-rho-z methods:
It has not been possible to determine, based upon the physical process of electron scattering and
ionisation, expression for ((pz) which agrees sufficiently accurately with the experimental @(pz).
Fortunately however the general shape of all the experimentally determined @(pz) curves are sim-
ilar. Therefore an empirical or semi-empirical approach is used, in which exponential or gaussian
functions are used to match to the shape of the @(pz) curve and curve parameters like area under
the curve, gradient, peak height, etc. are expressed as functions of sample composition and ana-
lysis conditions, to get an exact fit to the experimental @pz) curves. Such curve fitting methods,
e.g. Gaussian model, Quadrilateral model [93], parabolic (PAP) model [94], Exponential (XPP)
model[94], are called phi-rho-z methods (see Figure 2.2). Since @(pz) methods model the experi-
mental @(pz) curves accurately, they yield accurate analysis of light elements. Additionally, unlike

in ZAF methods, the atomic number and absorption corrections in ((pz) methods can be com-
bined:
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For example in XPP method [94], which is a phi-rtho-z method, the @(pz) is modelled by the

following expression consisting of two exponentials,
b(pz)=Aexp (—apz)+[Bpz+¢(0)—A]exp(—bpz) ,

where the coefficients A,a,B and b are determined from,

1) F:area under the @(rz)curve

ii) @G: the gradient of (pz) curve as pz tends to 0

iii) pz :mean depth of x-ray generation

ZA=

iv) @0): surface ionisation,
which are themselves functions of primary energy (Eo) and the specimen composition.

" (a) “Measured” (b) “Simplified”
Castaing 1960 Philibert 1962

(c) “Quadrilateral” (d) “Gaussian”
Love/Scott 1984 Brown/Packwood 1981
Merlet/Bastin 1998 (PROZA)

¢

pz

(e) “Parabolic” (f) “Exponential”
Pouchou 1983 (PAP) — Pouchou 1990 (XPP)

Figure 2.2: Various models for representing
depth distribution @pz): (a) as measured by
Castaing; (b)-(f) mathematical models capable of
calculation for a given radiation, target atomic
number and incident beam energy [95].

Figure 2.3: Photographs of the SEM and EPMA

2.2.3 SEM and EPMA used

Jeol JSM 6500F SEM (Figure 2.3(a)) equipped with field emission gun, SE detector and Si(Li)
EDX detector (with an ultra thin window :ATW?2) of the Oxfords instruments, was used at an
operating voltage of 10 kV. The EDX-detector was able to detect B-K, x-rays with a peak to
background ratio of 11. The EDX spectra, EDX elemental maps and SE images were acquired
and processed using INCA software of the Oxford instruments.
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Jeol Superprobe 8900 RL EPMA (Figure 2.3(b)) equipped with a thermionic emission gun
and an WDX detector system was operated at 15 kV. Following crystals were used: LDEB for B-
Kq x-rays, TAP for Mg-K, and Al-K, x-rays, and LDE1H for O-K, x-rays.

Further specifications of the SEM and EPMA instruments, and the acquisition conditions
used for the analysis of MgB, samples, are summarised in Table 9.1 of the appendix.

2.2.4 Sample preparation

Metallographic SEM sample preparation:

About 3mm x 3mm x 1 mm piece of MgB: ceramic was cut using diamond wire saw and embed-
ded in epoxy resin. The sample is than mounted on a tri-pod holder (Figure 2.4 (b)) and its surface
was mechanically polished using diamond foils (Figure 2.4(a)) with grain size from 30 pm to 1
um followed by ultrasonic cleaning in ethanol bath for 15 minutes. Some MgB, bulk samples de-
graded on contact with water possibly due to the reaction of unreacted residual Mg with water to
from MgO and Mg(OH),. Therefore ethanol instead of water was used during mechanical polish-
ing of such MgB, samples. The sample surface is then cleaned by etching with 4 kV Ar* ions in a
Gatan Duo Mill, at an angle of 12.5° for 30 minutes. The SEM sample is rotated but not cooled
during etching. The different ion etching rates of the different microstructural phases in the
sample help to enhance the contrast in the secondary electron images. The sample surface was
then coated by carbon or gold to improve electrical conductivity and immediately brought into
EPMA and SEM.

This method yields extremely flat and polished samples and was used to prepare EPMA
samples of Al-alloyed MgB, bulk. However, this method is not suitable for small (< 1 mm) MgB,
samples because of carbon contamination from the surrounding organic resin (Figure 2.6 (b)).
Moreover, such samples require conducting coating which leads to additional absorption of B-K,
X-rays.

Figure 2.4: Photograph of the (a) diamond fo}'ls (b) Tri-pod holder and (c) Star holder used to prepare
electron microscopy samples

SEM sample preparation without using resin:

To avoid carbon contamination and the use of conducting coating, MgB, samples were prepared
without embedding them in the organic resin. About 3 mm long piece of MgB; tape was glued to
Si-wafer as a support (Figure 2.5(a)) and the cross-section surface was polished using diamond
foils. SEM samples of MgB, wires and bulk samples can also be polished in a similar manner.
The sample is then ultrasonically cleaned , ion etched for 30 minutes and mounted on a metallic
sample holder using Al-tape coated with a conducting adhesive. Al-tape contacts as shown in
(Figure 2.5(b)) were sufficient to avoid charging effects in SEM in bulk samples. For tapes and
wires, the metallic sheath automatically acted as conducting contacts. Apart from the above meth-
od, resin-free SEM samples could also be prepared by mechanically thinning to a thickness about
30 pum, like in a conventional TEM sample preparation (see the inset of Figure 2.6(a)), followed
by ion etching for 30 minutes. The carbon contamination in SEM samples was drastically minim-
ised by such resin-free sample preparation methods (Figure 2.6(a)).
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Figure 2.6: SEM-EDX spectra and secondary electron images (shown in the inset) of sample 2
prepared by (a) resin-free sample preparation method and (b) conventional method using organic

resin.

SEM samples of B, MgH; and SiC Powder:

SEM samples of B, MgH, and SiC powders were prepared by spreading a thick layer of powder
on a carbon foil and pressing it. The powders were than coated with a gold using Ar ion sputter-
ing unit to avoid charging under electron beam in SEM. The sputtering time was 12 s (estimated
gold film thickness ~ 12 nm) for B powder and 20 s (estimated gold film thickness 20 nm) for
MgH, and SiC powders. Photograph of a SEM sample of SiC powder ready to be inserted in the
SEM is shown in Figure 2.5(c).

23 TEM

TEM has been used for the microstructure analysis on nm scale. Unlike SEM, which gives in-
formation from only the top surface of the sample, TEM gives three-dimensional information of a
thin sample.

2.3.1 Conventional Transmission Electron Microscopy

Conventional transmission electron microscopy (CTEM) means selected area diffraction and dif-
fraction contrast imaging. Diffraction contrast imaging included bright-field and dark-field ima-
ging usually carried out under nearly two-beam conditions. The principles of conventional TEM
are described, for example in [96][97][98][99][100].

2.3.1.1 Diffraction patterns and Kikuchi maps in MgB,

Selected area diffraction patterns were acquired with a 290 mm camera length, mainly to determ-
ine the orientation of the MgB; crystallites with respect to the electron beam, which was important
for the analysis and interpretation of diffraction contrast images. They also gave quick measure of
the crystallinity of the MgB: phase: ring patterns corresponding to nanocrystalline MgB, and spot
patterns corresponding to polycrystalline MgB,.
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The diffraction patterns were indexed using 3-index (hkl) system, by matching the experi-
mentally determined interplanar spacing and angles with the calculated ones. The experimental in-
terplanar spacing (dn) is given by,

d . R,,=(cameralength) A

where, Ry is the length of the gnq diffraction vector and A is the wavelength of electrons with an
energy of 120 keV. If the Ryu was measured in pixels, the camera length was determined to be
22193 pixels. The calculated interplanar spacing is given by

1 :4(h2+hk+k2)+ﬁ
dr 3a’ ¢’

The angle @between the (h;k;l;) and (h.ksl,) lattice planes is given by

1 34’
h, h2+k1k2+5(/’11k2+k1 thZ?
2 2 1/2

[(h§+kf+h1k1+%“—2zf)(h§+k§+h2k2+%“—21§)]
c c

[,

cos¢p=

Furthermore the gnu vectors should satisfy the vector law of addition. MgB, has a primitive
hexagonal Bravais lattice, as a consequence all the hkl diffraction spots are allowed in the diffrac-
tion pattern. The pole of the diffraction pattern was determined using zone law. As a convention,
the pole direction was opposite to that of the beam direction. In the case of diffraction patterns of
a MgB, crystal acquired at two different poles, the indexing of the common diffraction spot was
carried over from one pattern to another and experimentally determined angles between the poles
were matched to the corresponding calculated angles between the poles. The indexing of the
[001] and [0-10] poles acquired from two different MgB, single crystals is described in Figure 2.7
and in Table 2.2.

Apart from hkl diffraction spots, dark -h-k-1 Kikuchi line and bright hkl Kikuchi line (togeth-
er called as Kikuchi band) are also observed in the diffraction pattern. Kikuchi lines are formed
due to the exact Bragg diffraction of the inelastically scattered electrons. They represent approx-
imately the projection of hkl lattice planes on the screen and are of great help in tilting the sample
from one pole to another and in establishing two-beam conditions with different excitation error s.
A Kikuchi map consists of Kikuchi bands and the poles at the intersections of the Kikuchi bands.
An experimental Kikuchi map obtained at the TEM by tilting two different single crystallites of
MgB; around the [001] and [0-10] poles is shown in Figure 2.8.

[001] v [0-11]
162,087 @3S0 ()] (©21.0°0-22.4%) (b)

(h3 k3 13)
d=0.261 nm

5"

A32
)%0:0°. | A31

; (h1 k111)
d=0.266 nm 3
a-10) (h2 k2 12)
d=0.214 nm
(h1 k111) » (1-1-1)
d=0.212 nm
(0-1-1)

Figure 2.7: TEM diffraction patterns obtained from a MgB; single crystal in the (a) [001] and (b)
[0-10] pole.
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Table 2.2: Indexing of TEM diffraction patterns (Figure 2.7) acquired in low index zone axis: lattice
spacings and angles yield a unique indexing.

dhkl  dhkl Equivalent planes {hkl} Enclosed Enclosed angle (hkl)
(expt) (Calc.) angle (expt) (Calc.)(®)
(hm)  (nm) ()
crystallite in the [001] pole
(h1k111) 0.212 0.21 (011), (0-11), (1-11), (101), (-101), (-111), A;=115.2 113.5 (0-1-1)
(0-1-1), (01-1), (-11-1), (-10-1), (10-1), (1-1-1)
(h2k212) 0.214 0.21 (011), (0-11), (1-11), (101), (-101), (-111), A=066.6 66.5 (1-1-1)
(0-1-1), (01-1), (-11-1), (-10-1), (10-1), (1-1-1)
(h2k313) 0.261 0.27 (-100), (0-10), (010), (100), (1-10), (-110) (100)
crystallite in the [0-10] pole
(h1 k111) 0.266 0.267 (-100), (0-10), (010), (100), (1-10), (-110) (1-10)
(h2k212) 0.259 0.267 (-100), (0-10), (010), (100), (1-10), (-110) A=59.8 60 (100)
(h2 k313) 0.266 0.267 (-100), (0-10), (010), (100), (1-10), (-110) A3=118.8 120 (010)

2.3.1.2  Diffraction contrast Imaging of MgB;

The diffraction contrast images are almost always formed close to two-beam condition. In a two
beam condition the sample is oriented in such a way that only the directed beam and one another
Bragg diffracted beam Gnq are strongly excited in the diffraction pattern. Under this condition
only the (hkl) lattice planes perpendicular to the g are in Bragg diffraction condition. The inter-
pretation of the images is then easier because only one set of lattice planes which is in Bragg dif-
fraction condition contributes to the image. Bright/dark-field images under different two beam
conditions together with their corresponding gna diffraction vectors (after correcting for rotation
of diffraction pattern with respect to image) enable to characterise the defects in the crystal.

The kinematical structure factors and extinction lengths [96] for a few low-index reflections
of MgB, were calculated using the empirical formula proposed by Doyle et al [101] and are given
in Table 9.10 of the appendix. MgB,, because of the light elements in it, has smaller kinematical
structure factors and longer extinction lengths, in comparison to materials containing heavy ele-
ments. Therefore, the diffraction contrast imaging of MgB, was carried out using the {011},
{002} and {110} reflections which have the shortest extinction lengths.

Diffraction contrast images were formed by using elastically scattered electrons using an en-
ergy slit aperture in combination with an in-column spectrometer to remove the inelastically
scattered electrons from the final image. The inelastic scattering increases the background intens-
ity thereby reducing the contrast in the diffraction contrast images specially in thicker regions of
the sample.

The acquisition conditions used for the diffraction contrast imaging of MgB, are summarised
in Table 9.5.

In this thesis, diffraction contrast imaging has been used to determine the size of MgB,
grains, size and density of precipitates and the density of dislocations in MgB, ceramics (chapter
5), wires and tapes (chapter 6). It has also been used to determine the grain size of precursor
boron powder (chapter 7) and the agglomerate size of SiC additives [102].

2.3.1.3 Dynamical theory of diffraction contrast

References to dynamical theories of diffraction contrast imaging are described in[97] [103] [98].
According to the dynamical theory of diffraction, the rate of change of amplitudes in the diffrac-
ted and direct beam with the respect to the thickness z of the sample is given by the coupled dif-
ferential equations of the first order:
( L) o 2T EEN
Eg K g(Z)

&
N =i &

dz\ ¢p(z) (L) AT ( 1) bolz)]
&g

QU
<
=
N
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where, &, and &, are the extinction lengths for the direct and diffracted beams respectively. 5 s
the excitation error defined as,

s=(k'—k)-g.
where, k' and k are incident and diffracted wavevectors and g s the diffraction vector.
Thus the rates of change of diffracted and direct beam amplitudes are each proportional to the
amplitudes of the diffracted and direct beam. These equations consider the diffraction of diffrac-
ted beam back to the direct beam as the beam travels through the sample. These equations are
called Howie-Whelan equations. On solving these equations, intensities in the diffracted and dir-
ect beams, under two beam conditions are given by

2 | e *[ sin’(rrt Ser)
‘ d)g‘ e 2
£, (T2 5e)
where ,
. . T Vc COS(OB)
&, = Extinciton length = ————;
g AF,

V .=Volume of unit cell ;

0 ;= Bragg angle ;

F ,=Kinetmatical structure factor of the material at angle 0 ;

| s"E+1 N
S = T = Effective excitation error
g
and
2 2
bl = 1=, [

The above equations explain the thickness fringes ( occurring due to periodicity with respect
to t) and bend contours (occurring due to variation of excitation error) in the sample. However,
they cannot explain the non-complementarities observed in TEM bright field and dark field im-
ages, because inelastic scattering and absorption of scattered electrons by objective aperture are
not considered. Both the above effects can be considered phenomenologically, by adding the
complex terms, /&y’ and /&, to the terms 1/&, and 1/, in the Howie-Whelan differential equa-
tions:

1 I 1 I —2mi(g+3)7
—+— —+—
g | \&E e, & b,(2)
dz| ¢, (z) A 1) i 1.1 bo(2)
& & g &,

After suitably transforming the the functions ¢ g ¢, and the unit of length, and by approx-

imating &' = &, the above Howie-Whelan equations can be written as,
(—d+2iw) (i—4) qbg(z))

A ¢ lz)| _
dz d)o(z) (i_A) (_A) ¢0(Z>

Here the anomalous absorption coefficient is defined as A=E,/€,' and the excitation error paramet-

er is defined as w=s-& g—cot B . The intensity of the diffracted and direct beam can then be
determined analytically,

|¢g|2:‘ —cos (B/2)sin(B/2)| e =] e

2

ol 2‘( cos’(B/2)e " +sin’(B/2) e XZ) eim/gf
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where,

_7T\j“ 1+w2+1Ti\f 1+w?

E, £,

An ideal TEM sample (uniformly thin and perfectly flat) from a defect free crystallite would
not show any variation in the intensity in its image. Real crystals however contain defects, e.g.
dislocations. They cause local displacement R (7) of the atoms from their positions in the
crystal with perfect translation symmetry. Such a displacement causes bending of the lattice
planes and therefore variation in local s values throughout the sample. This gives rise to variation
in the intensities in the image. The Howie-Whelan equations for such a distorted crystal, consider-
ing absorption due to inelastic scattering are written as,

1,1 ) ( 1,1 ) 2l
Al b (2)| _; 0 & & & | #.(2))
dz| ¢, (z) 11 e 1,1 by(z)
& &, & &

Similar to the ideal crystal, after suitably transforming the the functions ¢, , ¢, and the
units of length, the above Howie-Whelan equations can be written as,

i( ¢g<z>) _
“\ #al2) 4l 4

On comparing this equation with the corresponding equation for the defect crystal the effective
excitation parameter for the distorted crystal is defined as
W =w+Tg: dR
eff dz

In general the Howie-Whelan equations in distorted crystals cannot be solved analytically because

—A+2i

w+TT Zg’d—k)
dz

(150(2)

R .
of the term g-f;— , but can be solved numerically [104].
z

2.3.2 STEM-EDX chemical mapping of MgB,

The principles of STEM-EDX chemical mapping are described in [105][86], and are similar to
SEM-EDX chemical mapping described in section 2.1.1. A major advantage of STEM-EDX
chemical mapping over SEM-EDX chemical mapping is its improved lateral resolution because of
the smaller beam spread in thin TEM samples. Difficulties due to multiple scattering, as in ESI,
are not encountered for STEM-EDX chemical mapping. Difficulties of STEM-EDX chemical
mapping are the lower counts per pixel (particularly for light elements like B) and the carbon con-
tamination of the sample under the electron beam.

Acquisition conditions for the STEM-EDX elemental mapping of MgB: using Zeiss 200FE
(Libra) are given in Table 9.7. Application of the STEM-EDX elemental mapping to MgB, is giv-
en in chapter 3. Application of STEM-EDX chemical mapping to Bi-2223 is given by [89], [106].

2.3.3 EFTEM-ESI chemical mapping of MgB,

The principles of EFTEM-ESI elemental mapping are described in [107] and [98]. A schematic
diagram of an energy loss spectrum with a core-loss edge is given in Figure 2.9. In EFTEM it is
possible to form images using electrons of definite energy loss range. This is used to form EF-
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TEM-ESI elemental maps and are particularly suitable for the chemical mapping of light elements
like boron, carbon and oxygen.

An example of EFTEM-ESI elemental mapping using three-window-difference method is
shown in Figure 2.10. The TEM bright field image is formed by electrons with an energy loss in
the range of (0-20 eV). B-K; is a post-edge ESI image of boron obtained using the electrons with
an energy loss in the range (200-220 eV). Apart from this, two pre-edge ESI images, B-K, and B-
K,, are obtained using electrons in the energy loss range (150-170 e¢V) and (178-198 eV) respect-
ively. The intensities in B-K; and B-K, are fit to a power law, pixel by pixel, and interpolated to
calculate the B-Ks-background image due to the background signal in the energy range (200-220
eV). EFTEM-ESI elemental map of B is then obtained by subtracting the B-K;- background im-
age from the B-K3 image. EFTEM-ESI elemental maps of C and O are obtained in a similar man-
ner. A RGB(BCO) image is created by overlaying the B, C and O ESI elemental maps as de-
scribed in section 2.1.1.

Following difficulties are usually encountered during EFTEM- ESI chemical mapping.

(1) multiple scattering in thick samples, as a consequence inelastically scattered electrons can-
not be correctly associated to a single inelastic scattering process.

(i1) inaccuracies in background subtraction

(ii1) low signal for high energy core loss edges like Mg-K

(iv) low signal to background ratio for low energy core loss edges like B-K

(v) specimen drift during TEM analysis

The acquisition conditions for the EFTEM-ESI elemental mapping of B,C and O using Zeiss
912Q and Zeiss 200FE (Libra) are given in Table 9.8. The EFTEM-ESI images shown in Figure
2.10 were obtained from a MgB, tape at a magnification of 12.5 K using Zeiss 912Q. Mean pixel
intensity in the B elemental map of MgB, region, at a distance of about 200 nm from the from the
edge of the sample, is about 400 cts. The signal to background ratio is 0.15.

KAE)

.-/ e
AEy, AEy, Abyux

Pre-edge 1  Pre-edge 2 Post-edge

Figure 2.9: A schematic diagram of an energy loss spectrum with a core-loss edge
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B map 200 nm | EREEEE T . 200 nm
Figure 2.10: (a) TEM bright-field image, EFTEM-ESI images (b) B-K1, (c¢) B-K2, (d) B-K3, (e) B-K

elemental map and (f) RGB overlay of EFTEM-ESI elemental maps of B,C and O obtained using
Zeiss-912.

2.3.4 Transmission electron microscopes used

Two different TEMs, 912Q (here after referred as Zeiss-912) and LIBRA 200FE (here after re-
ferred as Zeiss-Libra) from ZEISS have been used. Photographs of the two TEMs are given in
Figure 2.11. A comparison of their specifications is given in Table 9.4.
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Figure 2.11: Photographs of the TEMs (a) Zeiss-912Q an (b) Zeiss-Libra

2.3.4.1 Zeiss-912Q (Zeiss-912)

The following description of Zeiss-912 TEM is mainly summarised from the operating manual of
Zeiss-912 [108]. A ray diagram of the Zeiss-912 in image mode (dashed lines) and diffraction
mode (continuous line) is shown in Figure 2.12. A detailed ray diagram of the spectrometer is
shown in Figure 2.13. Zeiss-912 has a LaB, thermionic emission gun and an accelerating voltage
of 120 kV. In TEM mode, the illuminating system consisting of three condenser lenses, condenser
aperture in the third condenser lens and objective pre field lens, illuminates the sample homogen-
eously and parallely using Kohler principle. The sample is located symmetrically between the ob-
jective prefield lens and the objective lens.

Objective lens, first projector lens system, omega energy spectrometer, and second projector
lens system constitute the imaging system. The first projector lens system achieves different mag-
nifications. In the image mode the first projective lens system images the first intermediate image
in the entrance image plane of the spectrometer and the back focal plane of the objective lens (dif-
fraction pattern) in the entrance crossover of the spectrometer. In diffraction mode the first pro-
jective lens system images the back focal plane of the objective lens in the entrance image plane
of the spectrometer and first intermediate image in the plane of the entrance crossover of the spec-
trometer.

The spectrometer generates in its exit image plane an achromatic 1:1 image of its entrance
image plane. At the same time it produces a spectrally dispersed image of entrance cross over in
the energy dispersive plane. A slit aperture of variable width is centred around the optic axis in
the energy dispersive plane. Electrons which have lost a definite range of energy in the sample are
selected by this aperture and used for further imaging.

In the image mode of the spectrometer, the second projector lens group images the exit image
plane onto the viewing screen to produce energy selected image or diffraction pattern. In spectrum
mode of the spectrometer, the second projective lens group images the energy dispersive plane on
the viewing screen to produce EELS spectrum.

A fluorescent screen is used to view, and a CCD camera (14 bit, 1kx1k ) is used to acquire
the BF/DF images, ESI images and EELS spectra using ESIVISION software.

A Si(Li) EDX detector (with an ultra thin window: ATW2) of the Oxford Instruments is used
to acquire EDX spectra using INCA software.

High vacuum (8 x 10® mbar) in the sample region was obtained using turbo molecular pump
and ion getter pump, after cooling the anti-contaminator (which acted as a cryo pump) to liquid
nitrogen temperature.
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Figure 2.12: Schematic diagram showing the imaging and illuminating ray diagrams of Zeiss-912 Q .
Conjugate planes for different operating modes are indicated on the right.
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Figure 2.13: Schematic diagram of the Omega in-column spectrometer.

2.3.4.2  Zeiss-Libra (Zeiss-Libra 200F: A SESAM II microscope)

Zeiss-Libra is SESAM II microscope equipped with a field emission gun operated at 200 kV. It is
also equipped with a high angle annular dark field (HAADF) detector and a STEM unit. The
SESAM (Subelectron Sub-Angstrom Microscope) is a joint effort of the University of Tuebingen
and Max Planck Institute for metal research, Stuttgart.

The illuminating lens system, Imaging lens system and the in-column spectrometer in Zeiss-
Libra are similar to those in Zeiss-912.

BF/DF images and ESI images and EELS spectra are acquired using Digital Micrograph soft-
ware of GATAN.
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An EDX detector from EDAX was used to acquire EDX spectra and STEM-EDX elemental
maps using EDAX-Genesis software.

Ultra high vacuum (1.74 x 10 mbar) in the field emission gun region was obtained using
turbo molecular pump and ion getter pumps, after cooling the anti-contaminator (which acted as a
cryo pump) to liquid nitrogen temperature. The vacuum around the sample region was poor (1.58
x 107 mbar) in comparison to Zeiss-912.

ESI and STEM-EDX elemental mapping of MgB, using Zeiss-Libra, and ESI and EDX spec-
troscopy of MgB, using Zeiss-912, described in chapter 3, enabled to assess the performance of
these two microscopes:

1. Using Zeiss-Libra ESI elmental maps of B,C and O could be acquired at magnification
>50 k, while the corresponding ESI imaging in Zeiss-912 was limited to magnification
upto 12.5 k. This is because of the high brightness of the field emission gun and lower in-
elastic scattering due to high accelerating voltage (200 kV) of electron gun in Zeiss-
Libra.

2. Zeiss-Libra which was equipped with STEM unit was useful for the STEM-EDX ele-
mental mapping of O, Si and Mg. Unfortunately the STEM-EDX detector could not de-
tect B-K4 x-rays. Zeiss-912 is not equipped with a STEM unit.

3. The EDX detector in Zeiss-912, was able to detect B-K, x-rays with a signal to back-
ground ratio of 19 and enabled quantitative TEM-EDX analysis of boron. Detector per-
formance was carefully monitored over time and no degradation by ice build-up was de-
tected.

4. In Zeiss-912 carbon contamination of the sample was less in comparison to Zeiss-Libra
because of the better vacuum in the specimen chamber of Zeiss-912.

2.3.5 TEM sample preparation

TEM sample preparation for MgB, ceramics, wires and tapes:

TEM samples from ceramics, tapes and wires were prepared using the conventional method. 3

mm x 3 mm piece of sample is cut using diamond wire saw or cutter. The sample is then mechan-

ically thinned to about 290 um thickness using SiC foils and further to about 25 um thickness us-

ing diamond foils of decreasing grain size (30 um to 1 pum). In the case of tapes, the metal
sheaths are polished out exposing the MgB, core from both sides.

Further thinning of the sample down to 100 nm thicknesses is achieved by ion etching, using
4 kV Ar' ions incident at an angle of 13° to the sample surface in a GATAN Duo Mill or Baltec
ion etching machine. Sample is rotated during ion etching to achieve radially symmetric ion thin-
ning. At the end of about 10 hours a hole is formed in the center of the sample. Wedge shaped re-
gions at the boundary of the hole are thin enough ( less than 100 nm thickness) to be electron
transparent and are used for transmission electron microscopy. Extremely thin samples are essen-
tial to avoid the effects of multiple in-elastic scattering during EELS and ESIL.

As an example, a detailed stepwise procedure followed during the preparation of multifila-
mentary tapes is given below. The tape consists of 14 MgB,/Fe filaments surrounding a copper
core embedded in Ni matrix (Figure 2.5(a)).

