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Foreword

The research work reported in this PhD thesis dissertation was carried out
during a 3-year project in the framework of the International Doctoral School in
Functional Materials supported by the ERASMUS MUNDUS Programme of the
European Union. All IDS Funmat PhD projects involve an industrial partner and
at least two universities from the consortium.

Nexans Superconductors Gmbh, the industrial partner of this thesis, is ac-
tive in the field of superconductors, i.e. materials that have the unique property of
carrying high electric currents with almost no energy dissipation. Amongst the su-
perconducting materials available to date, polycrystalline Bi2Sr2CaCu2O8 (Bi-2212)
are routinely manufactured at Nexans Superconductors Gmbh as round wires for ma-
gnets and superconducting magnetic energy storage, or as bulk melt-cast processed
samples of various shapes for fault current limiter devices that act as key protection
components for power grids. The intriguing characteristic of these polycrystalline
Bi-2212 materials is that they can carry extremely large currents although there
does not seem to be any strong long range texture.

Therefore the objective of this thesis was to investigate in more detail the tex-
ture in Bi-2212 tubes and rods. The motivation was twofold : (i) on the one hand,
a better understanding of the influence of the synthesis parameters on the micro-
structure, texture and superconducting properties could lead to a further improve-
ment of the current carrying ability ; (ii) on the other hand, the characterization of
texture in these materials is a challenge because of the composition and microstruc-
ture gradients that result from the synthesis procedure. Thanks to a combination
of experiments by X-ray and neutron diffraction, electron microscopy and physical
properties measurements, this thesis aims to be a contribution to both areas.



The dissertation is organized as follows :

The first chapter is a short introduction to the field of superconducting ma-
terials, with a focus on the bismuth cuprates and especially Bi2Sr2CaCu2O8. The
second chapter introduces the concepts of crystallographic texture (such as pole fi-
gures or orientation distribution) and describes how texture can be determined from
diffraction experiments.

In Chapter 3, a melt-cast processed Bi-2212 tube is used as a reference sample
for the characterization of its texture by different instruments, including a 4-circle
X-ray laboratory diffractometer and the two different neutron beam lines at Institut
Laue Langevin. These texture results obtained on dedicated instruments are also
compared to results obtained from a simpler approach implemented in a standard
laboratory X-ray diffractometer.

Chapter 4 investigates whether texture and physical properties vary across
the tube wall thickness or between different positions along the tube height and
perimeter.

Chapter 5 concerns melt-cast processed rod-shaped samples with different dia-
meters and oxygen contents. The first part of the chapter focuses on microstructure
and texture. The second part characterizes the influence of the oxygen content on
the electric and magnetic properties of 5mm-diameter rods.

Chapter 6 is a self-contained chapter where the experimental resistivity anisotr-
opy ratio (reported for the tube sample in Chapter 3) is compared to a calculation
based on the experimentally determined orientation distribution and literature data
for the single crystal resistivity tensor.

The dissertation ends with general conclusions and discussion about possible
future work.

The neutron diffraction data presented and discussed in Chapters 3 to 6 were
collected at Institut Laue Langevin (Grenoble, France) in November 2011 (2 days
on D19 beamline) and November 2012 (7 days on D1B beamline).
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CHAPTER 1 General introduction

This first chapter gives an outline of the principal notions related to superconduc-
tivity and superconductors. The introduction to texture concepts is postponed to
the next chapter. This chapter is divided in three sections and will first focus on the
concept of superconductivity by giving an overview of the key parameters. The sec-
ond section is dedicated to the Bi2Sr2Can−1CunO2n+4 superconducting oxides with a
focus on the Bi2Sr2CaCu2O8 compound. In this section, the crystallographic struc-
ture is described and the influence of synthesis parameters on the structure and the
physical properties are detailed. The last section is devoted to the synthesis process
and applications of the Nexans melt-cast processed bulk samples.
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2 Chapter 1. General introduction

1.1 Theoretical concepts and definitions of super-
conductivity

This section aims to briefly review the discovery of superconductivity and super-
conducting materials. Some concepts of superconductivity are described in more
detail for Type-II superconductors. Particularly, the magnetic behavior of Type-I
and Type-II superconductors is compared. The last part of this section is dedicated
to the definition of conditions for existence of a superconducting state with regard
to temperature, magnetic field and current density.

1.1.1 Critical temperature: the quest for higher values

The Dutch physicist H. Kamerling Onnes [1] was the first to measure the electrical
resistance of metals at temperatures close to absolute zero. In 1911, he discovered
that the electrical resistance of mercury vanishes below a temperature of 4.2K. He
thereby discovered superconductivity, i.e., a state of matter in which resistivity drops
to an undetectable value below a temperature called the critical temperature (Tc).
Many metals exhibit a superconducting state when cooled down to low temper-
atures. Indium (Tc=3.4K), tin (Tc=3.7K), tantalum (Tc=4.5K), lead (Tc=7.2K)
or niobium (Tc=9.3K) are examples of metallic superconductors. Niobium is the
pure element with the highest critical temperature, leading to much research on Nb-
alloys. Such Nb alloys as NbTi (maximum Tc=9K) and Nb-Zr (maximum Tc=11K)
and compound Nb3Sn (maximum Tc=18.3K) become practical superconductors and
are widely used in the fabrication of magnets for the production of large magnetic
inductions required for nuclear magnetic resonance, particle accelerators or mass
spectrometry. To reach a temperature below Tc these magnets are cooled down
with liquid helium. The highest Tc reached in the metallic alloys and compounds
is 23K observed in Nb3Ge thin films. As shown in Figure 1.1 1986 saw a further
increase in Tc with the discovery by Bednorz and Müller [2] of the first high temper-
ature superconductor, the Sr0.2La1.8CuO4 cuprate with a Tc of 36K. Other cuprates
have been discovered since then, the best-known of them being YBa2Cu3O7 [3],
Bi2Sr2CaCu2O8 [4], and Bi2Sr2Ca2Cu3O10 [5] with Tc’s of respectively 92K, 85K,
and 110K. These compounds have Tc’s above the boiling temperature of liquid nitro-
gen (77K). At present, the highest Tc is 134K for the compound HgBa2Ca2Cu3O8 [6].
Superconductivity has also been discovered in other classes of compounds: iron pnic-
tides such as La(O0.89F0.11)FeAs (Tc=26K) [7], MgB2 (Tc=39K) [8] or organic super-
conductors such as fullerenes like Rb3C60 (Tc=30.7K) or Cs2RbC60 (Tc=33K) [9].
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the mechanism of superconductivity for these materials is not yet stated. The
distinctive feature of HTSC is that all these compounds have atomic CuO2 plane,
playing key role as the origin of superconductivity. The first from HTSC was
La2-xBaxCuO4 with Tc = 30 K (George Bednorz and Alex Müller, April 1986)
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Fig. 1.1 History of superconductors’ discovery and of Tc-increasing

2 1 Superconductors and Superconductivity: General Issues

Figure 1.1 – Critical temperature of superconductors versus year of discov-
ery [10].

1.1.2 Critical magnetic field(s)

In 1933 Meissner and Ochsenfeld [11] found that below Tc, a superconductor placed
in a weak external magnetic field (H) expels the magnetic field. The superconducting
currents at the surface of the superconductor oppose the penetration of the magnetic
field, so that the magnetic induction (B) created in the superconductor when it is
exposed to an external magnetic field is equal to 0. Above the critical magnetic
field Hc, the superconductor transits to the normal state. It was later shown by
Shubnikov [12] that superconductivity ceases to exist according to two different
scenarios and depending on their magnetic behavior superconductors are classified
as type-I or type-II superconductors. Theoretical explanation for such classification
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was given in 1957 by Abrikosov [13].
The behavior of magnetization versus applied magnetic field is shown in Figure 1.2
for both type-I and type-II superconductors. Below Tc, a type-I superconductor
expels entirely the magnetic field until H=Hc where the magnetization suddenly
drops to 0. Below Hc, the superconductor is in a perfect diamagnetic state called
the Meissner state. More accurately, the magnetic field penetrates only over a
short length known as the London penetration depth � [14], which constitutes the
first characteristic length of superconductors. Type-I superconductors are metallic
elements like Al, Sn, Pb, or Nb. All other superconductors are classified as type-II
superconductors. In type-II superconductors magnetization (in absolute value) is
maximum at H=Hc,1 and then decreases until reaching 0 at a second critical field
Hc,2. Above Hc,2 the material is in its normal state. Hc,1 and Hc,2 are called lower
and upper critical magnetic field. The magnetic field-temperature phase diagram of
a type-II superconductor, shown in Figure 1.3, can be divided in three regions:

1. Meissner state: perfect diamagnetic state present below Hc,1.

2. Mixed state (Shubnikov phase): partial diamagnetic state present between
Hc,1 and Hc,2. Above H=Hc,1, the magnetic flux starts to penetrate in the
superconductor in the form of vortices.

3. Normal state: Non-superconducting state appearing above Hc,2.

Beyond Hc,1, the magnetic field penetrates in the superconductor from the surface
as magnetic flux lines called vortices characterized by a normal core. Each vortex
carries a quantum of magnetic flux �0=2.07 10−15Wb. Vortices can been described
as normal cores of diameter 2⇠ surrounded by superconducting currents decaying
exponentially over the characteristic length �, the London penetration depth. ⇠ is
called the coherence length and constitutes the second characteristic length of super-
conductors. [15] When the vortices enter in the superconductor, they interact with
microscopic defects (impurities, crystal defects, second phases), which act as pinning
centers so that vortices cannot move freely in the superconductor. Ideally pinning
centers should be approximately of the size of the coherence length. Vortices are
pinned until the irreversibility field Hirr is reached. Above Hirr, pinning becomes
ineffective, vortices are free to move and this vortex motion produces energy dissi-
pation. The irreversibility line is shown in the H-T phase diagram in Figure 1.3.
The number of vortices increases with the applied magnetic field while the distance
between the normal cores decreases. Hc,2 is reached when the normal cores start to
overlap.



1.1. Theoretical concepts and definitions of superconductivity 5

H 

-M 

0 Hc Hc,1 Hc,2 

Type I 

Type II 

Figure 1.2 – Evolution of magnetization (M) with applied magnetic field (H)
for a type-I and a type-II superconductor.

Ginzburg and Landau defined a constant  = ��⇠ named the Ginzburg and Landau
parameter. Type-I superconductors are characterized by  < 1�√2 while type-II
superconductors have  > 1�√2. [16] Some values of �, ⇠, and  are listed in Table
1 for both type-I and type-II superconductors. In some highly anisotropic type-II
superconductors, � and ⇠ take different values for the different crystallographic axes.
The influence of the anisotropy of the crystalline structure on the physical properties
will be discussed in Section 1.2.1.2.

Superconductor Type Compound � (nm) ⇠ (nm)  = ��⇠

I

Sn 34 230 0.15

Pb 37 83 0.44

N b 39 38 1.1

II

Nb3Sn 65 3.6 18

PbBi 200 10 20

(Ba0.1La0.9)2CuO4−� 77 6.7 11.5

Table 1.1 – Penetration depth (�), coherence length (⇠), and Ginzburg-
Landau parameters () for different type-I and type-II super-
conductors [17].

T 

H 
Hc2 

Hc1 

0 Tc 

Meissner state 

Normal state 

Mixed state Irreversibility line Hirr 

Figure 1.3 – Field-Temperature phase diagram of a type-II superconductor.
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1.1.3 Critical current density

In addition to the critical temperature Tc and the critical magnetic fields Hc, Hc1,
Hc2, and Hirr, the existence of the superconducting state depends also on the critical
current density (Jc). The critical current density Jc is defined as the value of current
density at which vortices start to move freely in the superconductor. The surface in
the (T, H, J) space as represented in Figure 1.4 depicts the region useful for power
applications. For current densities higher than the critical one Jc, the superconduc-
tor enters in a dissipative state but superconductivity is not lost. The suppression
of Jc at Hirr means that Hirr and not Hc,2 is the limiting field for applications. The
shape of the critical surface can be affected by mechanical strains or deformations.
Moreover, in case of highly anisotropic superconductors, the critical surface depends
on the crystallographic axes of the superconductor as well for the critical current
density as for the critical magnetic field. The effect of anisotropy will be discussed
in particular for Bi2Sr2CaCu2O8 in Section 1.2.1.2.

0 
H (Am-1) 

T (K) 

J (A/m2) 

Tc 

Hirr 

Jc 

Normal state 

Superconductor 

Figure 1.4 – Critical surface of a superconductor that separates supercon-
ducting state from normal state as a function of temperature
(T), magnetic field (H), and current density (J) with their crit-
ical values Tc, Hc, Jc.
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1.2 Bi
2

Sr
2

Can−1CunO2n+4 superconducting oxides

Bismuth-based superconducting cuprates adopt the generic formula Bi2Sr2Can−1Cun

O2n+4+� or BSCCO [18,19]. The three main superconducting compounds of the series
(n=1, 2, 3) are Bi2Sr2CuO6 (abbreviated using the stoichiometric coefficients as Bi-
2201; Tc < 20K) [20], Bi2Sr2CaCu2O8 (Bi-2212; Tc = 85K) [4], and Bi2Sr2Ca2Cu3O10

(Bi-2223; Tc = 110 K) [5]. Bi-2212 and Bi-2223 have attracted most attention
because they have Tc’s above liquid nitrogen temperature (77K).

This section stars by a description of the crystallographic structure of the BSCCO
superconducting cuprates. Some particular phenomena (modulations, anisotropy,
intergrowths) taking place in the Bi-2212 compound are then presented briefly. This
section ends with a description of the effect of the synthesis parameters on the
crystallographic structure and physical properties.

1.2.1 Crystallographic structure

The crystallographic structures of the n=1, n=2 and n=3 compounds are repre-
sented in Figure 1.5. The three phases have a layered structure that differs in the
stacking sequence along the crystallographic axis c. [BiO] bilayers of rock-salt type
alternate with [Sr-Ca-Cu-O] blocks of perovskite type [18,21–23]. The n=1,2,3 com-
pounds differ by the structure of the perovskite [Sr-Ca-Cu-O] block : n CuO2 planes
are separated by layers of Ca and sandwiched between SrO layers. The sequence
along the c axis parameter can be summarized as follows:
Bi-2201: -[BiO]-[SrO]-[CuO2]-[SrO]-[BiO]-
Bi-2212: -[BiO]-[SrO]-[CuO2]-[Ca]-[CuO2]-[SrO]-[BiO]-
Bi-2223: -[BiO]-[SrO]-[CuO2]-[Ca]-[CuO2]-[Ca]-[CuO2]-[SrO]-[BiO]-
CuO2 planes play an important role in the structure because they contain the
strongest bonds of the structure (i.e. Cu-O bonds) fixing the lattice constants in
the ab-plane. Other planes are forced to match with the fixed lattice constants. [19]
For the three structures, the a- and b- cell parameters are approximately 5.4Å.
The increasing number of planes along the c direction from Bi-2201 to Bi-2223 has
the effect to increase the cell parameter c. The average c crystallographic axes are
24.6Å, 30.7Åand 37.1Åfor Bi-2201, Bi-2212, and Bi-2223 respectively. The principal
characteristics of the three phases are summarized in Table 1.2.
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Compound Abbreviation
First

a [Å] b [Å] c [Å]
CuO2

Tc
1

synthesis planes

Bi2Sr2CuO6 Bi-2201 1987 [20] 5.4 5.4 24.6 [24] 1 20K

Bi2Sr2CaCu2O8 Bi-2212 1988 [4] 5.4 5.4 30.7 [21] 2 85K

Bi2Sr2Ca2Cu3O10 Bi-2223 1988 [5] 5.4 5.4 37.1 [25] 3 110K

Table 1.2 – Comparison of the three main compounds of the BSCCO family.

(a)Bi2Sr2CuO6

(Bi-2201)
(b)Bi2Sr2CaCu2O8

(Bi-2212)
(c)Bi2Sr2Ca2Cu3O10

(Bi2223)

Figure 1.5 – Representation of crystallographic structures of Bi-2201, Bi-
2212 and Bi-2223

1. Characteristic values measured in single crystals
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1.2.1.1 Modulations

In the context of this thesis, Bi-2212 is the phase of main interest and is discussed in
more detail. In some papers (See Table 1.3), the average structure of Bi-2212 is given
in a pseudo-tetragonal symmetry with lattice parameters a=b=5.4 Å and c=30.7
Å [5,21,26–28]. Real structures are more complex to establish due to displacive and
substitutional modulations. [29] Since the discovery of Bi-2212 compounds much
research has been devoted to the study of modulated Bi-2212 structures using elec-
tron, x-ray, and neutron diffraction techniques. [4, 30–37] Early models for the ori-
gin of modulation in Bi-2212 have been proposed based on displacive or substi-
tutional modulations. In other words, modulation may be due to site exchange
of cations or mismatch between the Bi-O layer and the perovskite layer [34–38].
Another model suggested the insertion of an additional oxygen atom in the struc-
ture [22,29,30,33,39,40]. Modulation is observed in electron diffraction patterns by
satellite reflections displaced from the main reflections by �→q . If the reference frame
of the reciprocal lattice is defined by the vectors �→a ∗, �→b ∗, and �→c ∗, the reciprocal lat-
tice vector in a modulated structure is written as:

�→
H = h�→a ∗+k�→b ∗+l�→c ∗+m�→q where�→q is the wave vector characterizing the modulation. A commensurate modulation

corresponds to a vector �→q having only rational components. An incommensurate
modulation corresponds to a vector �→q having at least one irrational component. In
case of an incommensurate modulation, the structure cannot be described by a unit
cell composed of a multiple number of basic unit cell.

In Bi-2212 structures, several authors reported a one-dimensional incommensurate
modulation with the vector �→q = 0.21

�→
b ∗ + �→c ∗. Substitutions can cause a varia-

tion of the modulation vector [41]. For example, modulations can disappear in the
Bi-2212 structure by atomic substitution of Bi3+ by Pb2+ [42]. The substitution of
trivalent Bi(III) by divalent Pb(II) causes a decrease in oxygen content in the Bi-O
layer. This decrease of oxygen content yields a longer periodicity of modulation and
a shorter b-axis. If the Pb content is large enough, there are no longer additional
oxygen atoms in the structure, leading to the disappearance of the modulation.
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Author (year) and reference System Space group
Lattice parameters

a [Å] b [Å] c [Å]

Bordet (1988) [43] Pseudo-tetragonal Fmmm 5.401 5.401 30.83

Bordet (1988) [44] Orthorhombic A2aa 5.4095 5.4202 30.9297

Subramanian (1988) [45] Orthorhombic Amaa 5.399 5.414 30.904

Hervieu (1988) [46] Orthorhombic Amaa 5.4054 5.4016 30.7152

Tarascon (1988) [5] Tetragonal I4/mmm 3.814 3.814 30.52

Sunshine (1988) [47] Orthorhombic Fmmm 5.414 5.418 30.89

Gao (1988) [32] Orthorhombic Amaa 5.408 5.413 30.871

Petricek (1990) [33] Orthorhombic A2aa 5.408 5.413 30.871

Yamamoto (1990) [30] Orthorhombic Bbmb 5.3957 5.3971 30.649

Beskrovnyi (1990) [48] Orthorhombic Amaa 5.397 5.401 30.716

Kan (1992) [35] Orthorhombic Bb2b 5.415 5.421 30.88

Bhargava (1992) [49] Orthorhombic Amaa 5.365 5.424 30.74

Novomlinsky (1993) [50] Orthorhombic Bbmb 5.407 5.410 30.762

Table 1.3 – List of system, space group and lattice parameters for
Bi2Sr2CaCu2O8.