1. A hexagonal piece of 3 mm diameter is cut out from the tape and glued on a glass plate using
yellow wax. The thickness of the tape is about 680 um which is thinned from one side using
SiC foils untill the MgB: filaments are just exposed.

2. The sample is then glued on a glass stub (without overturning) using yellow wax and thinned
using a Tri-pod holder and diamond foils till about 4 MgB, filaments are exposed.

3. The sample is then overturned and glued to a glass plate using yellow wax. It is then thinned
till half of the copper core is polished away and the end thickness of the sample is about ~290
pum.

4. The sample and the silicon dummies are then glued on the star holder(without overturning) us-
ing white wax and thinned till the same MgB, filaments are exposed from the other side and
the end thickness of the sample is about 40 pm.
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5. An Aluminium ring of 2mm inner diameter is glued to the sample using M-bond and left un-
disturbed for about 4 hours till the M-bond hardens. After that sample (together with the star
holder) is kept in acetone for about 2 hours. The white wax between the holder and sample is
dissolved in acetone and the sample together with the Al ring is detached from the star holder.

6. This sample is then etched in the Duo ion mill for about 10 hours till a tiny hole is formed with
its boundary partially going across the Ni-MgB: interface (Figure 2.14(a)). The thin regions in
the MgB, as well as the MgB,-Ni interface can then be investigated in TEM.

TEM sample preparation for MgB, single crystals and powders of B, MgH, and SiC:

Conventional TEM samples cannot be prepared from the MgB, single crystals because of their

small size ~400 pm. TEM powder samples are therefore prepared by crushing about 4 clean

single crystals using a mortar in ethanol to produce suspension sub-micrometer sized crystallites.

A few drops of this suspension are transferred onto the holey carbon film supported by a copper

grid. After about 15 minutes the ethanol is evaporated while the MgB. crystallites remain attached

to the carbon film because of the Van der Waals forces. TEM samples of powders of MgB,, B,

MgH; and SiC can be prepared similarly.

The sample is inserted into the microscope and the positions of thin crystallites lying on the
holes in the carbon film(Figure 2.14(b)) are noted. Such crystallites were than used for electron
microscopy analysis. This method of sample preparation is rapid, but only a few thin crystallites
accidentally lying on the holes in the carbon film can be used for microscopy. Secondly the crys-
tallites showed the tendency of getting contaminated with carbon from the surrounding foil.

MgB2
crystallite

%ipley Cfilm _ tym
Figure 2.14: (a) SEM images of the TEM samples of MgB, 14-filament tape and (b) Overview TEM
bright-field image of the MgB; crystalllite on a holey-carbon film.
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3 Application of advanced electron
microscopy to MgB, [109]

3.1 Introduction

Electron microscopy and spectroscopy of MgB, wires and tapes is challenging because of the fol-
lowing reasons: i) carbon and oxygen contamination artefacts during sample preparation and un-
der the electron beam in microscope ii) low fluorescence yield of B-K, x-rays iii) B-K, and C-K,
x-ray peak overlap in EDX iv) preferential absorption of B-K, x-rays in the sample v) formation
of MgB: colonies and secondary phases (MgBa.x, MgB7.x, MgSi O,, and Mg,Si), yielding structur-
al granularity from pm to nm length scale.

Phase analysis is usually done by x-ray diffraction. In Bi(Pb)-2223 superconducting tapes, x-
ray phase analysis is of no relevance, because of the strong texture of the matrix and the minimum
detectable phase fraction is irrelevantly large. Similarly in the MgB,, x-ray phase analysis is not
able to detect B-rich secondary phases like MgB4 and MgB- due to poor diffracted signals be-
cause of the low x-ray atomic scattering factor of B. Also, the spatial distribution of chemical
phases cannot be studied using XRD. With rapid developments in the technology of EDX-detect-
ors, digital pulse processors and energy filters, electron beam techniques are able to detect light
elements with high signal to background ratio (see for example the TEM-EDX spectra in chapter
4). Chemical mapping techniques like EDX and ES| elemental mapping have become powerful
imaging tools in commercia electron microscopes. Therefore electron beam spectroscopy and
chemical mapping techniques are suitable for the quantitative chemical analysis of light elements
like B, C and O.

Chemical analysis from pm to nm length scales is essential to understand and improve the su-
perconducting properties of wires and tapes. STEM-EDX [89] [106] and ESI [110] chemical
mapping was applied to (Bi,Pb),Sr,Ca,Cu,0,, high-temperature superconducting tapes to study
the phase formation and microstructure of the final conductors. Unfortunately chemical mapping
techniques have not been extensively applied to superconductors, particularly MgB,. So far,
SEM-EDX elemental mapping by Pachla et al. [111], STEM-EDX elemental mapping by Hata et
al[112] and Yeoh et al. [113], and ESI chemical mapping by Eyidi et al. [8][114] and Sosiati et al.
[115] have been reported. Quantitative analysis of MgB, using EPMA and SEM-EDX is reported
in [9][116]. Recently Zhu et al. [117] reported Z-contrast and STEM EDX elemental mapping.
EELS analysis of MgB, has been reported in [118][119][120][121][122][123]. Qualitative TEM-
EDX analysis has been reported in [124][116]. A combined SEM, TEM analysis of MgB, wires
and tapes by chemical mapping and quantitative EDX has not been reported previously.

In this chapter the methodology of the advanced electron microscopy and spectroscopy ana-
lysis of MgB, is established by meeting the challenges mentioned above. By advanced electron
microscopy we mean a combined SEM and TEM analysis with contamination free sample prepar-
ation, chemical mapping with good counting statistics and advanced chemical quantification (Fig-
ure 3.1(a), [125]. The methodology was applied to in-situ and ex-situ wires and tapes prepared by
different processing techniques. The limitations and strengths (in terms of the spatial resolution
and accuracy) of the various electron microscopy methods for the microstructure analysis of
MgB, wires and tapes are discussed. The importance of electron microscopy methods in the un-
derstanding of the thermodynamics of phase formation in MgB; as well as in improving the syn-
thesis technology and the superconducting properties of MgB, wires and tapes is described.

Depending on the synthesis technology, J.'s of MgB, wires and tapes differ by orders of mag-
nitude [126]. To understand this large variation of J., the microstructure of a large number of

29
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MgB, wires and tapes was systematically studied [126][116][73][127], using the advanced elec-
tron microscopy methods and the following microstructure parameters were extracted: 1) MgB,
grain size, 2) oxygen mole fraction, 3) volume fraction of B-rich secondary phases and 4) colony
size. Using these microstructure parameters a J.-microstructure correlation model is established
which will be presented in chapter 8.

100 umE
Ig:lgBZ Wiresl E:lgBZ pnwdersl wm SEM-EDX
tapes ceramics STEM'EDX mapping
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SEM-EDX
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Error of the quantitative analysis

Figure 3.1: (a) Schematic diagram of strategy for the microstructure analysis of MgB, (b) Lateral
resolution and accuracy (in terms of error of the quantitative analysis) for different electron
microscopy methods.

3.2 Experimental

The MgB, wires and tapes were prepared by different variants of the powder in tube (PIT) tech-
nique. The deformation technique, precursor powders, annealing temperatures, superconducting
transition temperature (T.) , upper critical field (B.;) and critical current density (J.) of samples
1-6 are given in Table 3.1. Sample 1 and 2 are ex-situ monofilament wires prepared using a mix-
ture of MgB, and 1.5 mol. % SiC nano-particles. The deformation was carried out using hydro-
static extrusion (HE) for sample 1 and HE followed by two-axial rolling (TAR) for sample 2.
Sample 3 is an in-situ 4-filament wire prepared by RWIT (rectangular wire in tube) technique us-
ing a mixture of Mg+ 2B+ 11.3 mol % of SiC with a deformation process similar to that of sample
2 [127][79]. Sample 4 is a commercial, 14-filament, ex-situ MgB, tape produced over long length
scales [116]. Sample 5 is a monofilament tape prepared using a mechanically alloyed [73] mixture
of Mg +2B. It may be noted that annealing temperatures in the ex-situ wires are about 300 °C
higher than the in-situ wires (~ 650 °C). Sample 6 is prepared by hot isostatic pressing of a ball-
milled mixture of MgH,+ 2B+ 6 mol % of SiC.

The T. was determined by resistivity (p) versus temperature (T) measurements. The upper
critical field (B.,) was determined from the p(T) measurements carried out at different magnetic
fields. The J. were measured by transport measurements using the 1 uVem! criteria. These meas-
urements were carried out by partner institutes within the HIPERMAG project.

Sample preparation for electron microscopy is described in chapter 2. The names of the elec-
tron microscopes are given in Table 3.2 and are described in detail in chapter 2. Acquisition con-
ditions for the electron microscopy are given in detail in section (9.1) of the appendix. The acquis-
ition conditions were optimised to yield large B signal.
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Table 3.1: preparation technique, precursor powders, annealing temperature and time, T., B.> and J.
for samples 1-6.

#  Synthesis precurost powder Ann. Temp. / T. B., J. (Acm?)
technique time (XK) (T)

1 HE MgB; (aa) +1.5 mol.% SiC ~ 950°C/0.5h 39.1 145 1.29x10*(@42K &5T)

2  HE+TAR MgB; (aa) +1.5 mol.% SiC ~ 950°C/0.5h 387 160 58x10°(@4.2K&57)

3 RWIT Mg (aa) +2B (Geneva) + 650°C/0.5h 337 1.0x 10* (@42 K & 8.9 T)

11.3 mol.%SiC(aa)

4 14-filament MgB, (Lamia) 980 °C 36.5 2x10°(@20K & 1 T)

5 MA Mg (goodfellow)+2B (fluka)  600°C/3h  36.5 55x10° (@20 K &3 T)

6 HIP MgH+2B+6 mol% of SiC 1050 °C/2h

Notes: HE(Hydrostatic extrusion) [78]; TAR (Two axial rolling) [111]; RWIT(rectangular wire in tube) [79]
[127]; 14-filament (see reference [116]); MA (Mechanical Alloying) [73]; HIP (Hot isostatic pressing) ; aa (Al-
pha Aesar); abcr (ABCR GmbH)

Table 3.2: Intensity of the signal (s) and the relative statistical error (0) in the quantitative analysis of
MgB; using different electron microscopy methods.

Method Microscope description Signal name s 0 (%)
EPMA-WDX Jeol Superprobe 8900 RL B-Kq integrated x-ray cts. 25000 0.6
SEM-EDX Same as for SEM-EDX mapping B-K, integratedx-ray cts. 4820 1.4
TEM-EDX Zeiss 912 Q with Si(Li) EDX de-  B-K, integratedx-ray cts. ~ 5300 1.4

tector (Oxford), 120 kV
SEM-EDX map-  JEOL 6500F with field emission gun & Mg-K x-ray cts per pixel 600 4.1

ping Si(Li) EDX detector (Oxford)
STEM-EDX Zeiss Libra 200FE with Si(Li) EDX de- Mg-K x-ray cts per pixel 100 10.0
mapping tector (EDAX), 200 kV
EFTEM-ESI Same as for STEM-EDX mapping B-K edge intensity per 700 3.8

pixel

3.3 Results

Samples 1-3 have been used to study the spatial distribution of secondary phases formed by the
addition of SiC in MgB, wires using chemical mapping in SEM and TEM. Sample 6 is used to
determine the minimum detectable mole fraction of carbon in MgB, using SEM-EDX. Sample 4
is used as a standard sample to establish quantitative analysis of boron using EDX in SEM and
TEM (Chapter 4).

3.3.1 SEM EDX elemental mapping and quantitative phase
analysis

SE image acquired at 1000x magnification and the corresponding Si SEM-EDX elemental map of
the ex-situ sample (sample 1) are shown in Figure 3.2(a, b). While the SE image does not give in-
formation about the distribution of Si, the Si-EDX elemental map clearly shows the Si rich and Si
deficient regions. SE image of the Si rich region at 5000x magnification and the corresponding Si
SEM-EDX elemental map as well as the RGB (Mg-O-B) and RGB(Mg-Si-B) images are shown
in Figure 3.2(c-f). From these images three different chemical phases can be identified in the ex-
situ sample (sample 1):

1. Pure MgB; phase: It appears red in the RGB(Mg-O-B) image. It is dark in Si and O ele-
mental maps which indicates that it contains less Si and O. This phase exists in the form
of MgB: colonies; a colony is a dense arrangement of MgB, grains.

2. B-rich secondary phases: It appears blue in RGB(Mg-O-B) image and dark in Si and O
elemental maps.

3. O and Si containing MgB, matrix: It appears green in RGB (Mg-O-B) image and bright
in Si and O elemental maps.
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The volume fraction of the pure MgB, phase and B-rich secondary phase (determined using the
quantitative phase analysis described in (2.2.1) is summarised in Table 3.5.

SE image acquired at 1000x magnification and the corresponding Si SEM-EDX elemental
map of in-situ sample (sample 3) are shown in Figure 3.3(a-b). Unlike for the ex-situ wires 1-2 the
Si-EDX elemental maps did not show 100 pm sized Si-rich and Si-poor regions in the MgB, mat-
rix. The SE image acquired at 5000x magnification and the corresponding Si and C SEM-EDX
elemental maps, and the RGB(Mg-Si-B) image are shown in Figure 3.3(c-f). From these images
three different chemical phases can be identified in the in-situ sample (sample 3):

1. Mg,Si secondary phases: It appears yellow in the RGB(Mg-Si-B) image and bright in Si

elemental map. They exists in the form of submicrometer to 20 um long elongated grains
(SEM) along the length of the wire.

2. B-rich secondary phases: They appears blue in RGB(Mg-Si-B) image and the grain size

lies between submicrometer to about 3 pm.

3. MgB; matrix: It appears red in the RGB(Mg-Si-B) image. From the O EDX elemental

map not shown here, oxygen was found to be concentrated at the cracks and voids.
The volume fraction of the M@,Si and B-rich secondary phases in sample 3 is given in Table 3.6.

B2 1)

e [rar—

10pm 10pm
Figure 3.2: sample 1. (a) secondary electron image at 1000x magnification and corresponding (b) Si-
EDX elemental map . (c) secondary electron image at 5000x magnification and corresponding (d) Si-

EDX elemental map (e) RGB(Mg-O-B) image and (f) RGB (Mg-Si-B) image
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T10um ! £ :
Figure 3.3: sample3. (a) secondary electron image at 1000x magnification and corresponding (b) Si-
EDX elemental map. (c) secondary electron image at 5000x magnification and corresponding (d) Si-
EDX elemental map (e) C-EDX elemental map and (f) RGB(Mg-Si-B) image.

3.3.2 SEM EDX and EPMA-WDX quantification

A reliable, accurate and standard-based analysis of B by EPMA has been well established [9][10].
A crucial step in the EPMA analysis of B was to use the “area intensity measurement mode” [9].
In this mode, the WDX signal is measured at various positions across the B-K, peak and the total
WDX signal is used for the B quantification. This overcame the difficulties due to B-K, peak shift
and peak shape alterations and simultaneously improved the counting statistics in the B signal.

The EPMA analysis is however time consuming. Therefore, a standard-less, quick and reli-
able method of B-quantification using EDX in SEM has been established, for the analysis of
MgB, wires and tapes. The SEM-EDX detector efficiency was calibrated for B-K4 x-rays by the
manufacturer [128] using metallic boron as standard. Table 3.3 gives B, O and Mg mole fractions
obtained by SEM-EDX and EPMA-WDX measurements on ~ 5 um large MgB, colonies like
those in Figure 3.4(a). Due to the modified method of electron microscopy sample preparation
SEM-EDX spectra do not contain carbon contamination peak. SEM-EDX measurements carried
out on day 1 and after 5 months yield reproducible results which shows the reproducibility of the
EDX-detector system. Similar mole fractions were obtained by EPMA, which shows that the
SEM-EDX quantification is reliable.

A tilting series was done to show the effect of sample tilt with respect to (towards) the detect-
or. B-K; x-ray peaks of these spectra after normalisation at the Mg-K, peak are shown in Figure
3.4(c). The intensity of the B-K, x-ray peak increases with increasing sample tilt. The tilt could
not be incorporated in the quantitative analysis and the B/Mg mole fraction ratios increases with
increase in sample tilt. This can be explained by the preferential absorption of low-energy B-K, x-
rays in the specimen. In a tilted sample, the specimen surface is closer to the electron beam-speci-
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men interaction volume and greater number of B-K, x-rays are emitted out of the specimen

without being absorbed in the sample, yielding an anomalous increase in the calculated B-Mg

mole fraction ratio. For quantitative analysis the amount of sample tilt with respect to the plane

perpendicular to the ele
(a)

..... DetectO

& Energy (kV)
Figure 3.4: (a) Secondary electron image of sample 4, (b) schematic diagram showng x-ray path

length in sample for 0 and 30 degree sample tilt and (c) SEM-EDX spectra at different sample tilts
(towards the detector)

Table 3.3: Comparison of the SEM-EDX and EPMA-WDX quantification of the MgB; colonies in
sample 4. The tilting was done towards the EDX detector.

Bat% Oat% Mgat% B at.% /Mgat%
SEM-EDX measurements on day 1

Colony 1  65.21 1.14 33.64 1.94
Colony2  64.33 1.06 34.61 1.86
Colony 3  65.84 0.74 3343 1.97
Colony 4  66.8 0.69 32.51 2.05
mean 65.55 0.91 33.55 1.96
SEM-EDX measurements after 5 months
Colony 5  66.91 0.4 32.69 2.05
Colony 6  67.07 0.87 32.06 2.09
Colony 7 67.16 0.79 32.05 2.10
mean 67.05 0.69 32.27 2.08
EPMA-WDX measurements
Colony 8  65.87 0.79 33.34 1.98
Colony 9  66.70 0.56 32.75 2.04
Colony 10  66.56 0.15 33.29 2.00
Colony 11 67.49 0.16 32.34 2.09
Colony 12 66.32 0.49 33.19 2.00
mean 66.59 0.43 32.98 2.02
Effect of sample tilt on SEM-EDX quantification
Tilt 0° 67.16 0.79 32.05 2.10
Tilt 15° 71.45 0.75 27.8 2.57
Tilt 30° 74.58 0.53 24.89 3.00

SEM-EDX spectra acquired from three different places in sample 6 are shown in Figure 3.5
and the corresponding quantitative analysis is given in Table 3.4 which show that Si and C are
not distributed homogeneously in the sample. This is used to estimate the minimum detectable
mole fraction of carbon in MgB, for SEM-EDX. Spectrum 1 shows very small Si-K peak and as
expected SEM-EDX quantification gives only 0.3 at.% of Si. The C peak is hardly detectable, still
the quantification gives 4.2 at.% of C which is a systematic error. The FWHM (Full Width Half
Maximum) of the B-K, peak is about 68 eV (depending on the process time and the objective
aperture), while the energy difference between the B-K, and C-K, x-ray peaks is 93 eV. B-K, and
C-K, x-ray peak overlap is therefore unavoidable and in MgB, samples with trace amounts of C,
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some B-K, x-rays contribute to the C-K, peak, introducing a systematic error in the carbon quanti-
fication. The true C- mole fraction is determined by subtracting this systematic error in C-quanti-
fication. In this way, spectrum 3 contains 1.7 at.% of C and the C-K, peak is just detectable. This
then is the minimum detectable mole fraction of carbon in MgB, for our SEM-EDX analysis.
However, this systematic error is likely to depend on the acquisition parameters like process time
and the objective aperture. The relative C mole fraction in a MgB, sample with a non-homogen-
ous distribution of C are however accurate, as the systematic error is then automatically subtrac-

ted.
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Table 3.4: Sample 6; Quantitative analysis of the SEM-EDX spectra shown in Figure 3.5

Spectrum B at.% Cat% Oat.% Mgat.% Siat.% corrected C at.%

Spectrum 1~ 66.0 4.2 14.7 14.8 0.3 0.0
Spectrum 3 53.8 59 19.6 19.5 1.3 1.7
Spectrum4 41.7 133 197 17.6 7.7 9.1

The quantitative analysis (Table 3.5) of the chemical phases indicated in Figure 3.2 (c-f) of
sample 1 (ex-situ) was determined from the SEM-EDX spectra (Figure 3.6) acquired at these
phases. The MgB, matrix shows B/Mg mole fraction ratio smaller than 2 and contains about 5 at.
% of C, 15.6 at.% of oxygen and 1.7 at.% of Si. The pure MgB, phase in sample 1 has a B/Mg
mole fraction ratio of 2.1. and contains about 3 at.% of carbon and 3 at.% of oxygen. In B-rich
secondary phases the B/Mg mole fraction ratio is greater than 5 and contains less than 1 at.% of
carbon and about 2 at.% of O. Both the pure MgB, phase and the B-rich secondary phase contain
less less than 0.2 at.% of Si.

The EDX spectra from the Mg,Si (region 1 of Figure 3.3(f)), B-rich secondary phases (region
2 of Figure 3.3(f)) and the MgB, matrix region similar to region 3 of Figure 3.3(f) of sample 3 (in-
situ) are shown in Figure 3.7. The corresponding chemical quantification is given in Table 3.6.
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The MgB, matrix shows a higher B/Mg mole fraction ratio and smaller O mole fraction than in
sample 1. The carbon mole fraction (4 at.%) in the MgB, matrix is significantly higher than in the
B-rich secondary phase and Mg,S secondary phase. In B-rich secondary phases the B/Mg mole

fraction ratio is greater than 7. The Mg,S secondary phases have a Mg/Si mole fraction ratio of

2.2. B-K, peak is not present in the spectrum from Mg,Si
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Table 3.5: sample 1; Quantitative analysis of the SEM-EDX spectra shown in Figure 3.6

Phase B (at %) C (at %) O (at %) Mg (at %) Si (at %) Vol. fraction (%)
1-Pure MgB; (spec. 3) 63.45 3.14 3.08 30.16 0.17 2.6
2-B-rich sec. Phases (spec. 2) 81.46 0.87 2.13 15.35 0.19 1.6

3-0 & Si containing MgB, matrix (spec. 7)  49.3 4.93 15.63 28.45 1.69

Table 3.6: Sample 3; Quantitative analysis of the SEM-EDX spectra shown in Figure 3.7

Phase B at.% Cat.% O at.% Mg at.% Si at.% Vol. fraction (%)
1-Mg,Si (spec 1) 1593 214 181 547 2541 5.4
2-B-rich sec. Phase (spec 3) 84.91 153 293 9.69 0.95 3.7
MgB, 61.96 4.02 11.18 21.34 1.5

3.3.3 STEM-EDX elemental mapping

The idea for the preparation of the samples 1 and 2 was to introduce SiC in the MgB, grains as
pinning active defects, which would have the scale of the superconducting coherence length. Con-
ventional TEM was applied and the bright-field image (Figure 3.8(a)) was obtained. It shows
dense grains and by diffraction their lattice spacings were confirmed to correspond to MgB,.
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However, between the grains porous regions are identified, which appear brighter than the grains.
Similar to secondary electron images in the SEM these overview images contain no information
regarding the chemical composition and phase fractions.

Therefore, chemical mapping with high lateral resolution was done by EDX elemental map-
ping in the STEM. Figure 3.8(b-f) show STEM dark-field image and the corresponding Mg, O, Si
EDX elemental maps and RGB(Mg-O-Si) image of sample 2. The MgB, grains appear bright in

the Mg elemental map and red in the RGB (Mg-O-Si) image. The grain size of the MgB, varies

between 200 and 500nm. At the grain boundary Si rich and O-rich phases appear. They show a
bright contrast in the Si and O elemental maps and appear blue (Si) and green (O) in the RGB
(Mg-O-Si) overlay. The majority of these secondary phases are oxygen rich and not Si rich. Also
in pre-characterisation by x-ray diffraction, oxide phases were identified. The size of the Si rich
secondary phases is about 50 nm. The chemical composition of these phases was confirmed by
the EDX point spectra shown in Figure 3.9.

(H) RGB(Mg-0-Si)

Figure 3.8: Sample 2. (a) Overview TEM-bright-field image. (b) STEM dark-field image, (c-f) Mg, O,
Si EDX elemental maps and RGB(Mg-0-Si) image.
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3.3.4 EFTEM-ESI elemental mapping

Since the EDX detector used in the STEM (Zeiss-Libra) was not able to fully detect B, it re-
mained open whether the grain boundary phases in sample 2 contained B. For analysing these
phases, ESI elemental maps for B, C and O were acquired by “three-window ratio” technique and
RGB(B-C-0) images were generated. A TEM bright-field image, corresponding elemental maps
and RGB(B-C-0) image are shown in Figure 3.11. It shows the large amount of oxygen rich sec-
ondary phases. From the B elemental map it becomes evident that the grain boundary phases con-
tain no or only a small fraction of B.

TEM bright-field image and the corresponding RGB(B-C-O) and RGB(B-Si-O) images of
sample 3, acquired by “three-window power law difference technique” in Zeiss-912 are shown in
Figure 3.12(a-c). The RGB(B-C-O) image shows B-rich secondary phase of size 200-300 nm.
RGB(B-Si-0) image shows M@,Si secondary phase of size 200-300 nm.

TEM dark-field images, corresponding to the bright field image in Figure 3.12(a) are shown
in Figure 3.12(d and f) at two different diffraction conditions. A dark field image of the area
marked in Figure 3.12(d) at higher magnification is shown in Figure 3.12(e). They show 20-50 nm
large MgB; grains surrounding the B-rich and Mg,Si secondary phases. The ring in the diffraction

pattern shown in the inset was indexed to be due to MgB,. Figure 3.12(f) shows a crystalline
Mg,Si secondary phase with grain size of about 400 nm. The spots in the diffraction pattern

shown in the inset were indexed to be due to M@,Si. The chemical composition of these phases
was further confirmed by the EDX point spectra shown in Figure 3.10.
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200 nm

Figure 3.11: Sample 2; (a) Bright-field image, (b) ESI image with an energy loss of 23 eV, (c-e) ESI
elemetal maps of B, C and O obtained by three-window ratio technique and (f) RGB (B-C-O) image.
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RGB(B-Si-0) o~
o

Figure 3.12: Sample 3. (a) TEM bright-field image containing Mg2Si grain (marked as 1) and B-rich
secondary phases (marked as 2 and 3), (b-c) the corresponding RGB(B-C-O) and RGB(B-Si-O)
images acquired by three-window power law difference technique, (d and f) corresponding TEM dark-
field images at two different diffraction conditions. (e) TEM dark field image of the region marked in
(d) at higher magnification. The diffraction pattern corresponding to (d) and (e) is shown as inset in
(e) and diffraction pattern corresponding to (f) is shown as inset in (f).

34 Discussion

3.4.1 Thermodynamics of the phase formation in MgB, system

It is well known that understanding and controlling the thermodynamics of phase and microstruc-
ture formation is the key for the technology of superconducting materials. The microstructure of
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superconducting materials appropriate for applications has to fulfil various requirements, e.g. high
density, small grain size, small fraction of secondary phases and distribution of pinning relevant
crystal defects. The used precursors [73] and the thermodynamics govern the microstructure evol-
ution.

In MgB, the two constituents have very different thermodynamic properties, i.e. melting

points, diffusion properties etc. Mg melts at 922 K, and B at 2600 K [129] at 1 bar of pressure.
The Mg-B phase diagram and the reaction to MgB, today is still far from being well understood

[4] [5] [7] and not accurate and specific enough for being used for superconducting materials re-
search. MgB, is known to be a line compound [82] and slight variations in stoichiometry yield

secondary phases.