1.2.1.2 Anisotropy

Due to the layered structure of Bi-2212 with CuO2 planes in the ab planes, Bi-2212
exhibits a large anisotropy of physical properties between directions in the ab plane
("in-plane") and the c direction ("out-of-plane"). For example, Figure 1.6 shows
the temperature dependence of in-plane and out-of-plane resistivities measured in
Bi-2212 single crystals by Watanabe et al. [51]. This study reveals a difference of
several orders of magnitude between the in-plane and out-of-plane resistivities in the
normal state. Figure 1.7 shows that Jc in single crystals is also anisotropic. At low
temperature and low field values, Jc(ab) and Jc(c) are of the same magnitude. Jc(c)
tends to decrease rapidly with temperature and field increase while Jc(ab) is weakly
influenced by the magnetic field (in the range of field represented in the figure) under
a temperature of 40K. Above this temperature, Jc(ab) also tends to decrease with
field and temperature increase. Table 1.1 shows that the London penetration depth
and coherence length also depend on orientation in the crystal.
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FIG. 1. Equilibrium oxygen partial pressures P02 versus re-
ciprocal temperature for a Bi2Sr2CaCu2O81d single crystal
for various oxygen contents sdd. Triangles, squares, circles,
and crosses are experimentally obtained points for d ≠ 0.29,
d ≠ 0.28, d ≠ 0.27, and d ≠ 0.26, respectively.

sP02 , 1024 atmd, the lines are extrapolations from the
results obtained at higher oxygen pressures. Thus the ab-
solute values of d in this phase diagram do not necessarily
mean the real oxygen contents; they are only measures of
the relative change of the oxygen contents. In order to
control d’s, single crystals were annealed in a quartz tube
furnace under the corresponding oxygen partial pressures
at 600 ±C for 10 h, then slowly cooled s¯0.4 ±Cymind
while keeping the equilibrium oxygen pressures to 300–
400 ±C. Finally, they were rapidly cooled to room tem-
perature at a rate of about 50 ±Cymin using an argon flow.
For the actual control of the oxygen partial pressures, a
mixed gas flow of oxygen and argon at a total amount
of 5 lymin was used in the higher oxygen pressure region
sP02 $ 1024 atmd, while in the lower oxygen pressure re-
gion sP02 , 1024 atmd; the pressure around the sample
was controlled by tuning the conductance of the evacuation
path using a slotted valve, as well as by tuning the oxygen
flow while continuously evacuating the quartz tube.
Figure 2 shows the temperature dependence of in-plane

resistivity r
a

for Bi2Sr2CaCu2O81d single crystals with
various oxygen contents sdd. The T

c

changes system-
atically with d. Here again, the quoted values of d
mean that the samples were annealed by a program
using those d of an equilibrium phase diagram shown
in Fig. 1. Therefore the accuracy for d values in actual
samples may not be as high as quoted, but we can safely
regard d’s as measures of the relative oxygen contents.
The sample with d ≠ 0.27 shows T

c

≠ 84 K. With
decreasing d, T

c

increases, indicating the overdoped

FIG. 2. In-plane resistivities r
a

of Bi2Sr2CaCu2O81d single
crystals versus temperature for various oxygen contents sdd.
The solid straight lines, which are linear extrapolations of r

a

at
higher temperatures, are also shown as a guideline for the near
optimally doped sd ≠ 0.24d and underdoped (d ≠ 0.22, 0.217,
and 0.2135) samples. The temperatures T

p at which the r
a

deviates from T -linear behavior are shown by arrows for the
underdoped samples.

state, and reaches its highest point (optimally doped) of
89–90 K with d ≠ 0.24 0.25. Further reduction in d
s#0.22d gives underdoped states with T

c

≠ 70 85 K.
The overall slope dr

a

ydT increases with decreasing
d, indicating that the carrier concentrations (or Drude
weight) are actually decreased by the deoxygenation
process. A typical T -linear behavior and a slightly
upward curvature of r

a

are also seen in an optimally
doped and an overdoped sample, respectively. For the
underdoped sample, r

a

deviates from high-temperature
T -linear behavior at a characteristic temperature T

p

(shown by the arrow in Fig. 2) far above T

c

, and de-
creases rapidly with decreasing temperature. The T

p was
determined as a temperature at which r

a

decreases 2%
from the high temperature T-linear term using a similar
analysis shown in Ref. [2]. This behavior is not the
effect of superconductive fluctuation; rather, it resembles
that observed in underdoped YBa2Cu3O72d. In this
system the behavior has been interpreted as being due
to a decrease in spin scattering [2], which is caused by
the opening of the spin gap manifested in, for example,
the rapid decrease in the NMR relaxation rate T

21
1 . T

p

increases with decreasing d (Tp ≠ 175, 200, 220 K for
d ≠ 0.22, 0.217, 0.2135, respectively). Further reduction
in d, unfortunately, caused electron localization and
obscured such anomalous behavior. T

p can be considered
as the temperature at which the pseudogap (observed
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recently by ARPES) opens [3,4], since they coincide with
each other with respect to their magnitudes as well as their
doping-dependent trends. The decrease in the in-plane
resistivity r

a

means that the pseudogap observed in the
ARPES experiment is not the type that reduces Fermi
surface area, such as charge-density-wave formation, but
the type that reduces the scattering rate, such as opening
a gap in the spin excitation spectrum. It is natural to
consider that the pseudogap in the present and ARPES
study is directly related to the spin gap state in a magnetic
probe such as NMR, although there is no NMR data
available for underdoped Bi2Sr2CaCu2O81d.
Figure 3 shows the temperature dependence of out-of-

plane resistivity r
c

for a Bi2Sr2CaCu2O81d single crystal
(sample I) with various oxygen contents sdd. With de-
creasing d, the overall magnitude of r

c

, as well as its
semiconductive temperature dependence, increases. Nu-
merical fits were performed using the functional form pro-
posed by Yan et al. [14]; i.e., r

c

sT d ≠ sayTd expsDyT d 1
bT 1 c, where a, b, c, and D are constants. This fitting
was done using the Levenberg-Marquardt algorithm. The
fitted curves are shown in Fig. 3 as solid lines, and the pa-
rameters obtained are shown as a function of d in Fig. 4.
The fitting results for another sample (sample II) as well
as for other studies [14,15] are also shown in Fig. 4. In
the overdoped region, the parameter D may be overesti-
mated because the r

c

includes a small component that in-
creasingly diverges at T

c

, which can be ascribed to the
suppression of the in-plane density of states caused by the
superconductive fluctuation effect [16]. In the underdoped

FIG. 3. Out-of-plane resistivities r
c

of a Bi2Sr2CaCu2O81d

single crystal (sample I) versus temperature for various oxy-
gen contents sdd. The solid curves are numerical fits to
r

c

sT d ≠ sayTd expsDyT d 1 bT 1 c, where a, b, c, and D are
constants.

(and also optimally doped) region, the parameter b was set
to zero, since the fitting gave it a negative value which was
unphysical. We would like to note, however, that the fit-
ting becomes surprisingly better by the setting b ≠ 0. The
above function of r

c

sT d has some problem in that it does
not cover a whole doping level. Nevertheless, we believe
our analysis makes sense, at least for the activation type
component. We find that the activation type component is
well characterized by the gap D for all the doping levels,
and the gap D is almost constant s¯200 Kd in the under-
doped region. The decrease in parameters a and c with
increasing d would imply an increase in in-plane density
of states, if we assume a tunneling mechanism for the out-
of-plane conduction.
We have found phenomenologically that the normal

state out-of-plane resistivity r
c

sT d in the optimally doped
and underdoped Bi2Sr2CaCu2O81d is well reproduced by
the formula,

r
c

sTd ≠ sayT d expsDyT d 1 c , (1)

(where a, c, and D are constants) with almost dop-
ing independent D s¯200 Kd. The out-of-plane charge

FIG. 4. Parameters obtained by the fits to r
c

sT d ≠
sayT d expsDyTd 1 bT 1 c for various Bi2Sr2CaCu2O81d

single crystals as a function of oxygen contents sdd. Errors
for most of the data points are within their marks and are thus
not shown. The error bars for D on the overdoped samples
are drawn largely for the reason mentioned in the text. The d
values for previous reports (Refs. [14] and [15]) were estimated
from the reported T

c

. Only parameter D was available from
Ref. [15].
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(b) ⇢c vs. T

Figure 1.6 – Temperature dependence of resistivities for Bi-2212 single crys-
tals at different oxygen stoichiometry (8+�) for (a) in-plane
resistivity (⇢ab) and (b) out-of-plane resistivity (⇢c) [51].
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extrapolated from the Jc (t)  measurements. Despite 
this large scatter in Tc and Jc, all samples follow al- 
most the same functional dependence o f j , ( t ) .  As a 
consequence of the Anderson-Kim model of  flux 
creep [ 9,10 ], Tinkham [ 11 ] proposes for t << 1 a de- 
pendence of the form j~(t) =j~(0) X (1 --Ott-- f l t2) ,  
where the quadratic term is largely based on the tem- 
perature dependence of  thermodynamic quantities. 
The linear term in this model is determined by the 
kinetics of  flux creep. For conventional supercon- 
ductors, Tinkham gives a value of  t~-,,0.1, for 
YBa2Cu3OT_6 he suggests a value 10 times as large, 
which would correspond to stronger flux creep. In 
fact, the solid line in fig. 2 gives a plot of  this func- 
tion for at= 1.58 and surprisingly fl= -0 .5 ,  which fits 
the data rather well for t-< 0.8. Such a high value for 
at would correspond to strong flux creep in the 
Bi2Sr2CaCu2Ox films, which is confirmed also by the 
fact that the voltage versus current curves in j~ mea- 
surements are smoothly curved for elevated temper- 
atures instead of exhibiting a jump at j~. 

Critical current measurements in external mag- 
netic fields were performed for films with a thickness 
of  about 0.25 ~tm, for which jc (4.2 K, B = 0 )  was 
found to be about 2 X 106 A/cm 2. As can be seen from 
fig. 3, Jc is nearly independent of  the external mag- 
netic field up to 7 T for B Z e  at temperatures below 
approximately T J2.  Contrary to this, for BIIc even 
small magnetic fields cause an exponential decay of  
j ,  for elevated temperatures, as can be seen from fig. 
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4. At 4.2 K however, the anisotropy factorj~(B± c)/ 
jc(Bllc) does not exceed a value of  5 for the samples 
measured. 

Resistive measurements were performed using a 
measuring current density of  about 200 A/cm 2. From 
300 K down to about 120 K an almost linear de- 
crease of  the resistivity was found, arriving at a value 

(a)Jc(ab) vs. B
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extrapolated from the Jc (t)  measurements. Despite 
this large scatter in Tc and Jc, all samples follow al- 
most the same functional dependence o f j , ( t ) .  As a 
consequence of the Anderson-Kim model of  flux 
creep [ 9,10 ], Tinkham [ 11 ] proposes for t << 1 a de- 
pendence of the form j~(t) =j~(0) X (1 --Ott-- f l t2) ,  
where the quadratic term is largely based on the tem- 
perature dependence of  thermodynamic quantities. 
The linear term in this model is determined by the 
kinetics of  flux creep. For conventional supercon- 
ductors, Tinkham gives a value of  t~-,,0.1, for 
YBa2Cu3OT_6 he suggests a value 10 times as large, 
which would correspond to stronger flux creep. In 
fact, the solid line in fig. 2 gives a plot of  this func- 
tion for at= 1.58 and surprisingly fl= -0 .5 ,  which fits 
the data rather well for t-< 0.8. Such a high value for 
at would correspond to strong flux creep in the 
Bi2Sr2CaCu2Ox films, which is confirmed also by the 
fact that the voltage versus current curves in j~ mea- 
surements are smoothly curved for elevated temper- 
atures instead of exhibiting a jump at j~. 

Critical current measurements in external mag- 
netic fields were performed for films with a thickness 
of  about 0.25 ~tm, for which jc (4.2 K, B = 0 )  was 
found to be about 2 X 106 A/cm 2. As can be seen from 
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4. At 4.2 K however, the anisotropy factorj~(B± c)/ 
jc(Bllc) does not exceed a value of  5 for the samples 
measured. 

Resistive measurements were performed using a 
measuring current density of  about 200 A/cm 2. From 
300 K down to about 120 K an almost linear de- 
crease of  the resistivity was found, arriving at a value 

(b)Jc(c) vs. B

Figure 1.7 – Magnetic field dependence of the critical current density for a
Bi-2212 thin film with the field applied (a) ⊥ c and (b) // c at
different temperatures [52].

Figure 1.8 – SEM micrograph of a Bi-2212 bulk sample showing the Bi-2212
platelet grains
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1.2.1.3 Intergrowths

Rikel et al. [53] studied the development of Bi-2201 intergrowths in the Bi-2212
phase during the melt-process of Ag-sheated Bi-2212 tapes. They evidenced using
EDX a phase with a composition of Bi:Sr:Ca:Cu=4:4-x:1+x:3 corresponding to Bi-
2212+Bi-2201. These intergrowths arise from an incomplete consumption of second
phase particles during the cooling of the samples and are very stable. An X-ray
diffraction study of these tapes showed a change in peak shape or the appearance of
new diffraction peaks caused by the presence of Bi-2201 intergrowths in the Bi-2212
structure.

1.2.2 Influence of the oxygen stoichiometry on crystalline
structure and properties

Schweizer et al. [54] studied the oxygen stoichiometry (�) in Bi-2212 pellets as a
function of temperature and oxygen partial pressure during the heat treatment.
Their diagram, presented in Figure 1.15, shows that the oxygen content in the Bi-
2212 phase tends to decrease when the oxygen partial pressure is decreased and/or
the temperature is increased. The oxygen stoichiometry affects both the crystalline
structure and the physical properties of Bi-2212 materials.

Figure 1.9 shows the results of a study of Sun et al. [55] on the variation of cell
parameters with oxygen pressure during annealing of Bi-2212 samples. a and b are
only slightly influenced by oxygenation [55–57], with a decrease of about 0.01Åwhen
going from a pressure of 10−8 to 104 Torr. The c parameter is much more influenced
by oxygenation and decreases by 0.1Å when going from a pressure of 10−8 to 104

Torr [55–57]. It has been proposed that the oxygen stoichiometry affects the Bi2O2

bilayers, constituted of a stacking of two BiO planes. [58] Bi3+ cations of electronic
configuration [Xe]5d106s2 have an electronic lone pair [22] located between the two
BiO layers. Oxygen diffusion between these two BiO layers is supposed to induce a
variation of orientation of this lone pair, resulting in a contraction of the two layers
and a decrease of cell parameter c.

Bi-2212 samples have a critical temperature around 85K. Several studies [55,59,60]
showed that the value of Tc is directly linked to the oxygen stoichiometry in the
Bi-2212 phase. Figure 1.10 shows the oxygen stoichiometry dependence of critical
temperature for Bi-2212 samples. The curve has a bell shape with a maximum
Tc observed for an oxygen stoichiometry of 8.2. This confirms that controlling the
synthesis parameters is necessary to reach maximum Tc.
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Superconductivity of Bi2Sr2CaCu2Oy 6395

Figure 3. Changes in cell parameters a, b and c with changing annealing oxygen pressure P

for Bi2Sr2CaCu2Oy single crystals.

range. No similar result has been reported previously. Because there is always a certain
amount of extra oxygen in the BiO layers, it is difficult for outer oxygen to diffuse into
the BiO layers when the annealing oxygen pressure is very low. We assume that oxygen
diffusion in this stage mainly takes place in CuO planes to occupy the oxygen vacancy in
the CuO layers. It is certain that this process hardly changes the cell parameters for the CuO
layer is rather rigid, which will be discussed later. The carrier concentration in the CuO
layer would increase since one additional oxygen atom creates two holes, which results in
the increase of Tc. Li et al [21] observed a plateau of c-axis value in Bi2Sr2CuCa2Oy single
crystals with increasing ambient temperature. They also explained it as oxygen diffusion in
the CuO layer, but in their data, the Tc also showed a plateau, which is difficult to explain.
Therefore, with increasing annealing oxygen pressure there may be two stages of oxygen
diffusion which affect the carrier concentration and so Tc of the Bi2212 system. However,
another factor of influence on Tc should be considered, which deals with the structural
modification of Bi2212 single crystals induced by thermal treatment.

Figure 4 shows the change in the FWHM of the 0038 main reflection (1✓ ) of Bi2212
crystals with annealing oxygen pressure. In the range of oxygen pressure from 10 to
6080 Torr, a peak of 1✓ is observed, where the maximum of Tc also occurs. Although the
oxygen content in the crystal has great influence on the c-axis length, this kind of lattice

Figure 1.9 – The dependence of lattice parameters on the oxygen pressure P
of annealing at 600○C for Bi2Sr2CaCu2Oy single crystals [55].

both phases are very similar59,92–94 and, therefore, in
multiphase samples the phases can only be distinguished
by microprobe analysis. This fact probably is the reason
for the different results regarding the phase content of
Pb-doped samples published in the literature.
The Pb solubility of the 2223 phase is significantly

temperature dependent.46,48,53,57,58 Figure 35 gives a
schematic three-dimensional representation of the homo-
geneity region with respect to Bi and Pb content, for the
temperature range 750–890 °C. In this representation,
the single-phase region has the form of a distorted
bi-tetrahedron. Figure 36 shows a schematic of the tem-
perature versus concentration diagram, including the
single-phase region and surrounding four- and five-phase
regions. The most essential fact regarding the Bi and Pb
content dependence on temperature is the maximum Pb
solubility at 850 °C, which decreases for both increasing
and decreasing temperature. At 750 °C, the phase con-
tains negligible Pb. It is emphasized that the 2223 phase
is still stable at about 750 °C. However, at this tempera-
ture it is not possible to synthesis the phase, which indi-
cates a strong kinetically controlled growth.3,5,46,53,83–91
At temperatures below 750 °C, the 2223 phase decom-
poses quite slowly.

The Pb solubility is also a function of the oxygen
partial pressure and increases with decreasing oxygen
partial pressure.100
Until now, not much information was known about the

average oxidation state of lead in the 2223 phase. Pho-
toelectron spectroscopy studies have shown that the Pb4+
ion is present beside the Pb2+ ion.101 Pb2+ is known to
substitute for Bi3+,102 and also, possibly, the Sr2+ ion.
The Pb4+ ion is believed to substitute for Ca2+.103–105
However, the investigations of the Pb solubility of 2212
and 2223 indicate that the Pb2+ ion is dominant and that
Bi3+ is mainly substituted by Pb2+.78,100
Figure 37 shows a schematic section through the

single-phase region at 850 °C including the observed
three-, four-, and five-phase regions in the vicinity of
the 2223 phase.46,48,53,56–58 In Part B of Table V, all
reported four- and five-phase regions are listed. How-
ever, the actual number of possible phase regions around
the 2223 phase may be significantly higher. Consider, for
example, the 2223 phase at 850 °C in air. At this condi-
tion it is in equilibrium with the 2212, Ca2CuO3,
Sr14Cu24O41, CuO, Ca2PbO4, and 451 phases and a liq-
uid. This would equal to a total of 62 two-, three-, four-,
five-, and six-phase regions surrounding the 2223 phase,
although the actual number of phase regions may be
lower, because several of the four-, five-, and six-phase

FIG. 30. Tc versus oxygen stoichiometry of 2212 (diamonds,75 dots,78
squares78).

FIG. 31. The d value versus the Ca (squares) and Bi (diamonds)
content of 2212. The y values refer to Bi2.18Sr3−yCayCu2O8+d, and the
x values refer to Bi2+xSr2CaCu2O8+d.

P. Majewski: Materials aspects of the high-temperature superconductors in the system Bi2O3–SrO–CaO–CuO

J. Mater. Res., Vol. 15, No. 4, Apr 2000 865
Figure 1.10 – Oxygen stoichiometry dependence of critical temperature for

Bi-2212 samples diamonds [59], points [60], squares [37]) from
[18].
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1.2.3 Influence of cationic stoichiometry on physical proper-
ties

It is commonly admitted that the CuO2 planes are responsible for superconducting
conduction in Bi-2212 while other planes act as charge reservoirs. [21, 61–63] The
quantity of charge carriers depends among others on the extent of charge transfer
from charge reservoir layers to conduction layers. Charge transfer is affected by
cation substitution such as Sr2+ for La3+ or Y3+ for Ca2+ and results in electron
removal (hole doping) or electron addition (electron doping) into the CuO2 layers.

For example, Yamashita et al. [64] reported that the Bi/Sr ratio in Bi2+xSr2−xCaCu2O8+�
single crystals influences the relation between the critical temperature and the oxy-
gen stoichiometry. Figure 1.11 displays Tc versus O content (8+�) plots for different
values of x. It turns out that Tc depends both on oxygen stoichiometry and cation
composition. For each cation composition, there is an optimal value of � for which
Tc reaches a maximum. To reach the same value of Tc when the bismuth concentra-
tion is increased, one has to increase oxygen content: substitution of divalent Sr2+
and Ca2+ ions by Bi3+ trivalent ions has the effect of decreasing the hole density
in CuO2 planes [62] and a higher content of oxygen is needed to counterbalance
this supply of positive charges. [65] If Sr2+ substitution was only affected by ionic
charge, substituting Sr2+ by Ca2+ should not modify Tc. However, a decrease in Tc

is observed, as shown in Figure 1.12. Actually, substitutions (by Bi3+ or Ca2+ ions)
on Sr2+ sites cause disorder in the SrO block. Hobou et al. [62] showed that Tc is
mainly reduced by disorder in the SrO block and not much by disorder in the other
structural blocks. They examined the Tc behavior of Bi2−yPbySr2Ca1−xYxCu2O8+�
compounds when varying Pb and Y contents. The Ca2+ ions can easily be replaced
by rare-earth Y3+ ions. [62, 66] The substitution of Ca2+ in Bi2Sr2Ca1−xYxCu2O8+d
by Y3+ induces a decrease of the hole carrier concentration. Up to x ∼0.5, Tc is
improved by the addition of Y3+. But above a value of x=0.5, the system does not
behave like a superconductor anymore but becomes a semiconductor and supercon-
ductivity is lost. Contrary to Ca2+ substitution by Y3+, Bi3+ substitution by Pb2+
has the effect of increasing hole density in CuO2 planes. Hobou et al. [62] succeeded
to achieve Tc of 98K by controlling the hole concentration in CuO2 planes through
Pb/Y ratio adjustement and reduction of the disorder in the SrO block. They es-
timate that 98K is the highest Tc that can be reached in optimally doped Bi-2212
compounds.

All these studies on cation substitution in Bi-2212 compounds tend to the same
conclusion: cation composition of Bi-2212 compounds has a critical effect on Tc. To
achieve the best Tc values, both cation composition and oxygen content have to be
optimized.
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strongly dependent on x. Assuming that the maximum Tc occurs at
the doping level p of 0.16, the shift in the peak position corre-
sponds to the effective valence change due to Bi substitution. If d
is an actual excess oxygen content, this estimate gives the effective
Bi valence of +2.2, which is smaller than the expected formal va-
lence +3.

To further search this point, p is plotted as a function of d for
various x in Fig. 1b. Here p is estimated from its Tc using the Tal-
lon’s formula; Tc/Tc.max = 1–82.6(p ! 0.16)2 [2]. Fig. 1b shows that
the slope is an increasing function of x, which is unexpected from
a simple formal valence argument assuming O!2 . Note for x = 0.1
the slope coincides with the expected value of 1. This can be
explained if we assume that the oxygen uptake increases propor-
tional to x. To fully compensate Bi valence, d should be like

d = d0 + 0.4(x ! 0.1) under near the optimal doping condition. If
the increased excess oxygen is also subject to the equilibrium con-
dition, the slope indexed by formal d increases. We found this
semi-quantitatively accounts for the increase in the slope.

In Fig. 2a, the filled circles show the c-axis parameters of the
optimally doped samples with x = 0–0.3. The systematic decrease
in the c-axis parameter assures that excess Bi actually substitutes
Sr. However, we notice that c-axis parameter decreases faster than
the estimate based on the ion radius change, denoted by the open
square. This fact indicates that the additional structural change has
been taking place with increasing x. It is natural to attribute this
shrink to the incorporation of additional excess oxygen, which
intensify the Coulomb attractive force among the charged layers
[3].

Fig. 2b shows the result of the SQUID magnetization measure-
ments at 4 Oe for the sample with lowest doping level we achieved.
The Tc of the sample was 22 K, which corresponds to p " 0.06. The

Fig. 1. (a) d dependence of Tc for the samples with x = 0, 0.1, 0.15, 0.2 and 0.3 and
(b) p is plotted as a function of d for various x.

Fig. 2. (a) c-Axis parameters as function of Bi content 2 + x. Open squares are
calculations based on the ion radius change. Filled circles represent actual results of
the XRD measurements and (b) SQUID magnetization measurements on the sample
with Tc = 22 K.