The phase diagram of the Mg-Si system is given in [13]. In the Mg rich section (Mg-1.16 at.
% Si) the eutectic temperature is at 637.8 °C, i.e. slightly below the melting point of Mg (650 °C).

The chemical phases found in the ex-situ and in-situ MgB, samples discussed in this chapter
are summarised in Table 3.7. These phases were identified in this work and in our recent papers
dealing with these samples [116][73][126][127].

In the ex-situ wires and tapes, O free MgB, colonies (a colony is a 3-10 um large dense ar-
rangement of MgB, grains) are embedded in a granular matrix of porous MgB, grains (or small
MgB; colonies) surrounded by oxide layers (Figure 3.2(e) and Figure 3.8(f)). This is found to be a
universal feature of all ex-situ MgB, samples [116] [126]. In addition small (< 2%) volume frac-
tion of B-rich secondary phases with a composition of MgBa:s or MgB7:5 were also observed (Fig-
ure 3.2(e) and Table 3.5). It is not clear at present why these two distinctly different microstruc-
tural features (colonies and granular matrix) within one sample are formed and what the reason of
the formation of the porous matrix really is? However various oxidation mechanisms like surface
oxidation [130] [131] and internal oxidation [114] have been reported in the literature.

In the ex-situ samples with SiC additives, additional 50 nm sized MgSi.O, phases are found
at the MgB, grain boundaries (Figure 3.8)probably formed by the reaction of SiC with the oxide
layers around the MgB; grains.

In the in-situ samples significant volume fraction (up to 6 % [126]) of B-rich secondary
phases is found in the MgB, matrix. As reported in section 3.3.2, the B/ Mg mole fraction ratio in
the B-rich secondary phases in the in-situ sample, sample 3, is higher than the B-rich secondary
phases in the ex-situ sample, sample 1. The oxygen in the matrix of in-situ samples is concen-
trated at the voids or cracks, probably arising from the oxidation of unreacted Mg on contact with
air. These features indicate incomplete formation of MgB, phase in the in-situ samples like
sample 3. The size and volume fraction of B-rich secondary phases in in-situ samples is found to
decrease with increasing annealing temperature [73].

In the in-situ samples with SiC additives, a M@,S secondary phase is formed (Figure 3.3 and
Figure 3.12) before the diffusion of Mg into the boron grains to form MgB,, because the melting
point of Mg-1.16 at.% Si is lower than the melting point of Mg. Such a mechanism of Mg@,S

phase formation accompanied by release of free carbon has been recently proposed to explain the
substitution of carbon in the MgB, lattice in SiC [56] added MgB, samples.
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Table 3.7: Chemical phases identified by advanced electron microscopy techniques in ex-situ and in-
situ MgB; wires and tapes.

Ex-situ MgB, (sample 4) Ex-situ MgB, with SiC In-situ MgB, (sample 5) In-situ MgB, with SiC

(samples 1, 2) (sample 3)
MgB, matrix MgB, matrix MgB, matrix MgB, matrix
B-rich secondary phases ~ B-rich secondary phases ~ B-rich secondary phases ~ B-rich secondary phases
(M@Ba:5 or MgB7:5) (MgB45 or MgB7-5) (MgB7:5) (MgB7:5)
Pure MgB: colonies Pure MgB: colonies
Oxide layers in matrix ~ Oxide and MgSi,Oy layers Oxide layers in matrix Oxide layers in matrix
in matrix

Mg@,Si secondary phase

3.4.2 Relevance and application of the advanced electron beam
methods for MgB, analysis

The difficulties in the microstructure analysis of MgB, superconductors were listed in the intro-
duction and the advanced electron microscopy methods were essential to overcome these diffi-
culties. Advanced electron microscopy involves a combined SEM and TEM analysis with con-
tamination free sample preparation, chemical mapping with good counting statistics and advanced
chemical quantification. A schematic diagram of the steps involved in the microstructure analysis
of MgB, wires and tapes is shown in Figure 3.1(a).

Carbon contamination is a common artefact introduced mainly during sample preparation. It
causes serious problems for the boron EDX analysis in MgB, samples because of the B and C
peak overlap and for C analysis in SiC added MgB, wires and tapes. The problem of C contamin-
ation was significantly minimized by avoiding the use of organic resin during SEM sample pre-
paration as described in section 2.1.

Because of its high reactivity, any unreacted Mg in MgB, wires and tapes is rapidly oxidised
on contact with air. To minimise these oxidation artefacts, electron microscopy samples were im-
mediately transferred to electron microscopes after the ion etching by Ar ions.

MgB, wires and tapes with small (<Imm) MgB; filaments surrounded by metallic sheath did
not yield charging during sample analysis. Therefore conducting coating which would have resul-
ted in significant absorption of B-K, x-rays was not required.

Structural granularity in MgB, arises not only from the cracks and voids, but also due to
formation of colonies and secondary phases. Chemical mapping techniques are essential to study
these phenomena related to thermodynamics.

The lateral resolution and the accuracy (in terms of the error in the quantitative analysis) of
the different electron microscopy techniques is given in Figure 3.1(b). The accuracy in the quant-
itative analysis is based on the statistical error in the MgB, analysis (Table 3.2). It is seen from
Figure 3.1(b) that an accurate chemical analysis of MgB, wires and tapes on different length
scales is not possible with a single electron microscopy technique and therefore a combination of
€electron microscopy techniques is essential.

The SEM-EDX elemental maps allow to study the chemical phases on the scale of 100 to 1
um (The spatial resolution of the SEM-EDX elemental maps is about 1 pm). Since a significant
cross-section of the MgB, filament is covered by such an analysis, volume fraction of the different
chemical phases can be estimated, which is representative of the entire MgB. filament. SEM-EDX
elemental maps, especially those of B are noisy because of the low x-ray counts per pixel. On an
average about 20 B-K, and 600 Mg-K, x-ray counts per pixel are obtained for an acquisition time
of about 1000 s, which corresponds to a statistical error of 22.5 and 4 % respectively. Neverthe-
less, it is seen from Figure 3.2 and Figure 3.3 that SEM-EDX elemental maps are suitable for the
qualitative analysis of the spatial distribution of various secondary phases.
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SEM-EDX point spectra have to be acquired for the precise chemical analysis of the different
chemical phases identified by SEM-EDX elemental mapping. For a acquisition time of 2 minutes
about 5000 B-K, x-ray counts are obtained which corresponds to a statistical error of only 1.4 %.
The quantitative analysis is carried out using an XPP [132] matrix correction approach based on
the phi-rho-z method [88], and is particularly suitable for the analysis of light elements. The MgB,
matrix as well as the Mg,Si and B-rich secondary phases listed in Table 3.7 were investigated by

SEM-EDX analysis.

SEM- EDX analysis is however not suitable for the quantitative analysis of chemical phases
smaller than about 2 micrometer because of its limited spatial resolution. For example SEM-EDX
cannot be used to identify the sub-micrometer sized oxide phases in the MgB, matrix of ex-situ
wires and tapes described in section 3.1.

EDX analysis in TEM is required for the analysis of MgB, wires and tapes on the nm scale.
Since the TEM samples are less than 100 nm thick, the beam spreading in the samples is small.
The spatial resolution of STEM-EDX spectroscopy and elemental mapping is therefore drastically
improved in comparison to SEM-EDX [86]. From the STEM-EDX elemental maps in Figure 3.8,
it was possible to identify the Si and O rich secondary phases at the MgB, grain boundaries. The
counting statistics in the STEM-EDX elemental maps is however poor in comparison to SEM-
EDX elemental maps. For an acquisition time of 14 minutes, which is comparable to the acquisi-
tion time of SEM-EDX elemental map, only 100 Mg x-ray counts per pixel (CPP) are obtained,
which corresponds to a statistical error of 10 %. The CPP would be an order of magnitude lower
for the TEM-EDX elemental maps of light elements like B, C and O and in our case the STEM-
EDX detector could not detect the B-K, x-rays.

For light elements, it was advantageous to acquire ESI elemental maps (Figure 3.11) which
require very short acquisition times (2 s for B and C, and 3.2 s for O). For Mg, ESI elemental
mapping using Mg-K, edge usually yields a poor signal, while use of Mg-L23 edge (52 eV) leads
to artefacts due to overlap with multiple inelastic plasmon (19 eV) scattering. The noise in the ele-
mental maps of B, C, O obtained by “three-window difference” difference technique arose mainly
because the maximum CPP in the ESI images acquired with CCD camera was limited to about
10000. After the background subtraction, a significantly lowered count rate of about 1000 CPP is
obtained in the B elemental map at a distance of about 200 nm from the edge of the sample which
corresponds to a statistical error of only 3.8 %. However, the background subtraction in ESI ele-
mental maps introduces significant additional systematic error. ESI elemental mapping is restric-
ted to thin regions of the sample because of the effects of multiple scattering. Therefore a combin-
ation of these complementary techniques -STEM-EDX for Mg elemental mapping and ESI for B,
C and O elemental mapping- is essential for a reliable analysis of MgB, superconductors.

The effects of multiple inelastic scattering can be minimised by using higher accelerating
voltage, and the signal can be enhanced by using TEM, equipped with field emission gun which
has high brightness. Zeiss-Libra TEM which is equipped with a 200 kV field emission gun, was
able to obtain ESI images of magnification greater than 50k (Figure 3.11), while magnification in
the ESI images acquired by Zeiss-912 were limited to 12.5 k (Figure 3.12).

3.4.3 Importance of advanced electron beam techniques for the
improvement of synthesis technology

Generally, the following synthesis parameters are systematically varied to enhance the J. of MgB,
wires and tapes.
1. Precursor powders (including additives like SiC, carbon nano-tubes, nano-carbon, nano
diamond, etc.) of different quality, grain size, and stoichiometry
2. Thermodynamic parameters like annealing temperature, annealing time and cooling con-
ditions
3. Deformation techniques like rolling, swaging, drawing, extrusion
4. Sheath material like Fe, Nb, Ti.
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5. Conductor designs like 14-filament configuration, 4-filament configuration etc. with pro-
visions for thermal stability [116].

In the process, a large number of samples have to be prepared and investigated for supercon-
ducting properties and microstructure. Many of the microstructure features relevant for the syn-
thesis technology are on the micrometer scale and can be efficiently studied by SEM analysis
which includes SE imaging, EDX elemental mapping and EDX spectroscopy. Additionally SEM
analysis is less demanding in terms of efforts and time and thus suitable for the analysis large
number of samples.

The chemical phases in ex-situ sample 1 and in-situ sample 3, identified from the SEM-EDX
elemental maps and SEM-EDX spectra in section 3.1 and 3.2 are summarised in Table 3.7 In the
ex-situ samples (sample 1) Si rich phase is found to be inhomogenously distributed on the scale of
100 micrometer. In in-situ sample (sample 3) Mg,S secondary phases with a size upto 20 um are

found with an volume fraction of 5.4%. Such an information of the spatial distribution of chemic-
al phases gives hints about the ways to optimise the synthesis parameters like annealing temperat-
ure, annealing time, precursor powder quality etc.

3.4.4 Importance of advanced electron beam techniques for the
understanding and improvement of superconducting properties

The superconducting properties of MgB, wires and tapes are influenced by i) Structural granular-
ity from micrometer to nanometer length scale caused by cracks, voids and secondary phases, ii)
carbon doping and iii) flux pinning crystal defects. These microstructure features can be uniquely
studied using the advanced electron microscopy techniques described in section 3.4.2, which is
essential to understand and improve the superconducting properties of MgB, wires and tapes. A J;
-microstructure correlation model is established to explain the large variation of J. of MgB, wires
and tapes, which will be presented in chapter 8.

The importance of SEM analysis on the micrometer scale, in understanding the technological
aspects of MgB, wires an tapes was discussed in the previous section. These microstructure fea-
tures in turn influence its superconducting properties. For example, the elemental maps (Figure
3.2) and SEM-EDX spectra (Figure 3.6) of sample 1 ( ex-situ sample) show pure MgB, colonies
embedded in a granular MgB, matrix rich in O. Increasing the volume fraction of MgB; colonies,
which are dense, pure and constitute a well formed MgB, phase, would increase the J. of ex-situ
wires like sample 1. In-situ sample (sample 3) shows a significant (3.7 %) volume fraction of B-
rich secondary phases (Figure 3.3). J. in a in-situ wire like sample 3 can be improved by reducing
the phase fraction of B-rich secondary phases, leading to complete formation of well connected
MgB; phase. The J. of in-situ samples with SiC can also be improved by dispersing the Mg,Si

phase (Figure 3.3) in the form of nano-inclusions to act as pinning centres [124].

The lack of correlation between Si and C SEM-EDX elemental maps (Figure 3.3) and SEM-
EDX spectra (Figure 3.7) of sample 3 (in-situ wire with SiC additives) indicates that almost the
whole of Si is consumed by Mg,S secondary phases, while the C is homogenously distributed in
the MgB, lattice. The decrease in T. of sample 3 because of the possible C doping[133] [56] is
thus understandable. However, a clear evidence for the co-substitution of Si (together with C) into
the MgB, lattice was not found. Co-substitution of Si was proposed by Dou et al. [124] to explain
the reduced effect of SiC doping on T. suppression. Carbon doping is known to enhance the B,
of MgB, [63] [134], which in turn can enhance the J..

Microstructure features on the scale of coherence length of MgB, (~10 nm) can be studied
using TEM. These features have a direct influence on the superconducting properties of MgB..
For example the 50 nm wide non superconducting MgSiO, phases at MgB, grain boundaries in
sample 2, identified in the STEM-EDX elemental maps and ESI maps in section 3.4, yield poor
connectivity between grains which limits the J. of this sample. Crystal defects like grain boundar-
ies, dislocations and precipitates, can be determined from the diffraction contrast imaging in
TEM. For example, the TEM dark field images show MgB, grains with a size of 50-250 nm in
sample 2 (Figure 3.8.) and 20-50 nm in sample 3 (Figure 3.12(e)) These crystal defects have been
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reported to enhance the J. of MgB, wires and tapes, due to enhanced pinning [116],[73],[126]
[124].

3.5 Summary and conclusions

Methodology of quantitative microstructure analysis of MgB, wires and tapes is described which
is essential to understand and improve their superconducting properties. Quantitative microstruc-
ture analysis of MgB: is challenging because of the boron analysis, carbon and oxygen contamin-
ation, and structural granularity from the um to nm scale arising not only from porosity but also
from the formation of large number of secondary phases. These difficulties have been overcome
by using advanced electron microscopy which involves, combined SEM and TEM analysis with
artefact free sample preparation, chemical mapping and advanced chemical quantification. Chem-
ica maps were obtained by using SEM-EDX, TEM-EDX or ES| in EFTEM. Considering the low
fluorescence yield of B-K, x-rays, SEM-EDX acquisition conditions were optimised to obtain
maximum B-K, x-ray counts. The absorption of B-K, x-rays in the specimen during TEM-EDX
was corrected using a parameterless method to be described in chapter 4.

The methodology was applied to in-situ and ex-situ MgB, wires with and without SiC addit-
ives. Ex-situ wires show oxygen-free MgB, colonies (a colony is a dense arrangement of several
MgB, grains) embedded in a porous and oxygen-rich matrix. In comparison, in-situ wires are gen-
erally more dense, but show inhibited MgB, phase formation with significantly higher fraction of
B-rich secondary phases. SiC added MgB, wires contained additional secondary phases. In the
ex-situ wires Si was found to be in-homogeneously distributed in the granular matrix from the 100
pm and 1 pm scale. On the nanometer scale Si and O were found in the 50 nm layers along the
MgB, grain boundaries. In the in-situ wires most of the Si was found in the form of Mg,S sec-
ondary phases while carbon was homogeneously distributed in the MgB, matrix, which suggests
the substitution of C into the MgB: lattice.

Such an advanced electron microscopy and spectroscopy analysis is helpful in understanding
the thermodynamics of the phase formation in MgB; and helps in improving the synthesis techno-
logy by optimising the synthesis parameters like annealing temperature, annealing time and the
precursor powder. The advanced electron microscopy techniques have been used to extract the
following microstructure parameters like MgB, grain size, oxygen mole fraction, volume fraction

of B-rich secondary phases and colony size which are essential in establishing a correlation
between the microstructure and superconducting properties like T., B> and J. (see chapter 8). In
summary, it was demonstrated in this chapter that, conventional secondary electron imaging and
diffraction contrast imaging alone are by far not sufficient and advanced electron microscopy and
spectroscopy methods are essential for the analysis of superconducting MgB, wires and tapes.
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4 Quantitative TEM-EDX analysis of Boron

4.1 Introduction

Superconducting materials like MgB,, YBCO [135], Bi-2223, contain light elements like B, C, O.
Quantitative analysis of light elements is therefore essential to understand and improve the micro-
structure and superconducting properties (T, Bc,, J.) of these materials.

TEM-EDX has a good lateral resolution, comparable to the size of the electron beam (about
10 nm) and unlike EELS, is relatively straightforward to use. TEM-EDX analysis in combination
with other imaging techniques like diffraction contrast imaging, STEM-EDX mapping and ESI
mapping turns out to be very useful for the microstructure analysis of materials like MgB, which
contain light elements and many secondary phases.

Quantitative TEM-EDX analysis is challenging mainly because of the preferential absorption
of light element x-rays in the TEM sample. In this chapter various methods of absorption correc-
tion are briefly summarised and then applied for the quantitative TEM-EDX analysis of B in
MgB2

4.2  Principles of Quantitative analysis using TEM-EDX

4.2.1 Cliff-Lorimer ratio technique

For TEM-EDX, absorption and fluorescence effects can be neglected in many cases and the
quantitative analysis is usually carried out using the Cliff-Lorimer equation (chapter 35 of [96])

where, C4 and Cg are the wt. fractions of elements A and B, and I, and Iy are the measured char-
acteristic x-ray intensities of elements A and B. ka5 is the Cliff-Lorimer factor.

The Cliff-Lorimer factor ka is related to the atomic number correction factor Z of the x-ray
microanalysis of bulk samples (see section 2.2.2 and p. 610 of [96]). kas can be calculated theor-
etically using,

_ Opw gage

ko, ==t BlBA (42),
where, Q is the ionisation cross section, W is the fluorescence yield of characteristic x-rays, a is
the relative probability for the K, transition and € is the EDX detector efficiency for characteristic
x-rays of elements A and B written as subscripts A and B in each case. The ionisation cross sec-
tions and the detector efficiencies cannot be determined accurately. As a result calculated values
of kap can have inaccuracies up-to 20% relative [96]. Accurate values of Cliff-Lorimer factors are
therefore determined experimentally by measuring (I4/Is) of a standard sample for which (Ca/Cg)
is known.

During TEM-EDX analysis of light elements significant preferential absorption of light ele-
ment x-rays occurs, which needs to be corrected. The Cliff-Lorimer equation suitable for light ele-
ment analysis is,

where I and Iy are absorption corrected x-ray intensities.

47
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In principle Iy can be calculated from 1. Consider the schematic diagram (Figure 4.1) of the
sample — EDX detector geometry in the TEM. Sample of thickness t is tilted by angle a with re-
spect to the normal to the optic axis and the detector take-off angle is . The x-rays are emitted
throughout along the electron beam path of length z in the sample, some of which are collected by
the EDX detector. The following relation holds,

I eXP(—(Z pep)t fdt 1—6XP(—(ZPCilJi)ff)
1,=1,= " =1, — .. (4.4),
4 (Z peu)tf

1
where C; is the wt. fraction of element i, p is the density of the sample, | is the mass absorption
coefficient in cm?g™! of element i for x-rays from element A, t is the specimen thickness in cm, and

f= 1/sin(0+p) is the geometry factor which on multiplying with t yields x-ray path length in the
sample. Igy can be calculated similarly and equation 4.3 can be written as
Cayp L
—Ny-p
Cy Iy

where, Absorption correction factor (ACF) is given by,

(Xpcu) tf [1=exp(~(X pe,u) t f)
ACF=— — ' y
(2peu)tfl1=exp(=(2 pen) 't f)]

1

In practice the calculation of ACF as described above is inaccurate because t cannot be de-
termined accurately and values of [; reported in the literature, specially of light elements, might be
inaccurate [136]. Therefore parameterless methods of absorption correction have been proposed
which do not require the explicit knowledge of t and i, and are described in the next sections.

Figure 4.1: Schematic diagram
of the sample-EDX detector
geometry during a TEM- EDX

Electron R
expertment.

beam

Electron
beam

4.2.2 Parameterless methods of x ray absorption correction in
TEM samples

4.2.2.1 Horita et al's method:

A parameterless method was given by Horita et al. [137] by using the approximation that all the x-
rays are generated at one-half of the sample thickness, which yields the following simplified rela-
tion between the measured x-ray intensity ratio (I./Ig) and absorption corrected x-ray intensity ra-
tio (IA()/IB())l

I, 1y

2= ]A exp _[(chiui>A_(Z pCilli)B]ff ...... (4.7).
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Taking the logarithms on both sides of the above relation gives,

log£:10gﬁ +(constant) t ......(4.8).
Iy BO
The thickness t in the above equation can be replaced by the intensity (Iz) of one of the high en-
ergy x-rays emitted by the sample, which is proportional to t.

About 10 different EDX measurements are made either at areas of different thickness or, at
the same area but with different sample tilt. The absorption corrected x-ray intensity ratio 14¢/Igo is
obtained by plotting log 14/Is versus I, and extrapolating the graph to Ix = 0. No explicit thickness
measurement is required. However it is essential that the specimen is homogenous and the beam
current remains constant during about 10 EDX measurement that are required to draw log 14/Is
versus Ik plots.

4.2.2.2 Eibl's method:

Another parameterless method was given by Eibl [138][136][139]. A transmission coefficient was
defined as the ratio of the intensity measured with absorption switched on divided by intensity
measured with absorption switched off:

A
[ . I—exp(=(2 pe,u) t f)
T (1)=-2= intensity with absorption on _ - (49)
4 1 ,, intensity withabsorptionoff (ZpC‘U‘)Atf ...(4.9).

1

In a distance defined as x-ray absorption length (XAL):

the characteristic x-ray intensity of element A is reduced by a factor of 1/e. A small XAL means
more x-ray absorption in the sample.
When written in units of XAL, the magnitude of the x-ray path length in the sample is given

by,
d=t (X peu) . (411),

and the transmission coefficient function becomes

As pointed out by Eibl [138], this change of unit enables a material independent understanding of
the x-ray absorption.

Experimental procedure for acquiring TEM-EDX spectra is similar to that in Horita's meth-
od. Two EDX measurements with x-ray path lengths d, and d, are made either at areas of different
thickness or at the same area but with different sample tilt.

The transmission coefficients for the x-ray path lengths (d») and (d;) cannot be determined
experimentally because the x-ray intensity with no absorption (I), cannot be determined experi-
mentally. But, if there exist a high energy x-ray of intensity (Ir ), which is negligibly absorbed in

the sample, then [ ,,oc/ , , and the ratio between the transmission coefficients for x-ray path

lengths (d,) and (d;) can be determined from the measured x-ray intensities for the x-ray path
lengths d, and d, respectively. Therefore,

T(dz) _(IAZ)/(IA()Z)_ (1142)/(110)
T(d)|ew (L)L) (L)IIg) (4.13),

is determined experimentally. This is the most important idea of the Eibl's method.
Additional experimental information is used to express d, in terms of d,,

d,=K d,.....(4.14).
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In the case of EDX spectra acquired at different sample tilts, the geometrical relationship between
the d, and d, is used to determine K. In the case of EDX spectra acquired at different thicknesses,
relative thicknesses obtained by acquiring zero-loss EELS spectra are used to determine K In case
a constant-current electron beam is available, no additional experiment is required and the intens-
ity Ig, itself can be used to determine K.

From equation 4.12 and 4.14 we get

T(d l—exp(—Kd
dy)| _1 1-exp(=Kd) (4.15)
T(d)| K 1—exp(—d,)
By equating equation 4.13 and 4.15 one gets
il_exp(_Kdl):(]Az)/(IRZ) ...... (4.16),

K 1—exp(=d,) (1,)/(Ig)
which can be solved numerically to obtain d,. d, is then obtained from equation 4.14. Transmis-
sion coeffiecients and absorption corrected x-ray intensities are then obtained using equations
4.12 and 4.9.
Eibl's method has the following advantages in comparison to Horita et al's. Method.
(i) Eibl's method uses an accurate expression (equation 4.12) for transmission coefficient.
Horita et al. on the hand assume that all the x-rays produced at the middle of the speci-
men which is equivalent to using the following approximation for transmission coeftfi-

cient,
l1—exp(—d
% ~ exp(=d/2).....(4.17).
(i) Eibl's method unlike Horita et al's method does not require constant electron beam cur-
rent.

(iii) Eibl's method, unlike that of Horita et al's does not require background subtraction as the
background is cancelled out in the ratio of (Is/Ir)i and (Is/Ir)..

4.2.3 Zeta factor method

In the Eibl's and Horita et al's method , the quantitative analysis, after absorption correction is car-
ried out using Cliff-Lorimer equation (equation 4.3). Recently a new zeta-factor method [140],
with an in-built absorption correction, has been proposed. Explicit measurement of sample thick-
ness is not required.

In a thin film sample, the characteristic x-ray intensity, I can be assumed to be proportional
to mass-thickness (pt), wt. Fraction of element A (C,) and the electron dose (D.). Therefore one
can write,

I,
1=C,——...... 4.18),
pt=q, C.D (4.18)
where, {4 is the proportional factor and is called zeta factor for characteristic x-rays of element A.
Similarly,

e

IB
=Cp e 4.19).

From equations 4.18 and 4.19 and assuming binary system where C, + Cs =1, one gets

2 T,

pt:j:A’B ; CA:CA—IA" CB:§B—]B ......
D, > ¢, 2. G,

j=A,B Jj=A4,B

e

which are taken to be initial values.
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The absorption correction is integrated as per equation 4.4, by using the mass absorption
coefficients from the literature and the initial values of pt, C4 and Cg obtained in equation 4.20 to
yield the absorption corrected values,

c 1T,

_1§B Y / . C — gAlA/TA . C —_ gBIB/]—’B 421
pt_T, A_—, B_— ...... ( . ),
e Z Cj]j/Tj Z gj]]'/Tj

Jj=4.B j=4,B

where, Tj is the transmission coefficient defined in equation 4.9. Further refinement is done by it-
eration.
Zeta factors are obtained by applying equation 4.18 to standard thin film sample of pure ele-
ment or multielement samples for whom the absorption and fluorescence effects can be neglected.
Major advantages of zeta factor method are
(1) Zeta factors are easier to determine than Cliff-Lorimer factors because pure element thin
films can be used as standards. Pure element thin films are easy to synthesize and their
compositon does not change during thinning to electron transparency or as a result of
beam damage. Additionally x-ray absorption in pure-element standards is small and can
be neglected.
(i) The absorption corrected composition and the mass thickness can be obtained simultan-
eously in a single measurement.
Disadvantages of zeta factor method are,
(1) measurement of electron dose is a prerequisite. However, many TEMs including the one
used in this work are not equipped with a Faraday cup to measure the electron dose.
(i) Mass absorption coefficients are still required, which specially for light element x-rays
might not be known sufficiently accurately.