S. Yamashita et al. / Physica C 470 (2010) S170–S172 S171

Figure 1.11 – Oxygen stoichiometry (O8+�) dependence of critical tempera-
ture for different x values in Bi2+xSr2−xCaCu2O8+� single crys-
tals [64].

regions, which theoretically could exist, have not been
observed. Whereas, all the two- and three-phase regions,
which theoretically could exist, are known to be present
based on construction of the observed four- and five-
phase regions. A better estimate may be made by adding
the maximum amount of theoretically possible two- and
three-phase regions and the observed four- and five-
phase regions. This runs up a total of 40 phase regions
that could be expected to surround the 2223 phase within
a very narrow concentration range.
Even the 2212 phase exhibits a temperature-dependent

Pb solubility with a maximum at about 850 °C in air,
decreasing as the temperature either increases or de-
creases.93,94,106 The Pb content has a significant influ-
ence on the crystal structure of the phase. With
increasing Pb content, the phase exhibits a structural
transformation from tetragonal to orthorhombic98,107–109
(Fig. 38).

VI. CONCLUSIONS
Tremendous research has been conducted to gain an

understanding of the phase relations within the system
Bi2O3SrO–CaO–CuO, with and without PbO substitu-
tion. From today’s knowledge of the phase equilibria in

the quaternary system Bi2O3–SrO–CaO–CuO it is event
that the 2212 phase is the easiest to detect. The 2212
phase is known to be thermodynamically stable over a
wide temperature range and in the presence of most of
the compounds existing in this system. In contrast, the
2223 phase is stable within a narrow temperature range
and exhibits phase equilibria with only a few of the com-
pounds existing in the system. The system is character-
ized by extended three-phase equilibria due to the large
Ca solubility of the Sr bismuthates, Sr cuprates, and

FIG. 32. The c-axis parameter versus the Ca (black squares) and Bi
(diamonds) content of the 2212 phase. (y, x values: see Fig. 31.)

FIG. 33. Tc versus the Ca (black squares) and Bi (diamonds) content
of the 2212 phase. (y, x values: see Fig. 31.)

FIG. 34. The d value versus the c- and a-axis parameters after
Schweizer et al.77
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Figure 1.12 – Variation of critical temperature with the concentration of Ca
(x,�) and Bi (y,�) for the compound Bi2+xSr2−yCa1+yCu2O8+d
[18].
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1.3 Bi-2212 bulk samples from Nexans: processing
and applications

In the present section, the processing of bulk samples (i.e. Melt-cast process) is
described and some applications of these materials are presented.

1.3.1 Melt-cast process

Bi-2212 synthesis is easier than Bi-2223 synthesis because Bi-2212 is stable over
a wide range of temperatures and atomic compositions. [18, 67] On the contrary,
single phase Bi-2223 exists only in a narrow region of the Bi2O3-SrO-CaO-CuO
quaternary phase diagram (see Figure 1.13) and a narrow temperature range. It
has to be stabilized with Pb. In addition, Bi-2212 is rather stable when exposed to
ambient conditions. [68]

The whole sections are dominated by phase equilibria
of the superconducting phases with alkaline earth cu-
prates and bismuthates, copper oxide, a liquid phase, and
an equilibria of the superconducting phases. The section
in Fig. 23 shows the system in the vicinity of the 2223
phase. It is characterized by flat, elongated three- and
four-phase regions. Therefore, it is emphasized that even
minor variations in concentration can cause major
changes in the phase contents (e.g., a significant decrease
of the volume content of the 2223 phase).
This behavior is of extreme importance for the prepa-

ration of 2223 ceramics (e.g., for the processing of wires
or tapes). Local inhomogeneities in the tapes from im-
proper powder processing may cause a significant reduc-
tion of the volume content of the 2223 phase, resulting in
a decrease of the critical current density. Therefore, it is
evident that these very complex phase relations make
careful composition choice and high accuracy in powder
preparation important to avoid chemical and morphologi-
cal inhomogeneities (e.g., agglomerates) in the starting
powder.46,48,53,57,58
Partial melt processing is one of the most widely used

techniques for the processing of textured 2212 wires and
tapes.59–62 During melting, several peritectic reactions
occur, depending on the temperature and the oxygen par-
tial pressure.63
In the system Bi2O3–SrO–CaO–CuO, the first melt

occurs slightly below 770 °C in air for the composition
Bi95(Cu,Ca)5Ox.23,56,64 A thermodynamic equilibrium
between the 2212 phase and a liquid was observed at
temperatures above 825–830 °C.36,37,47 The composition
of the melt is very Sr-poor with intermediate Ca, Cu, and
Bi contents. The liquid crystallizes at 820–825 °C and
forms the 2212 phase, CuO, 2201 phase, and (Sr–Bi)–!

(or 2110 phase).47 With increasing temperature, the com-
position of the liquid expands first in the direction of Ca-,
Cu-, and Bi-rich compositions and then in the direction
of Sr-rich compositions. At about 850 °C, the liquid
ranges from the Bi-rich concentration region of the tet-
rahedron to Bi2SrCaCuOx. The composition of the melt
in equilibrium with the 2212 and 2223 phases, respec-
tively, was determined to be Bi2Sr1–1.3Ca0.4–1CuOx and
Bi2Sr0.8Ca0.9CuOx.28,42–45,49,56,57 At about 900 °C in air,
the superconducting phases decompose.

FIG. 18. The system Bi2O3–SrO–CaO (800–900 °C).29

FIG. 19. Schematic presentation of the crystal structure of
Sr0.15Ca0.85CuO2: small black dots, Cu; large black dots, oxygen; light
gray dots, Sr or Ca.

FIG. 20. Compounds in the quaternary system Bi2O3–SrO–CaO–CuO
at 850 °C in air.
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Figure 1.13 – Quaternary diagram of the system Bi2O3-SrO-CaO-CuO at
850○ in air.

Melt-cast process consists in melting a powder or a mix of powders and pouring the
melt into a mold with the desired shape. Tubes, rods or plates can be manufactured.
The first stage in the synthesis of melt-cast bulk samples at Nexans [59] is the prepa-
ration of a mixture of Bi2O3, SrO, CaO, CuO, and BaO with some SrSO4 (whose
role is discussed later in this section), in stoichiometric ratios adequately chosen to
reach the composition Bi:Sr:Ca:Cu 2:2:1:2. The mixture of powders is then put in
a Pt crucible and heated above 1000○C to reach melt state. For the synthesis of
rod samples (Figure 1.14b), the melt is then cast into preheated quartz ampoules.
In the case of tubular samples (Figure 1.14a), the melt is poured into a preheated
rotating mould made of refractory alloy (centrifugal casting). Samples slowly cool
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down to room temperature and solidify into the moulds. Samples are then annealed
to convert the solidified material into Bi-2212. The oxygen content (8+�) in sam-
ples is adjusted by annealing along T-pO2 trajectories calculated from the diagram
given by Schweizer et al. (Figure 1.15) [54]. In summary, melt-cast process is a com-
plex process with many synthesis parameters, such as mold preheating temperature,
composition of the powder mixture, parameters of the annealing and oxygenation
treatment, etc. For confidentiality reasons, no more details will be given about the
industrial process.
The influence of SrSO4 addition during the melt-cast process of Bi-2212 bulk samples
has been studied by Kim et al. [69] on Bi-2212 rods and in particular, J. Bock and
S. Elschner [70] studied this influence on Nexans bulk tubes. These authors showed
that SrSO4 addition affects grain growth during the cooling of the melt in the mold
and decreases the risk of micro cracks in the solidified sample. Kim et al. also
determined the critical current as a function of SrSO4 weight fraction in rods (Figure
1.16): the critical current is enhanced up to a weight fraction of 6% in SrSO4 and
decreases for values of SrSO4 weight fraction higher than 6%. Figure 1.17 compares
cross-section SEM micrographs of bulk Bi-2212 rods with (a) 0 wt%, (b) 6 wt%,
and (c) 15 wt% SrSO4. At 0 wt% of SrSO4, grains are aligned arbitrarily in the
sample (Figure 1.17 (a)). Addition of 6 wt% SrSO4 induces grain alignment in the
sample as visible in Figure 1.17 (b). For higher weight fraction additions, inclusions
of non-superconducting dendrites of SrSO4 appear in the bulk (Figure 1.17 (c)).

(a)Tube (b)Rod

Figure 1.14 – (a) Tube and (b) rod bulk samples synthesized by Nexans.

The microstructure of the melt-cast samples is also influenced by the temperature
gradients appearing during the cooling. When the melt is cooling down, the temper-
ature of the region close to the outer surface decreases faster than that of the center
of the sample. At the outer surface, faster melt solidification leads to small grain
size At the center of the sample, solidification occurs more slowly and grains have
much more time to grow. The center region of the samples is also characterized by
a significant porosity coming from shrinkage on cooling and/or gas trapping. [71,72]
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Figure 1.18 shows half of a 8mm diameter rod where the porosity is visible on the
right of the image.

contradicting results exist. Grivel and Flükiger82 reported
a Bi content corresponding to Bi2, whereas other re-
searchers observed a much higher Bi content of almost
Bi2.5.56
Shortly after the discovery of the 2223 phase, several

authors found the formation of this phase is promoted
significantly by the partial substitution of Pb for Bi.3,5,83–91
Therefore, the Pb solubility as a function of the tempera-
ture and cation ratio has to be examined in detail in order
to optimize the processing of 2223 ceramics.
Considering the Gibbs phase rule for heterogeneous

phase equilibria, the maximum amount of equilibrium
phases increases by one due to the additional component
PbO. In addition to a significant Pb solubility of the
phases that contain bismuth (bismuthates, ternary Bi–Sr–
Cu–O phases and the superconductors) up to several
weight percent, two plumbates could occur within the
concentration range of 2212 and 2223; these are
Ca2PbO4 and the new phase Pb4Sr5CuO10 (451 phase).
The crystal structure of 451 was determined to be hex-
agonal with lattice parameters of a ! b ! 0.997 nm and
c ! 0.3492 nm.59,92–95 The Pb-to-Bi and the Sr-to-Ca
ratio of the 451 phase in equilibrium with the 2212 and
2223 phase is about 4:1 and 1:1, respectively.94 Due to
the fact that the phase exhibits a slightly varying (Pb +

Bi):(Sr + Ca):Cu ratio, it is also named 3221.96–100 How-
ever, it is confirmed that the phase is a ternary Pb–Sr–Cu
oxide exhibiting a pronounced Bi and Ca solubility. The
451 phase and Ca2PbO4 are in equilibrium with the 2212
and 2223 phase. The x-ray diffraction (XRD) pattern of

FIG. 27. Temperature versus Bi content of the 2212 phase. The x
values refer to Bi2+xSr2CaCu2O8+d.

FIG. 28. The d value (d ! oxygen stoichiometry − 8) of the 2212
phase versus the oxygen partial pressure.77

FIG. 29. Oxygen loss determined by thermogravimetric (TG) meas-
urements and Tc of 2212 versus temperature.52
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Figure 1.15 – The d value (d = oxygen stoichiometry - 8) of the 2212 phase
versus the oxygen partial pressure during heat treatment at
different temperatures of 20 mm diameter pellets [54].

and this disparity is probably due to the difference in the
pouring methods. Because the melt moves vertically into
the mold, the vertical casting method results in the so called
‘‘turbulent flow’’ of the melt and, consequently, produces
many pores that can be trapped during solidification [5].
The existence of pores can degrade the texture formability
of the plate-like 2212 grains and, hence, reduce the Ic value.
On the other hand, in the tilt casting method, the melt flows
along the mold-wall and induces ‘‘laminar flow’’, thereby
restricting the formation of pores. The porosities were
found to be 3.54% and 2.98% for the rods processed by
the vertical and tilt casting methods, respectively, which
is in good agreement with the above explanation.

It is also to be noted that the Ic varied significantly
between the different regions of the rod. The Ic at the
top, center and bottom of the rod were 102, 64 and 51 A
for the rod processed by the vertical casting method and
87, 79 and 107 A by the tilt casting method, respectively,
indicating that the Ic of the whole rod was primarily
affected by the lowest Ic region. The large variation of
the Ic in the rod is probably due to the temperature differ-
ence in the mold: the temperature at the top and bottom of
the mold differed from each other by approximately 50 !C.
In a previous study, we observed that the preheating tem-
perature was one of the parameters which influenced the
microstructure and Ic. Using a specially designed heating
system which assured a temperature variation of less than
3 !C within the mold, we obtained an improved Ic with less
deviation in the tilt casting method. The Ic valued were 155,
153, and 163 A for the top, center, and bottom of the rod,
respectively, and that of the whole rod was 153 A.

Fig. 3 shows the SEM micrographs of the fracture sur-
face of the rods processed by the vertical and tilt casting
methods. In the case of the tilt casting method with a uni-
form pre-heating temperature, the rod had less pores and a
stronger texture than that processed by the vertical casting
with a large temperature difference. From additional SEM
observations, we found that the former method led to the
alignment of more grains in the direction of the length of
the rod and the development of a more uniform micro-
structure throughout the rod than in the case of the latter
method. Thus, it is considered that the improved Ic

obtained in the tilt casting with the uniform preheating

condition is related to the formation of dense and uniform
microstructures.

To evaluate the dependence of the Ic on the SrSO4 con-
tent, the pure 2212 and 2212-3, 6, 10, 12, and 15 wt.%
SrSO4 composite rods were made by the tilt casting and
their Ic values are shown in Fig. 4. The Ic was found to
be 177 A for the pure 2212 rod, and this value improved
as the SrSO4 content increased, reaching a peak value of
256 A at an SrSO4 content of 6 wt.%. The Ic subsequently
decreased to 186 A at an SrSO4 content of 10 wt.%, and
continued to decrease significantly as the SrSO4 content
was further increased. An initial increase in the Ic with
increasing SrSO4 content was also observed in other studies
[2], but the role of the SrSO4 content in 2212 has not been
systematically studied. The possible causes for the variation
in the Ic with the SrSO4 content were correlated with the
SEM observations.

Fig. 5 shows the SEM micrographs of the pure 2212,
2212-6 wt.%, and 2212-15 wt.% SrSO4 rods. For the 2212
rod, there were many pores and the grains were not aligned
parallel to each other. On the other hand, it was observed
that the 2212-6 wt.% SrSO4 rod had less pores, larger
grains, and a stronger texture than the pure 2212 rod,
and some of the dark-colored particles were confirmed to
be SrSO4 by EPMA analysis. The DTA analysis indicated
that the addition of 6 wt.% SrSO4 decreased the melting
point of 2212 by 6 !C. A lower melting point will increase

Fig. 3. SEM micrographs of the fracture surface of the rods processed by (a) the vertical casting method and (b) the tilt casting method : The arrow
indicated the longitudinal direction of the rod.
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Figure 1.16 – Variation of the critical current of a Bi-2212 rod with weight
fraction of SrSO4 [69].
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the diffusion kinetics at a given heat treatment temperature,
leading to an improvement in the density, grain growth and
alignment. This improved microstructure is one of the pos-
sible reasons for the observed increase in the Ic of the 2212-
SrSO4 rod.

For the 2212-15 wt.% SrSO4 rod, we observed that the
grain was not well aligned and that dendrites formed on
the surface. In addition, the dendrites became larger and
their density became higher with increasing depth inside
the rod. The EPMA analysis indicated that the dendrite
consisted mainly of SrSO4 phase. The reason for the forma-
tion of dendrite at a higher SrSO4 content is not clearly
understood, however, it is well known that its presence
interferes with the formation of texture. It is also to be
noted that the fraction of 2212 phase decreased with
increasing SrSO4 content and that the grain connectivity
of the 2212 was considerably degraded when the SrSO4

phases began to be cross-linked with one another. There-
fore, the observed decrease in the Ic at a higher SrSO4 con-
tent is partly related to the degradation of the texture and
grain connectivity of the 2212 phase.

The hardnesses of the pure 2212 and 2212-SrSO4 com-
posites were measured. The hardness of pure 2212 was
found to be 92.8 and this value linearly increased as the
SrSO4 content increased. The hardnesses of the rods with
SrSO4 contents of 3, 6, 10, 12, and 15 wt.% were 123.3,
131.8, 141.7 148.7 and 177.2, respectively. This improve-
ment in the hardness was attributed to the strengthening
mechanism afforded by the addition of the alloying mate-
rial and the fact that the hardness of the SrSO4 (!193)
was higher than that of 2212 [6].

4. Conclusions

We evaluated the effects of the melt flowing process and
the SrSO4 content on the Ic value of 2212-SrSO4 supercon-
ductor. It was observed that the 2212-SrSO4 rod processed

by the tilt casting method had a higher Ic than that pro-
cessed by the vertical casting method. This improved Ic

value is considered to be related to the more homogenous
microstructure associated with the lower porosity and
stronger texture afforded by the laminar flow of the melt.

In addition, the Ic value was significantly dependent on
the SrSO4 content. The Ic of 2212 increased with increasing
SrSO4 content, reached a peak value (260 A at 77 K) at
an SrSO4 content of 6 wt.%, and then decreased when the
SrSO4 content was further increased. The initial improve-
ment in the Ic value with increasing SrSO4 content is prob-
ably due to the lower porosity, larger grain size, and
stronger texture, resulting from the enhanced diffusion
kinetics. On the other hand, it is believed that the decrease
in the Ic at a higher SrSO4 content is partly related to the
degraded texture and poor grain connectivity of the 2212
phase. The addition of SrSO4 also had a beneficial effect
on the hardness of 2212.

Acknowledgements

This research was supported by Electric Power Industry
R&D program funded by the Ministry of Commerce,
Industry, and Energy, Republic of Korea.

References

[1] S. Pavard, C. Vollard, D. Bourgault, R. Tournier, Supercond. Sci.
Technol. 11 (1998) 1359.

[2] J. Bock, H. Bestgen, S. Elchner, E. Preisler, IEEE Trans. Appl.
Supercond. 3 (1993) 1659.

[3] J. Bock, E. Preisler, Solid State Commun. 72 (1989) 453.
[4] D. Buhl, T. Lang, L.J. Gauckler, Supercond. Sci. Technol. 10 (1997)

32.
[5] J. Mi, R.A. Harding, J. Campbell, Int. J. Cast Metals Res. 14 (2002)

325.
[6] B.-H. Kim, K.-H. Ko (Eds.), Handbook of Chemistry and Physics,

KDR, Korea, 2002, p. 1199.

Fig. 5. SEM micrographs of the (a) pure 2212, (b) 2212-6 wt.%, and (c) 2212-15 wt.% SrSO4 rods.

450 K.T. Kim et al. / Physica C 445–448 (2006) 447–450

Figure 1.17 – SEM micrographs of cross-section of bulk Bi-2212 rods with
(a) no SrSO4 addition, (b) 6%, and (c) 15% of SrSO4 weight
fraction [69].

Figure 1.18 – Cross-section optical micrograph of half of a 8mm diameter
rod from outer surface (left) to center of the sample (right).

1.3.2 Applications of Nexans Bi-2212 bulks

Since Bi-2212 has a critical temperature around 85K, liquid nitrogen cooling can be
used for applications at 77 K, which are attractive for economic reasons. However,
the best performances of superconductors are observed at low temperatures and
cooling with liquid hydrogen or helium may be required. Compared to Bi-2223,
Bi-2212 has several advantages in terms of ease of processing, possibility to shape
round wires and higher critical current density at 4.2K. The next two sub-sections
focus on the two main applications of the Bi-2212 bulk samples manufactured at
Nexans, i.e. as current leads and as fault current limiters.

1.3.2.1 Current leads

When injecting current from a room temperature generator to a system at low tem-
perature, such as the superconducting coil of a magnet, the thermal conductivity of
the connecting wires is a major concern. Standard current leads are made of metals
such as copper or stainless steel. Due to the high thermal conductivity of these
metals, metallic current leads induce high costs linked to a huge electrical consump-
tion of the cooling system to maintain the coil at low temperature. Current leads
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made of a high temperature superconductor have much lower thermal conductivity
combined to low current losses and high electrical conductivity. They are therefore
good candidates for current lead applications. The most studied superconductors
for current lead applications are bulk Bi-2212 (Figure 1.19), bulk YBCO, or Bi2223
tapes. Such current leads have already shown their efficiency when associated to
superconducting magnets in magnetic resonance imagery devices, nuclear magnetic
resonance devices, or in particle accelerators. As an example, compared to metallic
current leads, the use of superconducting current leads at the Large Hadron Collider
in CERN has reduced by 30% the power needed for the cooling system.

Figure 1.19 – Current leads manufactured by Nexans.

1.3.2.2 Fault current limiters [73–76]

In power grids, a fault current can damage line equipment (generator, transformer,
fuse) or cause a breakdown of a large part of the electrical network. Fault cur-
rent limiters (Illustrated in Figure 1.20) in electrical networks are used to limit the
huge and fast increase of the current during a fault. An efficient fault current lim-
iter should have a negligible resistance in normal conditions; a rapid and effective
response to fault; and an automatic, autonomous, and rapid recovery time. Super-
conducting fault current limiters (SFCL) work on the basis of the transition from
the superconducting state to the normal state. There exist several types of SFCL
among which the resistive type has showed the highest performances. When a fault
occurs (illustrated in Figure 1.21), the current exceeds the threshold Ic value of the
superconductor and within milliseconds, the resistive SFCL transits to normal state.
The current flow is thus limited by the resistivity of the SFCL in its normal state.
Current limitation is followed by a recovery process during which the SFCL returns
to the superconducting state. This process is conditioned by the heat increase pro-
duced during the fault. Recovery times are typically a few seconds for thin film
superconductors and close to a minute for bulk superconductor SFCLs.
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Figure 1.20 – Superconducting Fault Current Limiter from Nexans installed
in Germany.
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•  FCL circuit breakers
   (< 1 kV)

Figure 1. Different options to reduce short-circuit currents.

fault current levels. The present practice to cope with fault
currents is summarized in figure 1. Today’s most common
measures, like splitting into subgrids and splitting of busbars
as topological measures and choosing a higher transformer
impedance, all lead to a permanent increase of the impedance
not only at fault operation but also at nominal operation.
The latter is in contradiction to the growing demand for a
higher power quality and decreases the power system stability.
Therefore, a device with small impedance at nominal operation
and fast increase of impedance at fault conditions almost
becomes a necessity to meet future power system requirements.
Up to medium voltage levels there are fuses and fuse-like
explosive devices like the Is-limiter that offer such a function.
However, they have to be serviced after each trigger and their
scalability to high voltage levels is very limited. In contrast
to these devices, the novel concepts using superconductors
and semiconductors have the advantage to recover quickly and
automatically and they can be used even at high voltage levels.

It is clear that a fault current limiter (FCL) that offers
rapid, reliable and effective current limitation, automatic
recovery, and zero impedance during normal operation is very
attractive. Such a device offers many technical and economical
benefits (Noe and Oswald 1999) and the utilities’ need for it
was described long ago (Falcone et al 1973) and is also re-
emphasized in more recent studies (EPRI 2005).

This paper describes the function of the most important
types of superconducting fault current limiters (SCFCLs) and
gives a summary of the main characteristics of each type.
We compare how each type can fulfil the main requirements
of an ideal fault current limiter. Another major part of
this paper is a detailed description and evaluation of the
different applications. Several potential FCL applications at
the distribution and the transmission voltage level are shown
and discussed. Finally, a comprehensive overview of the state
of the art of FCL R&D is given, containing a summary of
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Figure 2. Operation modes of SCFCLs.
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Figure 3. Electrical circuit of resistive SCFC with parallel
impedance.

the lessons learned from the history of SCFCL development.
The paper concludes with an overview on the present R&D
activities and an outlook on future R&D objectives.

2. Fault current limiter concepts

2.1. High-temperature superconductor (HTS) FCL types

2.1.1. Resistive type SCFCL with impedance in parallel

Pure resistive. The electrical circuit of a resistive SCFCL is
shown in figure 3. The function is based on the transition
from the superconducting state to the normal conducting state,
the so-called quench. The resistance of the superconductor
RSC during normal operation is negligible and develops rapidly
after the short-circuit current exceeds the superconductor’s
critical current. The resistance in parallel Rp to the
superconductor is needed to protect the superconductor from
destructive hot spots during the quench. This shunt resistance
needs to be contacted all over the length of the superconductor.
In addition, this parallel resistance adjusts the limited current
and avoids overvoltages that could occur if RSC rises too
rapidly. In order not to exceed the maximum temperature
of the superconductor, the short-circuit must be cleared by a
switch S1, typically within several half-cycles. The sequence
described above is illustrated in figure 2.

R16

Figure 1.21 – Superconducting Fault Current Limiter operation mode, from
[77].
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2.1 Orientation and texture in crystallography

2.1.1 Notation system for planes and directions

Understanding the discussion of orientations and textures in the following sections
requires some familiarity with the notation systems for planes and directions in crys-
tals. In the following, the definitions of planes and directions will be illustrated by
figures drawn for an orthorhombic cell, such as will be used to describe the Bi-2212
phase in the next chapters. Figure 2.1(a) shows a typical orthorhombic cell, with
a ≠ b ≠ c and ↵ = � = � = 90○ , where a, b, c are the lengths of the orthogonal base
vectors a, b, and c of the unit cell and ↵,�,� are the angles between the base vectors
(respectively the angles between b and c, a and c, and a and b).

a 

c 

α 

β 
γ"

a≠b≠c 
α=β=γ=90° 

b 

1/2 c 

1/3 c 

(222) 
(333) 

(111) 1 c 

(111) 

(111) 

(001) [001] [111] 

(c) (d) 

[001]* 

(a) (b) 

[111]* 

Figure 2.1 – (a) Representation of an orthorhombic cell; (b), (c) and (d) ex-
amples of (hkl) planes, [hkl]* directions perpendicular to (hkl)
planes and [hkl] directions.

By definition, a plane that intercepts a, b, and c at 1
h , 1

k ,
1
l respectively is one of

the set of (hkl) planes, where the three indices (hkl) (in parentheses) are called
Miller indices. The set of (hkl) planes consists of this plane and all planes that are
parallel to it and are separated from adjacent planes by a distance dhkl, given for
orthorhombic cells by the equation 1

d2
hkl

= h2

a2 + k2

b2 + l2

c2 . One of the examples shown in
Figure 2.1(b) corresponds to the (222) plane, which intercepts a at 1

2 , b at 1
2 , and

c at 1
2 . Another example (Figure 2.1(c)) shows the (001) plane, which intercepts a
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at infinity, b at infinity, and c at 1 and is therefore parallel to a and b. Depend-
ing on the symmetry elements of the space group, several sets of (hkl) planes may
be equivalent by symmetry 1 and are collectively denoted as {hkl} (in curly brackets).

A direction, described by the vector r=ua+vb+wc is called the [uvw] direction,
with the three indices in square brakets. Directions equivalent by symmetry are
written �uvw� in angle brackets. Figure 2.1(c) and (d) show the [001] direction
and the [111] direction as examples. It can be seen that the [111] direction is not
perpendicular to the (111) plane. This is the general case and the fact that the [001]
direction is perpendicular to the (001) plane is a particular case. It is possible to
find the u,v,w indices of the direction perpendicular to a set of (hkl) planes, but for
convenience another notation is introduced and the direction perpendicular to
a set of (hkl) planes will be labeled [hkl]*, or <hkl>* for all symmetry-equivalent
[hkl]* 2. [001]* and [111]* are shown in Figure 2.1(c) and (d).

In summary:

(hkl): hkl Crystallographic plane of the direct lattice

{hkl}: All sets of hkl planes equivalent by symmetry

[hkl]: hkl Crystallographic direction of the direct lattice

<hkl>: hkl directions equivalent by symmetry

[hkl]*: hkl Direction perpendicular to the (hkl) set of planes

≡ reciprocal direction

<hkl>*: Family of directions perpendicular to the {hkl} sets of planes

≡ reciprocal familly, also noted h or
�→
h

2.1.2 Orientation in polycrystalline samples - Euler angles

In a perfect single crystal, (hkl) planes extend throughout the sample to the surfaces
of the crystal. On the contrary, a polycrystalline sample is divided into smaller
volumes called crystallites: each crystallite can be considered as a small single
crystal but there is no continuity between (hkl) planes of neighboring crystallites,
as illustrated in Figure 2.2a.

1. In an orthorhombic cell : hkl ≡ h-k-l ≡ -hk-l ≡ -h-kl ≡ -h-k-l ≡ -hkl ≡ h-kl ≡ hk-l
2. It actually corresponds to the direction of the ha*+kb*+lc* vector in the reciprocal space
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(a)

Crystallites 

Grain 

(b)

Figure 2.2 – (a) Schematic drawing of a cross-section through 3 crystallites,
with the same set of (hkl) planes represented in each crystallite.
(b) Schematic drawing of a sample where grains are delimited
by bold lines (an example of a grain is colored in gray), crys-
tallites are delimited by gray lines (examples of crystallites are
colored in orange).

Crystallites do not necessarily correspond to the grains seen in a microscope. Very
often, grains are made up of several crystallites, as schematized in Figure 2.2b. Both
grains and crystallites have their own shape and size in the sample, depending on the
synthesis process. Each crystallite has its own orientation, which can be described by
attaching a coordinate system KC={XC , YC , ZC} to the crystallite and comparing
it to the coordinate system of the sample KS={XS, YS, ZS}, as shown in Figure 2.3.
The orientation of a crystallite can be defined using three angles called the Euler
angles. In this thesis, the Euler angles will be defined according to the Roe-Matthies
convention described hereafter. The correspondence with other conventions can be
found in Table 2.1.

XS 

YS 

ZS 

XC 

ZC 

YC 

Figure 2.3 – Coordinate system of a crystallite KC={XC , YC , ZC} con-
tained in a sample having the coordinate system KS={XS , YS ,
ZS}.
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In the Roe-Matthies convention:
KC = g×KS with g = g1 g2 g3 = {↵,0,0}{0,�,0}{0,0,�}={↵,�,�}
where ↵,�, and � are three successive angles of rotation that bring the sample
coordinate system collinear to the crystallite coordinate system. The successive
rotations are depicted in the graphs of Figure 2.4.

1. ↵ corresponds to a rotation of KS around ZS that leads to the coordinate
system K’S={X’S, Y’S, Z’S=ZS}. ↵ is defined as the angle that brings XS

onto X’S (See Figure 2.4(a)).
2. � corresponds to a rotation of K’S around Y’S that leads to the coordinate

system K”S={X”S, Y”S=Y’S, Z”S}. � is defined as the angle that brings Z’S
onto Z”S (See Figure 2.4(b)).

3. � corresponds to a rotation of K”S around Z”S= ZC . X”S and Y”S rotate in
a plane normal to ZC , shown in blue in Figure 2.4(c). � is defined as the
angle that brings Y”S onto YC along the circumference of the plane normal to
Z”S. It is the last rotation that brings the sample coordinate collinear with
the crystallite coordinate system KC={XC , YC , ZC}.

As an alternative representation, Figure 2.4(d) shows a projection of the rotations
on the circle containing XS and YS (i.e., the grey circle in Figures 2.4(a) to (c)).

(c) {α,"β,"γ}={20°,20°,60°} 

YS 

ZS=Z'S 

Y'S=Y''S 

β 
Z''S=Z'''S=ZC 

X''S 

γ 
Y'''S=YC 

X'''S=XC 

α"
XS 

X'S 

(a) {α,0,0}={20°,0°,0°} (b) {α,"β,0}={20°,20°,0°} 

YS 

ZS=Z'S 

Y'S=Y''S 

β Z''S 

X''S 

α"
XS 

X'S YS 

ZS=Z'S 

Y'S 
α"

XS 

X'S 

(d) {α,"β,"γ} 

α"β"

XS 

YS 

ZS 

X'S 
Y'S=Y"S 

XC 

ZS"=ZC 

YC 

γ"

Figure 2.4 – Euler angles in the Roe-Matthies convention. See text for a
description of the sequence of rotations.
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Matthies Roe Bunge Canova Kocks

↵  '1 = ↵ + ⇡�2 ! = ⇡�2 − ↵  

� ⇥ � ⇥ ⇥

� � '2 = � + 3⇡�2 � = 3⇡�2 − � � = ⇡ − �
Table 2.1 – Correspondence of Roe-Matthies Euler angles with other con-

ventions.

2.1.3 Representation of textures [78–83]

Samples with different distributions of crystallite orientations are said to have dif-
ferent crystallographic textures. The texture of a sample can be represented by
pole figures (see subsection 2.1.3.1) or graphs of the orientation distribution function
(ODF - see subsection 2.1.3.2).

2.1.3.1 Pole spheres and pole figures

Pole spheres are centered on the sample reference frame KS={XS,YS,ZS} (Figure
2.3). The {hkl} pole sphere of a sample is constructed by drawing the <hkl>* direc-
tions of all crystallites of the sample intercepted by a sphere of unit radius. Figure
2.5a illustrates the procedure for one crystallite: the [hkl]* direction, normal to the
(hkl) planes, intercepts the surface of the sphere at a point P called a pole. P is
located on the pole sphere by the tilt #y and azimuth 'y angles. For easier visual-
ization, the {hkl} pole sphere is usually projected in two dimensions to obtain the
{hkl} pole figure [84–89]. In this work, the pole figures are drawn using the equal
area projection (Lambert or Schmidt projection). Figure 2.5b shows that a pole P
is projected on a plane tangent to the north pole of the pole sphere by rotation of
the
�→
OP vector to

�→
Op. The pole figure is shown in Figure 2.5c where the coordinates

of the pole P are given as y=(#y,'y).

The complete {hkl} pole figure is constructed by repeating this procedure for all
crystallites in the sample. The intensity at each point y=(#y,'y) of the {hkl} pole
figure will be noted Ih(y) and depends on the total volume of the crystallites that
have the same orientation of the <hkl>* directions. As described in the second part
of the chapter, pole figures can be measured from diffraction experiments by rotating
the sample at instrumental angles (�,') and measuring the diffracted intensity of the
corresponding {hkl} reflection, Ih(�,'), later transformed into Ih(#y,'y)=Ih(y) in
the coordinate system of the pole figure. A pole figure showing diffracted intensities
Ih(y) is called a direct pole figure. In order to compare different samples and
get rid of sample influence (porosity, crystallinity, etc.), diffracted intensities are
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normalized into pole densities, Ph(y), which depend only on orientation.

� 2⇡

'
y

=0�
⇡�2

#
y

=0 Ph(#y,'y)sin#yd#yd'y = 4⇡ (2.1)

These pole figures are called normalized pole figures. Normalized pole figures
are expressed in multiple of random distribution, m.r.d., and a pole figure with 1
m.r.d. for all y corresponds to a randomly oriented sample (see Figure 2.6(a)). If no
crystallites are oriented in a direction y, the corresponding point in the pole figure
will have a density of 0 m.r.d.. A single crystal will exhibit an infinite orientation
density at some y directions, and 0 m.r.d. for all other y.
Some other examples of pole figures are shown in Figure 2.6. The pole figures in Fig.
2.6(b) and (d) have higher densities near the equator of the pole figure (#y � 90○),
with a sharper distribution in the case of (b). The pole figures in Fig. 2.6(c) and
(d) have higher densities near the center of the pole figure (#y � 0○), with a sharper
distribution in the case of (c). In the case of Fig. 2.6(e), all crystallites have <hkl>*
directions oriented close to #y = 45○, 'y = 45○.

P !y"

ϕy"
XS 

YS 

ZS 

(a)
P !y"

ϕy"
XS 

YS 

p 
O 

ZS 

(b)

φy!y 

ϑy 

ZS XS 

YS 

(c)

Figure 2.5 – (a) Pole sphere centered on the sample reference frame: the pole P
corresponding to one crystallite is the intersection of the sphere with
the <hkl>* direction normal to the (hkl) planes in the crystallite, (b)
Projection of the pole P on the pole figure (orange circle) by an equal
area projection, and (c) Pole figure with h located at y=(#y = 45○,
'y = 45○).
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(d) 

(f) 
0!

(a) (b) 
0.0! (c) 

0.0!

(e) 
0.00!0.00!

Figure 2.6 – Examples of pole figures:
(a) Pole figure of a texture with a random distribution
(1 m.r.d)
(b) Pole figure with h located on the equator of the pole sphere,
#y � 90○ and FWHM=10○
(c) Pole figure with h located at the center of the pole figure
(i.e. around the north pole of the pole sphere) with a sharp
distribution (FWHM=10○)
(d) Pole figure with h located on the equator of the pole sphere
with a large distribution (FWHM=60○)
(e) Pole figure with h located at the center of the pole figure
(i.e. around the north pole of the pole sphere) with a large
distribution (FWHM=60○)
(f) Pole figure with h//y, with the center of the distribution
located at y=(#y = 45○, 'y = 45○) with a FWHM=10○
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2.1.3.2 The orientation distribution function

A single pole figure does not constitute a complete description of the texture of
a sample. On the contrary, the Orientation Distribution Function, ODF or f(g),
reflects the probability of finding a crystallite orientation between g and g+dg, where
dg = sin�d�d↵d� is the orientation element, defined by the three Euler angles ↵,�,
and � defined in section 2.1.2. [84–88] The ODF is given by:

� 2⇡

↵=0 �
⇡�2

�=0 �
2⇡

�=0 f(g)dg = 8⇡2 (2.2)

The orientation distribution is often represented as 2D-sections plotted for different
values of one of the Euler angles, as shown in Figure 2.7.

β=5°%

α"

γ"

β=0°% β=5°% β=10°% β=15°% β=20°%

β=25°% β=30°% β=35°% β=40°% β=45°%

β=50°% β=55°% β=60°% β=65°% β=70°%

β=75°% β=80°% β=85°% β=90°%

Figure 2.7 – 2D 5○ �-sections representing the orientation distribution of a
sample. Each cell of the OD is a 180○x180○ grid in (↵,�).

The texture strength of samples exhibiting similar orientation distributions may be
compared by means of the texture index (F2), calculated from the ODF through:

F 2 = 1

8⇡2�
i

[f(gi)]2�gi (2.3)

where gi is the i orientation cell and �gi = sin�i��i�↵i��i is each discretized OD-
cell volume. F2 is expressed in m.r.d.2 and takes values ranging from 1 m.r.d.2 for a
random powder to infinity for a perfect texture (single crystal).



32 Chapter 2. Introduction to texture

2.2 Determination of texture from X-ray or neutron
diffraction experiments

Experimentally, information about the orientation distribution in a sample can be
obtained from diffraction experiments. This is due to the fact that the (hkl) planes
of a crystallite diffract with constructive interference only for a specific incidence
angle of the beam with respect to the planes, as given by Bragg’s law :

� = 2d sin ✓hkl (2.4)

where � corresponds to the wavelength of the diffraction source (x-rays, neutrons,
etc.), d is the spacing between atomic planes and ✓hkl is the Bragg angle measured
between the incident beam and the diffracting planes hkl.

dhkl θ θ 

Diffracted 
beam 

Incident 
beam 

Atomic 
planes 

Figure 2.8

The following sections describe the differences between X-ray and neutron experi-
ments (section 2.2.1), the strategy for data collection (section 2.2.2), and how the
diffraction data are processed to compute texture (section 2.2.3).

2.2.1 X-Ray diffraction vs. neutron diffraction [78]

The following section describes how the advantages and disadvantages of X-ray and
neutron diffraction make them complementary in the field of texture characteriza-
tion.

X-rays and neutrons are both scattered or absorbed by the matter but they interact
differently. X-rays are scattered by the electronic cloud of atoms. For a constant X-
ray wavelength, both the scattering factors and absorption increase with the number
of electrons of the atom and decrease with sin ✓��. These trends are represented
in Figure 2.9 for different atoms (mainly those contained in the Bi-2212 phase).
This phenomenon has two main consequences: first, light atoms, such as hydrogen,
scatter much less than heavier atoms. Second, it is difficult to differentiate two atoms



2.2. Determination of texture from X-ray or neutron diffraction experiments 33

having a close number of electrons. In comparison, the neutral charge of neutrons
makes them non-interacting with the electronic cloud of the atoms. As the size of
atomic nucleus is smaller than the neutron wavelength, the scattering factors vary
irregularly across the periodic table. The intensity diffused by an atomic nucleus is
isotropic and does not depend on the diffraction angle 2✓ allowing high resolution
at high angles compared to X-rays. Moreover, neutrons are absorbed only by a few
nuclei. Consequences of using neutrons compared to X-rays are that light atoms may
have a large contribution to the diffracted intensity, neutrons permit to distinguish
between two isotopes, and absorption effects are usually weak.

sin θ/λ 

2θ 

Bi (Z=83) 

S (Z=16) 

Sr (Z=38) 

Ca (Z=20) 

Ba (Z=56) 

Cu (Z=29) 

O (Z=8) 

λCuKα1=1.54056Å 

Figure 2.9 – X-ray scattering factors for Bi, Sr, Ca, Cu, O, Ba, and S atoms
as a function of 2✓ or sin(✓)�� for �=1.54056Å. Raw data from
SCATFAC [90].

Concerning instrumentation, an X-ray diffractometer is easy to implement in a labo-
ratory and easily accessible. X-rays are generated by an X-ray tube in a wavelength
range of 0.01 to 10 nm. An X-ray tube is composed of two electrodes: a cathode
and an anode. When a high voltage is applied between the electrodes, electrons are
extracted from the cathode and accelerated to the anode. Electrons collide with
the anode and excite the atoms of the anode that emit X-rays by deexcitation. In
classical X-ray diffraction, metallic anodes of copper or molybdenum are most fre-
quently used. More intense X-ray beams and a broader choice of wavelengths are
found in synchrotrons. Neutrons can be produced using two processes: nuclear fis-
sion or spallation. Fission is the most widespread and is used as neutron source in
neutron facilities such as ILL (Grenoble, France) [91] or FRM II (Garching, Ger-
many) [92]. Such a neutron source is based on uranium 235 fission in two lighter
atoms and some neutrons. The production of neutron causes a chain reaction (see
Figure 2.10) of fissions leading to the formation of neutron beams. Spallation is
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based on a different principle. Protons are accelerated towards a neutron-rich nu-
cleus. After the impact, the nucleus decomposes and expels some neutrons. This
process is better controlled than fission because it can be stopped by stopping the
proton bombardment. This type of source is used at SNS (Oak Ridge, USA) [93] or
at SINQ (Villigen, Switzerland) [94].

Figure 2.10 – Illustration of the nuclear fission.

Measurement time for texture experiments can be considerably longer with a labo-
ratory X-ray diffractometer than with neutrons. Neutron experiments are typically
carried out in few hours (on the beam lines having highest intensities, such as the
one used for this thesis) while X-ray experiments in the lab may last from a few
days to 1 week.
X-rays probe typically the 10 µm-thick surface layer in our samples and results
in data affected by surface effects and sensitive to local variations. The weak in-
teraction of neutrons with matter induces a larger penetration depth. Neutrons
penetrate in the bulk so that a larger sample volume is probed and surface effects
can be neglected. To achieve a good statistics, the number of grains probed should
be around 104 grains, to correctly represent the orientations. This is easily accessi-
ble using neutron diffraction. Another advantage of neutrons compared to X-rays is
that there is no defocusing with neutrons. Complete sets of data can be measured
while with X-rays, defocusing causes a limitation of measurement range in �. As
neutrons probe the bulk of the sample, a global view of the sample is obtained and
the presence of minor phases can be evidenced. The main disadvantage of neutron
experiments is the restricted access to neutron facilities, with beam time allocation
depending on successful proposals.
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2.2.2 Measurement strategy

As explained in section 2.1.3.2, the determination of the orientation distribution
requires the measurement of several pole figures. In order to achieve good statistics,
resolution and reliability for the OD calculation, as many pole figures as possible
should be measured. This is achieved by adopting a whole pattern analysis approach.
In practice, the sample is mounted at the center of a Eulerian cradle. The three
rotation axes are represented in Figure 2.11 where ! is the rotation angle of the
Eulerian cradle around the vertical axis, � is the rotation angle of the sample around
the normal to the cradle plane, and ' is the rotation angle of the sample around
the normal to the sample surface. The ! angle is kept constant. The choice of
the ! angle depends on the fact that only the pole figure of the {hkl} reflection
whose corresponding 2✓ is equal to 2! is measured completely (Cf. Figure 2.12a).
All the other pole figures exhibit a blind area in their centers due to localization
corrections [95] (Cf. Figure 2.12b). Therefore the ! value should be chosen so that
2! is in the range of 2✓ where the reflections of most interest are located. Intensity
vs. 2✓ data are then collected with a 2D detector for different sets of instrumental
angles (�,'), which can be later transformed into (#y,'y) in the coordinate system of
the pole figure. Exact details of measurement conditions and selected angle ranges
for the experiments carried out in this thesis work will be given in the relevant
chapters.