4.3 Experimental

Quantitative TEM-EDX analysis of MgB, samples was carried out using Zeiss 912Q TEM (see
chapter 2), equipped with an Si(Li) EDX detector (Oxford Instruments) with ultra-thin window
(ATW?2). Schematic diagram of the EDX detector - sample in TEM is shown in Figure 4.1. The
sample is normally tilted by 20 degrees (angle o) towards the detector to minimise the x-ray path
length in the sample. Other acquisition parameters like, acquisition time, spot size, process time
are given in Table 9.6. The EDX spectra were acquired and quantitatively evaluated using INCA
software.

Sample 4 and 5 of chapter 3 have been selected for the TEM-EDX analysis. Sample 4 has a
homogenous and stoichiometric chemical composition, as shown by SEM and EPMA analysis
(Chapters 3 and 6), and is therefore used as a standard. Sample 5 is used as an experimental
sample of unknown composition. The synthesis of these sample was described in chapter 3. TEM
samples for EDX analysis were prepared by conventional method described in chapter 2.

4.4 Results

A series of TEM-EDX spectra were acquired at positions of increasing sample thickness, indic-
ated in the bright-field image (Figure 4.2 (a)) of a colony of standard sample 4 with a known

chemical composition [116]. B-K, x-ray peaks of these spectra, after normalisation at the Mg-K,

peak are shown in (Figure 4.2 (b)). The height of the B-K, x-ray peak decreases with increasing
sample thickness because of the preferential absorption of the B-K, x-rays in the sample. Simil-
arly the decrease in Ig/ly, (Table 4.2) with increase in sample thickness in grain 7 and 8 of sample
5 indicates preferential absorption of B-K, x-rays.

The absorption correction was carried out by parameterless method of Eibl discussed in 4.2
by using a matlab script given in section (9.2.3). The ratios of the B-K, peak to Mg-K, peak in-
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tensity (Is/Ime)o for the standard sample 4 and sample 5, after correcting for the absorption of B-K,
x-rays, are given in Table 4.1. and Table 4.2 respectively.

Spektrum 1
Spektrum 2|
Spektrum 3
Spektrum 4]

- 02 04 [iX] ) . 14 14
100 NM preich 427 cts Cursor; 0.001 ke' (5040 cts) ke

Figure 4.2: (a) TEM bright-field image of the MgB, sample (sample 4 of chapter 3) used for EDX
spectroscopy, (b) EDX-spectra acquired at positions of increasing sample thickness indicated in (a)

Table 4.1: Quantitative evaluation of the thickness series of TEM-EDX spectra in standard sample 4,
to determine Cliff-Lorimer factor kg

Spect 1B 10 Mg (Is/Iwg)o  kame B/Mgmole O/Mgmole Bmole Omole Mgmole
rum fraction fraction  fraction fraction fraction
ratio ratio (at.%) (at.%) (at.%)
sample 4: thickness series 1
1 5310 910 122920 2.000 0.018 66.26 0.61 33.13
3 5906 1470 447123 0.110 8.69 2.000 0.008 66.49 0.27 33.24
4 5914 1160 474782 0.110 8.72 2.000 0.006 66.53 0.20 33.27

Table 4.2: Table for the quantitative TEM-EDX analysis of sample 5 with absorption correction of B-
Ko x-rays.

Spect IB 10 Mg (Is/lvg)o  kB-Mg B/Mg mole O/Mg mole B mole O mole Mg mole
rum fraction fraction fraction fraction fraction
ratio ratio (at.%)  (at.%) (at.%)

sample 5: thickness series grain 7
1 3886 5586 76037 0.147 8.71 2.680 0.183 69.37 4.74 25.89
2 7763 4324 185735  0.126 8.71 2.285 0.058 68.35 1.73 29.92
3 9743 4819 281526  0.123 8.71 2.230 0.043 68.14 1.30 30.56
4 10363 10105 422159  0.122 8.71 2.220 0.060 67.69 1.82 30.49
sample 5: thickness series grain 8
1 1885 1966 17044 8.71 2.230 0.288 63.39 8.18 28.43
2 7239 3527 137755  0.126 8.71 2.280 0.064 68.19 1.91 29.91
3 7235 6922 202426  0.128 8.71 2.320 0.085 68.13 2.50 29.37
4 9797 6146 335980  0.123 8.71 2.230 0.046 68.08 1.39 30.53

The Cliff-Lorimer factor kg.me was determined to be 8.71 by applying Cliff-Lorimer equation
(equation 4.3) to standard sample 4. (Is/Img)o for sample 4 was taken from Table 4.1. Cs and Cy,
were determined by EPMA analysis reported in chapter 3 and they correspond to stoichiometric
MgB2

The B/Mg mole fraction ratio in sample 5 was then determined using the Cliff-Lorimer equa-
tion (equation 4.3). The O/Mg mole fraction ratio was determined, again by the Cliff-Lorimer
method, but the absorption of O-K, x-rays in MgB,, which is six times smaller than that of B-K,
x-rays, was not considered. For O and Mg, theoretical Cliff-Lorimer factors given in the INCA
software [128] were used. Finally the absolute values of B, O and Mg mole fractions are determ-
ined by setting their sum equal to 100 at.%.
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The quantitative EDX -analysis of sample 5 is summarised in Table 4.2 The B mole fraction
of sample 5, with and without absorption correction is plotted as a function of sample thickness
(in units of Mg-K, x-ray counts) in Figure 4.3. Without absorption correction the B mole fraction
decreases with increasing sample thickness, whereas with absorption correction the B mole frac-
tion is independent of the sample thickness.

The O-K, x-ray intensity is plotted as a function of sample thickness (in units of Mg-K,
counts) in Figure 4.4. O-K, x-ray intensity in sample 4 is almost independent of specimen thick-
ness, while O-K, x-ray intensity in sample 5 increases with increasing sample thickness.
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Figure 43 Quann:tative B a;?alysis using TEM— Figure 4.4: O-K, x-ray intensity in the TEM-EDX
EDX, with absorption correction (®) and without spectra acquired at different thicknesses (in units

absorption correction (o) of B-K, x-rays, at of Mg-K 4 counts) of samples 4 and 5.
different thicknesses in sample 5

4.5 Discussion

The MgB: colonies in sample 4 were known to have a homogenous chemical composition of stoi-
chiometric MgB, (Chapter 3 and 6). Therefore the decrease in the B-K, x-ray intensities in Figure
4.2 can only be attributed to the preferential absorption of B-K, x-rays. To confirm this, transmis-
sion coefficient for B-K, and Mg-K, x-rays, defined in equation 4.9, are plotted (Figure 4.5) as a
function of t using matlab script given in (9.2.4). The mass absorption coefficients of B-K, and
Mg-K, x-rays in Mg and B were taken from the compilation of Zchornack [141]. The specimen
density was calculated from the crystallographic unit cell information. These data and the x-ray
absorption lengths are summarised in Table 4.3. The geometry factor f =1.56, is used, which cor-
responds to the sample-detector geometry used in TEM-EDX experiments as described in section
4.2.1. The plots predict significant preferential absorption of B-K, x-rays. In a 120 nm thick
sample more than 50% of the B-K, x-rays, but less than 2% of the Mg-K, x-rays are absorbed in
the sample. This highlights the need for absorption correction of B-K, x-rays and justifies the use
of Mg-K, x-rays as a relative measure of sample thickness (under the condition of constant cur-
rent in the beam).

The thickness dependence of the B mole fraction could be eliminated after correcting for the
absorption of B-K, x-rays (Figure 4.3). B-rich secondary phases like MgB, and MgB; are known
to exist in the MgB, matrix. Absorption corrected TEM-EDX analysis is essential to identify these
secondary phases.

The O-K, x-ray intensity versus thickness plots (Figure 4.4) for sample 4 and 5 enable to dif-
ferentiate between the surface and bulk oxidation. The O-K, x-ray intensity in sample 5 increases
with increase in sample thickness, which indicates that oxidation in sample 5 is a bulk effect. The
0O-K, x-ray intensity in sample 4 does not increase with increasing thickness which indicates that
bulk oxidation in sample 4 is negligible in comparison to sample 5. O-K, x-ray intensity extrapol-
ated to zero thickness, gives a measure of surface oxidation in sample 4 and 5. From (Table 4.1),



54 CHAPTER 4

and (Table 4.2) it can be seen that about 1 and 4-8 at.% of oxygen is found at thin regions of
sample 4 and 5 respectively. The lower O mole fractions in sample 4 compared to sample 5 can be
explained. Sample 4 is an ex-situ sample prepared from pre-reacted MgB,. Negligible fraction of
B-rich secondary phases is found in sample 4 and the MgB, phase formation is complete. The
TEM-EDX measurements were made from a MgB, colony [116], which is a dense arrangement of
well formed MgB, grains of 200-1000 nm size. There is little unreacted Mg in the bulk of the
MgB; colonies which can oxidise, which explains the low oxygen mole fraction in sample 4. In
agreement with these TEM-EDX results, the SEM-EDX quantification of such colonies also
showed very less oxygen ( ~ 1 at.%) [116]. On the other hand, sample 5 is prepared by powder in
tube technique by annealing at 600°C , a highly reactive mechanically alloyed mixture of Mg and
B powder, prone to oxidation due to the air trapped in the tube. In agreement with these TEM-
EDX results the SEM-EDX measurement showed about 4 at.% of oxygen in sample 5 [73].

Figure 4.5: Transmission
coefficient T as a function of

sample  thickness t,  showing
significant preferential absorption

of B-Kg x-rays.
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Table 4.3: Mass absorption coefficients and x-ray absorption lengths of B-K, and Mg-K4 x-rays in
MgB_‘_)

X-ray X-ray energy [eV] ps [cm’g']  pvg [em’g'] Pues2 Cp [gem?] Puesr Cvie [gem™]  XAL[nm]
B Ka 183.3 3350 59500 1.24 1.4 114.7
Mg Ka 1253.6 645 500 1.24 1.4 6674.06

The advantages and limitations of Eibl's and Zeta factor method were discussed in section
4.2. In this work only Eibl's method is used because the measurement of probe current in the elec-
tron beam was not possible in our microscope. It also does not require the knowledge of mass ab-
sorption coefficients. Eibl's method is however prone to inaccuracies due to local variations in the
shape of the sample, because at-least two EDX measurements at different sample tilts or at differ-
ent sample thicknesses are required. On the other hand, Zeta factor method requires only one
EDX measurement and therefore less prone to inaccuracies due to local sample shape variations,
but explicitly requires mass absorption coefficients, which for B-K, x-rays might be inaccurate.
Therefore, the possibility of comparing the TEM-EDX quantification of MgB, samples by Eibl's
method with that by Zeta factor method should be explored.

Quantitative TEM-EDX spectroscopy described in this chapter was essential for a reliable in-
terpretation of ESI elemental maps like those in Figure 3.12, which usually suffer from artefacts
due to multiple scattering. Quantitative TEM-EDX spectroscopy should be applied to determine
the exact chemical composition of B-rich secondary phases smaller than 1 pm (the lateral resolu-
tion of the SEM-EDX).
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5 Al-alloyed MgB,: correlation of
superconducting properties, microstructure,
and chemical composition [10]

5.1 Introduction

The electronic structure of MgB: (see chapter 2) consists of py., orbitals which interact strongly
with the in-plane vibrations of boron atoms giving rise to large superconducting energy gap A =
6.8 meV, and p, orbitals which are not strongly coupled with phonons giving rise to a smaller su-
perconducting energy gap A= 1.8 meV[33][47][23][30][50].

Such a peculiar electronic structure offers unique chance to modify the superconducting
properties by substitution of either the B or Mg lattice sites [142][62][143]. Therefore the Al-al-
loyed samples were synthesised by two step solid state reaction described later. The residual res-
istivity (Po) at 40 K, measured by four-probe method was found to be 2.5 +0.5 puQcm for the pure
sample and less than 24+2 pQcm for the largest Al-alloyed sample. Resistivity of the pure sample
is comparable to that of single crystals and indicates the excellent quality of these samples. Re-
cently, Putti et al.([144] [145]) have studied the upper critical field (B..) of the Al-alloyed MgB,
and given a theoretical explanation for the decrease in B...

Most of the investigations on Al-alloyed MgB, show degradation[146][147] of the supercon-
ducting properties except that of Berenov et al.[148] who reported a slight increase in J. for low
levels of Al doping. The microstructure of the Al-alloyed MgB, which also could be the reason
for the decrease of B, in Al-alloyed samples, has however not been investigated in detail so far.
TEM studies of Song et al. [149] on non-alloyed samples prepared by the same procedure as for
the samples investigated in this study, showed the presence of 150 nm sized MgB, nanodomains
with a slightly different lattice parameters inside a few MgB, grains. Also MgB; nano-precipitates
of size 1-5 nm were found in about 2-3% of the MgB, grains. Slusky et al. [146], Zandbergen et
al. [150] and Li et al.[151] from their x-ray diffraction (XRD) and TEM investigations found that
for Al concentrations > 3.33 at.%, a second MgB, phase with a longer ¢ lattice parameter is
formed. Recently, XRD and high resolution TEM investigations in Mg, AlB, single crystals with
x > 0.1 indicated the presence of a non-superconducting MgAIB, phase [152]. Putti et al.[153]
who annealed the mixture of elemental B, Mg , and Al for longer times did not detect such phase
transformation using XRD. TEM investigations were not performed. Higher order magnesium-
boride secondary phases, expected to form due to the evaporation of highly volatile Mg [4] were
not detected in the above investigations [146],[153], [151]. However considering that very few
grains out of a large number of grains in the sample are analysed by TEM and low x-ray scattering
for light elements, both TEM and XRD might not detect the presence of secondary phases of
higher magnesium borides. Investigations using the electron beam techniques like EPMA and
TEM which are sensitive to light elements and have spatial resolution of 1 pm and 10 nm respect-
ively [8] might reveal the microstructure of Al-alloyed MgB, to be quite complex. In fact, TEM
investigations by Song et al. [149] on similarly prepared pure samples showed the presence of 1-5
nm sized MgB-; nanoprecipitates. Similarly, our recent investigations [8],[114] on MgB, ceramics
show that, they contain secondary phases of higher magnesium borides and MgO precipitates in
the matrix of MgB,. Neutron powder diffraction technique is also sensitive to light elements and
Hinks et al. [36] detected MgB. secondary phases in MgB.,.

It is still unclear how Al is accommodated in the possibly complex microstructure of MgB.»
on the sub-micrometer length scale. So far, Al concentration, was either assumed to be same as
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the Al concentration that was taken in the reaction mixture for the synthesis, or was determined
indirectly from T, and XRD analysis. But MgB, is known to be a line compound [36] and both the
above estimations may not represent the true Al concentration in the end product MgB,. This
chapter attempts to quantitatively determine the chemical composition of secondary phases and
matrix using SEM and EPMA, and of the MgB, grains on the nanometer scale using TEM.

5.2 Experimental

5.2.1 Al-alloyed MgB; synthesis

Al-alloyed MgB, was prepared in a two step process. In the first step Mg-Al alloys are prepared
with aluminium mole fractions of 0, 3.33, 6.66 and 10 at.% for samples 1 to 4 respectively. In the
second step cylindrical piece of Mg-Al alloy and crystalline B powder ( 325 mesh) are put in Ta
crucibles, welded in argon and closed in quartz tubes. The quartz tube is then placed in a vertical
furnace which is at 850-900°C; after one hour the temperature is raised and maintained at 1000°C
for 100 hours.

5.2.2 SEM and EPMA

SEM and EPMA samples were prepared by the conventional metallographic method described in
section (2.1.4). The sample surfaces were then coated by carbon to improve electrical conductivity
and immediately brought into electron microprobe and SEM. To protect the sample from decom-
posing into Mg(OH), [131] powder , it was necessary to use ethanol instead of water during the
sample preparation process.

EPMA by wavelength-dispersive x-ray spectroscopy (WDX) was performed with a JEOL
Superprobe 8900 RL operated at 15 keV primary energy with a probe current of 15 nA. Sample
surfaces had to be polished very well and the so called “area intensity mode of measurement” had
to be used to obtain precise quantitative analysis [9] for boron, which suffers from strong absorp-
tion and chemical shift of B-K, x-ray peak. Number of counts in the x-ray peaks was ~ 5x10,
which results in a counting precision of 1%. Heterogeneity of the sample affects the EPMA quan-
tification. For metallic boron used as a standard, the B-content varied between 98.07 and 101.17
wt.%. SEM analysis was performed using a SEM-FEG Philips XL 30 operated at 10 kV.

5.2.3 TEM

TEM sample are prepared by the powder method described in section 2.2.5. A small piece of
sample 3 (MgosAlo2B,) was crushed in a silica mortar, dispersed in ethanol and then placed onto a
carbon foil supported by a copper grid. Thin electron transparent grains on these foils were invest-
igated by a LEO 912 TEM, operated at 120 kV. An Energy dispersive x-ray (EDX) detector
equipped with an ultra-thin window was used to acquire EDX spectra which were analysed using
INCA 4.01 software package [128] from Oxford Instruments. B-K, x-rays because of their low
energy are strongly absorbed in the sample (Figure 5.8 (b)). Because of the difficulties in the de-
termining the local thickness of the specimen absorption of x-rays was not corrected. Mg-K, and
Al-Ky x-ray energies being almost equal , undergo similar absorption effect. The fluorescence
yield decreases with decreasing atomic number. The number of counts in the area under B-K,
peak was therefore only ~100 while that under the Mg-K, peak is ~6600. The counting precision
of Mg-K,, Al-Kq, and B-Kq is 1.3 %, 2.5%, and 7.9% respectively. Evaluation of B-K, peak is
further complicated by the closely lying C-K, peak. The C-K, peak arises due to the cracking of
residual gases at thin regions of the samples when hit upon by electron beam. Therefore only Mg-
Kq and Al-K4 x-rays have been used for the quantitative analysis using TEM-EDX. The typical
EDX acquisition conditions are given in Table 5.1.
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Table 5.1.Acquisition conditions for EDX in TEM

Specimen tilt 6 15°
Spot size 25-40 nm
Measurement time 50s
Integrated no. of counts under Mg-K, peak ~ ~6600
Resolution at B-K, 55eV
Spectrum energy range 1-10 keV
Energy /channel 5eV

5.3 Results

5.3.1 Superconducting and normal state properties

Behaviour of superconducting properties namely, upper critical field (B.; ), T., superconducting
transition width (AT.), and normal state properties (Po, a, ¢ ) of Al-alloyed MgB, have been re-
cently investigated by Putti et al. [144],[145] and summarised in Table 5.2. B, was determined by
magnetoresistance measurement. T. was defined as (Togut+T10%)/2 and AT, defined as = Togs-Tio% ,
where Togy, and Ty are temperatures corresponding to 90% and 10 % of the resistive transition.

T. decreases while AT, increases with increasing Al concentration as shown in Figure 5.1(a).
B, decreases with increasing Al concentration [144], [145]. The variation of p, (Figure 5.1(a))
with Al mole fraction is linear until aluminium concentration in sample 3, thereby obeying the
Nordheim rule [154]. po of sample 4 however is higher than expected. Lattice parameter ¢ which
is the distance between the adjacent B-planes decreases at the rate of 1.15 pm/at.% Al with in-
creasing Al mole fraction (Figure 5.1(b)). In contrast the in-plane lattice parameter a decreases
only by 1.3 pm for an Al mole fraction of 7.62 at.%.
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Figure 5.1: Variation of T.(e), AT.(0), and py(A) at 40 K with Al at. % determined by EPMA. (b)
Variation of lattice parameters a(A) and c(®) with Al at. % determined by EPMA.

Table 5.2.Superconducting properties of pure and Al alloyed MgB,

Sample Nominal T. AT, (K) Po a [¢ Al at.% Al at.%
No. Composition (K) (UQcm) (pm) (pm) EPMA Nominal
1 MgB, 39.19 0.2 2.5 308.5 3525 0 0
2 MgooAlo1B, 35.06 3.26 7.95 307.7 3483 3.27 3.33
3 Mg, sAly B> 33.27 3.56 11.69 307.7 3453 5.4 6.67
4 Mgo;Al3B, 27.27 6.32 24.47 307.2 3437 7.62 10.0
5.3.2 Microstructural analysis

Al- alloying of MgB, changes not only its superconducting properties but also its microstructure.
In fact, the changes in superconducting properties could well be the consequence of the changes
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in microstructure. These microstructural changes were investigated by SEM , EPMA and TEM.
Secondary and backscattered electron images were used to identify the phases followed by EPMA
measurements to yield the quantitative chemical composition of the phases in pure (sample 1) and
Al-alloyed MgB: (samples 2-4).

Quantitative analysis of light elements, specially B needs special attention because of high
absorption and chemical shifts of x-ray lines and peak shape alterations. Recently, Wenzel et al.
[9] have successfully applied the EPMA technique to quantitatively analyse MgB, compounds.
Extremely well polished surfaces and the area intensity measurement mode of operation were the
key to yield precise chemical composition of MgB, compounds. Similar methodology has been
used to analyse the present samples. Porous areas and non-planar surfaces give rise to artefacts in
data evaluation yielding totals of element weights smaller or larger than 100 + 5 %. Such data
were not taken into consideration. Further data evaluation is done by converting the weight frac-
tions into mole fractions. Although the characteristic x-rays of the constituent elements are gener-
ated within similar volumes, B-K, x-rays from only the top 100 nm of the sample are emitted, un-
like Mg- K4 and Al- K, x-rays which come from depths upto few pms. Consequently, quantitative
EPMA analysis of such Mg-B compounds is highly sensitive to sample heterogeneity.

5.3.2.1 Pure MgB,;

Figure 5.2(a) shows a secondary electron image of the surface of the pure MgB, sample. Island-
like dark areas that are 2-10 pUm in size (indicated by “arrows” and hereafter referred to as “large
secondary phases” ) can be seen within grey area (hereafter referred to as “matrix”). The large
secondary phases constitute about 4-5 % of the total surface area of the specimen, which means
less than 1% of the sample volume. The matrix is planar and dense. 5-15 pm sized voids are seen
(indicated by “1”"), some of which (indicated by “2”) are filled by 5-10 pm large particles. EDX
spectra acquired from such particles showed strong Mg-K, and O-K, peaks. These particles might
be Mg hydroxide [131], formed due to the reaction of traces of unreacted magnesium with water
in ambient atmosphere. They are confined to the sample surface and are not likely to be the char-
acteristic feature of the bulk microstructure. Figure 5.2(b) shows the magnified image of the dark
region marked in Figure 5.2(a). Due to the ion milling of the sample surfaces, areas with B-rich
secondary phase yield a topographic contrast and can be easily identified also in secondary elec-
tron images.
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Figure 5.2: (a) SEM secondary electron image of sample 1. Dark regions , voids, and regions with
hydroxide growth are indicated by “arrows”, “1”, and “2” respectively. (b) A magnified view of the
portion marked in (a).

The results of quantitative chemical analysis of the matrix and dark regions by EPMA are
shown in Figure 5.3(a,b) and summarised in Table 5.3. Correlation diagrams of B-Mg and B-O
mole fractions show the matrix composition to be close to MgB,. The oxygen mole fraction in the
matrix is 0.24 at.%. Similar analysis of dark regions using 3 measurements showed B to Mg mole



CHAPTER 5 59

fraction ratio to be 7.99. Dark phases contained a smaller average oxygen mole fraction of 0.09 at.
%.
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Figure 5.3: Correlation diagram of B-Mg (A) and B-O (¢) mole fractions from EPMA of (a) the
matrix and (b) the large secondary phases of sample 1. The ideal position of MgB,, MgBs and MgB,;
are also indicated for reference.

Table 5.3. B, Mg, O mole fractions obtained by EPMA of matrix and secondary phases in sample 1
with a nominal composition of MgB,.

Bat.% Mgat% Oat%
Matrix Mean 67.68  32.07 0.24

Std.dev.  0.72 0.71 0.06
Large sec.phase = Mean  88.80 11.11 0.09
Std.dev.  0.49 0.47 0.03

5.3.2.2  Al-alloyed MgB;

Sample 2 is lowest Al-alloyed with a nominal composition of MgosAlo1B>. A back- scattered elec-
tron image (Figure 5.4(a)) of this sample shows bright matrix containing 10-20 pm sized second-
ary phases. A magnified image of one such region is shown in Figure 5.4(b). The large secondary
phases are themselves found to be heterogeneous, i.e. they consist of 5-10 pUm sized dark regions (
indicated by “arrow” in Figure 5.4(b)) embedded in the background of faint dark region. In addi-
tion, 1-3 pm size dark secondary phases ( indicated by “arrowheads” in Figure 5.4(b) and here-
after referred to as “small secondary phases” ) are found with a density of ~5 x 10° cm™ around
the dark regions and with slightly larger densities away from the dark regions. The volume frac-
tion of these secondary phases can be estimated to be less than 3 %.

Table 5.4: B, Mg, Al, O mole fractions obtained by EPMA from matrix and secondary phases in
sample 2 with a nominal composition Mg0.9410.1B2.

Bat% Mgat% Alat% Oat%
Matrix Mean  67.52 28.94 3.27 0.26
Std.dev.  0.93 1.13 0.94 0.03

Large sec. phase  Mean  90.78 8.46 0.67 0.10
Std.dev. 0.22 0.25 0.02 0.04

The results of quantitative chemical analysis of the matrix and large secondary phases by
EPMA are shown in Figure 5.5(a,b) and summarised in Table 5.4. Correlation diagrams of B-Mg,
B-0, and B-Al mole fractions plotted from 7 measurements show that the matrix composition is
(Mg,Al)B; (Figure 5.5(a)). The Al mole fraction in the matrix is determined to be 3.27 at. % .
Similar chemical analysis of dark regions using 3 measurements showed B to (Mg,Al) mole frac-
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tion ratio to be 9.95. The Al mole fraction in the large secondary phase is 0.67 at.%. Al to Mg
mole fraction ratio is 0.11 in the matrix and 0.08 in the large secondary phases.

Mineralogie
w Tiibingen

Figure 5.4: (a) EPMA backscattered electron image of sample 2 . (b) A Magnified image of the area
marked in (a). Arrows and the arrow heads, respectively, indicate the large secondary phases inside
dark regions and the small secondary phases.
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Figure 5.5: Correlation diagram of B-Mg (A), B-Al (A) and B-O (4) mole fractzons obtained by
EPMA of (a) the matrix and (b) large secondary phases of sample 2. The ideal position of MgB,, MgBs;
and MgB; are also indicated for reference.

Sample 3 is moderately Al-alloyed and has a nominal composition of Mg sAly2B,. Secondary
electron image (Figure 5.6(a)) of this sample shows the microstructure to be qualitatively similar
to that of sample 2. However, the sizes of the large secondary phases and the dark regions in them
have grown to 20-30 pm and 15-20 pm, respectively, while the size of small secondary phases has
decreased. The local density of these small secondary phases has also decreased in the areas
around the large dark regions and increased in regions away from the large secondary phases. The
average density of small secondary phases is smaller than for sample 2. The volume fraction of
the total amount of secondary phases can be estimated to be less than 4 %.

The results of quantitative chemical analysis of the matrix and large secondary phases by
EPMA are shown in Figure 5.7(a,b) and summarised in Table 5.5. The results are similar to those
of sample 2. The B to (Mg,Al) mole fraction ratio in the large dark phases has increased to 10.73.
Al mole fraction has increased to 5.4 at.% in the matrix. In the dark phase, however, the Al con-
tent has decreased to 0.5 at.%. The Al to Mg mole fraction ratio is 0.20 in the matrix and 0.06 in
the large secondary phases. Oxygen mole fraction in both matrix and large secondary phase is
again very small.