ω 

φ"

χ Beam 

Detector 

Figure 2.11 – Illustration of a Eulerian cradle, refer to the text for a descrip-
tion of the rotation angles.
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(a)Complete pole figure (b)Uncomplete pole figure

Figure 2.12 – Pole figure coverage of (a) fully covered pole figure measured
at 2!=2✓ and (b) non fully covered pole figure measured at
2!≠2✓.

2.2.3 Modeling diffraction patterns by using the Rietveld method
[79, 87,89,96–103]

Data collection results in a series of I vs. 2✓ patterns, each of these patterns being ob-
tained for a different (�,'). Each pattern is then fitted by Rietveld refinement [96],
a method based on a least squares refinement procedure where a calculated pattern
is fitted to an observed powder diffraction pattern by minimizing the function:

M =�
i

wio(yio − yic)2 (2.5)

where wio = 1
y
io

is the weight of each observation point, yio is the intensity measured
at the ith step and yic is the intensity calculated at the ith step using the following
equation [89]:

yic = yib + N��
�=1

S�

K�
k=K1

j�kLp�kP�k�F�k�2⌦i�kAi (2.6)

where

yib is the background associated to measured intensity yio

S� is a scale factor, proportional to the volumic fraction of each refined phase
�

j�k is the multiplicity factor of the reflection k for phase �
Lp�k is the Lorentz-polarisation factor
P�k is a correction factor describing non-random texture of phase �
�F�k� is the modulus of the structure factor of phase �
⌦i�k describes the profile function of the peaks of phase �, which represents
instrumental and sample broadenings
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Ai is an absorption factor which takes into account the experimental and
sample geometries

The Rietveld method calls for the use of a known structural model of the crystallo-
graphic phases (space group and approximate values of cell parameters and atomic
positions). The factors in Equation 2.6 are computed by a software from a set of
parameters which the user can choose to fix or refine in order to reach a good match
between the calculated and the experimental pattern. In the case of the pattern of
a sample with random texture, the most commonly refined parameters are:

the Instrumental function

Background function

2✓ shift

Scale factors

Lattice parameters (a, b, c, ↵, �, �)

Atomic positions (x, y, z)

Atomic site occupancies

Temperature factors B

In the case of a textured sample, the intensities are modified by comparison with
the case of a non-textured sample, as shown by the factor P�k in Equation 2.6.
There are several models for texture calculation, as discussed in detail in [89]. The
present work relies on the Extended-Williams-Imhof-Matthies-Vinel (E-WIMV)
model that has the advantage of allowing the use of irregular pole figure coverage.
This E-WIMV model is presented in the next section while the last two sections of
the chapter come back to a description of the other factors in Equation 2.6 and the
reliability factors of the refinement.

2.2.3.1 E-WIMV model for texture calculation [84,89,97,104]

The Extended-Williams-Imhof-Matthies-Vinel (E-WIMV) model 1 for OD refine-
ment is based on an entropy iteration algorithm. Compared to the WIMV model, E-
WIMV involves the reflection weight wh in the calculation algorithm. The E-WIMV
model has already been used in many studies and proved its effectiveness [104–109].
At the first step of the texture calculation, measured pole figures (P exp

h (y)) are
extracted from the experimental dataset acquired in (2✓, !, �,'). An initial OD
(f 0(g)) is calculated using these experimental pole figures:

f 0(g) = N0 � I�
h=1

M
h�

m=1
P exp
h (y)�

1
IM

h

(2.7)

1. The March-Dollase approach and a comparison between E-WIMV and March-Dollase will
be discussed in the next chapter
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The variables used in this equation are:

f 0(g): Initial OD calculated using experimental pole figures
N0: Normalization factor
P exp
h (y): Experimental pole figures

I: Number of experimentally measured pole figures
Mh: Pole multiplicity

f 0(g) and P exp
h (y) are introduced in the algorithm to calculate fn+1(g), the OD

calculated at the n+1 step:

fn+1(g) = fn(g) I�
h=1

M
h�

m=1
�P exp

h (y)
P n
h (y) �

r
n

w

h

IM

h

(2.8)

The variables used in the iteration are:
fn(g): OD calculated at the nth step
fn+1(g): OD calculated at the n+1 step
P n
h (y): Pole figures calculated at the nth step

rn is a relaxation parameter such that 0<rn<1, defining the convergence speed of the
algorithm
wh: The reflection weight
n: The number of iterations, defined by the user

The iteration procedure is schematized in Figure 2.13. At each iteration cycle (n),
pole figures, P n

h (y) are calculated using the fundamental equation of quantitative
texture analysis (equation 2.9):

Ph(y) = 1

2⇡ �h��y fn(g)d'̃ (2.9)

Iteration algorithm 

Ph
exp(y) 

f n=0(g) 
Ph

n(y) f n(g) 

Measured PF Calculated PF 

Initial value of f(g) 

Refined value of f(g) 

f n+1(g) 

Figure 2.13 – E-WIMV iteration procedure, see text for a description of the
procedure.

Figure 2.14 shows that calculated pole figures can be obtained from the OD even if
the experimental pole figure was not complete, thanks to the fact that each cell of
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a pole figure is built using different cells of the ODF and inversely. Figure 2.14(a)
represents the pole figure coverage of a 5○x5○ experiment in (�,') made on an Inel
X-ray four circle diffractometer. Figure 2.14(b) and (c) are respectively the {200}
experimental and calculated pole figures.

(a) (b) (c) 0.00 

Figure 2.14 – Example of (a) a pole figure coverage, (b) Experimental pole
figure and (c) calculated pole figure using E-WIMV model on
a dataset acquired on an Inel instrument.

2.2.3.2 Description of parameters in the Rietveld refinement [78,87]

The background [87]
The most used background in Rietveld refinements is a polynomial function in 2✓

bkg(2✓i) = N
b�

n=0
an(2✓i)n (2.10)

with Nb the polynomial degree and an the polynomial coefficients

The Lorentz-polarisation factor
The Lorentz-Polarization factor (Lp) results from two contributions: the Lorentz
factor and the polarization factor. The Lorentz factor depends on the Bragg angle
(✓) and on the instrument geometry. The polarization factor takes into account the
polarization of the incident beam by a monochromator. The Lp factor is independent
of the structural model. As an example, for a Bragg-Brentano geometry instrument,
the Lorentz-Polarization factor is expressed as:

Lp = 1 + cos2(2✓m) cos2(2✓)
2 sin

2 ✓ cos ✓
(2.11)

with ✓m being the Bragg angle of the monochromator crystal.

The structure factor
The structure factor is of great importance in the solution and refinement of crystal
structures because it depends on the atomic positions of the atoms in the unit cell.
More specifically, F�k for reflection k of a phase � containing N atoms in the cell
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may be expressed as:

�F�k�2 =mk � N�
n=1

fne
−B

n

� sin✓

�

�2e2⇡i(hxn

+ky
n

+lz
n

)�2 (2.12)

where
mk is the multiplicity of the k reflection

fn is the atomic scattering factor of the nth atom

Bn is the temperature factor of the nth atom

xn, yn, zn are the coordinates of the nth atom in the unit cell

The first exponential term is angle-dependent: when ✓ increases, the intensity of the
reflections decrease. The exponential term also contains the temperature factor B,
also called Debye-Waller factor. The temperature factor is proportional to the mean
square atomic displacement, �u�2, through the Debye-Waller equation: B = 8⇡2 �U�2.
The profile function
The profile of a Bragg peak is described by an experimental function h(x). This

function results from the convolution of an instrumental function g(x) and a sample
function f(x) as:

h(x) = b(x) +� +∞
−∞ f(y)g(x − y)dy = b(x) + f(x)⊗ g(x) (2.13)

b(x) is the background contribution (see above). Various models exist to describe
the peak profile: Gaussian, Lorentzian, Voigt, Pseudo-Voigt, Pearson VII. Pseudo-
Voigt (PV) is the most frequently used function. The Pseudo-Voigt function is a
linear combination of a Gaussian and a Lorentzian function:

PV (2✓i) = ⌘L(2✓i) + (1 − ⌘)G(2✓i) (2.14)

The instrumental function, g(x), is defined for each experimental setup. Various
aberration profile contributions are at the origin of the instrumental function. These
contributions can be regrouped in two categories: geometrical aberrations (beam
divergence, optics misalignments, collimator slits width, etc.) or physical aberrations
(emitted spectral width and distribution of the incident radiation). g(x) is most of
the time determined with a standard reference sample (LaB6, Corundum).

The peak width, characterized by the full width at half maximum, FWHM , varies
with the diffraction angle 2✓ according the Caglioti formula [110]:

FWHM2 =H2
k = Utan2✓ + V tan✓ +W (2.15)
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The parameters U, V, and W provide information about the resolution of the diffrac-
tion instrument. In a Rietveld refinement, the U,V and W parameters are usually
defined for a given experimental setup and kept unchanged for unchanged experi-
mental setup. Sample contribution [79,111–114]
The sample function, f(x), depends mainly on the sample microstructure. Peak
broadening occurs when there are local distortions (crystallite size and/or microdis-
tortions) that do not affect the mean value of the lattice constants. There are several
ways to describe the broadening due to crystallite size. In the case of an isotropic
crystallite size (Figure 2.15a), the easiest way to estimate the mean crystallite ap-
parent size, �R� is to use the Scherrer formula:

�R� = �K

HL cos ✓
(2.16)

The Scherrer formula relates the mean crystallite apparent size to HL, the full width
at half maximum of the peak at an angle 2✓. K is the Scherrer constant usually
taken as 0.9 or 1.0.
In the case of crystallites having anisotropic sizes, more elaborate models are needed,
such as the Popa approach used in the present work. This model consists in develop-
ping the crystallite radius in a convergent series of symmetrized spherical harmonics.
The coefficients of the harmonics are refinable parameters. Figure 2.15b provides an
example of an anisotropic crystallite with a platelet shape model for an orthorhombic
space group using three terms of the series.

(a) Isotropic size (b)Anisotropic size

Figure 2.15 – Crystallite shape obtained using (a) first term of the series
and (b) three terms of the series in the orthorhombic crystal
system.
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2.2.3.3 Reliability factors [89]

Reliability factors are values that express the agreement between calculated data
and experimental data. One should keep in mind that comparison of experimental
and calculated profiles is also a good criterion for judging of the refinements quality.

Reliability factor of the weighted profile Rwp

The Rwp value is dominated by the profile function and is not very sensitive to
structural parameters; it mainly reflects the profile comparison.

Rwp =
����∑iwio(yio − yic)2∑iwioy2io

(2.17)

wio are generally assigned the value 1/yio. Ideally, this Rwp factor should approxi-
mate the expected R value, Rexp.

Expected reliability factor Rexp

The Rexp reflects the quality of the experimental data and can be used as an indi-
cation of what is the best result that could be achieved from a set of experimental
data.

Rexp =
���� (N − P )∑iwioy2io

(2.18)

where N is the number of points and P is the number of parameters.

Goodness of fit
The goodness of fit is the ratio between Rwp and Rexp. It should ideally approach 1.

�2 = Rwp

Rexp

(2.19)

Bragg R-factor
The Bragg factor is used to calculate the agreement between measured and calcu-
lated intensities. Contrarily to Rwp, this reliability factor is sensitive to structural
parameters and not to profile parameters.

RB = ∑ �Iobs − Icalcl�∑ �Iobs� (2.20)



CHAPTER 3 Diffraction methodology/Case
study of a Bi-2212 tube

The previous chapters described some theoretical principles about superconductivity
and texture calculation. This chapter reports the quantitative characterization of the
texture of a Bi-2212 tube by different techniques. The chapter starts with a macro-
scopic and microscopic presentation of the tube sample. Then section 3.2 reports
the phase identification and crystallographic parameters determination from a ✓-2✓
X-ray pattern profile analysis of the tube. The chapter continues with quantitative
texture analysis (QTA) using the ILL neutron facilities and a X-ray 4-circle diffrac-
tometer. The instrument components, sample preparation, and sample mounting
are described in details in Sections 3.3 and 3.4, respectively, while the analysis of
neutron and X-ray data is discussed in Section 3.5. The last section (Section 3.6) dis-
cusses the limitations and application of preferred orientation determination using
the March-Dollase function, i.e., the approach currently used at Nexans Supercon-
ductors R&D center.
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3.1 Sample description

This section is devoted to the description of the bulk tube studied in this chapter.
First the tube is described macroscopically in terms of morphology. Then a mi-
croscopic study is presented with the observation of the microstructure and phase
identification by EDX.

3.1.1 Description of the tube

The sample studied all along this chapter is a bulk melt-cast processed tube ded-
icated to Fault Current Limiter (FCL) applications [115]. The tube has an outer
diameter of 50mm and an inner diameter of 35mm. It was prepared by a melt-cast
process as described in the first chapter (see Section 1.3.1). Figure 3.1 shows two
images of the tube with the outer surface coated with silver to be further connected
to the shunt via soldering [115]. For all measurements, this silver coating is removed
by polishing or by cutting.

(a) (b)

Figure 3.1 – Tube studied in this chapter. The tube has an outer diameter
of 50mm and an inner diameter of 35mm.

3.1.2 Microstructure characterization

Scanning Electron Microscopy (SEM) was used to observe a polished longitudinal
cross-section of the tube. Figure 3.2 illustrates the position of the longitudinal cross-
section in the tube. The face observed with SEM is represented in orange in Figure
3.2a. Figure 3.2b shows an overview optical micrograph, where a porous region of
∼2.5 mm thickness is clearly visible as a darker zone. Figure 3.3 displays a panorama
made up of a series of SEM micrographs, corresponding to the orange rectangle
drawn in Figure 3.2b The panorama is done from the inner part (top left) to the
outer part (bottom right) of the tube and illustrates in more detail the variation of
microstructure across the tube wall thickness. The first 500µm, close to the inner
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edge, are porous with second phase inclusions. At the end of this 500µm region,
second phase inclusions are more elongated with a length varying between 10µm
and 100µm. After these two regions, over a length of 600µm, the tube is dense with
approximately 1/3 of the micrograph area corresponding to second phase inclusions.
The next 2.5 mm correspond to the porous region, less visible than in Figure 3.2a
because the least porous zone was selected for the panorama (see the rectangle in
Figure 3.2b). From the end of the porous region to the outer surface of the tube, the
size and amount of second phase inclusions is decreasing and the Bi-2212 matrix is
predominant. This evolution of microstructure from inner surface to outer surface
justifies the study of texture in three different regions of the tube (See Chapter 4).
Hereafter, they will be called "inner", "center", and "outer" for parts of the tube cut
respectively (i) close to the inner surface, (ii) between the end of the porous region
and the outer surface, and (iii) close to the outer surface. Figure 3.4 illustrates the
position of the three parts on the tube cross-section.

Inner 
Outer 

(a)

IN OUT 

7.5 mm 
(b)

Figure 3.2 – (a) Illustration of the longitudinal cross-section cut in the tube
for SEM observations. A piece of the tube in dark gray and
orange was cut longitudinally. The face observed in the mi-
croscope is the one in orange. (b) Image of the cross-section
acquired with an optical microscope.
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Inner 

Porous area 

Center 

Outer 

Figure 3.3 – Panorama of a cross section across the tube wall made with
SEM micrographs. The panorama is done from the inner part
to the outer part of the tube. See Figure 3.2 for details about
sample positioning in the tube.
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Inner Center Outer 

Figure 3.4 – Description of the different parts of the tube: inner (close to
the inner edge of the tube), center (between the end of porosity
and the outer edge of the tube), and outer (close to the outer
edge of the tube).

3.1.3 Phase identification using EDX

The average elemental ratio of each phase was measured with an energy dispersive
X-ray spectrometer (EDX) coupled to a scanning electron microscope. Figure 3.5
presents higher magnification SEM micrographs of the polished cross-section of the
tube. Micrograph (a) is a view of a section close to the inner edge of the tube
and micrograph (b) of a section at the center of the tube. The presence of second
phases was evidenced by the EDX measurements. In Figure 3.5a mid-gray grains
are (Ba,Sr)SO4 grains and dark gray grains are (Sr,Ca)2CuO3 grains. In Figure
3.5b dark gray grains are (Sr,Ca)CuO2 and dark gray grains with shiny center are
(Ba,Sr)SO4 grains. On both Figure 3.5a and Figure 3.5b, the light gray matrix
corresponds to an average cation composition Bi2.26Sr2.25Ca0.71Cu1.78Ox. Average
elemental ratios calculated from EDX measurements for the different phases are
listed in Table 3.2.
The presence of these four phases corresponds to what is usually observed in annealed
melt-cast samples. The annealing treatment drives the formation of the Bi-2212
phase by transformation of the Bi-2201 and Ca- and Cu-rich second phases of the
as-melt-cast sample (not yet annealed). Calcium and copper cations diffuse in Bi-
2201 layers to form Bi-2212 grains. In the literature, studies of melt-cast processing
of Bi-2212 bulks reported the presence of Bi-2201 as major phase in the as-melt-
cast sample and second phases as (Sr,Ca)14Cu24Ox [116], Bi2Sr3CaOx [117], SrSO4

[117], CaCuO2 [117], (Sr,Ca)CuO2 [53], Cu2O [118] or Bi2(Sr,Ca)3Ox [53]. More
specifically, researchers at Nexans Superconductors studied in details the influence
of synthesis parameters on the as-melt-cast sample during Bi-2212 bulk synthesis.
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They determined from EDX measurements that the as-melt-cast sample contains Bi-
2201, (Sr,Ca)CuO2, (Ba,Sr)SO4, Bi2(Sr,Ca)3Ox, and Cu2O. If second phase grains
are too large, the diffusion distance of Ca and Cu cations from second phase grains
to Bi-2201 is too long. As a consequence, these cations cannot be consumed during
the cooling stage, leaving second phases grains in the bulk material. [118] Another
phenomenon that occurs during melt-cast synthesis is the persistence of Bi-2201
intergrowths layers within the Bi-2212 grains [116]. These intergrowths result from
an incomplete transformation of Bi-2201 to Bi-2212 phase.

(Sr,Ca)2CuO3 

(Ba,Sr)SO4 

10µm 

(a)

(Ba,Sr)SO4 

(Sr,Ca)CuO2 

10µm 

(b)

Figure 3.5 – second electron SEM micrographs of a polished longitudinal
cross-section of the tube close to (a) the inner edge of the tube
and (b) at the center part of the tube. In Figure (a) light
gray is Bi-2212 phase, mid-gray is (Ba,Sr)SO4 phase and dark
gray is (Sr,Ca)2CuO3 phase. In Figure (b) light gray is Bi-2212
phase, dark gray is (Sr,Ca)CuO2 and dark gray grains with
shiny center are (Ba,Sr)SO4 phase.

3.2 Profile analysis using ✓-2✓ X-Ray diffraction data

In this section, a powder X-ray diffraction pattern collected using a classical diffrac-
tometer in Bragg-Brentano geometry is used to verify the space group and cell
parameters of the crystalline phases in the sample.

3.2.1 Experimental description

A piece cut in the central part of the tube was ground manually in an agate mortar.
The resulting powder was sieved on a depolished glass sample holder producing low
background. The X-ray diffraction pattern was collected in ✓-2✓ geometry with a
diffractometer D8 Advance Vario 1 from Bruker. This diffractometer is equipped
with a Cu X-ray tube, a ✓-2✓ goniometer in Bragg-Brentano configuration (i.e. re-
flection geometry), a monochromator (Ge-111 type johansson to select Cu K↵,1

radiation) and a Lynx Eye detector. Different slits are used to limit axial divergence
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and beam size (see Table 3.1). The configuration of the D8 diffractometer is illus-
trated in Figure 3.6. The Bruker program DIFFRAC.SUITE EVA and the ICDD
PDF4+ database were used to identify the crystallographic phases.

Divergence slit: 0.6mm

Soller slits: 2.5○
Anti-scatter slit before sample: 0.2mm

Anti-scatter slit after sample: 8.0mm

Detector aperture: 3,0○

Table 3.1 – The diffractometer configuration used during the measurement

Cu 

X-ray tube 

Divergence slit 

Anti-scatter slit 

Soller slits 

Monochromator (Ge 111) 
Detector 

Sample 

Figure 3.6 – ✓−2✓ Bragg-Brentano geometry of D8 advanced Bruker diffrac-
tometer.

3.2.2 Phase identification of a tube powder

Figure 3.7 shows a ✓-2✓ pattern of the tube powder. The reflections of the PDF4+
reference phases (see also Table 3.2) are displayed as colored lines. The peaks with
highest intensity correspond to the Bi-2212 phase. Most of the other peaks can
be index as (Ba,Sr)SO4, (Sr,Ca)CuO2, and (Sr,Ca)2CuO3, i.e., the second phases
identified with EDX. Besides, it is known from literature that Bi-2201 phase can
make intergrowths with Bi-2212 phase [116,118]. However, Bi2201 XRD reflections
tend to overlap with reflections of other phases in Figure 3.7. We did not find
evidence for the presence of Bi-2201 individual grains through EDX measurements
but the presence of Bi-2201 intergrowth cannot be excluded at this stage.
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Acronym Cation composition (EDX) Phases with PDF file number

Bi-2212 Bi2.26Sr2.25Ca0.71Cu1.78Ox Bi2Sr2CaCu2O8+� (00-041-0317)

(Ba,Sr)SO4 Ba0.13Sr0.87SOx Ba0.13Sr0.87SO4 (00-039-1467)

(Sr,Ca)CuO2 Sr0.7Ca0.3CuOx Sr0.618Ca0.382CuO2 (04-007-4981)

(Sr,Ca)2CuO3 Sr1.6Ca0.4CuOx Sr1.6Ca0.4CuO3 (00-048-1493)

Bi-2201 / Sr10Cu5Bi10O29 (04-011-0094)

Table 3.2 – List of phases present in the tube as determined by EDX and
using EVA.