In addition, microstructure and composition of sample 3 was analysed by TEM. Most of the
grains are oriented close to [-1-22] pole about 35° from the [001] pole. Figure 5.8(a) is a centred
dark field image of a typical MgB, grain, acquired under nearly two beam conditions with a (011)
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reflection strongly excited. Distinct diffraction contrast (thickness fringes and bend contours) en-
able the grain size to be determined as ~1 pm. A corresponding high magnification bright field
image is shown in Figure 5.8(b). No precipitates are seen. It should however be noted that only 5
out of the numerous randomly distributed grains were investigated.

For quantitative analysis 29 EDX spectra from various grains were acquired. Because of the
difficulties(see experimental section) in B-K, x-ray peak evaluation, identification of the
(Mg,ADB; matrix and (Mg,Al)B;.s secondary phases was not possible using B-K, x-rays.
However, the EPMA finding, that the Al to Mg mole fraction ratio in (Mg,Al)B, matrix (0.20) is
different from that in (Mg,Al)B+:5 secondary phases (0.06), can be used to identify the phases of
grains from the Mg-K, and Al- K, x-ray intensities in TEM. 26 grains were thus found to be of
(Mg,Al)B; phase. Mg and Al mole fractions are calculated from the TEM-EDX spectra, assuming
the B mole fraction to be 66.67 at.% and a Mg-Al correlation diagram (Figure 5.9(a)) is plotted.
Applying the similar technique to the EPMA data the composition of the matrix was recalculated
and is also indicated (filled circle) in the Figure 5.9(a). The agreement between the chemical com-
positions of the (Mg,Al)B, matrix, determined independently by TEM-EDX and EPMA-WDX
after eliminating the B quantification errors is worth noting. Thus the matrix phase was quantitat-
ively analysed using TEM-EDX and the results are summarised in Table 5.5.
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Figure 5.6: (a) EPMA secondary electron image of sample 3. (b) Magnified image of the area marked
in (a). Arrows and the arrow heads, respectively, indicate the large secondary phases inside dark
regions and, the small secondary phases.
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Figure 5.7: Correlation diagram of B-Mg (A ), B-Al (A) and B-O (¢) mole fractions from EPMA of (a)
the matrix (b) the large secondary phases of sample 3. The ideal position of MgB,, MgBs and MgB,,
are also indicated for reference.
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50 nm |
Figure 5.8: TEM-dark field (a) and bright field (b) image of MgB, grain under two beam conditions.
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Figure 5.9: (a) Correlation diagram of Al-Mg mole fractions determined using TEM-EDX spectra (A)
and EPMA quantification of matrix (e) of sample 3. The ideal position of nominally alloyed MgB, (1)

is indicated for reference. (b) A typical TEM-EDX spectrum.

Table 5.5: B, Mg, Al, O mole fractions obtained by EPMA and TEM-EDX from matrix and EPMA
from secondary phases in sample 3 with a nominal composition Mg0.8410.2B2.

Bat% Mgat% Alat% Oat%
Matrix (EPMA) Mean  67.31  27.00 5.40 0.29
Std.dev.  0.41 0.46 0.27 0.11
Matrix(TEM) Mean  66.67  27.78 5.55 -
Std.dev.  0.00 0.37 0.37 -
Large.sec.phase (EPMA) Mean 91.41 8.01 0.50 0.08
Std.dev.  0.19 0.26 0.05 0.03

Sample 4 is maximum Al-alloyed and has a nominal composition of Mgg-Aly3B,. A second-
ary electron image (Figure 5.10(a)) of this sample shows the microstructure to be similar to that of
the Al-alloyed sample 2 and 3. However, the density of large secondary phases has increased and
their size has increased further to 20 - 40 um. These large secondary phases, as can be seen in the
magnified image (Figure 5.10(b)), now contain a large dark core. The regions close to large sec-
ondary phases are almost free of small secondary phases. It is out of trend that the overall density
of small secondary phases is significantly larger for this particular sample as can be seen in Figure
5.10(a). The total volume occupied by the secondary phases is estimated to be less than 4 % of the
total volume of the sample.
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The results of quantitative chemical analysis of the matrix and dark regions by EPMA are
shown in Figure 5.11(a,b) and summarised in Table 5.6. The scatter in the correlation points in the
dark region has strongly reduced compared to sample 3, and B to (Mg,Al) mole fraction ratio has
increased to 11.14. This should be seen together with the fact that 30-40 um sized dark regions
are now mostly composed of a 30 pm sized dark core. The Al mole fraction in the matrix has in-
creased to 7.62 at.% and to 0.9 at.% in the large secondary phases. Al to Mg mole fraction ratio is
0.32 in the matrix and 0.12 in the large secondary phases.

T,

Figure 5.10: (a) EPMA secondary electron image of sample 4. (b) A Magﬁijied image of the area
marked in (a). A large secondary phase consisting of a dark region is seen. Arrow heads indicate the
small secondary phases.
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Figure 5.11: Correlation diagram of B-Mg (A ), B-Al (A) and B-O (¢) mole fractions from EPMA in
(a) the matrix and (b) large secondary phases of sample 4. The ideal positions of MgB,, MgBs and
MgB,; are also indicated for reference.

Table 5.6: B, Mg, Al, O mole fractions obtained by EPMA from matrix and secondary phases in
sample 4 with a nominal composition Mg0.7A410.3B2.

Bat% Mgat% Alat% Oat%
Matrix Mean  68.05  24.08 7.62 0.25

Std.dev. 0.73 0.66 0.41 0.07

Large.sec.phase =~ Mean  91.71 7.33 0.90 0.06
Std.dev.  0.15 0.09 0.10 0.01
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5.4 Discussion

5.4.1 Microstructure of Pure MgB,

The analysis of pure MgB, (sample 1) using electron beam techniques proved that it consists of 10
Hm sized secondary phases embedded in the matrix of MgB,. Matrix is found to be slightly Mg
deficient by about 1 at.% which is in accordance with findings of Bellingeri et al.[155] and Hinks
et al [36]. The Mg to B mole fraction ratio in the large secondary phases is (1:8). The compound
MgB; has not been reported in the literature, the composition of secondary phases must therefore
be MgB5 plus an excess of boron and can be written as MgB7.s.

Hypothetical [4] and calculated [5] phase diagrams show that for Mg mole fraction >33 at.%,
MgB:, is stable for temperatures less than 1545 °C at atmospheric pressure. The formation of sec-
ondary phases is not predicted by the phase diagram. The annealing temperature of 1000 °C is
smaller than the calculated decomposition temperature[5] by about 545 °C. Hink et al. [36] who
annealed their samples at a lower temperature of 850 °C also found MgB4 secondary phases in
their samples. Annealing temperature is thus not likely to initiate the formation of MgB., second-
ary phases.

The other factor which can initiate the formation of higher boride secondary phases is the
lower effective Mg mole fraction. Considering the volatility of Mg and its relatively low melting
point 649 °C, this is more likely to be the case and has been experimentally confirmed by Brutti et
al. [7][24]. The diffusion of Mg into the B grains and the evaporation of Mg are the two important
processes that drive the reaction kinetics and determine the quantity and composition of the phase
products. The relatively higher annealing temperature (1000 °C) and longer annealing time (100
hours) ensure that diffusion of Mg into the smaller (< 44 pm ; 325 mesh) B grains that we used, is
complete and there is little unreacted B. The result is therefore the formation of MgBs secondary
phase. Eyidi et al.[8] who used similar annealing temp (950 °C) but shorter annealing time (2
hours ) and larger (< 250 um ; 60 mesh) B grains found MgB,, secondary phases. The diffusion
of Mg is thus not complete and there is more unreacted B present.

Also intriguing is the absence of intermediate secondary phase MgB, in our and Eyidi et al.’s
[8] investigations, while such MgB,4 secondary phases have been detected by Hink et al. [36].
Here it seems that apart from smaller Mg mole fraction the effect of annealing temperature has
also to be considered. The annealing temperature in the Hink’s investigation was lower by about
150 °C. The depletion of effective Mg mole fraction in their case is predominantly due to the ox-
idation of Mg and the lower annealing temperatures thus favour the formation of MgB, secondary
phases. Our EPMA results showed oxygen mole fractions less than 0.29 at. %, oxidation of Mg is
thus negligible and the Mg depletion is primarily due to its evaporation. The higher annealing
temperature and annealing time thus favour the formation of a MgB; secondary phases directly
without the formation of MgB,4 secondary phases. Such a simultaneous existence of MgB, and
MgB5.5is not possible according to the published phase diagrams [4], [S]. It should however be
noted that these are the calculated phase diagrams and they have not yet been precisely verified
experimentally [7].

5.4.2 Microstructure of Al-alloyed MgB:

SEM images and EPMA quantitative measurements showed that Al-alloyed MgB, consists of the
(Mg,Al)B; matrix, large secondary phases and small secondary phases. The lattice parameters a
and c¢ decrease at the rate of 1.15 pm/at.% Al and 0.17 pm/at.% Al, respectively. This can be used
to determine the Al-mole fraction in the sample by simply measuring the lattice constant using
XRD without having to perform EPMA measurements. The distance between adjacent boron
planes (c) is significantly reduced in comparison to the in-plane B-B distance (¢) which remains
almost constant on Al-alloying. This indicates that alloying takes place by substituting Mg atoms
by Al atoms. Subsequently, if Al plus Mg mole fractions versus B mole fraction correlation plots
are made (Figure 5.12(a)), the data points from the matrix almost coincide with MgB,. The stand-
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ard deviations in Al mole fractions in tables 4, 5, and 6 can be taken as a measure of inhomgeneit-
ies in the Al distribution, although they suffer from poor statistics. The Al mole fractions in the
matrix of largest alloyed sample for example vary by about 1 at.% when the average Al mole frac-
tion is 7.62 at.%. The Al distribution is thus quite inhomogenous on the micrometer scale.

Investigation on the nanometer scale using TEM revealed the grain size of sample 3 to be ~ 1
pm. TEM-EDX investigations found similar Al inhomogeneity even on the scale of 40 nm. In fact
Zandbergen et al.[150] who annealed their samples at lower temperature (800 °C) and shorter an-
nealing time, found a much larger Al inhomogeneity in their samples. The Al distribution in the
(Mg,Al)B; grains is thus not homogenous. Although our preliminary investigation using TEM
bright and dark field imaging did not detect Al precipitates (Figure 5.8(b)) in the grains, their ex-
istence in other grains cannot be ruled out. Because of its great importance to the superconducting
properties, analysis of coherence length sized precipitates, using TEM will have to be carried out
on ion etched samples The Al mole fractions in the matrix determined by TEM-EDX and EPMA-
WDX agree well with each other; but are significantly smaller than the nominal Al mole fractions.

Embedded in the matrix are 20-40 pm sized large secondary phases and 1-3 pm sized small
secondary phases. The size and number density of the large secondary phases increases with in-
creasing Al alloying. Their composition is determined to be (Mg,Al)B7:5 , the mole fraction of ex-
cess boron being 2.95, 3.73, and 4.14 at.% for samples 2,3 and 4 respectively. Likewise the dis-
tinct faint and dark regions seen in the large secondary phases (Figure 5.4(b)) must also be due to
the varying amounts of excess boron. The increase in excess boron (8) with increasing Al concen-
tration can be explained if the diffusion of Mg is hindered by Al alloying and cannot compensate
the loss of Mg due to evaporation in the dark regions transforming them into a (Mg,Al)B,, phase.

The larger secondary phases yielded smaller Al mole fractions relative to Mg. This might be
due to the different crystal structure (orthorhombic for MgB;). Again Al plus Mg mole fraction
versus B mole fraction correlation points lie on the line joining the hypothetical MgBs and MgB,
compositions(Figure 5.12(b)). Therefore, even in the large secondary phases the Al is likely to be
alloyed by substitution of Mg lattice atoms.

After the publication of our work [10] on Al-alloyed MgB,, Zambano et al. [156]studied the
Al-alloyed MgB, samples annealed at low (850 °C) and high (1200 °C) annealing temperature us-
ing x-ray diffraction. They found that Al is inhomogenously distributed in sample annealed at low
temperature and homogeneously distributed in sample annealed at higher temperature because of
the3gomplete diffusion of Al into the MgB, grains.
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Figure 5.12: Correlation diagram of mean B mole fractions versus sum of mean Mg plus Al mole
fractions of the matrix (a) and the large secondary phases (b) for samples 1 (A), 2 (e), 3 (0) and 4 (m).
The ideal position of MgB>, MgBs and MgB,, are also indicated for reference.

5.4.3 Correlation of Al alloying on superconducting properties.

Thanks to the small fraction of the secondary phases, their contribution can be neglected, and the
normal and superconducting properties presented by the samples can be attributed to the matrix.
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As it can be seen from Figure 5.1(a), T. decreases at the rate of 1.97 K/at.% with increase in Al
mole fraction and is in accordance with the findings of other investigators reviewed in Buzea et
al. [14]. The T, versus Al mole fraction curve is in agreement with the calculations of Kortus et al.
[157] which considered both, the decrease in density of states and increase in interband scattering
with increasing Al-alloying.

AT, increases with increasing Al mole fraction and is related to the inhomogeneities in the
Al-distribution. The AT, for sample 3 for example is 3.56 K. The EPMA and TEM-EDX meas-
urements on sample 3 show that maximum variation in the Al mole fractions is 0.77 at.%. This
predicts a AT, of 1.21 K which is less than the experimentally observed value of 3.56 K. It should
however be noted that the inhomogeneities determined by EPMA and TEM-EDX suffer from
poor statistics as measurement from only ~ 10 grains are considered.

The residual resistivity po increases linearly with the Al mole fraction at the rate of about 2
HQcm /at.% Al until sample 3. The residual resistivity po of sample 4 is higher than the value ex-
pected by the Nordheim rule [154]. This might be due to the reduction of the density of states plus
the increase of scattering centres both being introduced by Al alloying. With Al alloying, the
plasma frequencies of TT bands increase, while the plasma frequencies of 0 bands decrease.
However substitutions in the Mg planes affect the scattering rate of Ttthan that of 0 bands. In this
complex situation the right behaviour of residual resistivity is not predictable. Putti et al. [144] ex-
plained the anomalous behaviour of the upper critical field which decreases with Al-alloying by
assuming that Al-substitution in Mg sites does not affect the impurity scattering in 0 bands: in this
framework O carriers give the main contribution to the electrical conductivity and the increase of
resistivity could be related to the filling of 0 bands with Al alloying.

5.5 Summary and Conclusions

Low resistivity Al-alloyed MgB, samples with a T, ~39 K were prepared by solid state reaction of
Mg-Al alloy and crystalline boron. No phase separations were detected upto the highest Al con-
centration. The microstructure consists of ~15 pm and ~2 pm sized secondary phases embedded
in the matrix of (Mg,Al)B,. Aluminium is incorporated into the 1 um sized MgB, grains by sub-
stitution of Mg lattice atoms, causing T, and ¢ to decrease at a rate of 1.56 K and 1.15 pm per at.
% of Al alloying. This data may be used to determine the actual Al concentration which was
found to be smaller than the nominal Al concentration. The Al distribution in the grains is in-
homogenous, which at least partially accounts for the increase in AT, with Al-alloying. The p, in-
creased linearly with Al mole fraction, obeying the Nordheim rule till a Al mole fraction of 5.4 at.
%.

The composition and size of secondary phases was governed by diffusion and evaporation of
magnesium. The diffusion of Al seems to be smaller than that of Mg and Al-alloying hinders the
diffusion of Mg. Annealing temperature, annealing time, boron grain size and Al mole fraction
thus determine the size and composition of secondary phases. The composition of large secondary
phases is found to be Mg(Al)B.5 , with the mole fraction of excess boron (0) increasing from 0.99
at.% in pure sample to 4.14 at.% in hiest alloyed sample approaching composition (Mg,Al)B;.
The size and density of secondary phases increased with increasing Al concentration but its
volume is less than 4 % and is not likely to affect the bulk superconductivity.
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6 MgB,; multifilamentary tapes:
microstructure, chemical composition and
superconducting properties[116]

6.1 Introduction

Synthesis of MgB; is easy and economically viable routes for the synthesis of MgB, wires and
tapes of long lengths have been developed [158] [159]. Critical current densities of 2.5 x 10*
Acm? at 4.2K, 10T [160] or higher than 10* Acm? at 20K, 5T were measured. An irreversibility
field of B¥*(20K)=10T was determined at 4.2K [161], the same as for Nb-Ti . Therefore , it is the
goal that MgB, replaces Nb-Ti in cryogen-free low-field applications, such as MRI . It has a po-
tential also for high field applications both at the liquid He and in cryogen-free systems [63],
[162]. Further enhancement in J. and critical fields is possible by optimising the microstructure of
Mng

Using a percolation model Eisterer et al. [163] [164]have recently suggested, that the critical
current density in MgB, wires is governed by (i) the upper critical field B, and (ii) the anisotropy
of B, [165]. It is well known that B, can strongly vary (15 — 70 T) [63]in MgB, and can be in-
creased by various methods, e.g. neutron and ion irradiation, C doping etc., introducing structural
disorder. The correct determination of B, in wires and tapes requires elimination of the sheath
material, which is a substantial problem for multifilament conductors.

Because of the anisotropy of B, even a homogenous poly-crystalline MgB, conductor will
show granularity at higher magnetic fields [163],[164]. As will be shown in this chapter the mi-
crostructure of MgB, shows significant granularity and is not homogenous. This extends the
validity of a percolation model towards smaller magnetic fields.

Defects on the nanometer scale e.g. dislocations, grain boundaries and precipitates can act as
flux pinning centres and enhance the critical current density (J.). The microstructure of MgB, bulk
[166] [8] and MgB: tapes [114] was analysed by TEM. It was found that in spite of its simple
crystal structure, MgB, offers a wide range of microstructure parameters that can be optimised in
order to control and enhance its superconducting properties.

In this work the microstructure of the MgB, core and the MgB,-Ni sheath interface of the
multifilamentary tape cut from a 1600 meters-long tape produced by Columbus Superconductors
[83] has been analysed by EPMA (Electron Probe Microanalyser), SEM and TEM.

6.2 Experimental

Multifilamentary Ni sheathed tapes are produced in lengths up to 1.6 km by the powder-in-tube
technique using pre-reacted (i.e. ex-situ) MgB, powders. Such tapes have a copper core for the
thermal stabilisation, surrounded by fourteen Ni sheathed superconducting filaments with a Fe
barrier in order to prevent the diffusion of Cu into Ni (Figure 6.1). After several steps of cold de-
formation yielding dimensions of 3.65 x 0.65 mm?, annealing at 980°C was performed.

Si wafer

Figure 6.1: SEM-overview image of the tape in cross section. The Cu core, the Fe diffusion barrier,
fourteen MgB: filaments and the Ni matrix are shown. A Si wafer is glued on one side of the tape.

67



68 CHAPTER 6

Superconducting characterization i.e. T, and J. measurement of pieces cut from such a long
tape has been performed. Current-voltage (I-V) characteristics have been measured in a cryogen-
free test facility operating at temperatures between 12 and 80 K, with magnetic fields up to 1.6 T
and currents up to 250 A.

The secondary electron images and the EDX (Energy Dispersive X-ray) spectra were ob-
tained using a Jeol JSM 6500F SEM.. A sample for the SEM analysis was prepared by gluing a 3
mm piece of tape to a similarly sized Si wafer using M-bond as described in section 2.2.4 (Figure
6.1). The same sample was also used for EPMA analysis by Wavelength-Dispersive X-ray spec-
troscopy (WDX), performed with a Jeol Superprobe 8900 RL operated at a primary energy of 15
keV with a probe current of 15 nA. Further details about the EPMA analysis of Mg-B compounds
are given in Wenzel et al. [9].

The TEM analysis was performed using a ZEISS-912 analytical TEM (see section 2.3.4.for
details). Images and diffraction patterns were acquired digitally using the EsiVision software
[167]. The EDX spectra were acquired and processed using the INCA software [128]. The quant-
itative analysis of the spectra was performed by the Cliff-Lorimer method. User defined values of
17.360 and 2.250 [114] which gave reliable MgB, mole fraction ratios close to 2 in thin regions of
the sample were used as Cliff-Lorimer factors for B-K, and O-K, x-rays . The Cliff-Lorimer factor
of Mg-K, x-rays (1.076) was not changed. Absorption of B-K, x-rays was, however, not explicitly
taken into account. Samples for TEM analysis were prepared in the conventional manner as de-
scribed in section 2.3.5.

Great care was taken to avoid carbon contamination during the sample preparation process
both for SEM and TEM. Also artefact induced oxidation of the samples have to be avoided.
Chemical analysis in the SEM, EPMA and TEM allows to assess the quality of the samples. Car-
bon and oxygen free regions of samples were prepared and analysed by SEM, EPMA and TEM
and show that no artefacts are introduced in the preparation process.

6.3 Results

6.3.1 Superconducting properties

In Figure 6.2 the transport critical current density in magnetic fields of 0, 0.5 and 1 T is reported
as a function of the temperature, measured with the magnetic field perpendicular to the plane of
the tape. T. of 36.5 K and J. of 2.0 x 10° Acm? at 20 K and 1 T is obtained. Similar J.(B) curves
were obtained for samples cut from 6 different places in the 1.6 km long, copper stabilised tape
[83]. This indicates that the J((B) curves are representative of the whole length of the tape and are

reproducible.
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Figure 6.2: Transport critical current density as a function of temperature at 0, 0.5 and 1 T.

6.3.2 Microstructure of the MgB, core

SEM images of the MgB: core of the filaments are shown in Figure 6.3 (a and c). Typically the
size of the MgB, colonies, i.e. arrangement of several well connected grains, is found to vary
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between 0.5 and 6 pm. Sub-micrometer sized voids are also observed. Dark phases, i.e. higher
borides of MgB4, MgB; were found at the centres of a few extremely large colonies as shown in
Figure 6.3 (a). The volume fraction of such phases is however small and were observed in only
three of the fourteen filaments.
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Figure 6.3: SEM images of the cross-section of a tape showing (a) B-rich phase and the MgB: matrix,
(c) large and small MgB, colonies. The SEM-EDX spectra obtained from the regions indicated in (a)
and (c) are shown in (b) and (d) respectively. Portions of the spectra around B-K, and O-K, peaks
are shown magnified in the insets.

The SEM-EDX spectra acquired from the regions indicated in Figure 6.3 (a and c) are shown
in Figure 6.3 (b and d) and the elemental quantification is given in Table 6.1. It can be seen that
the cores of the large colonies have a B/Mg mole fraction ratio close to 2 and the oxygen mole
fraction is ~ 1 at.%. In the spectrum obtained from a region containing many small MgB, colon-
ies, a large (~ 16 at.%) oxygen mole fraction is found. The dark phases shown in Figure 6.3(a)
were found to be boron-rich phases with boron to magnesium mole fraction ratio of about 8.

Table 6.1: SEM-EDX quantification of the MgB> matrix and B-rich phases in large (~5 um) colonies,
and small (~1 um) colonies.

B at.% O at.% Mg at.% B at.%/ Mg at.%

MgB, 66.01 091 33.08 2
B-rich phase 89.2 0.19 10.61 8.41
Large colony 6521 1.14 33.64 1.94

Small colonies 56.75 17.36  25.89 2.19

Precise chemical composition of the MgB, matrix in the core of the filaments was determined
using EPMA. Metallic boron was used as a standard. In order to avoid the effects of chemical
shifts in the positions of B-K, peak, and to increase the number of B-K, x-ray counts, the so-
called area intensity measurement mode [9] was used. Five measurements were performed at the
centres of the ~ 5 pm large MgB, colonies and the B, O, and Mg mole fractions are given in
Table 3.3 of chapter 3. Correlation diagrams of Mg and O mole fractions versus B mole fractions
are given in Figure 6.4. The measured Mg and B mole fractions are close to that of stoichiometric
MgB,, indicated by a filled circle. The average value of the B/Mg mole fraction ratio is 2.02 and
the average mole fraction of oxygen is ~0.5 at.%.

TEM bright-field image of a MgB, colony at low magnification is shown in Figure 6.5 (a).
Grains 1 and 2 inside a 5 pm colony are clearly identified by diffraction contrast. A dark field im-
age (at a higher magnification) of grain 1 acquired under a two-beam diffraction condition with a
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(101) reflection strongly excited is shown in Figure 6.5 (b). Long straight dislocations are seen
with an average spacing of ~ 0.1 um which corresponds to a dislocation density of 1 x 10'° cm?,
Figure 6.6 (a and b) are bright and dark-field images of another MgB, grain under two beam con-
ditions, 15 to 70 nm sized precipitates are seen. From the TEM dark-field images, the size of a
typical MgB, grain was found to be between 0.5 to 1 pm, but many MgB, grains of the size
between 30 to 200 nm were also observed.
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Figure 6.4: Correlation diagrams of Mg-B (o) and O-B (4) mole fractions of ~ 5 um large MgB,
colonies determined using EPMA. Stoichiometric MgB, composition is indicated by (e)

e

Grain 1

Figure 6.5: (a) TEM bright field image of a MgB, colony showing grains with different diffraction
contrast.(b) Corresponding dark field image of grain 1 at higher magnification.

The chemical composition of the precipitates and the oxide layers indicated in Figure 6.6 (a)
was determined from the EDX-spectrum shown in Figure 6.6 (¢), and is summarised in Table 6.2 .
The high O/Mg mole fraction ratio indicated the precipitate to be MgO and the oxide layer to be a
mixture of MgO and Mg(OH)..



CHAPTER 6 71

Precipitate matrix|
precipitate]
Oide layer]

mac] Matrix

O-rich region

Precipitate

Matrix

Mg

T
o8
i)

O-rich region

;kalenbereich 185”22513 CLrsor: U,UDg :av (15389 cts) °° o ! ' k1e\t
Figure 6.6: (a) TEM bright- field image showing MgO precipitate and oxygen-rich region. (b) The
corresponding TEM-dark field image. (c) TEM-EDX spectra from matrix, MgO precipitate and oxide
layer.

Table 6.2: O/Mg mole fraction ratios determined from the TEM-EDX quantification of the matrix,
precipitate and O-rich region indicated in Figure 6.6(a).

Spektrum Oat.% / Mg at.%

matrix 0.04
precipitate 0.23
oxide 1.64

6.3.3 Microstructure of the MgB,-Ni interface

A backscattered electron image of the MgB>-Ni interface acquired in EPMA is shown in Figure
6.7 (a). A reaction zone consisting of ~6 um wide inner layer and ~4 pm wide outer layer is seen.
Up to 1 pm large voids are concentrated on both sides of the inner layer.

The chemical composition of the reaction layers at the Mg-Ni interface was determined using
WDX analysis in EPMA. The elemental analysis of the reaction zone is even more difficult be-
cause of the severe absorption of B-K, x-rays in Nickel. Secondly the low energy x-ray lines of
Ni lie close to the B-K, x-ray lines, because of which, B-K, x-ray intensity cannot measured in
area intensity mode as was done for MgB, in the core of the filament. Therefore a MgB, ceramic
was used as a standard for the calibration of B-K, x-ray peak position. Thirteen EPMA measure-
ments were acquired from the inner and outer reaction layers and the B, O, Mg and Ni mole frac-
tions are given in Table 6.3. B-Mg, B-Ni and B-O correlation diagrams are plotted in Figure 6.7
(b). Three different intermetallic compounds of B, Mg and Ni are found. The composition of the
inner reaction layer is, however, not homogenous. Along the flat sides of the filament the inner re-
action layer has a composition of MgB,Ni,o and contains ~ 1.13 at. % of oxygen, while at the
edges it has significantly boron-deficient composition of MgB,Ni, and contains 2.25 at.% of oxy-
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gen. The outer layer has a homogenous composition of MgB33Ni;o and a contains 0.09 at.% of
oxygen.
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Figure 6.7: (a) Back scattered electron image of the reaction zone at the MgB>-Ni interface of a MgB,
filament. (b) Correlation diagrams of Mg-B (e), Ni-B(m) and O-B(A) mole fractions determined using
EPMA.

Table 6.3: EPMA-WDX quantification of the MgB>-Ni interface reaction layers shown in Figure 6.7
(a)

B at.% O at.% Mgat.% Niat.%
Inner layer
3337 172 1792 47
34.15 023 1621 4941
3387 14 16.99 47.74
34.49 0.39 16.1  49.02
33.77 073 1623  49.27
3296 231 17.63 47.11
mean 33.77 1.13 16.85 48.26
Inner layer at edges
18.57 191 2648 53.04
1793 1.78  26.29 54
173 272 2627 53.71
16.65 2.6 2691 53.85
mean 17.61 2.25 2649 53.65
Outer layer
11 23.17 0.04 657 70.22
12232 002 807 68.71
13 2292 0.19 6.5 70.39
mean 23.1  0.09 7.05 69.7
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TEM bright field image and the diffraction patterns of the MgB,-reaction zone interface are
shown in Figure 6.8 (a). Diffraction patterns were obtained from the upper part “MgB,” in Figure
6.8 (a) and confirmed the presence of MgB,. TEM-EDX spectra acquired at the regions indicated
in bright-field image are shown in Figure 6.8 (b). Spectrum 21 is a typical MgB, spectrum. Spec-
trum 20, however, shows a reduced Mg peak and a prominent Ni peak. O/Mg and Ni/Mg mole
fraction ratios determined from the quantitative analysis of the spectra are given in Table 6.4 .
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Figure 6.8: (a) TEM bright-field image of the MgB:-reaction zone interface. TEM diffraction patterns
are shown in the inset. (b) TEM-EDX spectra from the MgB, (spectrum 21) and from the reaction zone

(spectrum 20). Portions of the spectra around B-K, and O-K, are shown magnified in the inset.

Table 6.4: O/Mg and Ni/Mg mole fraction ratios in the MgB. and the reaction zone, determined using
TEM-EDX.

Spektrum Oat.% / Mg at.% Ni at.% / Mg at.%
Spectrum 21 (matrix) 0.17 0.02
Spectrum 21 (reaction zone) 0.08 3.91

6.4 Discussion

6.4.1 Microstructure and chemical composition of MgB, core

SEM and TEM images of the MgB, core show that the MgB; in the filaments is porous only on
the sub-micrometer scale. The MgB, colonies are structurally well connected to each other and to
the Ni sheath. The size of the MgB, colonies varied from 1 to 6 pum (Figure 6.3(c)). Comparing
these SEM images with those of the starting MgB, powders (not shown here), it was evident that
the MgB, colonies had grown in size and the structural connectivity between the colonies had im-
proved mostly during the annealing of cold drawn tapes.

The typical grain size determined using TEM bright and dark-field images (Figure 6.4 and
Figure 6.5) was 0.5 to 1 um. However, numerous grains with sizes between 30 to 200 nm were
also found. Such a wide distribution of grain sizes means that, although the average grain size is
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large (0.5 to 1 um), numerous grain boundaries are still present and could significantly contribute
to the possible grain boundary pinning. Long straight dislocations with a density of 1 x 10! ¢m™
and 15-70 nm sized MgO precipitates were found in some of the grains, which can act as pinning
centres.

SEM and TEM EDX analysis prove that non superconducting layers, which appear as oxide
layers in SEM and TEM samples, are present at the surface of the MgB, colonies. Amorphous
layers at grain boundaries were also reported by Zhu et al. [166] who also identified them to be
rich in Mg and O. The origin of the formation of such layers is not understood. In spite of such
layers, J. as high as 2.0 x 10° Acm™ have been reached at 20K, 1T (see Figure 6.2). The critical
current density of the MgB, tapes might increase if these layers could be removed. Detailed ana-
lysis of these layers by advanced electron microscopy techniques namely x-ray elemental mapping
in SEM and TEM, and electron spectroscopic imaging highlights the granular character of the mi-
crostructure, allows to obtain the oxygen distribution and will be described in chapter 8.

6.4.2 Microstructure and chemical composition of the MgB,-Ni
reaction layer

A reaction zone with a total width of 10 pm is formed at the MgB,-Ni interface as seen in Figure
6.7 (a). Efficient transfer of heat from the MgB., core to the surrounding metallic sheath is essen-
tial in order to transport critical current densities > 10° Acm™. The characterisation of the reaction
zone at the MgB,-Ni interface was therefore important. Using WDX analysis in EPMA the com-
position of the major portion of the inner reaction layer was determined to be MgB,Ni, and an
intermetallic phase with a similar composition of MgB,Ni; [168] was reported in the literature. At
the elongated edges, however, the inner reaction layer has a highly boron-deficient composition of
MgBosNi,. The anisotropy of boron distribution in the inner layer is likely to be due to the aniso-
tropy in the stresses applied during the final cold deformation steps. The 1 pm voids on both sides
of the inner reaction layer might be due to vacancy formation during the diffusion processes, i.e.
the Kirkendall effect [169]. The outer layer was found to have a composition of MgB;3Ni;, while
a phase reported in the literature has a composition of MgB>Nis; [170]. Bellingeri et al. [155] de-
termined the chemical composition of a reaction layer at the Ni-MgB, interface in their monofil-
mentary tapes using neutron diffraction and found it to be MgB,Ni, s, another intermetallic phase
of B, Mg and Ni , which has also been reported in the literature [171]. Depending upon their
thermal conductivity, these intermetallic phases would affect the heat transfer from the MgB, core
to the surrounding metallic sheath and cryogen. The thermal conductivity of these intermetallic
phases of B, Mg and Ni have not so far been reported in the literature.

6.4.3 Correlation of superconducting properties and
microstructure

For the investigated tapes the transition temperature T. and the critical current density J. was
measured over a large range of magnetic fields and temperatures. However, B, of the multifila-
mentary tapes was not measured and, therefore, the its role on J. cannot be discussed here.

The transport critical current density 2.0 x 10° Acm? at 20 K and 1 T of the multifilamentary
tapes reported in this chapter is comparable to the inductive J. of multifilamentary strands of
Sumption et al. [159], and higher than the J. of the monofilamentary tapes [172].

The J. of the multifilamentary tapes studied here relates to the microstruture in the following
three points:

(1) Density of pinning defects.

Our investigations showed the grain size to vary between 30 to 1000 nm and many grains showed
dislocations with a density of 1 x 10'° cm™. Fabrication of the tapes involves plastic deformation
in the form of cold drawing and rolling. The fractioning of the MgB, grains and the introduction
of defects like dislocations is thus likely to happen. In addition, 15-70 nm MgO precipitates were
also found. The relatively large coherence length of MgB,, about 10 nm, means that most of these
defects can act as flux pinning centres.
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(2) Granularity and grain size.

Granularity was identified in the microstructure of the multifilamentary tapes. Dense colonies
with diameters of 1-6 pm were identified in a porous matrix. In the porous matrix the size of the
voids is smaller than 1 pm. Non-superconducting oxide layers were found at the surface of the
MgB; colonies. Therefore, granularity exists because of two reasons, (i) structural granularity as
shown in this chapter and (ii) granularity due to the B, anisotropy as discussed in [163], [164].

The J. of the multifilamentary tapes shows a strong field dependence even in the 1 T regime:
J. at 20 K is reduced by a factor of 2 when the field is increased from 0.5 T to 1 T. Preliminary in-
vestigations by Braccini et al. [172] showed that due to ball milling of starting precursor powders,
the J. of their monofilamentary tapes increased and the anisotropy in the field dependence of the J.
decreased.

Recently HéaBler et al.[73] have reported a very much improved field dependence of the J.
(5.0 x 10* Acm™ at 20 K , 3 T) by using mechanically alloyed, fine grained MgB. It is assumed
that J. and its field dependence would be further improved for the multifilamentary tapes by de-
creasing the grain size of the MgB, and by eliminating the non-superconducting layers at the sur-
face of the colonies.

(3) Thermal stability.

The central copper core in the tapes ensures that the heat generated at the local hot spots is effi-
ciently transferred to the cryogen. The undesirable situation in which partial quenching by hot
spots occurs is thus prevented, even when large superconducting currents are transported. Inter-
metallic layers were formed at the MgB,-Ni interface and might reduce the transfer of heat gener-
ated by local hot spots.

6.5 Summary and Conclusions

Thermally stabilised multifilamentary MgB, tape carrying critical current densities of 200000
Acm? at 20 K and 1 T were produced over a length of 1.6 km. The transition temperature T, and
the critical current density J. was measured over a large range of magnetic fields and temperat-
ures. However, B, was not measured.

For SEM, EPMA and TEM sample preparation, carbon contamination was reduced to a min-
imum by (i) resin free preparation (ii) ion etching (iii) immediate transfer to the microscope after
preparation. A quick, reliable and standard-less method of B-quantification using SEM-EDX was
established for the analysis of MgB, wires and tapes.

MgB, filaments in the tapes are found to be granular, yielding colonies (dense arrangement
of grains) in a porous matrix. The size of the MgB; colonies varied between 1 to 6 um. The B to
Mg mole fraction ratio in the MgB, colonies is close to 2 and O mole fraction is less than 1 at.%.
The colony size and their structural connectivity with each other is increased in comparison to the
initial MgB, powder mostly during post-cold drawing annealing.

Non-superconducting layers were found at the surfaces of MgB, colonies, which might limit
the critical current density. These layers appear as oxide layers in SEM and TEM samples. The
typical size of the MgB; grains was between 0.5 to 1 pm, but numerous MgB, grains of the size
between 30 to 200 nm were also observed because of the fractioning of MgB, grains during cold
rolling. Dislocations with a density of 1 x 10 cm? and 15-70 nm sized precipitates were ob-
served. These grain boundaries, dislocations, precipitates can act as flux pinning centres in these
tapes. A 10 pm reaction zone in the form of intermetallic phases of Mg, B and Ni is formed at the
MgB,-Ni interface.

Reduction of the MgB, grain size by milling of starting MgB, powder and reduction of non-
superconducting layers around MgB; colonies could further enhance the critical current density
because of improved pinning and connectivity.






Chapter 7

7 MgB, bulk and tapes prepared by
mechanical alloying: influence of the boron
precursor powder[73]

7.1 Introduction

The preparation of MgB, samples including the characterization of the superconducting properties
has been widely discussed in the literature [14].

The properties of the MgB, powders (phase fraction, grain size) depend, on the preparation
parameters but also on the quality of the precursor powders. Influence of the quality of the pre-
cursor powders on the MgB, was first reported by Ribeiro et al. [173] and Zhou et al. [174] and
showed that the results of different groups are not comparable without the characterisation of the
used boron precursor powder.

Chen et al. [175] recently analysed the boron precursor powders using SEM and x-rays.
Crystalline x-ray peaks were found in some powders specified to be amorphous, while boron ox-
ide peaks were found in some other boron powders. In general the “amorphous” powders have a
smaller grain size and are characterised by a higher reactivity in comparison to the “crystalline”
boron powders. The bulk samples prepared with these powders show higher critical current dens-
ities.

While considering the quality of the starting elemental powders, it is necessary to distinguish
between impurities which reduce the MgB, phase by reacting with either Mg or B and those
which do not [142] [176]. Furthermore, the crystal structure of the boron precursor powder affects
the kinetics of the MgB, formation and consequently also the superconducting properties [175].

Mechanical alloying is a special in-situ technique, which produces MgB, from the elemental
powders. Mg and B are filled in a milling vessel and milled in a planetary ball mill. During this
high-energy milling a partial reaction to MgB, takes place [177] [178] [179]. A similar technique
was used by other groups [180] [181], but the amount of MgB, formation and grain size reduction
is likely to be smaller, since short milling times were applied. The resulting nanocrystalline
powder consists of MgB,, Mg, B, MgO and some worn out material from the milling tools e.g.
tungsten carbide. This precursor powder is highly reactive and tapes can be prepared at relatively
low temperatures (500-600°C) by the powder-in-tube technique (PIT) [182] [183][184].

The influence of the impurities of the boron precursor powder on the microstructure and su-
perconducting properties of tapes and ceramics prepared by mechanical alloying will be discussed
in this chapter. Electron beam techniques like SEM, EPMA and TEM are very sensitive to the
analysis of light elements and have recently been applied by Eyidi et al. for the microstructural
analysis of MgB, ceramics [8] and tapes [114]. In this work the microstructure analysis of the
ceramics and tapes is carried out using SEM-EDX while detailed TEM investigation of the micro-
structure will be reported elsewhere. The problem of the quality of the precursor powders is not
limited to mechanical alloying, and is important for other in-sifu techniques also.

7.2 Experimental

7.2.1 Characterisation of the powders

The following starting materials were used: Mg powder from Goodfellow (99.8% “nominal pur-
ity”, 250 pm maximum grain size) and three different boron precursor powders with nominal pur-
ities of 99% (B-a) and 95-97% (B-b) from STREM and 95-97% (B-c) from Fluka. The grain size
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of all boron precursor powders was smaller than 20 um. The nominal purity specified by the sup-
pliers has, however, limited relevance, since the non-metallic impurities are not included.

For characterisation of the content of non-metallic impurities (C, O, S, N) in the Mg and B
precursor powders, as well as in the milled powder, the carrier gas hot-extraction analysis
(CGHE) with inert (O, N — using TC436-DR, Leco) and reactive (C, S — using EMIA 820V,
Horiba) atmosphere was used. The samples for analysis were filled in tin capsules within a glove
box.

Other metallic impurities like Mg, K, Na and Si were analysed by Spark Source Mass Spec-
troscopy (SSMS, using MS7 from AEI). The contents of the elements Mg, B and W within the
mechanically alloyed precursors were determined by Inductively Coupled Plasma — Optical Emis-
sion Spectroscopy analysis (ICP-OES, using IRIS from Thermo). The thermal behaviour of the
mechanically alloyed precursor powder was investigated by differential scanning calorimetry un-
der argon atmosphere with a heating rate of 20 K/min using a Netzsch DSC404.

7.2.2 Preparation of precursor powders, bulk samples and tapes

To prepare precursor powders by mechanical alloying (MA), Mg and B (in the stoichiometric ra-
tio of 1:2, the Mg content of the boron precursor powders was not taken into account) were milled
for 50 hours in a planetary ball mill. Repeated fractioning of powder particles and partial forma-
tion of MgB, takes place via a solid state reaction. More details of this technique have been de-
scribed in recent papers [177][178]. For the high-energy milling, tungsten carbide (WC) milling
tools with cobalt binder were used. The milling was done in Ar atmosphere. In the subsequent
processing steps the exposure of the MA powder to air was kept to a minimum.

The MA powders are further processed in different ways to bulk samples and tapes. The bulk
samples were prepared by hot-pressing of MA powder. In a vacuum chamber, uniaxial pressure of
640 MPa was applied at 700°C for 10 minutes on MA powder (300 mg), which yielded a disk
with a diameter of 10 mm and a thickness of about 1 mm.

As the first step of the PIT-processing of tapes, rods of the precursor powder were prepared
by cold isostatic pressing at 350 MPa. The rods were filled into Fe tubes with 10 mm outer and 6
mm inner diameter, which were deformed by shape rolling, drawing and flat rolling to mono-fila-
mentary tapes of about 0.35 mm thickness and 3.5 mm width. Typical values of the filling factor
(core area : overall area) of mono-filamentary tapes were in the range of 0.31 — 0.37. The tapes
embedded in an oxygen gettering foil were heat treated at temperatures between 500 and 650°C
for 3h under Ar atmosphere.

7.2.3 Microstructure and electrical characterisation of bulk
samples and tapes

A Jeol JSM 6500F SEM and Zeiss 912Q TEM (see chapter 2 for details) have been used for elec-
tron microscopy analysis. The grain size, crystallinity and impurities of the boron precursor
powders were determined using analytical SEM and TEM. Secondary electron imaging and EDX
in SEM has been used to study cracks, voids and B-rich secondary phases in MgB, bulk and
tapes. The reliability and reproducibility of the SEM-EDX analysis for B quantification was
checked using a MgB, tape prepared by Grasso et al. [116] as a standard and by EPMA measure-
ments [10]. Thus, the dark boron-rich secondary phases and the grey MgB, matrix could be iden-
tified in the SEM images and were used to estimate the volume fraction of B-rich secondary
phases in MgB, bulk and tapes. The chemical composition of boron-rich secondary phases (here-
after referred to as B-rich phases) is either MgB4.5 or MgB7.5. SEM and TEM sample preparation
of powders, ceramics and tapes is described in chapter 2. Carbon contamination during sample
preparation and during EDX analysis was minimised.

The phase composition, grain sizes and internal stresses were determined by x-ray diffraction
Rietveld analysis using a X'Pert PW 3040 x-ray diffractometer from Philips.
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The critical temperature 7, was determined by temperature and magnetic field dependent res-
istance measurements using the Physical Property Measurement System (PPMS, from Quantum
Design). T. is reported as the temperature at which the resistance dropped to 50% of the resistance
at T, onse. From these measurements, the superconducting transition width A7, and the critical field
B.; and B, was determined. Transport critical current densities (J;) of the tapes were determined
by the standard four probe method using the 1uV/cm electric field criterion. The measurements
were carried out at 4.2 and 20 K, in fields up to 14 T applied parallel to the plane of the tapes. J,
of the bulk samples was determined from the magnetic measurements using the Bean model [70].

Depending on the boron precursor powder B-a, B-b and B-c, the samples were labelled as
follows: mechanically alloyed powders M-a, M-b and M-c, the hot pressed bulk samples S-a, S-b
and S-c and tapes T-a, T-b and T-c.

(a) B-a/99%
o SRS

Tam WD 10.0mm

Figure 7.1: SEM images of boron powders of (a)

B-a, (b) B-b and (c) B-c. Figure 7.2: TEM bright-field images of (a)
crystalline (b) nanocrystalline grains of boron
powder B-a. (c)TEM dark-field image of grains
in boron powder B-c. The corresponding
diffraction patterns are shown in the inset.
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Figure 7.3: XRD measurement of the Figure 7.4: DSC-curves of mechanically alloyed
mechanically alloyed powder with different powders prepared with different boron qualities
boron powders.

7.3 Results and Discussion

7.3.1 Elemental boron precursor powders

The experimentally determined impurities, the grain size and crystallinity, together with the nom-
inal purity specified by the suppliers, of three different boron precursor powders B-a to B-c, are
summarised in Table 7.1. Mg is the most frequent impurity, probably in the form of MgO, fol-
lowed by alkali and alkaline earth metals like Na, K, Ca and Si. Oxygen and carbon were found to
be the main non-metallic impurities. The oxygen content of the boron precursor powder with
highest nominal purity, B-a, is higher than in B-c, which has a nominal purity of only 95-97%. It
is however important to note that the nominal purity specified by the supplier considers only the
metallic impurities. It is very important that also the non-metallic impurities are taken into account
to correctly correlate the precursor powder purity with the material properties.

Table 7.1: Nominal purity, impurities, grain size and crystallinity of boron precursor powders from
different suppliers.

Boron powders B-a B-b B-c
Supplier STREM STREM Fluka
Batch number B2401051 B1371092 371465/1
Nominal purity (%) 99 95-97 95-97

Impurity contents determined by SSMS and CGHE
Metallic impurities Mg 400, Na 80, Si 41, Mg 7300, Si 2600, Ca 840, Mg 4900, K 1500, Na 310,

(ng/g) Ti9 Na 590 Si 300 ( all others <100)
C (wt.%) 0.25 0.35 0.29
O (wt.%) 3.55 3.31 1.87
Microstructure analysis using SEM and TEM
Average grain size (nm) ~110 ~300 ~500
Crystallinity Crystalline + Nanocrys-  Crystalline + Nanocrystal- Crystalline
talline line
Ref. figure la/2a 1b/2b 1c/2¢c

The grain sizes of the boron precursor powders B-a, B-b and B-¢c were estimated from the
SEM images in Figure 7.1(a-c) and confirmed by TEM imaging and diffraction (Figure 7.2). EDX
microanalysis in SEM and TEM was used to qualitatively identify the impurities in boron
powders. Type B-a has crystalline grains of size ~110 nm (Figure 7.2(a)) and nanocrystalline
grains which are strongly agglomerated (Figure 7.1(a) and Figure 7.2(b)) . Mainly Mg and O but
also some K, Ca, F impurities were detected in the nanocrystalline grains. Relatively less impurit-
ies were found in the crystalline grains. B-b is similar to B-a, but contains larger grains. B-c is
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very different from B-a and B-b as it has large crystalline grains and contains relatively smaller
amounts of Mg and O impurities although its nominal purity is only 95%. All the boron precursor
powders investigated in this study were specified to be amorphous. The electron diffraction pat-
terns of Figure 7.2, however, clearly show that the boron powders are either nanocrystalline or
crystalline.

7.3.2

Mechanically alloyed MgB: precursor powders M-a, M-b, and M-c were prepared using B-a, B-b,
and B-c respectively. The carbon and oxygen weight fractions in the milled powder are summar-
ised in Table 7.2. It can be seen that the carbon weight fraction did not increase during the MgB,
preparation by mechanical alloying. During the preparation process W and Co were introduced
additionally, but their weight fractions were determined by ICP-OES analysis to be < 0.01 wt.%.

Using x-ray diffraction (Figure 7.3), the phase fractions of Mg, MgB, and WC phases were
determined and are summarised in Table 7.2. The phase fraction of MgB, in M-a is 1.5 times of
that in M-b and M-c. This indicates that the reactivity of the boron precursor powder B-a is larger
than B-b and B-c. The microstructure of the mechanically alloyed MgB, is nano-crystalline. The
lattice parameters in M-a and M-c correspond to an undistorted lattice cell, whereas in M-b the
lattice constant ¢ is smaller indicating strain.

Mechanically alloyed powder

Table 7.2: Impurity analysis using CGHE and
structural analysis using x-ray diffraction of
mechanically alloyed powders.

Mechanically alloyed powder M-a M-b M-c

B nominal purity (%) 99 95-97  95-97

Milling time (hours) 50 50 50
Impurity analysis using CGHE

C (wt.%) 0.154 0.121 0.191

O (wt.%) 3.37 3.74 1.84
Structural analysis using XRD

Lattice parameter a (nm) 0.3085 0.3086 0.3087

Lattice parameter ¢ (nm) 0.3523 0.349 0.3519

Ratioc/a 1.142  1.131 1.140

Grain size (nm) 4 2 5

MgB: phase content (wt.%) 47 30 31

Mg phase content (wt.%) 53 70 68

‘WC phase content (wt.%)
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Figure 7.6: SEM images in plan-
view of hot pressed bulk samples
(a) S-a, (b) S-b and (c) S-c. The B-
rich phases and voids are
indicated by B and V respectively.
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Figure 7.4 shows the DSC-curves of three different mechanically alloyed powders during
heating. It can be seen that the reaction of Mg and B takes place in two steps, one at about 500°C,
the other at about 650°C. For the powder M-a the main DSC-peak occurs at a lower temperature
and only a small peak occurs at about 650°C. For M-b and M-c the situation is opposite. This is in
agreement with the x-ray diffraction result indicating that the reactivity of powder M-a is larger
compared to M-b and M-c. All measured DSC-peaks belong to the MgB, formation and are not
due to phase transitions or other chemical reactions.

7.3.3 Bulk samples

Bulk samples S-a, S-b, and S-c were prepared using different mechanically alloyed powders (M-a,
M-b, M-c) by hot pressing at 700°C and 640 MPa for 10 minutes. During hot pressing Mg and B
nearly completely react to form MgB,, which is sintered to about 90% of the theoretical density. A
comparison of the microstructure and superconducting properties of these samples is given in
Table 7.3.

Table 7.3: Synthesis parameters, structural analysis by x-ray diffraction, microstructure analysis by
SEM-EDX, and superconducting properties of hot pressed bulk samples.

Bulk sample S-a S-b S-c
B nominal purity (%) 99 95-97 95-97
Annealing temp. (°C) 700 700 700
Pressure (MPa) 640 640 640
Structural analysis using x-ray diffraction
Lattice parameter a (nm) 0.3085  0.3086  0.3086
Lattice parameter ¢ (nm) 0.3525  0.3523  0.3523
Ratioc/a 1.143 1.142 1.142
Grain size (nm) 19 58 65
MgB; phase content (wt.%) 95.2 85.0 94.8
Mg phase content (wt.%) - 3.5 <1
MgO phase content (wt.%) 4.8 11.2 5.0
WC phase content (wt.%) <1 <1 <1
Microstructure analysis using SEM-EDX
Void size (um) 5-30 5-15 5-30
B-rich phases: Size (nm) ~200 nm  ~1000 600
B-rich phases: Volume fraction (vol%) <3 ~10 ~3
O mole fraction (at.%) ~2.5 5 2.5
Superconducting properties
7. (K) 36.8 35.6 37.0
AT, (K) 0.6 1.5 0.6
B> at 0K (T) 22 18 22
B, at 0K (T) 16 12 16
J.at20 K, 1 T (A/em?) 4,7-10° 2,5-10° 4,0-10°

The grain size of S-a is about 20 nm and is confirmed also by preliminary TEM investiga-
tions. In comparison the grain size of S-b and S-c are three times bigger. These grain sizes are one
order of magnitude smaller than the MgB, grain sizes reported of ceramics , wires and tapes pre-
pared by other groups [8][114][116]. Using x-ray phase analysis, sample S-b was found to contain
11.2 wt% of MgO and 3.5 wt.% of unreacted Mg. In comparison the MgO wt.% in sample S-a
and S-c is smaller by a factor of 2 and the Mg content is less than 1 wt.%.

The effect of the boron precursor powder on microstructure of the hot pressed bulk samples
S-a, S-b and S-c is shown in the SEM images in Figure 7.6(a-c). In the MgB, matrix of all the
samples B-rich phases are identified by EDX. The average size of the B-rich phases is largest (~1
um) for S-b and constitute ~ 10 % of the sample volume. In comparison the volume fraction of B-
rich phases in S-c is ~ 3 % and still smaller in S-a. Bulk samples S-a and S-c contain 5-30 pm
large voids. Although the grain size and reactivity of the boron precursor powders are different,
the microstructure of samples S-a and S-c is similar due to the high temperatures used during hot
pressing. The oxygen mole fraction in the MgB, matrix of S-a and S-c was determined by EDX to
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be ~ 2.5 at.% and twice as much in S-b. A large number of sub-micrometer sized bright particles
are seen in the SEM image of S-b (Figure 7.6(b)), which are MgO secondary phases. This agrees
with the higher MgO phase fraction found by x-ray diffraction of S-b. The oxygen mole fraction
in the bulk samples is not entirely proportional to the oxygen weight fractions in the boron
powders, since extra oxygen is introduced during the hot pressing. The mechanically alloyed
powers M-b and M-c have a higher Mg content in comparison to M-a, which may partly oxidise.
Therefore, during the subsequent annealing, the oxygen content in S-b and S-c increases more
than the oxygen content of S-a.. As a result, S-a and S-c have similar oxygen mole fractions, al-
though B-a contains a larger oxygen weight fraction than B-c.