I Experimental profile 
I PDF 00-041-0317   Bi2Sr2CaCu2O8+x 
I PDF 00-039-1467   Ba0.25Sr0.75SO4 
I PDF 04-007-4981   Sr0.618Ca0.382CuO2 
I PDF 00-048-1493   Ca0.4Sr1.6CuO3 
I PDF 04-011-0094   Sr10Cu5Bi10O29 

Figure 3.7 – ✓-2✓ pattern of tube powder showing reflections identified using
Bruker’s program DIFFRAC.SUITE EVA.
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3.2.3 Refinement of cell parameters and phase amount
determination: profile analysis

The XRD powder pattern of Figure 3.7 was refined to determine the cell parameters
and percentage of each phase. Single crystal data were used as starting parameters
for Bi-2212 1 , (Ba,Sr)SO4

2 , (Ca,Sr)CuO2
3 , Bi-2201 4 , and (Ca,Sr)2CuO3

5 . The
space group and cell parameters of each phase are listed in Table 3.3. For the Ri-
etveld refinement with the MAUD software [88], we chose a non-textured model
and refined background parameters, intensity, 2✓-offset, phase volume percent, and
cell parameters of each phase. The resulting pattern and the contribution of each
phase are represented in Figure 3.8. The mismatch between calculated pattern and
experimental pattern concerns mainly the Bi-2212 peaks and results in a goodness
of fit of 2.37. During XRD sample preparation, the powder was sieved instead of
pressed in order to try to decrease grain orientation effects. But the underestima-
tion of intensity, observed on some Bi-2212 peaks, indicates that Bi-2212 platelets
orientation could not be eradicated. Figure 3.9 (a) to (c) show SEM micrographs
of the powder used for the measurement. Micrograph (a) shows a large distribution
of particle size from a few µm to 100µm. Micrograph (b) shows a large particle
of approximately 50µm length. Smaller particles are also visible around the large
particle. A zoom on this large particle is shown on micrograph (c). The white ar-
rows on the image indicate the presence of Bi-2212 platelets. The presence of such
large particles with Bi-2212 platelets in the powder explains why some preferential
orientation is retained after powder sieving on the depolished glass support.

Despite this residual orientation in the powder sample, a non-textured model was
conserved for refinements of the XRD pattern. The refined cell parameters are
reported in Table 3.4. The refined phase volume proportion are 71% of Bi-2212, 25%
of (Ba,Sr)SO4, 3% of (Ca,Sr)CuO2, and less than 1% of Bi-2201 and (Ca,Sr)2CuO3.
However these phase volume proportions should be considered with caution because
of the large errors introduced by the non-textured model. Refinements suggest that
Bi-2201 and (Ca,Sr)2CuO3 are actually not present (volume proportion < 1%) in the
probed powder. Indeed, during the SEM characterization, grains of (Ca,Sr)2CuO3

phase were found in a small region of the tube, close to the inner edge (See section
3.1.3), while the powder studied here was obtained from the center of the tube where
the presence of (Ca,Sr)2CuO3 was not evidenced by EDX.

1. From Crystallographic Open Database, file # 1000285
2. From Crystallographic Open Database, file # 9009506
3. ICDD PDF4+ database, file # 04-007-4981
4. ICDD PDF4+ database, file # 04-011-0094
5. ICDD PDF4+ database, file # 04-005-5638
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Experimental 

Calculated 

Figure 3.8 – ✓-2✓ pattern of tube powder with (◦) experimental intensity
and (—) calculated total intensity. The difference pattern at
the bottom of the figure is obtained by subtraction of the ex-
perimental pattern for the calculated one.

Phase Space group a [Å] b [Å] c [Å]

Bi-2212 Amaa 5.4054 5.4016 30.7152

(Ba,Sr)SO4 Pnma 8.408 5.372 6.897

(Sr,Ca)CuO2 Cmcm 3.4811 16.164 3.481

Bi-2201 C121 26.8560 5.38 26.9080

(Sr,Ca)2CuO3 Immm 3.309 3.805 12.336

Table 3.3 – Space group and cell parameters of the single crystal reference
data.

Phase a [Å] b [Å] c [Å] Proportion

Bi-2212 5.4120(3) 5.4143(2) 30.9870(7) 72.3(6)%

(Ba,Sr)SO4 8.4550(6) 5.3987(4) 6.9266(5) 26.1(3)%

(Sr,Ca)CuO2 3.4804(3) 16.219(5) 3.5063(3) 1.17(2)%

Bi-2201 Not refined 0.39(6)%

(Sr,Ca)2CuO3 Not refined 0.056(6)%

Table 3.4 – Refined cell parameters and phase proportions.
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Program GoF Rwp [%] Rb[%] Rexp[%]

MAUD 2.37 30.57 23.92 12.87

Table 3.5 – Reliability factors for the tube powder data refinement.

100µm 

(a)

10µm 

(b)

(c)

Figure 3.9 – SEM micrographs of tube powder. Micrograph (a) shows a
large distribution of particle sizes in the power. Micrograph
(b) is a zoom on a region containing a particle of 50µm large.
Micrograph (c) is a zoom on the big particle where platelets of
Bi-2212 are visible (indicated by arrows).
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3.3 Texture analysis using neutron diffraction:
experimental procedure

This section is dedicated to texture characterization using the D19 and D1B neutron
diffraction lines at Institut Laue Langevin (ILL) in Grenoble. The instrument de-
scription, measurement parameters and sample preparation of the tube are detailed
for the D19 and D1B lines successively. The results of texture characterization using
neutron diffraction data are reported and analyzed in section 3.5.

3.3.1 D19 line

D19 is a monochromatic single-crystal and fiber diffractometer performing in a wave-
length range varying between 1.0 and 2.4Å. The D19 line is one of the lines closest
to the reactor and receives a high neutron flux between 107 and 108 n cm−2s−1. The
beam size diameter can be regulated with variable slits with a maximum diameter of
10mm. The D19 diffractometer layout is illustrated in Figure 3.10a with the sample
mounted at the center of an Eulerian cradle (Figure 3.10b). The Eulerian cradle can
be rotated according to three rotation axes omega (!), chi (�), and phi (') where !

is the rotation angle of the Eulerian cradle around the vertical axis, � is the rotation
angle of the sample around the normal to the cradle plane, and ' is the rotation
angle of the sample around its normal. Figure 3.10c shows the D19 large (120○ x
30○) 2D position-sensitive detector (PSD) allowing a simultaneous measurement of
120○ in 2✓ and 30○ in � for a single sample � position. A 90○ range in � is then
spanned with only 4 � sample positions. Compared to a 1D PSD detector, the time
needed for a complete experiment is highly reduced.
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(a)

χ=90° 

χ=180° 

Source 
Detector 

Sample 

Eulerian cradle 

Beam stopper 

(b)

(c)

Figure 3.10 – Illustration of (a) D19 line layout with its (b) Eulerian cradle
and (c) 2D PSD detector.

The choice of the Eulerian cradle ! angle depends on the fact that only the pole
figure located at 2 ! =2 ✓ is measured completely. All the other pole figures exhibit
a blind area in their centers due to localization corrections [95]. Therefore an ! value
so that 2! is around the range of 2✓ where the main peaks are located satisfies the
measurement of maximum information in pole figures. We chose to fix 2!=2✓=21.8○
(! =10.9○) corresponding to the position of the (008) reflection of the Bi-2212 phase.
Samples were rotated in � and ' to cover ranges of 90○ in � and 360○ in ':

���������������������

� = 95○,120○,145○,170○
−175○ ≤ ' ≤ 175○ by 10

○

! = 10.9○
Data at each (�,') position were acquired to reach 500000 incident neutrons at a
wavelength of 1.4510 Å.
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3.3.1.1 Sample preparation for D19

Samples for neutron diffraction should be as spherical as possible to avoid volume
and absorption corrections, never perfectly controlled due to geometrical imperfec-
tions. The tube radial thickness is 7 millimeters. We decided to compare the textures
in the inner (I), center (C) and outer (O) parts of the tube, cut through its thickness.
To do this, two cylinders of 12mm diameter (smallest drill available) were extracted
from the tube (stage 1 in Figure 3.11). The diameter of these cylinders was too
large for D19 measurements because their diameter exceeds the maximal beam size
of 10mm diameter. Therefore they were cut to a rectangular parallelepiped shape
with dimensions of 6x6x7mm3 as illustrated on stage 2 in Figure 3.11. The outer
edge of the parallelepipeds was removed to get rid of the silver coating covering the
tube. Two samples of 2mm thickness were then cut from each parallelepiped: either
inner (I) + center (C) or center + outer (O) (see stage 3 in Figure 3.11). A partic-
ular attention was taken for the cut of the center part that was extracted out of the
non porous region of the sample as illustrated in Figure 3.4. Finally, the edges of
the samples were slightly polished to avoid sharp edges and try as much as possible
to make them isotropic. Neutrons are largely penetrating our samples and we do
not expect intensity variations with (�, ', !) rotations with such small samples.

O I C C 

+ 

I C C O 

X 2 

Polishing 

Stage 1 

Stage 2 

Stage 3 

Y 

Z 
X 

6mm 

12mm 

2mm 2mm 

6mm 

6mm 

2mm 

2mm 

Figure 3.11 – Procedure of tube sample preparation for D19 measurements.
At stage 1, two cylinders of 12mm diameter are extracted
from the bulk tube. At stage 2, these cylinders are reduced
to a parallelepiped shape. At stage 3, the first parallelepiped
is cut in 3 pieces: inner (2mm), center (2mm), and trashes.
The second parallelepiped was cut in 3 pieces: trashes, center
(2mm), and outer (2mm). Only the 2mm thick samples were
kept for neutron measurements.
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The reference frame of the cylindrical pieces is illustrated in Figure 3.12a with axis
Z defined along the tube axis and axis Y defined along tube radius. Samples were
mounted on the Eulerian cradle using a sample holder as the one shown in Figure
3.12b. Experimental mounting of the sample is illustrated in Figure 3.12c with the
sample (orange) at the center of the Eulerian cradle. The sample is oriented with
axis Y along the sample holder (parallel to the ' axis) and axis Z parallel to the �

axis at '=0. Note that the same sample mounting was used for the D1B and Inel
experiments discussed later.

Y 

Z 
X 

(a) (b) (c)

Figure 3.12 – (a) Illustration of the reference frame of cylindrical samples
extracted from the tube. Z axis is along tube axis and Y axis
is along tube radius. (b) Sample holder used for mounting
samples at D19 and D1B lines. (c) Experimental mounting on
D19, D1B and Inel diffractometers with the sample (orange)
at the center of the Eulerian cradle. The sample is oriented
with axis Y along the sample holder and axis Z parallel to the
� axis at '=0.

3.3.2 D1B line

D1B is a high intensity powder diffractometer performing at a wavelength of 2.52Å
(pyrolytic graphite monochromator), used for the present work, or 1.28Å(germanium
crystal monochromator) with respective fluxes of 6.5x106 or 0.4x106n.cm−2.s−1 at the
sample position. The D1B diffractometer layout is illustrated in Figure 3.13 with its
steady 3He/Xe position-sensitive detector composed of a system of multi-electrodes
with 1280 cells. The detector covers an angular range of 0.8○ to 128.8○ in 2✓ and
allows measurement at one (�, ') position at a time. Samples are mounted on an
Eulerian cradle and can be rotated according to !, �, and ' angles (Figure 3.12c).
The beam size can be regulated with variable slits with a maximum size of 5x2cm2,
which we adjusted to our sample sizes to optimize peak-to-background ratio.
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D1B has a closed Eulerian cradle that intercepts the beam if the ! angle is not
adequately chosen. ! angle was fixed at 44.95○ , an angle larger than for D19 or the
INEL diffractometer. Samples were rotated in � and ' to cover ranges of 90○ in �

and 360○ in ':

���������������������

0

○ ≤ � ≤ 90○ by 5

○

5

○ ≤ ' ≤ 360○ by 5

○

! = 44.95○
Data at each (�, ') position were acquired during 30 seconds.

Figure 3.13 – D1B instrument layout.

Figure 3.14 – D1B instrument geometry when �=-90○.
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3.3.2.1 Sample preparation for D1B

D1B sample preparation is similar to D19 sample preparation. The main difference
to consider is the larger D1B beam size allowing the measurement of larger samples
than for the D19 line. As for D19 sample preparation, a cylinder was extracted
from the tube along the thickness of the tube (3.15a). The cylinder was then cut
in three parts (3.15b) and contrarily to D19 sample preparation, samples kept their
cylindrical form. Only the center sample was considered for measurements and was
mounted on a Eulerian cradle the same way as for D19 instrument (Figure 3.12c)

Y 

Z 
X 

(a) (b)

Figure 3.15 – Illustration of (a) the sample extracted from the tube sample
for D1B measurement and (b) the 3 parts (inner, center, and
outer) cut along Y in the sample.
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3.4 Quantitative texture analysis using 4-circle diffrac-
tometer: experimental procedure

This section describes the INEL X-ray 4-circle diffractometer, the instrumental pa-
rameters and the mounting of the sample.

3.4.1 Experimental description of Inel diffractometer

Texture measurements were carried out on the 4-circle INEL diffractometer (Fig-
ure 3.16) at CRISMAT laboratory. Samples were analyzed in reflection with a
monochromatized Cu-K↵ radiation. The INEL CPS 120 curved detector allows si-
multaneous measurement of 120○ in 2✓. Both the X-ray tube and the detector are
fixed for our experiment. The instrument collimator is equipped with 2x2 Huber
crossed slits. In order to keep the beam imprint on the sample, sample size should
not be smaller than 5mm x 5mm and � should not be too large (here ≤ 55○). [119]
During the experiment, the incident X-ray beam angle was tilted at !=15○ and
patterns were recorded using a regular grid of 5○x5○ in � and ' with 0○≤�≤55○ and
0○≤'≤355○ . Exposure time for each pattern was 180 seconds. The 5○x5○ grid in �

and ' implies that 864 patterns were collected for each experiment:
���������������������

0

○ ≤ � ≤ 55○ by 5

○

0

○ ≤ � ≤ 355○ by 5

○

! = 15○

X-rays Detector 

Sample 

Eulerian cradle 

Figure 3.16 – Inel diffractometer at CRISMAT laboratory.

3.4.2 Sample preparation for Inel experiment

Samples used for Inel measurements were the same as for D19 and D1B experiments.
They were mounted on the Eulerian cradle the same way as for D19 (See section
3.3.1.1).
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3.5 Comparison and interpretation of measurements
done on D8, Inel, D1B, and D19

This section contains the results of texture characterization from the X-ray and
neutron experiments described respectively in Sections 3.3 and 3.4 on samples ex-
tracted from the center part of the tube. After presenting the experimental patterns
obtained from each technique, these patterns are compared in terms of resolution,
phase content and crystallographic parameters. Then the texture results are pre-
sented by way of pole figures, followed by an analysis of these results.

3.5.1 Comparison of experimental patterns

For all techniques, the collected data were imported in MAUD software [88]. A Ri-
etveld refinement was performed on each set of data with the Bi-2212 and (Ba,Sr)SO4

phases since they are the major phases. When possible, the (Ca,Sr)CuO2 phase was
also taken into account in the refinement. For the refinement of the Orientation
Distribution of crystallites (OD), we selected the E-WIMV model and refined back-
ground parameters, intensity, 2✓ offset, phase volume fractions, and cell parameters
of each phase. Figure 3.17 shows three Intensity versus 2✓ plots corresponding re-
spectively to the sum of all patterns acquired in (�,') on D19, D1B, and Inel. The
previously discussed ✓−2✓ powder pattern acquired on D8 instrument is reproduced
at the bottom of the figure. To make comparison easier, all patterns are plotted for
Cu wavelength (i.e. �Inel=1.5406 Å). There are three principal observations arising
from these plots, concerning: (i) the 2✓ measurement range, (ii) the intensity of the
peaks, and (iii) the peaks width.
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Figure 3.17 – Intensity-2✓ patterns resulting of the sum of the patterns col-
lected at all (�,') positions on (-) D19, (-) D1B, (-) Inel, and
(-) ✓-2✓ powder pattern acquired on D8 diffractometer for the
tube sample. All data are plotted for Cu K↵ wavelength for
easier comparison. The rectangles highlight two regions were
peak intensities differ considerably between X-ray and neutron
experiments.

The first observation is that the 2✓ range of acquisition varies from one instrument
to the other resulting from the difference in wavelength and detector size. Inel,
D1B, and D19 instruments possess a curved PSD detector that allows simultaneous
measurement on a wide range of 2✓ angles. Contrarily to other instruments, the D8
diffractometer possesses a small 1D detector and the measurement was done in a
Bragg-Brentano geometry.

The second observation concerns the large difference of intensity for some peaks.
As examples, two angular ranges are highlighted with red and black rectangles in
Figure 3.17. The red rectangle evidences a peak with a high intensity in X-ray
patterns and small intensity in neutron patterns. The black rectangle shows the
inverse situation. In both cases, the peaks correspond to (Ba,Sr)SO4 reflections. As
explained in Section 2.2.1, X-ray and neutrons do not interact the same way with the
atoms. X-rays are scattered by the electronic cloud of atoms and as consequence, the
Ba atom in the (Ba,Sr)SO4 phase will scatter much more than the other atoms that
are lighter. These differences in scattering may explain the differences in diffracted
intensities.
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The last observation made from this figure concerns the instrumental resolution and
the peak width. Compared with Inel and even more with D8 peaks, D1B and D19
peaks are broader and some small reflexions are overlapped with peaks having higher
intensity. Figure 3.18 shows the instrumental functions for all diffractometers used
to acquire data during this thesis 1. The D8 instrument has the best instrumental
resolution manifested by peaks having the smallest FWHM. The FWHM function is
✓ dependent and increases with 2✓ angle. For the D8 instrument, the increase is less
than 0.1○ from 0○ to 120○ in 2✓. Inel and neutron instruments have large FWHM
even at 2✓=0○. D19 and D1B instruments have the largest FWHM with a value of 1○
for 2✓=83○ and up to 2○ for 2✓∼120○. These values are large and explain why some
parameters cannot be refined from neutron data due to a lack of resolution. For
example, anisotropic crystallite size cannot always be refined using neutron data.
Even if the resolution of Inel diffractometer is better, it was not possible to refine
parameters such as atomic positions or atomic site occupations. However, the Inel
instrumental resolution was sufficient to resolve peaks arising from the (Ca,Sr)CuO2

phase and allows to introduce this phase in the refinement. In the case of D19, the
large size of the dataset does not allow the refinement of more than two phases. The
neutron datasets (D19 and D1B) were refined with only the two main phases, i.e.
Bi-2212 and (Ba,Sr)SO4.

Figure 3.18 – Evolution of the instrumental function with 2✓ for the different
instruments.

1. Full Width at Half Maximum: FWHM2 =H2
k = Utan2✓ +V tan✓ +W See Section 2.2.3.2 for

more details
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Figure 3.19 (a), (b), and (c) are Intensity versus 2✓ plots representing the sum of
all patterns acquired in (�,') on Inel, D1B, and D19 respectively. The D8 pattern
is not represented here as it is not considered for texture characterization. The
difference in 2✓ scale between all patterns of Figure 3.19 arises from the difference
in wavelength: �D1B= 2.5249 Å, �D19=1.4510 Å, and �Inel=1.5406 Å. The sum
diagrams in principle should be close to a powder pattern, since the diagrams are
measured at many orientations. This is less true for X-rays since defocussing phe-
nomena impose to limit the measured �-range to 55○. Examples of individual (�,')
scans are represented for D1B data on the tube in Figure 3.20. The fact that the
sample is textured is clearly visible as diffracted intensities vary with (�,').

Visual inspection of figure 3.19 shows that the calculated patterns fit rather well with
the experimental patterns, considering that the parameters related to the cationic
ratios were not refined. The best agreement is observed for the D1B data, as con-
firmed by the reliability factors in Table 3.10. In the case of the Inel data, there
seems to be some problems regarding the anisotropic broadening, despite the use
of the POPA anisotropic model (see section 2.2.3.2). In the case of D19 data, the
refinement of the texture model was hindered by the huge size of the dataset (see
next section) and the 2✓ range above 75○ is not very useful because of the poor
signal to noise ratio. Refined cell parameters and phase percentages for the Inel,
D1B, and D19 datasets are presented respectively in the Tables 3.6, 3.7, and 3.8.
The corresponding results for the pattern collected on D8 can be found in Table
3.9, which is a copy of a table presented in section 3.2.3. Comparison of the tables
shows that the cell parameters refined from Inel and neutron diffraction data differ
significantly from the input model. Because of the best resolution of D8, the cell
parameters refined on D8 can be considered as more reliable.

On the contrary, the phase content refined from the D8 data are likely to suffer from
a significant error because texture was not taken into account. All techniques give
a Bi-2212 phase volume proportion between 77% (Inel) and 82% (D1B).
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Figure 3.19 – 2✓ patterns resulting from the sum of patterns acquired at all
(�, ') positions on (a) Inel, (b) D1B, and (c) D19 diffractome-
ter for the tube sample. (--) Experimental intensity, (--) cal-
culated total intensity from phases Bi-2212 and (Ba,Sr)SO4.



3.5. Comparison and interpretation of measurements done on D8, Inel, D1B, and
D19 67

In
te

ns
ity

 [A
.U

.] 

χ=0°, φ=0° 

χ=0°, φ=90° 

χ=0°, φ=180° 

χ=40°, φ=270° 

χ=20°, φ=270° 

χ=0°, φ=270° 

χ=60°, φ=270° 

χ=85°, φ=270° 

2θ [°] 
(Ba,Sr)SO4 
Bi-2212 

Figure 3.20 – Experimental patterns acquired on D1B instrument and show-
ing the variation of diffracted intensities for some (�, ') an-
gles.

Phase a [Å] b [Å] c [Å] Vol %

Bi-2212 5.4028(1) 5.38743(9) 30.8668(5) 77.2(5)%

(Ba,Sr)SO4 8.3918(5) 5.3764(4) 6.8945(4) 17.59(7)%

(Ca,Sr)CuO2 3.4439(3) 16.622(1) 3.5317(3) 5.14(4)%

Table 3.6 – Results of refinement on tube bulk from Inel data.

Phase a [Å] b [Å] c [Å] Vol %

Bi-2212 5.43722(8) 5.45450(8) 31.2118(3) 82%

(Ba,Sr)SO4 8.4583(4) 5.5240(3) 6.9552(4) 17%

Table 3.7 – Results of refinement on tube bulk from D1B data.

Phase a [Å] b [Å] c [Å] Vol %

Bi-2212 5.385(5) 5.420(3) 30.834(1) 80(1)%

(Ba,Sr)SO4 8.50(1) 5.42(1) 6.91(1) 20(2)%

Table 3.8 – Results of refinement on center part of the tube from D19 data.
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Phase a [Å] b [Å] c [Å] Proportion

Bi-2212 5.4120(3) 5.4143(2) 30.9870(7) 72.3(6)%

(Ba,Sr)SO4 8.4550(6) 5.3987(4) 6.9266(5) 26.1(3)%

(Sr,Ca)CuO2 3.4804(3) 16.219(5) 3.5063(3) 1.17(2)%

Bi-2201 Not refined 0.39(6)%

(Sr,Ca)2CuO3 Not refined 0.056(6)%

Table 3.9 – Results of refinement on tube powder from D8 data.

Instrument GoF Rwp

D8 2.37 30.57%

Inel 1.26 31.13%

D1B 1.47 10.98%

D19 0.93 21.46%

Table 3.10 – Reliability factors of refinements.

3.5.2 Comparison of textures

As mentioned in the previous section, texture was refined using the E-WIMV formal-
ism. This aspect of the refinement is discussed here in more details. The orientation
distributions were refined with a 5○x5○x5○ grid for the Inel and D1B data. In the
case of the huge D19 datasets, calculation often stopped due to a lack of computer
memory. Therefore we decided to import only one half of the D19 data (one scan
over two) in order to reduce the size of the dataset. This decision implies that the
ODF was refined using a E-WIMV grid of 10○x10○x10○.

Figure 3.21, Figure 3.22, and Figure 3.23 show a two-dimensional representation of
calculated (upper part) and experimental (bottom part) datasets from Inel, D1B,
and D19 instruments respectively. They are constructed by stacking up all diagrams
from (�i, 'i) to (�i, 'n), to (�n, 'n), where �i, 'i are the initial � and ' values
and �n and 'n are the highest � and ' values. The appearance of the plot for D19
data is different from the D1B and Inel data, because of the 2D detector of D19 1.
A variation of diffracted intensities along (�, ') is visible on every two-dimensional
representation of datasets, indicating the presence of texture in the sample. These

1. In fact, for a given vertical extent of the D19 detector of 30○, the pole figure spanning in #y

varies with 2✓, because of localization corrections. This creates larger #y around 2✓=20○ in our
measurements.
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variations are mostly visible for the Bi-2212 reflections. The D1B calculated data
fit well with experimental data. In the case of the Inel data, there is an inversion of
the intensity ratio of the peaks at ∼27○ and at ∼33○ with respect to the experimental
data, as also observed in the sum pattern shown in the previous section. In the case
of the D19 experiment, the grid of 10○ resolution is not good enough to describe the
sharpest texture components; if the computing problem can be solved in the future,
a OD refinement with a grid of 5○ resolution should be performed.

Figure 3.21 – 2D representation of the simulated (top) and experimental
(bottom) datasets from Inel diffractometer. (�, ') patterns
are stacked up from (0○, 0○) to (0○, 355○), to (55○, 355○) (from
bottom to top).

Figure 3.22 – 2D representation of the simulated (top) and experimental
(bottom) datasets from D1B diffractometer. (�, ') patterns
are stacked up from (0○, 0○) to (0○, 355○), to (90○, 355○) (from
bottom to top).
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Figure 3.23 – 2D representation of the simulated (top) and experimental
(bottom) datasets from D19 diffractometer. (�, ') patterns
are stacked up for each ⌘ value (from -40○ to 40○ by 5○) from
(10○, -175○) to (10○, 175○), to (80○, 175○) (from bottom to
top).

Figure 3.24 shows normalized pole figures calculated from the orientation distri-
bution refinement of the Bi-2212 phase measured on the D1B instrument. {200},
{020}, and {0010} pole figures (PF) correspond to planes for which the normal is
aligned with the main crystallographic axes a, b, and c, respectively. The first
conclusion to draw from these pole figures is that the maxima of orientation den-
sity are weak, below 10 m.r.d.. This confirms the conclusions drawn at Nexans
Superconductors based on the analysis of ✓−2✓ patterns collected with a laboratory
Bragg-Brentano diffractometer at fixed �i (See Section 3.6). In the following, we
try to go further in the analysis of texture by identifying texture components in the
pole figures. The {0010} PF exhibits a maximum of orientation density around 7
m.r.d. located at the center of the PF with a sharp distribution of c-axes around
the Y axis of the tube. This type of texture is called a <001>-fiber texture. When
the maximum of the density scale is reduced to 2 m.r.d. ({0010} PF at the bottom
of Figure 3.24), a reinforcement on the equator of the PF is revealed, corresponding
to a texture component with the c-axes distributed at random in the sample plane
XOZ. There is also an equatorial reinforcement in the {200} PF. These two com-
ponents are compatible with the 7 m.r.d. fiber texture at the center of the {020}
PF (<010>-fiber texture). In order to compare the two texture components in the
{0010} PF, it should be noted that the fiber component (sharp orientation peak in
the center of {0010} PF) corresponds to small measured solid angles, i.e., small ori-
entation volumes. On the contrary, the equatorial reinforcement in the {0010} pole
figure corresponds to larger orientation volumes. The principal texture component
is thus the <010>-fiber texture with c-axes oriented in the XOZ plane of the tube.
This texture component is schematically drawn in Figure 3.25b, the reference frame
XYZ being the one of the tube.
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Figure 3.24 – {200}, {020}, and {0010} normalized pole figures calculated
from data acquired on D1B instrument for Bi-2212 phase in
the tube sample.
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Figure 3.25 – Illustration of (a) the tube reference frame and (b) the main
texture component in the tube, with a distribution of c-axes
in the XOZ plane.
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As a complement to pole figures, representing the orientation distribution is useful
to give a complete view of the texture and confirm that no texture component has
been missed. Figure 3.26 illustrates the 3-dimensional orientation distribution of
Bi-2212 phase calculated from D1B data. This OD is represented as a function of
the ↵, �, � Euler angles. Each rectangle in this figure is a �-section corresponding to
a 180○x180○ map in (↵, �). The use of OD as a representation of texture is detailed
in section 2.1.3.2. The following discussion is based on a different orientation of the
X,Y,Z reference axes (here Z = radial direction; Y = tube axis) by comparison with
the pole figures. In this particular OD the major texture component is visible in
the �=5○ cell (2nd cell). The variation of intensity in ↵ is lower than in �. This
observation is true for all � cells. In this situation the crystallite reference frame Kc

is assimilated to the orthorhombic reference frame so that Kc={a, b, c}. The �=5○
cell corresponds to a situation where c is at 5○ from the radial direction of the tube.
The reinforcements in the �=5○ cell are observed for values of � around 20○ and 160○
and for ↵ values varying from 0○ to 180○. In other words, the texture component
related to this particular cell is a fiber component with c-axes oriented close to the
radial direction of the tube with a sharp distribution. In the reference framework
used for the pole figures, it corresponds to the <001>-fiber texture observed in the
{0010} pole figure. As this texture component is 5 times more intense (in m.r.d)
than the <001>-fiber texture associated to the equatorial reinforcement of the {0010}
pole figure, this is the only one visible in the ODF at the scale used for the plot.

α (0-180°)"

γ (0-180°)"

Figure 3.26 – Two dimension �-sections representing the orientation distri-
bution of the Bi-2212 phase calculated from D1B data on the
tube. OD is divided in cells every 5○ in � (from bottom left to
top right). Each cell of the OD is a 180○x180○ grid in (↵,�).
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Figure 3.27 shows the normalized pole figures calculated from OD refinements of
the Bi-2212 phase measured on the Inel instrument. Contrary to D1B, the surface
probed with Inel is only typically 10µm deep in such material. The three PFs exhibit
small values of orientation density. The observed trends are in general agreement
with the D1B results but the maximum of orientation density at the center of the
{0010} PF is only ∼1.7 m.r.d.. As for D1B, the {200} and {020} PFs exhibit small
values of orientation density with maxima located respectively near the equator of
the pole figure and around the center of the pole figures.

Z 

X 

Figure 3.27 – {200}, {020}, and {0010} normalized pole figures calculated
from data acquired on Inel instrument for Bi-2212 phase in
tube sample.

Figure 3.28 shows the normalized pole figures calculated from OD refinement of
Bi-2212 phase from data measured on D19 instrument. The details of the texture
components described hereafter might be modified if the quality of the refinement
can be improved by using a 5○x5○x5○ to take better account of the sharpest texture
components. The {0010} pole figure exhibits a maximum of orientation density of
1.35 m.r.d. located on the equator of the pole figure. The major texture component
is with c-axes distributed at random in the sample plane XOZ. The {200} and {020}
pole figures exhibit a maximum of OD of 1.17 m.r.d. localized nearly in the center of
the pole figure indicating that a-axes and b-axes are distributed at random around
c-axes and reveal a major planar-like texture, with c-axes at random in XOZ plane.
This component was also visible in the D1B experiment, however allied with other
components. Since the sample probed with D19 is smaller than the D1B sample and
more concentrated at the center of the tube wall, we conclude the planar component
is occurring in this area.
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Figure 3.28 – {200}, {020}, and {0010} normalized pole figures calculated
from data acquired on D19 instrument for Bi-2212 phase in
tube sample.

In conclusion, pole figures calculated from data acquired on Inel, D1B, and D19
instruments exhibit small maxima of orientation distribution, not larger than 10
m.r.d., meaning that the tube is slightly textured. The D1B pole figures revealed
the existence of 2 major texture components: a <001>-fiber texture, and a <010>-
fiber texture with c-axes oriented in the XOZ plane. <010>-fiber texture is the
principal component of texture and is in majority found in the center region along
the tube thickness. We observe different results from the texture point of view
when using the three different instruments. These differences are associated to the
differently probed volumes, and allow some discrimination between the respective
textures.
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3.5.3 Physical properties of the tube along X,Y,Z directions

As described in the introduction (See Section 1.2.1.2), physical properties of the
Bi-2212 phase differ between the c direction and along ab planes. Therefore an im-
portant question is whether the existence of the relatively weak texture components
detected in the previous section results in an anisotropy of the physical properties
of the tube. In order to investigate this point, electrical resistivity vs. temperature
and magnetization vs. magnetic field curves have been measured along the three di-
rections X, Y, Z. Electrical resistivity was measured on small bars of 1x1x7mm3 cut
along X, Y, Z as illustrated in Figure 3.29. The measurements were carried out with
the usual four-probe technique in a Quantum Design Physical Property Measure-
ment System (PPMS). A current of 5 mA was injected in the bars and the resulting
voltage was measured using a sweep sequence for temperatures ranging from 300K
to 70K at 0 T. The resistance was derived from Ohm’s law and transformed into
resistivity (⇢) using the equation: ⇢ = RS

L where L is the distance between voltage
contacts and S the section of the bar.

Y 

Z 

X 

Figure 3.29 – Illustration of the way bars were cut in the tube for resistive
measurements along (�) X, (▲) Y, and (●) Z directions.

Figure 3.30 shows the resistivity versus temperature curves for bars cut along X,
Y, Z. For all three curves, the critical temperature, Tc, is 91.5K. The normal state
resistivities along X and Z directions are similar and larger than the one measured
along the Y direction. It means that electrical conduction is better along Y than
along X and Z. These observations are consistent with the texture results since the
main texture component corresponds to ab planes parallel to the Y direction (see
Figure 3.25b). More discussion about the anisotropy of the electrical resistivity
can be found in Chapter 6, where the experimental ⇢X,Z(300K)/⇢Y (300K) ratio,
�2.3, will be compared to a calculation based on the experimentally determined
orientation distribution and literature data for the single crystal resistivity tensor.
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Figure 3.30 – Temperature dependence of electrical resistivity measured on
1x1x7mm3 bars cut in the tube (�) along X, (▲) along Y, (◦)
and along Z.

Magnetic moment vs. magnetic field curves were measured at 4.2 K and up to 5 T in
a Quantum Design SQUID. The measurements were carried out on an approximately
1x1x1mm3 cube cut from the center part of the tube, with the magnetic field applied
parallel to the X, Y and Z directions. Figure 3.31 shows the M(Happ) hysteresis
curves for the three sample orientations. Above the full penetration field, the three
curves are superimposed, meaning that in these conditions, Jc is independent of the
magnetic field orientation and thus unaffected by texture effects.

Figure 3.31 – M(Happ) curves at 4.2K for a sample extracted at the center
of the tube and rotated to apply the magnetic field along X,
Y, and Z directions.
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3.6 Studying preferred orientation using a standard
✓ − 2✓ X-ray diffractometer

3.6.1 Limitations with respect to the full texture
characterization

This section examines how texture may affect ✓−2✓ patterns collected with a 0D (or
a small 1D) detector in a standard Bragg-Brentano X-ray diffractometer. A typical
geometry is shown in Figure 3.32, where the sample is not moved along the cradle
angle (i.e., � is fixed).

Figure 3.32 – Geometry of the X-ray diffractometer at Nexans SuperCon-
ductors.

In such a configuration, the detector receives only the intensity diffracted by (hkl)
planes parallel to the sample surface. As a consequence, a non-random orientation
of the crystallites can be detected as modifications of relative intensity ratios if some
(hkl) planes are over-represented or under-represented in their orientation parallel
to the surface.
A few simulated ✓ − 2✓ patterns for the Bi-2212 phase are shown in Figure 3.33
for illustration. Y is the direction perpendicular to the surface (XOZ plane) of the
sample. The pattern of the untextured sample is shown for reference at the bottom
of the figure, with the hkl indices of the reflections. The other patterns correspond
to a planar texture with c-axes distributed randomly in the sample plane and to
fiber textures with c-axes oriented along X, Y, and Z respectively. In the case of
the fiber texture with c parallel to Y, the (00l) planes are preferentially oriented
parallel to the sample surface, so that the relative intensity of the corresponding
reflections increases strikingly. The opposite is true in the case of the three other
patterns, where the c-axes are preferentially oriented along the X direction, the Z
direction or in the XOZ plane. In all these cases, the orientation of the (00l) planes
parallel to the sample surface is underrepresented and the relative intensity of the
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(00l) reflections decreases. It is important to realize that the planar texture, the
fiber texture with c-axes∥X, and the fiber texture with c-axes∥Z result in the same
✓ − 2✓ diffraction pattern for fixed �. This illustrates that a single ✓ − 2✓ pattern
does not always allow to discriminate between different textures.

Fiber texture c�X 

Fiber texture c�Z 

Fiber texture c�Y 

Planar texture 

No texture 

0010 

115 

113 008 
111 

019 
117 

200 
020 

202 
022 

220 
0012 

Figure 3.33 – ✓ − 2✓ diffraction patterns simulated for Bi-2212 phase with
(--) no texture, (--) a planar texture, (--) a fiber texture with
c-axes∥X, (--) a fiber texture with c-axes∥Y, and (--) a fiber
texture with c-axes∥Z.

This limitation can be further discussed by comparing the pole figures associated to
the three fiber textures, displayed in Figure 3.34. For example, the three {006} pole
figures are different from each other but because a ✓−2✓ diffraction experiment with
fixed � probes only the center of the probe figure, the c∥X and c∥Z fiber textures
cannot be distinguished. The same is true for the other pole figures, as shown more
clearly in Figure 3.35 where the {220} pole figures are reproduced with a more
convenient intensity scale. These few simple examples are provided as a proof that
measuring a ✓ − 2✓ diffraction pattern at only one (�,') position does not ensure
a full characterization of texture. This applies also to more complex cases, where
several texture components coexist as in the previous sections. Each component of
texture requires several (�,') sample orientation to be measured.
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(a)

(b)

(c)

Figure 3.34 – Pole figures simulated for a fiber texture with c-axes aligned
along (a) X, (b) Y, and (c) Z. All pole figures are simulated
with a distribution of 30○.
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Figure 3.35 – {220} pole figures simulated (from left to right) for fiber tex-
tures with c-axes aligned with X, Y and Z, respectively.
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3.6.2 March-Dollase approach for preferred orientation de-
termination

When previous knowledge suggests that the texture of a sample can be described
by a single texture component with unambiguous signature in the ✓ − 2✓ pattern at
fixed �, the "single pattern" approach retains its interest due to its simplicity, since
it requires no dedicated equipment (or allocation of beamline time).

3.6.2.1 Rietveld refinement

In the case of Rietveld refinement of a pattern affected by preferred orientation,
the influence of the preferred orientation is represented by the factors P�k (one for
each hkl reflection) in the equation of the calculated intensities (see Section 2.2.3 in
Chapter 2 for a description of the other factors):

yic = yib + N��
�=1

S�

K�
k=K1

j�kLp�kP�k�F�k�2⌦i�kAi (3.1)

When only a single pattern is available so that the full texture analysis is not possible,
the P�k factors are usually described by a March-Dollase function:

P�k = 1

�G2
cos

2'hkl + 1
G sin

2'hkl�3�2 (3.2)

where 'hkl is the angle between [hkl]* and the direction of preferred orientation (that
must be postulated through an educated guess) and G is a refinable parameter. G is
the same for all reflections of the phase and is equal to 1 if no preferential orientation
exists. Taking as an example the case of a preferential orientation of the (220) planes
parallel to the sample surface with G=0.5, the intensity of the 220 reflection will be
increased by a factor of:

P220 = 1

�
0.52 cos2(0○) + 1

0.5 sin
2(0○)�3�2 = 8 (3.3)

while the intensity of the 00l reflections will decrease due to a mutiplication by a
factor of:

P00l = 1

�
0.52 cos2(90○) + 1

0.5 sin
2(90○)�3�2 = 0.35 (3.4)

Figure 3.36 plots the March-Dollase function for 'hkl angles between -90○ and +90○
for different values of G while Figure 3.37 plots ✓ − 2✓ patterns simulated for the
Bi-2212 phase for different values of G considering that orientation of preferred
orientation is either [220]* or [001]*.
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Figure 3.36 – March-Dollase function for 'hkl angles between -90○ and +90○
for (--) G=0.5, (--) G=0.75, (--) G=0.9, and (--) G=1.
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Figure 3.37 – ✓−2✓ diffraction patterns simulated for Bi-2212 phase for dif-
ferent values of G considering that orientation of preferred
orientation is either [220]* or [001]*.
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3.6.2.2 Principle of the procedure used at Nexans Superconductors [120,
121]

Because the Rietveld refinement of the ✓ − 2✓ pattern of the multiphase melt-cast
processed materials is a very complex procedure, the researchers at Nexans Super-
conductors prefer to apply the March-Dollase approach to the integrated intensities
of a few key reflections. As discussed above, preferred orientation in a material con-
tributes to a variation of the integrated intensity of a hkl reflection (Iprefhkl ) compared
to the intensity of the same reflection in an isotropic material (Iisohkl). The intensity
ratio between two reflections hkl,1 and hkl,2 can then be written:

Iprefhkl,1

Iprefhkl,2

= I isohkl,1 �PO2
cos

2'hkl,1 + 1
PO sin

2'hkl,1�−3�2
I isohkl,2 �PO2

cos

2'hkl,2 + 1
PO sin

2'hkl,2�−3�2 (3.5)

where ’G’ of equation 3.2 is renamed ’PO’ to follow standard practice at Nexans
Superconductors.
The 200 line is chosen as hkl,2 because it is one of the most intense and it allows to
reduce as much as possible the error �hkl of measured relative intensities:

�hkl = Ihkl
I200

�
��I

hkl

Ihkl
�2 + ��I200

I200
�2 (3.6)

PO can be evaluated using different hkl reflections and an average PO value is
determined by least-square minimization of

�2 = 1

N − 1�
� Iobshkl

Iobs200
− � IhklI200

�
calc
�2

�2
hkl

(3.7)

where � IhklI200
�
calc

is calculated with Equation 3.5 and N is the number of reflections
used.

3.6.2.3 Experimental details

A piece of tube was cut along the tube axis as illustrated in gray in Figure 3.38.
The sample was embedded in resin and measurements were made at different depths
across the tube thickness thanks to successive polishings.
Figure 3.38 describes the sample reference frame for PO measurements at Nexans.
The reference frame is the same as described in previous sections for texture mea-
surements: the Y-axis is oriented along the normal to the surface. The Z-axis is
oriented along the tube axis. The diffractometer at Nexans Superconductors is a
D5000 Siemens diffractometer equipped with a Cu X-ray tube and an Eulerian cra-
dle. Measurements were performed at �=90○ and '=0○ with the long side of the
sample (i.e. the Z direction) placed vertically. The geometry of the diffractometer
was already shown in Figure 3.32.
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Figure 3.38 – Description of the reference frame for the sample (dark gray)
used for PO measurements. The sample was cut with its
longest side along the tube axis. The reference frame is de-
fined with Z along the tube axis, X axis is tangent to the
surface and Y is the radial direction.

The measurement procedure consists in the following:

1. A fast ✓-2✓ scan is collected to evaluate roughly the position of the 0010 and
200 reflections in 2✓.

2. ✓-2✓ scans from 28.5○ to 29.5○ (0010 reflection) and from 32.5○ to 34○ (200
reflection) are collected with a higher resolution than the first one to determine
for each reflection the angular position of maximum intensity.

3. A scan is collected at a fixed position in 2✓ (i.e. angular position of maximum
intensity of 0010 or 200 reflection) by moving the sample under the beam along
the X direction. This scan is used to determine the exact position of the sample
in the resin. Figure 3.39(b) illustrates schematically the X-scan associated to
the sample, the zone of highest intensity corresponds to the position of the
sample in the resin.
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Figure 3.39 – (a) Description of the reference frame for the sample embed-
ded in resin and (b) illustration of the associated X-scan.

4. ✓-2✓ scans are collected in a 2✓ range from 23○ to 48○ that allows to measure
the intensity of the main Bi-2212 reflections listed in the table shown in Figure
3.40.
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hkl reflection 2θ position (λ=1.54Å) 
008 23.14° 
111 23.43° 
113 24.84° 
017 26.13° 
115 27.46° 

0010 29.04° 
019 30.96° 
117 31.00° 
200 33.11° 
020 33.13° 
202 33.63° 
022 33.65° 
220 47.54° 
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Figure 3.40 – 2✓ position of the main reflections of Bi-2212 phase between
23○ and 48○ in 2✓. Inset table is the list of 2✓ positions for
major hkl reflections of Bi-2212 phase.