The T, the critical field B.,, B, and the critical current density J. shown in Figure 7.5, Fig-
ure 7.7 and Figure 7.8 respectively, is summarised in Table 7.3. The 7. (~37 K), AT. (0.6 K), B,
(22 T at 0 K) and B;, (16 T at 0 K) of S-a and S-c are similar, although the J. of S-a is slightly
higher than that of S-c. In comparison S-b shows a decreased 7., with a broad superconducting
transition (47, = 1.5 K), decreased B ., and J. smaller by a factor of about 2. Better superconduct-
ing properties of S-a and S-c can be explained by the dominant MgB, phase and the lower oxygen
mole fraction in S-a and S-c. J. of S-a decreased less rapidly at higher fields, which might be at-
tributed to the increased grain boundary pinning because of the smaller grain size of S-a. The J, of
S-a is higher than the J. of bulk MgB, with ZrO, additives reported recently [185]. Detailed TEM
investigation of the microstructure will be necessary to explain the J. of the various samples. In
conclusion, boron precursor powders like B-a, with smaller grain size and low metallic impurities
are most appropriate for the synthesis of bulk MgB; by hot pressing.
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7.3.4 Tapes

For the fabrication of tapes powders M-a and M-c were used. During the fabrication of Fe
sheathed tapes work hardening takes place. Therefore, several annealing steps at temperatures
between 450°C and 500°C are necessary for the secondary recrystallisation of the Fe sheath. The
powder M-a is more reactive than M-c and reacts at temperatures close to 500 °C to form MgB; as
suggested by the DSC analysis in Figure 7.4. Therefore a partial MgB, formation takes place in
tape T-a during the several annealing steps of the wire drawing process. The MgB, grains are
heavily deformed in the next drawing step and therefore refined to smaller sizes. At the same
time, a hardening of the wire core and a strong agglomeration of grains (size about 10 um) are
seen in the metallographical image (Figure 7.9(a)) of the as deformed tape T-a. In comparison the
microstructure of filaments of the tape prepared with powder M-c is more homogeneous (Figure
7.9(b)).
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100 pm

Figure 7.9: Metallographical images of the as deformed but not annealed tapes T-a and T-c.

Low and high magnification SEM images of the annealed tapes T-al, T-a2 and T-cl, T-c2
are shown in Figure 7.10 (a-d). Tape T-al and T-a2 were synthesised using powder M-a and an-
nealed at 500°C and 650°C respectively. Tapes T-cl and T-c2 were prepared from powder M-c
and annealed at temperatures 500°C and 600°C. The superconducting properties and the size of
the B-rich phases, cracks and voids in the MgB, matrix of the tape estimated from the SEM im-
ages are summarised in Table 7.4.

Table 7.4: Synthesis parameters, microstructure analysis by SEM-EDX and superconducting
properties of tapes.

Tapes T-al T-a2 T-cl T-c2
B nominal purity (%) 99 99 95-97 95-97
Annealing temp. (°C) 500 650 500 600

Microstructure analysis using SEM-EDX
Cracks (width, length) (um) 1,30 02,2 02,2 1.3, 50

Void size (nm) ~90 ~90 60 —1000 60— 1000
B-rich phase: grain size (nm) 50-500 100-250 50 - 3000 250 - 3000
B-rich phase: Vol.fraction (%) ~2 <2 ~20 ~4
O mole fraction (at.%) ~7 ~6 ~2 ~3
Superconducting properties
T. (K) 29.5 32.5 27.5 36.5
AT, 0.5 0.7 2.8 1.0
J.at20K, 3 T (A/em?) - 5,0-10* - 5,5-10*

In tape T-al B-rich phases have grain sizes between 50 to 500 nm and are found in the MgB.
matrix. Most of the B-rich phases are however small and constitute less than 2 % of the sample
volume. In tape T-a2, annealed at 650 °C, the B-rich phase fraction is further reduced. In tape T-
cl, the grain size of B-rich phases are 50 nm to 2 um and the volume fraction is 20 %. The forma-
tion of MgB, is incomplete at the annealing temperature of 500°C because of the lower reactivity
and large grain size of the boron powder B-c. In tape T-c2 the 50 to 200 nm sized B-rich grains
have completely reacted to MgB, and the B-rich phase fraction has decreased to 4%, because of
the higher annealing temperature of 600°C. Oxygen mole fraction is 3 at.% in T-c2 and twice as
much in T-al and T-a2, which corresponds qualitatively to the oxygen ratio in the powders M-a
and M-c. The extra oxygen might be introduced during the wire and tape preparation especially
during the preparation of the precursor rod by cold isostatic pressing.

Cracks are found in all tapes due to the heavy deformation during the drawing process. Tape
T-al has 1 um wide and ~ 30 um long cracks lying in the plane parallel to the length of the tape
and perpendicular to the plane of the tape. It also contains ~ 90 nm sized voids. In tape T-a2
which is annealed at a higher temperature of 650 °C, the size and density of cracks is reduced in
comparison to T-al. The tape T-cl contains cracks parallel to the rolling direction of the tape.
Very few ~ 90 nm sized voids are observed. The microstructure of tape T-c2 is similar to that of
T-c1, however the size and density of the cracks and voids has increased after annealing at higher
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temperature. In conclusion tapes (T-c1 and T-c2) prepared using boron precursor powders (B-c)
contain larger cracks and voids, which increase with annealing temperature. In contrast the size of
the cracks in tapes T-al and T-a2 prepared using small sized boron grains (B-a) decreases with in-
creasing annealing temperature. Therefore, the grain size of the boron precursor powder affects
the formation of cracks in tapes. Another factor for the crack formation could be the higher react-
ivity of the powder M-a. Therefore, significant amount of MgB: is already formed in T-al and T-
a2 during the intermediate annealing steps required to reduce the work hardening. On the other
hand in tapes T-c1 and T-c2, most of the MgB, formation takes place during the final annealing
step after the rolling. The associated higher shrinkage of the material, therefore, might give rise to
cracks in the regions of lower density.

Figure 7.10: Low-magnification (left) and high-magnification (right ) SEM images of Fe-sheathed
tapes (a) T-al, (b) T-a2, (c) T-cl and (d) T-c2 after final annealing in cross-section. The cracks, B-
rich phases and voids are indicated by C, B and V respectively.
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The differences in the microstructure of the tapes observed in the SEM images are reflected
also in the superconducting properties summarised in Table 7.4. The lower 7. and J. of T-c1 in
comparison to other tapes are related to the suppressed MgB, phase formation. The T. of T-a2 is
lower than that of T-c2 by about 4 K (Figure 7.11) and can be attributed to the higher oxygen
mole fraction in it. The decrease in 7. could also be due to oxygen and carbon [157] contamina-
tion during the formation of tapes. The irreversibility field B;, of the tape T-c increased from
about 7T to 16T at 4.2 K when the annealing temperature was increased from 500°C to 600°C
(Figure 7.12). In contrast the other J. versus B curves of T-a show only small differences (which
are in the range of the measurement error) for the annealing temperature in the range of 500 to
650°C. A possible cross over at 10 T in the J. versus B curves (Figure 7.12) of T-a2 and T-c2 has
to be confirmed by measurements at lower fields. The J. of T-c2 is likely to be limited by the large
density of cracks and a slightly higher B-rich phase fraction in comparison to T-a2. TEM analysis
of pinning defects like grain boundaries, dislocations and precipitates [22][114] formed due to
oxygen and other impurities is essential for a better understanding of the J. of these tapes. The J.
of 5.0 x 10* A/cm? (at 20K, 3T) of the tapes investigated in this work are significantly higher than
the tapes reported recently [23][186], and highlights the importance of mechanical alloying for en-
hancing the J. of MgB, superconductors.

At this stage it is not possible to decide which of the two boron precursor powders B-a and
B-c is more appropriate for the tapes. The main advantage of powder B-a is its higher reactivity,
which yields compact tapes synthesised at about S00°C. Advantage of powder B-c is the higher T,
of the tapes due to the lower oxygen content. However powder B-c requires higher annealing tem-
peratures and results in a large density of cracks in the tapes which probably limits J..
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Figure 7.12: Critical current densities of tapes T-
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Figure 7.11: Resistive transition curves of tapes
T-a and T-c, prepared with precursors M-a and
M-c.

7.4 Summary and conclusions

Mechanically alloyed MgB, powders were used to synthesise MgB, bulk by hot pressing and
tapes by PIT technology. The influence of the quality of the boron precursor powder on the micro-
structure and superconducting properties of MgB, bulk was studied. Nominal purity, which con-
sidered only the metallic impurities, was not sufficient for the characterisation of the quality of the
boron precursor powders. Therefore, the non-metallic impurities e.g. O were determined using
CGHE, in addition to the metallic impurities determined using SSMS and ICP-OES. The oxygen
impurity in the boron precursor powder B-a was found to be highest although it had the highest
nominal purity i.e. 99%. The average grain size and impurities of the boron precursor powders of
different quality are determined using analytical SEM and TEM. Boron precursor powders B-a,
B-b and B-c have an average grain size of ~110, 300 and 500 nm, respectively. Although x-ray
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diffraction analysis shows boron precursor powders to be amorphous, electron diffraction patterns
reveal them to be nanocrystalline or crystalline. Using DSC the boron precursor powder B-a was
found to be most reactive and therefore a significant fraction of MgB, phase is formed already
during mechanical alloying and during drawing of the tapes.

The grain size in the MgB, bulk samples was found to be small because of the mechanical al-
loying. The bulk samples prepared from B-a contain the largest MgB, phase fraction and show the
highest J. of 4.7x105 Acm™ at 20 K and 1 T. Boron precursor powders like B-a, with smaller grain
size and less metallic impurities are most appropriate for the synthesis of bulk MgB, samples by
hot pressing. At this stage it is not possible to decide which of the two boron precursor powders
B-a and B-c is more appropriate for the tapes. The main advantage of B-a is its higher reactivity
because of which compact tapes can be synthesised at about 500°C. However oxygen is intro-
duced during synthesis of tapes, resulting in a significantly reduced T.. B-c yields a higher 7. and
lower oxygen content in the synthesised tapes. It requires higher annealing temperatures and res-
ults in large density of cracks in the tapes, which probably limit J.. The J. of 5.0 x 10* A/cm? (at
20K, 3T) of the tapes investigated in this work are significantly larger than the J. of the tapes re-
ported in the literature. This underlines the importance of mechanical alloying for enhancing the
J. of MgB; tapes.






Chapter 8

8 Microstructure-critical current density
model for MgB, wires and tapes

8.1 Introduction

At the present stage, the J.’s and resistivities of different MgB, superconductors, differ by orders
of magnitude, the reasons for which are not fully understood.

Rowell in a review article [49] analysed the resistivity of a large number of MgB, single crys-
tals, bulk samples, thin films and one wire prepared by the diffusion of Mg into the B wire. Large
variations were found in the residual resistivity (at 50 K) of these samples, the minimum being 0.4
uQcm and maximum being 1560 uQcm. Various models like reduction in the effective current
carrying cross-sectional area of the sample and Josephson junction model of the grain boundaries,
were proposed to explain the increase in resistivity and decrease in J.. Transport J. (at zero field)
of only one sample was discussed and the importance of more transport J, measurements was un-
derlined. MgB, wires and tapes prepared by the technologically important PIT technique were not
considered.

Eisterer et al. [134] studied the correlation of electrical resistivity on the T., B and J. of
MgB, wires prepared in-situ by the PIT technique. The residual resistivity was increased by neut-
ron irradiation, carbon doping or lower processing temperature, which led to increase in B,
which in turn was shown to be the main reason for the improvement in J.. The effectively con-
ducting cross section of the MgB, filaments was found to be only one third of the geometrical
cross section of filaments in pure MgB, wires and one sixth of the geometrical cross section in
SiC added MgB, wires. The effect was attributed to the structural granularity, but the microstruc-
ture of these wires was not analysed in detail.

In this chapter we report the transport J.’s of a large number of wires and tapes and their cor-
relation to the microstructure, which was investigated using the advanced electron microscopy
methods described in chapter 3.

8.2 Experimental

The MgB, wires and tapes were prepared by different variants of the powder in tube (PIT) tech-
nique. The deformation technique, precursor powders, annealing temperatures, superconducting
transition temperature (T.) , upper critical field (B.;) and critical current density (J.) of samples
1-6 are given in Table 8.1. The synthesis of the samples and measurement of their superconduct-
ing properties was carried out by the partner institutes within the HIPERMAG project.

The T, was determined by resistivity (p) versus temperature (T) measurements. The J.’s were
measured by transport measurements using the 1 pVem™ criteria.

Advanced electron microscopy techniques were used to study the microstructure of MgB,
wires and tapes. Advanced electron microscopy involves a combined SEM and TEM analysis
with contamination free sample preparation, chemical mapping with good counting statistics and
advanced chemical quantification as described in chapter 3. Schematic diagram of the steps in-
volved in the microstructure analysis of MgB, wires and tapes is shown in Figure 3.1. These
methods yield quantitative reliable data of the relevant microstructure parameters given in Table
8.1

89
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Table 8.1: T,, magnetic field for 10° Acm™ current density (B*), critical current density at zero field
(Jeo), magnitude of the reciprocal of the slope of the log J.(B) plot (B,), synthesis method, powder,
annealing temperature /time (6), colony size (S), volume fraction of B-rich phases (f), oxygen mole
fraction and MgB, grain size (g) of samples 1-6.

# T Joo B, B*  Synthesis Powder 0 (°C/ S f Ofat. g
(K) Acm’? (T) (T) technique h) (um) (%) %) (nm)
1 365 1x10° 2.03 9.6 MA Mg (ghH+2B 600/3 - 1.4 375 25
(fluka)
2 325 9.7 » Mg (ghH+2B 650/3 15 05 9.34 20
(strem)
3 337 33x10° 25 9.0 RWIT Mg(aa) +2B 650/0. - 2.7 104 35
(Geneva) +11.3 5
mol% SiC (aa)
4 355 26x10° 195 6.5 » Mg+2B+11.3 650/0. - 4.6 1546 75
mol% SiC (ox- 5
ford)
5 365 5.0x10° 0.79 49 14-fila. MgB, (Lamia) 980 6 ~0 1457 500
6 387 3.1x10° 1.32 HE+TAR  MgB, (aa)+1.5  950/0. 3 1.1 8289 150
mol% SiC 5

notes: MA (Mechanical Alloying [73]); RWIT (Rectangular wire in tube ; see [79][127]); 14-filament (see ref-
erence [116]); HE+TAR (Hydrostatic extrusion and two axial rolling) [111]; gf (good fellow); aa (Alpha
Aesar); abcr (ABCR GmbH)

8.3 Results and discussion

8.3.1 Superconducting properties

The T.’s of samples 1-6 is given in Table 8.1. T.’s of the ex-situ samples 5-6 are higher than the
T.’s of in-situ and mechanically alloyed samples 1-4. Sample 6 has the highest T. (38.7 K) while
sample 2 and 3 have lowest T.’s of 32.5 and 33.7 K respectively.

J.(B) curves of samples 1-6 are shown in Figure 8.1. Mechanically alloyed samples show the
highest J. at high fields (> 5T) among the samples 1-6, which is about 3 times smaller than the J.
of SiC added MgB, wires of Dou et al. [56]. A large scatter is observed in the J.’s of different
wires. At 7 T, the J. of sample 2 is about 100 times larger than sample 5. Similarly the field de-
pendence of the J. varies from sample to sample. Sample 3 shows the best field dependence and.
Sample 5 shows the most rapid decrease in J. with increase in magnetic field.
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Figure 8.1: J. (B) plots of samples 1 to 6 at 4.2 K from transport measurments.
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8.3.2 Microstructure analysis

The SE (secondary electron) images and the corresponding RGB (Mg-O-B) or RGB (Mg-Si-B)
images of the SEM-EDX elemental maps are shown in Figure 8.2. The volume fraction of B-rich
secondary phases, size of MgB, colonies and O mole fraction summarised in Table 8.1 were ob-
tained by SEM analysis as described in chapter 2 and 3. TEM dark-field images (Figure 8.2) yield
the grain size of the MgB, filaments.

SE images of mechanically alloyed sample 1 and 2 show very few cracks and are dense.
Sample 1 shows 1.4 % B-rich secondary phases (which appear blue in the RGB (Mg-O-B)
image), indicating inhibited MgB, phase formation. Sample 2 shows dense and pure MgB, colon-
ies embedded in an oxygen rich granular MgB, matrix. A colony is a dense arrangement of sever-
al MgB, grains.

SE images of in-situ samples 3 and 4 show a large density of cracks and voids on the 1-10
pum length-scale. RGB (Mg-Si-B) images show highest volume fraction (3.1 %) of Mg,Si second-
ary phases and 2.7 % volume fraction of B-rich secondary phases in sample 3. On the other hand,
sample 4 has smaller volume fraction (1%) of Mg,Si but highest volume fraction (4.6 %) of B-
rich secondary phases. A TEM bright field image of the nanocrystalline SiC powder, used for the
preparation of samples 3 and 4 is shown in Figure 8.3(a). These particles, originally thought to be
incorporated as pinning centres, react with Mg to form pm sized Mg,Si secondary phases (Figure
8.3(b)). The carbon released during the formation of formation of Mg,Si is doped into the MgB,
matrix [56]. T. of sample 3 is suppressed because of the enhanced C-doping in this sample.

SE images of the ex-situ samples 5-6 and STEM dark-field image (Figure 8.4(a)) of sample
5, show 2-6 um large dense regions in a granular matrix with voids. RGB (Mg-O-B) image shows
the dense regions to be MgB, colonies and the granular matrix to be rich in oxygen. A schematic
diagram of such a colony formation is shown in Figure 8.4(b) and is found to be a universal fea-
ture of all ex-situ samples.

TEM dark-field images of samples 1-6 are shown in Figure 8.3(c). The grain size of mechan-
ically alloyed samples 1-2 and in-situ samples 3-4 is in the range of 15-100 nm. The grain size is
of the order of the coherence length of MgB, and yields reduction of T.. The MgB, grain size in
ex-situ samples 5-6 is significantly larger (100-1000 nm) than in in-situ or mechanically alloyed
samples.

Secondary phases on the sub-micrometer scale in samples 3-6 were studied using STEM-
EDX and ESI elemental mapping as described in chapter 3. Sample 3 showed 50-400 nm large
grains of crystalline Mg,Si and highest density of 100-200 nm large grains of amorphous B-rich
secondary phases embedded in the MgB, matrix. The granular matrix in sample 5 showed 200 nm
wide oxide layers between the MgB: grains. Sample 6 with SiC additives showed 50 nm wide ox-
ide and MgSi,Oy layers between the MgB; grains.

8.3.3 Je.-microstructure correlation model

J. of MgB, wires and tapes (Figure 8.1) is influenced by B, and microstructure (Figure 8.5 and
Table 8.2). Microstructure affects J. because of the structural granularity and crystal defects on
the coherence length scale of MgB, namely grain boundaries, dislocations and precipitates, which
can act as pinning centers [126]. The structural granularity arises due to inhibited MgB, phase
formation and due to the formation of secondary phases (B-rich secondary phases, Mg,Si) and ox-
ide layers at grain boundaries.

Weeren [69]used Jo (the extrapolated J. at O field) and B, (magnitude of the reciprocal of the
slope of the logarithmic J«(B) plot) to characterise the influence of connectivity (structural granu-
larity) and pinning respectively on J.. Higher J, and B, would yield enhanced J.(B). B* (the mag-
netic field at which the J. drops to 1x10* Acm?) is a technologically relevant parameter which de-
pends on the J, and B,. Values of these three parameters for samples 1-6 are included in Table
8.1.

The J.-microstructure correlation model is used to explain the order of magnitude differences
in the J. of samples 1-6. The model consists of 1) MgB, grain size, 2) oxygen mole fraction, 3)
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volume fraction of B-rich secondary phases and 4) colony size, which are summarized in Table
8.1 for samples 1-6.

#|  (a) Secondary electron (b) RGB image (c) Dark-field image Figure 8.2: ( a)
image (SEM) (SEM-EDX) (TEM) secondary electron
e = : images and

TEM dark-field

(b) the corresponding
RGB(Mg-O-B) or
RGB(Mg-Si-B) images
of samples 1-6.

(¢) TEM dark field
images showing MgB,
grain size in samples
1-6. (note: dark-field
image of sample 2 was
acquired  from a
similarly prepared
bulk sample)

i gl
RGBMMg-Si-

Jc increases with decrease in grain size and increase in colony size

Mg2Si

RGB(Mg-Si-B)
10pm !

S AU A2t L O-richt granular matrix

ol T Figure 8.4: (a) STEM dark-field image of sample
Figure 8.3: a) TEM bright-field image of 5. (b) Schematic of the microstructure of ex-situ
nanocrystalline SiC powder (b) RGB (Mg-Si-B) MgB,

image showing Mg, secondary phase.
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The correlation diagram of the B, versus MgB, grain size in samples 1 and 3-6 is plotted in
Figure 8.6(a). The B, is clearly seen to increase with decrease in grain size, indicating MgB, grain
boundaries to be excellent pinning centres. The size of the dislocations at the grain boundaries is
approximately equal to the lattice constant (~0.3 nm for MgB,). How these grain boundaries pin
the approximately 10 nm (coherence length) large vortices in MgB, is not well understood. Strain
field at the grain boundaries might contribute in the grain boundary pinning as pressure is known
to suppress the T. of MgB; at a rate of 0.2-2 K(GPa)"! [14]. Anisotropy in B., might also play a
role in grain boundary pinning and has been reported for Nb;Sn (p.89 [71])

The correlation diagrams of the J, versus O mole fraction (Figure 8.6(b)), and J versus
volume fraction of B-rich secondary phases (Figure 8.6(c)) in mechanically alloyed samples 1 and
in-situ samples 3-4 show that connectivity increases with decrease in O mole fraction and B-rich
secondary phase fraction. The correlation diagram of J. versus colony size (Figure 8.6(d)) in ex-
situ samples shows that connectivity increases with increase in colony size. These results are sum-
marised in Table 8.2.

The high J. of mechanically alloyed tapes (samples 1-2) is attributed to the high J¢ due to the
dense microstructure and high B, due to the enhanced grain boundary pinning because of their
small MgB, grain size. The J. is likely to be further enhanced by reducing the volume fraction of
B-rich secondary phases in sample 1 and increasing the volume fraction of MgB, colonies in
sample 2.

Sample 3 shows the best field dependence of J. i.e. high B,, which can be attributed to the en-
hanced grain boundary pinning due to small MgB, grain size and, enhanced B., as well decreased
B.; anisotropy due to carbon doping. Besides MgB, doping with C, addition of SiC contributes
significantly to the formation of Mg,Si and B-rich secondary phases and a large density of such
secondary phases of size 200 nm (Figure 3.12) to 2 um (Figure 8.2(b)) were observed in sample 3.
This has a favourable effect of forming of normal-superconducting interfaces which can act assist
in pinning [71] [72]. However, these secondary phases also yield structural granularity, which res-
ults in smaller Joo and limits the J. enhancement in SiC-added MgB, wires.

Very high B, of 42 T and microstructure similar to that of sample 3, was observed in MgB,
bulk and tapes with SiC additives by Zhu et al [117] and Matsumoto et al [187]. The J. of these
samples was reported to be a complex balance between connectivity, B., and flux pinning induced
by grain boundaries and precipitates.

Sample 5 a 14-filament tape with a copper core, shows high J, because of the large 6 um
colonies (Figure 8.4(a)) yielding good connectivity and thermal stability due to the copper core.
The rapid decrease in J. of sample 5 with increase in B is reflected in the low value of B, and is
explained by poor grain boundary pinning, due to large MgB, grain size (Figure 8.2(c)) [116].

The low J. of samples 6 is attributed to the large volume fraction of the oxygen rich granular
matrix (Figure 8.2(b)). MgB; grains in the MgB, matrix are surrounded by about 50 nm wide ox-
ide or MgSi,Oy layers yielding poor connectivity which is reflected in the low value of J,. The
field dependence of J. i.e. B, is however improved in comparison to sample 5 because of en-
hanced grain boundary pinning due to smaller (about 200 nm) size of MgB, grains (Figure 8.2(c))
and also because enhanced B, and decreased B, anisotropy by carbon doping due to SiC addit-
ives.

Using a percolation model Eisterer et al. [163] [164]have recently suggested, that the critical
current density in MgB, wires is governed by (i) the upper critical field B, and (ii) the anisotropy
of B, [165]. Because of the anisotropy of B., even a homogenous poly-crystalline MgB, conduct-
or will show granularity at higher magnetic fields [163],[164]. It was shown in this thesis that the
microstructure of MgB, shows significant granularity and is not homogenous. This extends the
validity of a percolation model towards smaller magnetic fields.

To summarise, the high J. of MgB, wires, inspite of the substantial structural granularity, can
be attributed to the unique features of superconductivity in MgB,: the 10 nm coherence length,
variable B, and the anisotropy in B.,. The large variations in the J. of MgB, wires and tapes could
be attributed to the variations in the microstructure affecting the structural granularity (connectiv-
ity) and pinning[71] [72].
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Table 8.2: Microstructure parameters and their
effect on J.

| | Variation in microstructure Effect on Jo orB,
arameter
— Structural c2& P —
Emmné defectsl . : Decrease in MgB, grain size B, Increases
granularity| an1sotropy| X o e.
| (increase in pinning)
- - | I I Decrease in oxygen mole fraction Joo Increases
Gain bovndarics (increase in connectivity)
Dislocations Colony | |Inhibited phase] IOxidatioEI ) ) Y
Precipitates formation| [formation Increase in colony size Jeo Increases

Figure 8.5: Schematic diagram of the factors

affecting J..

(increase in connectivity)
Decrease in volume fraction of B-
rich secondary phases
(increase in connectivity)

Joo Increases

3 v 2 -
: (a) Bp v gram size 1200000 (b) .
3 ® Bp vs erain #1 @ Je0-Oat% |
25 1-¢ P VS grain| | 1000000
siZC
2 18 . & 800000 1
B :
= 1.5 4 < 600000 A
o —
1 1 = 400000 -
- L ]
us w3 -
0.5 200000 - "
0 T T 1 0 T T T 1
0 200 400 600 0 5 10 15 20
£ (nm) O (at.%)
00 3500000 . ;
1200000 33
(C) . @ JcO-B-rich (d) ® Jel-colony
1000000 . phase fraction| 3000000 | size | .
2500000
& 800000 a
f £ 2000000
2 600000 &
S = 1500000
= =
400000 o
. 1000000
" Y
Y]
200000 500000
L
"o
0 0
0 1 2 3 4 5 0 2 4 6 8
f(%0) S (um)

Figure 8.6. correlation diagrams of (a) B, versus MgB; grain size for sampleland 3-6, (b)J. versus O
mole fraction for samples 1,3 and 4, (c) J.o versus volume fraction of B-rich secondary phases for
samples 1,3 and 4, and (d) J.o versus colony size for samples 5-6.



9 Appendix

9.1 Acquisition conditions and microscope specifications

9.1.1 Specifications of SEM and EPMA

Table 9.1: Instrument specifications of SEM and EPMA

SEM EPMA
Name of instrument Jeol JSM 6500F Jeol Superprobe 8900 RL
Gun Schottky Field Emission Thermionic emission
Extraction voltage at the Gun 3kV -
Filament current 221 A -
Accelerating voltage 10 kV (Range: 0.5 to 30 kV) 15kV
Emission current ~67 pA ( max: >100 pm) -
Detector EDX: Si(Li) with ultra thin window  WDX crystal spectrometer: LDEB
(ATW?2) from Oxford for B-K,, TAP for Mg and Al-K,
and LDE1H for O-Kq x-rays.
Detector calibration Set once for all by the manufacturer Set by the user using standards be-

using standards

Standards for detector calibration of

B-Kg: Metallic Boron, Mg-K:
different x-rays

Metallic Mg
Probe current 1-18 arbitrary units (range:30 pA to
200 nA)
Vacuum at Gun ~3.2x10-8 Pa
Vacuum in Specimen chamber ~8.1x10-7Pa
Magnification 10x to 500kx
Detectors for conventional imaging SE, BSE
Lateral resolution of SE imaging ~5nm
Lateral resolution of x-ray mi- 1 pA

croanalysis

fore every experiment
B-Kq: Metallic Beta Boron, Mg-
K: synthetic MgO
15 nA

3x10-4 Pa
40x to 300kx
SE, BSE
~6nm

1 pA

9.1.2 Acquisition conditions for the quantitative x-ray
microanalysis of MgB, using using SEM and EPMA

Table 9.2: Acquisition conditions for the quantitative x-ray microanalysis of MgB, using using SEM

(Jeol JSM 6500F) and EPMA (Jeol Superprobe 8900 RL)

Name of instrument Jeol JSM 6500F Jeol Superprobe 8900 RL
Accelerating voltage 10 kV 15kV
Probe current 18 arbitrary units (range:30 pA to 15 nA
200 nA)

Objective aperture 2§ 1

Working distance* 10 mm 11 mm
Scanning mode area mode or spot mode Spot mode (beam size<1 um)
Spectrum energy range 0-10 kV -

95
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Name of instrument Jeol JSM 6500F

Jeol Superprobe 8900 RL

Live time

Counts per second

Process time

16 s at Mg-K and 30 s at O-K4

peak positions ;4 minutes across the

B-K peak window.-

B-Kq Peak to background ratio ~36
Integrated no. of counts under B- ~25000
Ky peak
Relative statistical error in B counts 0.6 %
FWHM at B-K, peak 7.5 eV
Total no. of counts under Mg-K ~225700 (integrated) 50000
peak
0.4 %

Relative statistical error in Mg
counts

§ The Beam blanking plates are to be positioned completely out
*The distance between the objective lens and the sample surface (Focal length of objective lens)

9.1.3 Acquisition conditions for the SEM-EDX elemental mapping

of Mng

Table 9.3: Acquisition conditions for the SEM-EDX elemental mapping of MgB; using Jeol

JSM-6500F

Accelerating voltage
Probe current
Objective aperture
Working distance*
Scanning mode
Spectrum energy range
Live time
Counts per second
Process time

Number of pixels in the elemental map
Total Mg-K x-ray counts per pixel
Relative statistical error in Mg counts
Total B-K x-ray counts per pixel

Relative statistical error in B counts

10 kV
18 arbitrary units (range:30 pA to 200 nA)
28
10 mm
area mode or spot mode
0-10kV
1500 s-2500 s
~6000-8000
4
128 pixels x 88 pixels
600

4.1%
20

22.4%

§ The Beam blanking plates are to be positioned completely out
*The distance between the objective lens and the sample surface (Focal length of objective lens)
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Detailed specifications of the TEMs: Zeiss 912Q and Zeiss

Libra 200FE (200kV FEG)

Table 9.4: Detailed specifications of the TEMs. Zeiss-912Q and Zeiss-Libra (200 kV FEG)

Zeiss 912 Zeiss Libra
General parameters
Accelerating Voltage 60, 80, 100, 120 120, 200
Gun LaBg, Thermionic ZrO/W-Schottky Field Emission
Filament current 3.4 A (maximum 3.59 A) 2.34 A (1760 K)
Emission current 1-14 pA(maximum 50 pA) Upto 55 pA
Detectors Si(Li) EDX detector with ultra thin ~ Si(Li) EDX detector from EDAX
window (ATW2) from Oxford in- (cannot detect B-K x-rays)+
struments (detects B-Ky x-rays) +  Omega spectrometer + HAADF de-
Omega spectrometer tector
STEM capability No Yes
Illumination system
Lenses

Koehler illumination

Probe size (Area of illumination in
TEM mode)

[llumination aperture

Smallest probe size in (Spot illu-
mination mode)

Condenser aperture

Stray aperture

3 condensor lenses + objective lens

3 condensor lenses + objective lens
condensor(C-0)

condensor(C-0)

yes yes
1-75 pm -

0.01-5 mrad 0.01-20 mrad
1.6 nm 0.5 nm

O(completely out),1, 2(600 pm), 3
(37.5 pm), 4 (37.5 pm), 5 (20 um)

O(completely out),1,2,3 one of these
apertures is 7 hole aperture(10, 19,
38, 75, 150, 300 and 600 um)
O(completely out),1(-),2(-),3(200
pm)

Objective aperture 5

Specimen stage

Goniometer

Coordinates of specimen movement

tilt

Specimen holder

Side entry Side entry

X.,y,z, theta (tilt around the axis of
sample holder), Phi (tilt around the
axis perpendicular to the axis of
sample holder and optic axis

Theta =+ 60°; Phi= +30°

X.,y,z, theta (tilt around the axis of
sample holder), Phi (tilt around the
axis perpendicular to the axis of
sample holder and optic axis

Theta =+ 30°; Phi= +30°

Low background (EDX) holder
made of Be

Low background (EDX) holder
made of Be

Imaging system

Lenses

Objective lens point to point resolu-
tion

Objective lens focal length
Objective lens Cc
Objective lens Cs

Objective lens+projective lens sys-
tem [ + Omega spectrometer+pro-
jective lens system II

Objective lenstprojective lens sys-
tem I + Omega spectrometer-+pro-
jective lens system II

0.37 nm 0.24 nm
3.6 mm 1.7 mm
2.7 mm 1.2 mm
2.7 mm 1.2 mm
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Zeiss 912

Zeiss Libra

Objective aperture

SAD aperture

Magnification (selected area mode)

Camera length (selected area dif-
fraction mode)

0 (completely out),1 (13.45 mrad,
90 um), 2 (8.09 mrad, 60 um), 3

(3.45 mrad, 30 um)

0 (completely out), 1 (100 um), 2

(20 pm), 3( 20 pm)
3.15 kx to 250 kx
290-7200 mm

0 (completely out) -5 ( completely
in); Multihole apertures (80-10 um)

0 (completely out), 1 (40 um), 2 (20
pm), 3(5 pm)
10 kx to 500 kx
12 to 3000 mm

Spectrometer

Lenses
Spectrometer entrance apertures

Slit apertures
Spectrum Magnification
Energy loss range

FWHM at zero loss peak

4 sector magnets + one corrector

element

0 (completely out), 1(1500 pm), 2

(800 pum), 3 (100 pm)
1-100 um
19.5xto315x
1-2500 eV
~1leV

4 sector magnets + 7 corrector ele-
ment

0 (completely out), 1(800 um), 2
(500 um), 3 (100 um)

20x to 315 x
0-3500 eV
<0.7eV

EDX detector

Type Si(Li) EDX detector with ultra thin ~ Si(Li) EDX detector (cannot detect
window (ATW2) ( detects B-Kq x- B-K x-rays)
rays)
Manufacturer Oxford Instruments EDAX
Detector surface 30 mm? -
Operating temperature Liquid Nitrogen Liquid Nitrogen

Image and spectrum acquisition system

CCD camera image resolution
CCD camera image depth

Image and EELS acquisition soft-
ware

EDX acquisition software

1024 pixels x 1024 pixels
14 bit
ESIVISION

INCA

1024 pixels x 1024 pixels
14 bit
WinTEM+Digital micrograph

EDAX Genesis

Vacuum system

Vacuum system

Vacuum in column
Vacuum at Gun

Vacuum at Camera

Rotary pump+Molecular turbo
pump+lon getter pump

1x107 mbar
4x107 mbar

1x10° mbar

Rotary pump+Molecular turbo
pump+lon getter pump

1.58x10”7 mbar
1.74x10”° mbar
1.75x10°° mbar

9.1.5

MgB; using Zeiss-912Q

Acquisition conditions for diffraction contrast imaging of

Table 9.5: Acquisition conditions for the Transmission Electron Microscopy of MgB; using Zeiss

912Q and Zeiss Libra

Condenser aperture
Objective aperture

Energy width of slit aperture

20 (V)
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Condenser aperture 3
Preferred (hkl) refelections {002},{011}and {110}
Excitaiton error (s) for brightfield image Slightly >0
Excitaiton error (s) for dark-field image 0
Pixel intensity 8000
Acquisition time 1
Camera binning 1

9.1.6 Acquisition conditions for quantitative TEM-EDX analysis
of MgB, using Zeiss-912Q

Table 9.6: Acquisition conditions for the quantitative TEM-EDX analysis of MgB; using Zeiss-912Q

Filament current 34A

Extraction voltage

Specimen tilt 20°
Condenser aperture 3
Objective aperture 0
Stray aperture 3
Spot size ~ 50 nm
EDX acquisition software INCA
Counts per second ~ 2000
Acquisition time 100 s
Process time 4or5
B-K Peak to background ratio 19
Integrated no. of counts under B-K, peak ~5300
Relative statistical error in B counts 1.4 %
FWHM at B-K peak 83 eV
Total no. of counts under Mg-Kg peak ~ ~122900 (integrated)
Relative statistical error in Mg counts 0.3 %
9.1.7

Acquisition conditions for the STEM-EDX elemental
mapping of MgB, using Zeiss Libra

Table 9.7: Acquisition conditions for the STEM-EDX elemental mapping of MgB, using Zeiss Libra

Filament current 2.34 A (1760 K)
Extraction voltage 4.4kV
Specimen tilt 10°

Condenser aperture 3
Objective aperture 5
Stray aperture 5 (objective)
Spot size 8-10 nm
EDX acquisition software EDAX Genesis

Counts per second ~5000
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Filament current

Acquisition time

Image resolution of chemical maps

Dwell time

No of frames

Total Mg-K x-ray counts per pixel

Relative statistical error in Mg counts

2.34 A (1760 K)
~14 minutes
256 pixels x 200 pixels
1 ms/pixel

16

80
11.2 %

9.1.8
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Acquisition conditions for the EFTEM-ESI elemental

mapping using Zeiss-912Q and Zeiss-Libra

Table 9.8: Acquisition conditions for EFTEM-ESI elemental mapping using Zeiss-912Q and Zeiss-

Libra
Zeiss 912 Zeiss Libra
Filament current 34 A 2.34 A (1760 K)
Emission current 10 pA -
Extraction voltage - 4.4kV
Condenser aperture 3 1
Spectrometer entrance aperture 2 smallest
Slit width 15eV 10-20 eV
Magnification Upto 125K Upto 50 K

Objective aperture

Acquisition time
Illumination angle (marad)
MIS aperture
Camera binning(software)
Background estimation method
Background subtraction method
Signal in B-K ESI

Background in the B-K difference
ESI

Signal to Background ratio in B-K
difference ESI

B-K ESI Signal in vacuum at a dis-

tance of 50 nm and 200 nm from the

edge of the sample

Elements used for RGB images

2 (semi-angle 8.09 mrad)

B:2s;C:25;0:325s
B:1.6; C:2; and O: 2
4
2x2
Three window power law

Difference

~ 400 cts

~2600 cts

0.15

57 and 1 cts

B, Cand O

3(20 mm diameter at 567mm camera length;

semi-angle 1.76 mrad)
B:3s; C:8s; 0:30 s

2x2
Three window method
Difference

1000
3000
0.33

100 and 70 cts

B, Cand O

9.1.9
Zeiss-912Q

Acquisition conditions for the EELS analysis of MgB, using

Table 9.9: Acquisition conditions for the EELS analysis of MgB; using Zeiss-912Q

Wide range PEELS of MgB; using Zeiss 912
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Emission current
Objective aperture
MIS
Emission current
Objective aperture
MIS

Spot size

Spectrometer entrance aperture

Spectrum magnification

Energy range

Acquisition time

Image/Diftraction mode

Integration width

Background fit approximation

101

10 pA
2 (8.1 mrad)
0
10 pA
2 (8.1 mrad)
0
~8,~50, ~100 nm for low energy, middle energy and high energy loss window
3
19.5x
160-1510 (4 frames)
Automatically chosen (~10 s per frame)
Diffraction?

~250 eV (maximum is 250 ¢V); The width is to be set as per the B-K edge
width. Quantification is extremly sensitive to the intgration width.

Power law (exponential law does not fit specially for B-K edge)

B-K core loss EELS of MgB, using Zeiss 912

Emission current
Objective aperture
Entrance aperture

Diffraction / Image

Spectrum magnification

Spot size
Acquisition time

Signal

Signal to background ratio

10 pA
3
3
Diffraction
63x
100 nm
Isx 10
610
0.5

Mg-K core loss EELS of MgB; using Zeiss 912

Emission current
Objective aperture
Entrance aperture

Diffraction / Image

Spectrum magnification

Spot size
Acquisition time

Signal

Signal to background ratio

10 pA
2
3
Image
63x
100 nm
Isx 20
139
4.09

Low loss EELS of MgB, using Zeiss 912

Emission current
Objective aperture
MIS
Entrance aperture
Diffraction / Image
Spot size
Spectrum magnification

Acquisition time

1 pA
3
3
3
Diffraction
10 nm
63x
100 ms x1



102 APPENDIX

Specimen thickness <0.5 MFP (~160 nm)

9.2 Matlab scripts

9.2.1 Matlab code for the quantitative phase analysis of SEM-
EDX elemental maps

%***Quantitative phase analysis of SEM-EDX elemental maps

%***I:\balaji auf D\Balaji\Hipermag\HIPERMAG-till-2007-09-30\Dresden-H&f1er\20050002-2006-06-07-
Jeol6500F-Fluka 600\Auswertung\5000x8\CHI Mg B.m

Mg = imread('Mg.jpg");%greyvalues(0-255) are read in mxn matrix Mg
Mg double=double(Mg);% converts numeric class uint8 array to double array
B = imread('B.jpg');%greyvalues(0-255) are read in mxn matrix B
B_double=double(B);
CHI=zeros(256);%256x256 matrix
HIS B=zeros(1,256);
HIS Mg=zeros(1,256);
[m,n]=size(Mg);
for I=1:m
for J=1:n
i_act=((B_double(I,J)))+1;% adding 1 to grey value range of boron image pixel
j_act=((Mg_double(1,J)))+1;

CHI(i_act,j_act)= CHI(i_act,j_act)+1;%incrementing the number of pixels with B grey value (i_act)...

% and Mg grey value (j_act)

HIS B(i_act)=HIS B(i_act)+1;%incrementing the number of pixels with grey value (i_act) in B image

HIS Mg(j_act)=HIS Mg(j_act)+1;

end

end
pixelrowvector=sum(CHI);%sum of all the pixels in the image calculated by summing CHI
pixeltotal=sum (pixelrowvector');
MAXROW = max(CHI);%row of maxima made from maxium in each column of CHI
MAXEL=max(MAXROW")
CHIN=CHI/MAXEL;% normalised CHI
Ofp Rk Displaying Mg-B CHI
colormap('gray');
clims=[0,8];
imagesc(CHI,clims);
xlabel('"Magnesium','FontSize',16)
ylabel('Boron','FontSize',16)
title(\it{Mg-B CHI}','FontSize',16)

Yo** Defining Blue mask for Boron rich secondary phase Blue
gBllower=150 ;

gBlupper=256;

gMglleft=1;

gMglright=150;
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%****Incoporating masks for B-rich seconary phases in the Blue channel
CHINB=CHIN;
CHINB(gBlupper,gMglleft:gMglright)=ones(1,gMglright-gMglleft+1);
CHINB(gB1lower,gMglleft:gMglright)=ones(1,gMglright-gMglleft+1);
CHINB(gB1lower:gBlupper,gMglleft)=ones(gB lupper-gB1llower+1,1);
CHINB(gB1lower:gBlupper,gMglright)=ones(gB lupper-gB1lower+1,1);
%***Calculating area and volume of B-rich secondary phases
Ar_B_rich=0;
for gB1=gB1lower:gBlupper%B-rich phase
for gMgl=gMglleft:gMglright
Ar B rich=Ar B rich+CHI(gB1,gMg1);%no. of pixels having B-rich secondary phase composition
end
end
Ar_image=pixeltotal
Ar B rich
vol B _rich= (Ar_B_rich/(m*n))"(1.5)*100%volume fraction of B_rich sec. in percent
Yokt plotting histogram of boron elemental map
plot(HIS B)
xlabel('B grey value','FontSize',16)
ylabel('no. of pixels','FontSize',16)
title(\it{Histogram}','FontSize',16)
Yokt plotting histogram of Mg elemental map
plot(HIS Mg)
xlabel('Mg grey value','FontSize',16)
ylabel('no. of pixels','FontSize',16)
title(\it{Histogram}','FontSize',16)
%***plottig B-Mg CHI with blue mask for B-rich sec. phases (such a CHI is weak in intensity)
CHIRGB = cat(3,CHIN,CHIN,CHINB);
image(CHIRGB);
xlabel('Magnesium','FontSize',16)
ylabel('Boron','FontSize',16)
title(\it{Mg-B CHI}','FontSize',16)
Op*******creating sythetic map of B-rich sec. phase
fori act=1:m
forj act=I1:n
if (B_double(i_act,j act) >= gBllower)&(B_double(i_act,j act) <= gBlupper)& ...
(Mg_double(i_act,j act) >= gMglleft) & (Mg _double(i_act,j act) <= gMglright));
ct(i_act,j act)=1;
end
end
end
colormap('gray");
clims=[0,1];

imagesc(ct,clims);
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9.2.2 Matlab script to calculate extinction lengths of MgB,
%***Matlab script to calculate extinction length of MgB2

%***I:\balaji auf E\balaji\Matlab Programmes\MgB2ExtDist120kV.m

%***calculating dhkl

h=[0]

k=[0]

1=[2]

a=[3.08489];%in Angstroms

¢=[3.52107];%in Angstroms

dhkl=[4/(3*a"2)*(h"2+h*k+k"2)+(1"2)/(c"2)]"(-0.5)%in Angstroms

%***Calculation of wavelength, speed and mass of electrons considering relativistic effects
c0=2.99792458*10"8 % speed of light in units of ms"-1

% m*c0"2= m0*c0"2+e*U; conservation of energy ;

e=1.6021892*10"-19 % charge of electron in units of coulombs;

U=120000 % accelerating voltage in V;

m0=9.10953*10"-31 % rest mass of electron in kg

beta = (1-(1/(1+e*U/(m0*c0*c0)))*2)"0.5% relativistic correction factor for velocity = beta= (v/c0)
gamma = (1-beta"2)"-0.5 %gamma = m/m0

hp= 6.62617*10"-34 %Plancks constant in units of Watt*second"2
Lambda=hp/((m0*gamma)*(beta*c0));% wavelength of 120 kV electron beam in meters
Lambda=Lambda*10"10%wavelength in Angstroms

%***calculating atomic electron scattering factors of B and Mg

a Mg=[2.2682,1.8025,0.8394,0.2892];%in Angstroms
b_Mg=[73.6704,20.1749,3.0181,0.4046];%in Angstrom"2

F_Mg= 0;%in Angstroms

a_B=[0.9446,1.3120,0.4188,0.1159];

b_B=[46.4438,14.1778,3.2228,0.3767];

F_B=0;%in Angstroms

for e=1:4

F_Mg=[F_Mg+a_Mg(e)*exp(-b_Mg(e)*(0.5/dhkl)"2)];
F_B=[F_B+a_B(e)*exp(-b_B(e)*(0.5/dhk1)"2)];

end

F Mg

F B

%***calculating kinematical structure factor of MgB2

F MgB2=(F Mg+F B*exp(2i*pi*(h*1/3+k*2/3+1%1/2))+F_B*exp(2i*pi*(h*2/3+k*1/3+1*1/2)))*gamma
%***calculating extinction length of MgB2
Extinctiondistance=pi*(3°0.5/2*a"2*c)/(Lambda*F_MgB2)% in Angstroms

Table 9.10: atomic scattering factor (f) of B and Mg,and kinematical structure factor (F) and
extinction lengths of MgB: for first few refelections.

(hkl) d(nm) fg(nm) fyg(nm) Fygs(nm) & vigs2(nm)
(001) 0.35211 0.18635 0.27902 0.11568 2353
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(010) 0.26716 0.14726 0.21013 0.07763 350.6
(101) 0.21283 0.11368 0.16243 0.34094 79.83
(002) 0.17605 0.08758 0.12980 0.37657 72.28
(110) 0.15424 0.07128 0.11058 0.31259 87.08
(-102) 0.14700 0.06583 0.10431 0.04752  572.76

9.2.3 Matlab code for the parameterless absorption correction of
B-Kq x-rays for the quantitative TEM-EDX analysis of MgB,

Calcualation of k-factor

% Calcualtion of k factors using a thickness series of TEM-EDX spectra acquried on a standard MgB2 sample
%G:\balaji auf E\balaji\stic backup 2007-08-06\Matlab scripts for chapter 4\k_factor.m
% Standard MgB2 sample = sample 4 of chapter 3 with Stoichimetric MgB2 composition
%k-Faktor Mg as given in INCA software

kMg_wt=1.076

%Atommassen

A_B=10.811;

A Mg=24.305;

%Atomprozente von B und Mg in MgB2

Cat_B=2/3*100

Cat_Mg=1/3*100

%Gewichtsprozente von B und Mg in MgB2

Cwt B=100*(Cat_B*A_B)/(Cat_ B*A_B+Cat Mg*A Mg)

Cwt_Mg=100*(Cat Mg*A Mg)/(Cat B*A B+Cat Mg*A Mg)

%Messung diinne Stelle

global t1 I1_B 11 Mg

t1=122920

11 B=5310  %Integrierte Counts B

I1_Mg=122920 %Integrierte Counts Mg

%Messung dicke Stelle

global 212 B 12 Mg

t2=447123 %Probendicke in Mg-K counts or EELS mean free path

12 B=5906 %]Integrierte Counts B

12_Mg=447123 %Integrierte Counts Mg

% Calculation of specimen thickness in units of B-K XAL
d1_B=fzero('d1find',2)% the function d1find is defined elsewhere in the directory
d2 B=t2/t1*dl B

% Calculation of absorption corrected B-K x-ray intensities
110_B=11_B/T_d(d1_B)%the function d1find is defined elsewhere in the directory
120 B=12_B/T_d(d2_B)

%***Determination of k-factors

%kB-Mg factors when compositions are mesured in at.%

kB Mg at 1=(Cat B/Cat Mg)*(I1_Mg/110_B)

kB Mg at 2= (Cat_B/Cat Mg)*(12_Mg/120_B)

kB Mg at=(kB Mg at 1+kB Mg at 1)/2
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%kB-Mg factors when compositions are mesured in wt.%

kB Mg wt_ 1= (Cwt_B/Cwt_Mg)*(I1_Mg/110_B)

kB Mg wt 2= (Cwt_B/Cwt_Mg)*(12_Mg/I120_B)

kB Mg wt=(kB Mg wt 1+kB Mg wt 1)/2

kB wt=kB Mg wt*kMg wt

Quantitative analysis of a MgB2 sample of unknown chemical composition

% Calcualtion of wt. fraction and mole fractionn ratios of B and Mg in MgB2 sample of unknown composition
%G:\balaji auf E\balaji\stic backup 2007-08-06\Matlab scripts for chapter 4\quantification.m
%Atommassen

A B=10.811;

A Mg=24.305;

%Atomprozente von B und Mg in MgB2

Cat_B=2/3*100

Cat_Mg=1/3*100

%Gewichtsprozente von B und Mg in MgB2
Cwt_B=100*(Cat_B*A_B)/(Cat_B*A_B+Cat_ Mg*A_Mg)

Cwt Mg=100*(Cat Mg*A Mg)/(Cat B*A B+Cat Mg*A Mg)

%Messung diinne Stelle

global t1 I1 BI1 Mg

t1=122920

I11_B=5310  %Integrierte Counts B

11_Mg=122920 %Integrierte Counts Mg

%Messung dicke Stelle

global t2 12 B 12 Mg

t2=447123 %Probendicke in Mg-K counts or EELS mean free path
12._B=5906 %]Integrierte Counts B

12 Mg=447123 %]Integrierte Counts Mg

% Calculation of specimen thickness in units of B-K XAL
d1_B=fzero('d1find',2)% the function d1find is defined elsewhere in the directory
d2_B=t2/t1*dl_B

% Calculation of absorption corrected B-K x-ray intensities
110_B=11_B/T_d(d1_B)%the function d1find is defined elsewhere in the directory
120 B=12 B/T d(d2_B)

%***Determination of mole fraction ratio of B and Mg

Cat B by Cat Mg at 1=kB Mg at *(110_B/I1_Mg)% the k-factor is determined using standard sample else-
where in directory

Cat B by Cat Mg at 2=kB Mg at *(110_B/I1_Mg)
%***Determination of wt. fraction ratio of B and Mg

Cwt_B_by Cwt Mg at 1=kB Mg wt *(110_B/I1_Mg)%the k-factor is determined using standard sample else-
where in directory

Cwt B by Cwt Mg at 2=kB Mg wt *(I10_B/I1_Mg)

Matlab function used to find the sample thickness at thin place in units of B-K XAL using fzero function
%tfunction to be used to find the sample thickness at thin place in units of B-K XAL using fzero function
%G:\balaji auf E\balaji\stic backup 2007-08-06\Matlab scripts for chapter 4\d1find.m

function dsolution=d1find(d);
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global t1 I1_BI1 Mgt212 BI2 Mg
dsolution=T_d(t2/t1*d)/T_d(d)-(12_B/12_Mg)/(I1_B/I1_Mg);

Matlab function defining transmission coefficient

%Transmission coeffcient

%G:\balaji auf E\balaji\stic backup 2007-08-06\Matlab scripts for chapter 4\T d.m
function Td=T_d(d);

Td=(1-exp(-d))./d;

9.2.4  Matlab script for the transmission coefficients of B-K, and
Mg-K, x-rays in MgB,

%This script calculates the Transimssion coeeficient for BK and MgK x-rays in MgB2

%lI:\balaji auf E\balaji\stic backup 2007-08-06\Matlab scripts for chapter 4\Trans_coeff MgK BK.m
t=[0.00:1:150.00]%nm

f=1.56

MgK xrayabslength=6672.63%nm

BK xrayabslength=114.68%nm

d MgK=(f/MgK xrayabslength)*t

d BK=(f/BK_xrayabslength)*t

TMgK=(1-exp(-d MgK))./d MgK

TBK=(1-exp(-d_BK))./d BK

plot (t, TMgK,t, TBK)

xlabel('t (nm)','FontSize',16)

ylabel('Transmission coeff.','FontSize',16)
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