3.6.2.4 Evolution of PO across the tube thickness

The PO parameter was determined by M.O. Rikel at Nexans Superconductors for
different positions across the thickness of the tube (i.e. along the Y axis), taking
[001]* as the direction of preferential orientation. The integrated areas under the
008, 111, 113, 115, 0010, 117, 202 and 220 reflections were obtained from the diffrac-
tion patterns using the Bruker software EVA. Figure 3.41 shows the evolution of PO
along the tube thickness from the outer surface (0mm) to inner surface (7mm) for a
tube similar to the one we have studied in this chapter. Samples 1 and 2 correspond
to two different but equivalent parts of the tube. PO starts from 1 (no preferred
orientation) at the outer surface, increases to reach a plateau between ∼2mm and
∼4mm and decreases to reach almost PO=1 near the inner surface. The region char-
acterized by a plateau corresponds to what we previously called the center region
of the tube, where texture is best defined. The PO value of ∼1.5 in this region
indicates a preferred orientation of the c-axes parallel to the surface of the sample.
In other words, the ab planes are preferentially oriented perpendicular to the surface
of the sample. This preferential orientation corresponds to the planar-like texture
component where c-axes are oriented in the XOZ plane of the tube. This is the main
texture component identified during the full texture characterization. However, this
procedure does not allow to detect the minor texture components, and might become
problematic if the volume of the sample probed by the XRD experiment contains
the same phase with different textures of similar strength.
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Figure 3.41 – March Dollase parameter, PO as function of the depth of the
tube, from outer surface (0mm) to inner surface (7mm).
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3.7 Conclusion

This chapter was devoted to the characterization of a melt-cast processed Bi-2212
tube through a variety of measurements to determine the microstructure, texture
and some physical properties of the tube.

Regarding microstructure, the tube can be divided in several regions: inner, porous,
center, and outer, composed of a matrix of Bi2Sr2CaCu2O8 (∼ 70-80%) and inclusions
of second phases that can reach sizes of 100µm. The two principal second phases
are (Ba,Sr)SO4 and (Ca,Sr)CuO2, with a minor second phase, (Ca,Sr)2CuO3.

The texture in the tube was studied using an X-ray 4-circle diffractometer and two
neutron beamlines (D1B and D19) at the ILL. All calculations were based on Ri-
etveld refinements in the program MAUD, using the E-WIMV model for texture
calculation. Neutrons probed the entire sample volume while X-rays only probed
the first 10µm at the surface of these samples. These experiments showed that tex-
ture is weak in the tube. The main texture component indicates that most of the
crystallographic ab-planes, containing CuO2 conductive planes, are parallel to and
randomly distributed around the Y-axis (radial direction) of the tube. A <001>-fiber
texture with c-axes close to the Y-axis is a minor texture component, corresponding
to small orientation volume. The comparison of texture experiments on different
probed volumes suggests that variations in the strength texture components.

Resistivity (vs. temperature) and magnetization (vs. magnetic field) were mea-
sured along the three main directions of the tube. An anisotropy of the normal
state electrical resistivity was revealed, with a ratio of 2.3 between the resistivity
along the tube axis and the resistivity along the radial direction. These observations
are qualitatively consistent with the texture results regarding ab-plane orientations.
Magnetization was not much affected by the direction of magnetic field orientation.

Finally, we have discussed the limitations of the procedure used at Nexans Super-
conductors Gmbh to calculate a preferred orientation index using a March-Dollase
model and ✓-2✓ patterns acquired at only one (�, ') position. It has been demon-
strated that the procedure cannot replace a full texture characterization. However,
the main texture component of the Bi-2212 tube is such that it can be detected
by the procedure. Consequently, the March-Dollase model can be used as a first
approach to characterize texture in the tube, as long as the main texture compo-
nent corresponds to an orientation of the ab-planes in the tube around the radial
direction.
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Tubes manufactured by Nexans Superconductors Gmbh are long samples synthe-
sized by a melt-cast process in a rotating mould followed by post-annealing (see
section 1.3.1 in Chapter 1). This procedure results in temperature gradients and
differences of cooling rates in different parts of the tube. It is therefore appropriate
to investigate the homogeneity of the tube in terms of microstructure, texture, or
physical properties. This chapter proposes an analysis of the tube homogeneity (i)
across the tube wall thickness and (ii) along the tube length and perimeter.
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4.1 Homogeneity across the tube wall thickness

The homogeneity of the microstructure, texture and physical properties across the
tube thickness was investigated by characterizing samples extracted from the inner,
center and outer part of the tube wall, as detailed in Chapter 3 and schematically
shown in Figure 4.1.

Y 

Z 
X 

(a) Sample extracted across the tube
thickness

(b) 3 parts of the tube: inner, center,
outer

Figure 4.1 – (a) Illustration of the sample cut in the tube for diffraction
measurements and (b) cut of this sample in inner, center, and
outer parts.

4.1.1 Microstructure

The microstructure of the inner, center, and outer parts of the tube (Figure 4.2) has
already been discussed in the previous chapter (See section 3.1.2). The differences
in porosity and amount of second-phase inclusions are summarized in Table 4.1.

Part of the tube Microstructure

Inner
High amount of second phase inclu-
sions, porous in the 500µm-thick layer
closest to surface

Center
Dense with second phase inclusions,
separated from the inner part by a thick
layer with large pores ("solidification
shrink hole")

Outer
Dense with second phase inclusions
whose size decreases to approximately
10µm when approaching the surface

Table 4.1 – Description of the tube microstructure in the inner, center and
outer parts across the wall thickness.
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Inner Center Outer 

Position of the inner, 
center, and outer samples 
cut in the tube for ρ(T) and 
M(H,T) measurements 

Figure 4.2 – Description of the different parts of the tube: inner (close to
the inner edge of the tube), center (between the end of porosity
and the outer edge of the tube), and outer (close to the outer
edge of the tube). Small white squares indicate the position of
the inner, center, and outer samples cut in the tube for ⇢(T)
and M(H,T) measurements

4.1.2 Texture and phase content

Texture was measured on the inner, center and outer parts using the D19 beamline
at ILL. The bulk sample preparation and the conditions for data collection are the
same as described in section 3.3.1.1. The normalized {200}, {020}, and {0010}
pole figures calculated from the D19 data are shown in Figure 4.3 (a) to (c). All
pole figures, whatever the sample, show weak maxima of orientation density, i.e.,
not higher than 1.3 m.r.d. The texture is best defined in the center sample, whose
texture (discussed in section 3.5.2 of Chapter 3) is characteristic of texture with
c-axes at random in the XOZ plane and a-axes and b-axes distributed at random
around c-axes in the XOZ plane. The texture of the inner sample is close to random
orientation but one still sees a weak {200} equator reinforcement and a weak planar
texture component in the {0010} pole figure.
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X 

Z 

(a) Inner
Z 

X 

(b)Center
Z 

X 

(c)Outer

Figure 4.3 – {200}, {020}, and {0010} normalized pole figures calculated
from data acquired on D19 instrument for samples cut from
(a) inner, (b) center, (c) and outer part of the tube.

The volume percentage of the different phases in the inner, center and outer samples
were calculated by quantitative texture analysis using the D19 data presented above.
The volume proportion of Bi-2212 is between 72 and 80%, with the lower value for
the outer sample. However, only the two main phases are taken into account in the
refinements.

Phase volume proportion [%]

Sample Bi-2212 (Ba,Sr)SO4

Inner 78 22

Center 80 20

Outer 72 28

Table 4.2 – List of phase volume proportion estimated in different parts of
the tube using D19 data.
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4.1.3 Electrical and magnetic properties

Electrical resistivity was measured on small bars of 1x1x7mm3 cut from the inner,
center and outer parts of the tube wall, with the long axis of the bars parallel to the
tube axis (Z). The positions of the samples cut in the tube are illustrated in Figure
4.2. The measurements were carried out with the usual four-probe technique in a
Quantum Design Physical Property Measurement System (PPMS). Four contacts
were made on the bar with indium, two contacts were made on the smaller edges
of the bar and two other contacts were made on a long face of the bar. A current
of 5 mA was injected in the bars and the resulting voltage was measured using a
sweep sequence for temperatures ranging from 300K to 70K at 0 T. The resistance
was derived from Ohm’s law and transformed into resistivity (⇢) using the equation:
⇢ = RS

L where L is the distance between voltage contacts and S the section of the
bar.

The electrical resistivity vs. temperature curves are presented in Figure 4.4. The
three samples display positive slopes of the resistivity vs temperature dependence
above Tc. The normal state resistivity of the bar cut in the outer part of the
tube is somewhat lower than in the other two samples. However, the difference
does not exceed a factor of 1.3, some of which possibly resulting from differences in
porosity. By comparison, the difference in resistivities along the X or Z and the Y
axis measured in Chapter 3 was significantly larger (⇢(Z)/⇢(Y)=2.3 at normal state).
In the present case, there does not seem to be a correlation with texture, which is
weak in all cases. The lower resistivity in the outer sample might be related to the
smaller size of second phase inclusions, which would tend to decrease the length of
percolation paths and increase the effective cross-section for current transport if the
second phases are considered as insulators.

Figures 4.5 (a) and (b) both display an enlargement of the ⇢(T) curve centered on
the superconducting transition. The critical temperature Tc is respectively 92.5K,
92.5K, and 93K in the inner, center and outer parts of the tube. These very close Tc
values suggest that the cationic ratios and the oxygen content of the Bi-2212 phase
do not vary significantly across the tube wall. This is confirmed, on the one hand,
by EDX analyses (not shown) and, on the other hand, by the absence of a shift in
the cell parameter c (as shown by the 0010 reflections of the Inel data for inner,
center and outer samples in Figure 4.6.
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Inner 
Center 
Outer 

Figure 4.4 – Temperature dependance of resistivity measured on 1x1x7mm3

bars cut in the tube (△) in inner part, (●) in center part, (◆)
and in outer part.

Inner 
Center 
Outer 

(a) (b) 

Figure 4.5 – Zooms on the ⇢(T) transition of Figure 4.4. Resistivities are
normalized over ⇢(300K).
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Figure 4.6 – 0010 diffraction peak from Inel data of inner, center, and outer
samples.
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The magnetic moment of cubes of approximately 1x1x1mm3 (the exact sizes are
listed in Table 4.3) extracted from the inner, center and outer parts of the tube
wall was measured at 4.2 K as a function of magnetic field. The measurements were
carried out in a Quantum Design SQUID with the applied magnetic field (Happ)
up to 5 T applied parallel to the tube axis (Z) direction. The M(Happ) hysteresis
curves are presented in Figure 4.7. Since the samples have the same geometry, it
is not necessary to take demagnetization effects into account in order to compare
the curves of the different samples. The hysteresis curves can be used to assess the
critical current densities Jc, which is proportional to �M calculated as the difference
between the magnetization in the field increasing and the field decreasing sectors in
the region where the applied magnetic field is higher than the penetration field. [122]
From the difference in the values of �M for the three curves, it can be concluded
that the highest Jc is found for the center part of the tube. An intermediate Jc is
observed for the outer part and the lowest Jc is that of the inner part. The higher
Jc of the inner part is consistent with transport Jc measurements at 77K carried out
at Nexans Superconductors 1.

Inner 
Center 
Outer 

Figure 4.7 – M(Happ) curves at 4.2K for samples cut in inner, center, and
outer parts of the tube with applied magnetic field parallel to
Z axis of the tube.

Sample Weight [g] LX [mm] LY [mm] LZ [mm]

Inner 0.0059 1.02 1.03 0.99

Center 0.0062 1.00 0.99 0.98

Outer 0.0060 1.02 0.99 0.99

Table 4.3 – Weight and dimensions of the samples cut from the tube and
used for M(H) measurements.

1. Transport Jc measurements: S. Elschner, 1996 private communication to Mark Rikel
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4.2 Homogeneity along the tube axis and around
the tube axis

A second set of measurements was performed on the tube to compare texture at
different positions along the tube axis (Z) and around its perimeter (↵). To do this
five cylinders were extracted from the tube (represented by circles 1 to 5 in Figure
4.8. Samples 1 to 3 were extracted at different positions along the tube axis Z and
samples 2, 4, and 5 at 120○ from one another around the tube axis. Since it was
found in the previous section that the tube texture is more clearly defined in samples
extracted from the center of the tube wall, all the characterizations in the present
section were done on central parts.

5 

1 

2 

3 

4 

120° 

Z 
r α"

Figure 4.8 – Illustration of the tube cut for D1B measurements, 5 cylinders
were extracted at different (Z, ↵) positions. Samples 1 to 5
were cut in 3 parts (inner, center, and outer) and only the
center parts were used for the measurements.

4.2.1 Texture and phase content

Texture was measured using the D1B beamline at ILL. The sample mounting and
the conditions for data collection are the same as described in Section 3.3.2.
The normalized {200}, {020}, and {0010} pole figures calculated from the D1B data
are presented in Figure 4.9 for samples 1 to 3 and in Figure 4.10 for samples 2, 4, and
5. The texture is similar in all samples but the texture strength for the fiber textures
is higher in {020} and {0010} pole figures of samples 1 and 2, as marked by higher
values for the maximum of orientation density compared to the same pole figure for
other samples. As explained in more detail in Section 3.5.2 the sharp orientation
peaks in the center of {020} and {0010} corresponds to small orientation volumes.
In Figure 4.9a, {020} and {0010} pole figures of sample 1 are represented by limiting
the orientation density scale to 2 m.r.d.. By doing so, these pole figures reveal a
texture similar to the texture of sample 3.
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Z 

X 

(a)Part 1

(b)Part 2

(c)Part 3

Figure 4.9 – {200}, {020}, and {0010} normalized pole figures calculated
from data acquired on D1B instrument for tube samples 1 to 3
extracted at different positions along the tube axis.
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(a)Part 2

(b)Part 4

(c)Part 5

Figure 4.10 – {200}, {020}, and {0010} normalized pole figures calculated
from data acquired on D1B instrument for tube samples 2, 4,
5 extracted at the same position along the tube axis but at
120○ from one another.

The volume fraction of different phases in the different samples were calculated by
quantitative texture analysis using the Inel data and are displayed in Table 4.4.
As in the previous section, phase contents determined from Inel data are shown
because the better resolution allows to distinguish more phases. Globally, all samples
presented above show a phase volume proportion of Bi-2212 between 61 and 77%.

Phase volume proportion

Sample Instrument Bi-2212 (Ba,Sr)SO4 (Ca,Sr)CuO2

Part 1 Inel 77% 18% 5%

Part 2 Inel 61% 28% 11%

Part 3 Inel 72% 19% 9%

Part 4 Inel 65% 26% 9%

Part 5 Inel 72% 21% 7%

Table 4.4 – List of phase volume proportion estimated in different tube
samples.
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4.3 General conclusion on tube homogeneity

The objective of this chapter was to examine the homogeneity of the tube studied
in Chapter 3 across the tube wall thickness and along the tube length and perimeter.

The homogeneity across the tube wall thickness was considered by studying samples
cut along the tube wall and called inner, center, and outer parts. Calculations of
texture and phase proportions was done in MAUD using Rietveld refinements of
D19 data. Refinements converge to Bi-2212 phase volume proportions between 70
and 80%. The center part of the tube shows the highest amount of Bi-2212 and
the texture component corresponding to ab-planes parallel to the radial direction.
The inner and outer part of the tube show a <001> weak fiber texture, which is not
observed at the center of the tube. All parts of the tube have similar Tc’s and the
difference in normal state resistivities does not exceed a factor of 1.3. The center
part of the tube is the one showing highest Jc values.

Secondly, the homogeneity of the tube along its length and around its principal
axis was considered by comparing 3 samples cut in the center of the tube wall at
different heights in the tube and 3 samples cut in the center of the tube wall at
different positions around the perimeter of the tube. The pole figures refined from
D1B data display some differences in the texture strength associated to the fiber
texture components but since these correspond to small volumes, the conclusion is
that the tube can be considered as homogeneous in texture on its length and around
its principal axis.
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CHAPTER 5 Rod samples

This chapter concerns melt-cast processed samples shaped as rods of different diam-
eters and annealed to different oxygen contents (� in the Bi2Sr2CaCu2O8+� phase).
The first section of the chapter provides a short description of the samples. The
second section reports about the microstructure and texture characterization of two
series of samples: a first series of three rods with different diameters and a second
series of 8 mm diameter rods with different oxygen contents. Because oxygen equi-
libration by annealing is more efficient in the case of smaller samples, the influence
of the oxygen content on the physical properties is investigated in the third section
for 5 mm diameter rods.
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5.1 Description of the samples

Rods manufactured by Nexans Superconductors Gmbh are full cylinders synthe-
sized by melt-casting followed by post-annealing (see section 1.3.1 in Chapter 1).
Samples are first annealed to convert the as-melt-cast material into Bi-2212. The
oxygen content (8+�) can then be adjusted during a second annealing along T-pO2

trajectories calculated from the diagram given by Schweizer et al. (Figure 5.1) [54].
This diagram shows that higher values of � (d on the diagram) are reached for lower
post-annealing temperatures and vice-versa.

contradicting results exist. Grivel and Flükiger82 reported
a Bi content corresponding to Bi2, whereas other re-
searchers observed a much higher Bi content of almost
Bi2.5.56
Shortly after the discovery of the 2223 phase, several

authors found the formation of this phase is promoted
significantly by the partial substitution of Pb for Bi.3,5,83–91
Therefore, the Pb solubility as a function of the tempera-
ture and cation ratio has to be examined in detail in order
to optimize the processing of 2223 ceramics.
Considering the Gibbs phase rule for heterogeneous

phase equilibria, the maximum amount of equilibrium
phases increases by one due to the additional component
PbO. In addition to a significant Pb solubility of the
phases that contain bismuth (bismuthates, ternary Bi–Sr–
Cu–O phases and the superconductors) up to several
weight percent, two plumbates could occur within the
concentration range of 2212 and 2223; these are
Ca2PbO4 and the new phase Pb4Sr5CuO10 (451 phase).
The crystal structure of 451 was determined to be hex-
agonal with lattice parameters of a ! b ! 0.997 nm and
c ! 0.3492 nm.59,92–95 The Pb-to-Bi and the Sr-to-Ca
ratio of the 451 phase in equilibrium with the 2212 and
2223 phase is about 4:1 and 1:1, respectively.94 Due to
the fact that the phase exhibits a slightly varying (Pb +

Bi):(Sr + Ca):Cu ratio, it is also named 3221.96–100 How-
ever, it is confirmed that the phase is a ternary Pb–Sr–Cu
oxide exhibiting a pronounced Bi and Ca solubility. The
451 phase and Ca2PbO4 are in equilibrium with the 2212
and 2223 phase. The x-ray diffraction (XRD) pattern of

FIG. 27. Temperature versus Bi content of the 2212 phase. The x
values refer to Bi2+xSr2CaCu2O8+d.

FIG. 28. The d value (d ! oxygen stoichiometry − 8) of the 2212
phase versus the oxygen partial pressure.77

FIG. 29. Oxygen loss determined by thermogravimetric (TG) meas-
urements and Tc of 2212 versus temperature.52

P. Majewski: Materials aspects of the high-temperature superconductors in the system Bi2O3–SrO–CaO–CuO

J. Mater. Res., Vol. 15, No. 4, Apr 2000864

Figure 5.1 – The d value (d = oxygen stoichiometry - 8) of the 2212 phase
versus the oxygen partial pressure during heat treatment at
different temperatures of 20 mm diameter pellets [54].

Z 

X 

Y 

Figure 5.2 – Reference frame established
for the rod samples with Z
axis along the rod axis and
X, Y in the radial plane.

Rods are manufactured with different di-
ameters, i.e. 5mm, 8mm or 15mm diame-
ter. For all rods, the reference frame (See
Figure 5.2) is taken with the Z axis along
the rod axis (X and Y are arbitrary ra-
dial directions). Depending on the require-
ments for the different kinds of characteri-
zations of the rods, the rods were cut with
different shapes and sizes, as described in
the relevant sections. All rods studied in
this chapter are listed in Table 5.1, 5.2 and
5.3 and named according to their diame-
ter and � value : Rod-diameter size-�
value. The oxygen content in the table is the nominal one, deduced from the
Schweizer et al. diagram. The qualitative evolution of the oxygen content is verified
from the variation of the c cell parameter, as reported in the next sections.
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Sample Oxygen content (O8+�) Nexans code

Rod–5mm-0.175 �=0.175 147-5-6-0.175

Rod-5mm-0.180 �=0.180 147-5-6-0.180

Rod-5mm-0.185 �=0.185 147-5-5-0.185

Rod-5mm-0.190 �=0.190 147-5-7-0.190

Rod-5mm-0.200 �=0.200 147-5-5-0.200

Rod-5mm-0.210 �=0.210 147-5-5-0.210

Rod-5mm-0.219 �=0.219 147-5-5-0.219

Rod-5mm-0.225 �=0.225 147-5-7-0.225

Rod-5mm-0.232 �=0.232 147-5-6-0.232

Rod-5mm-0.240 �=0.240 147-5-6-0.240

Rod-5mm-0.245 �=0.245 147-5-6-0.245

Rod-5mm-0.248 �=0.248 147-5-4-0.248

Rod-5mm-0.252 �=0.252 147-5-5-0.252

Table 5.1 – List of 5mm diameter rods denominated Rod-diameter size-�
value and their corresponding � value and Nexans code.

Sample Oxygen content (O8+�) Nexans code

Rod-8mm-0.187 �=0.187 R3904

Rod-8mm-0.198 �=0.198 R3900

Rod-8mm-0.205 �=0.205 R3903

Rod-8mm-0.215 �=0.215 R3902

Rod-8mm-0.225 �=0.225 R3915

Rod-8mm-0.230 �=0.230 R3929

Table 5.2 – List of 8mm diameter rods denominated Rod-diameter size-�
value and their corresponding � value and Nexans code.

Sample Oxygen content (O8+�) Nexans code

Rod-15mm-0.203 �=0.203 146-01

Table 5.3 – 15mm diameter rod denominated Rod-diameter size-� value and
its corresponding � value and Nexans code.
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5.2 Microstructure and texture

This section is dedicated to the investigation of the influence of the rod diameter
size and the rod oxygen content using two series of samples. Each subsection starts
by a description of the microstructure of the samples and continues with texture
results.

5.2.1 Rods with different diameters and similar oxygen con-
tent

In order to investigate the effect of rod diameter, we selected rods with a diameter
of 5mm, 8mm, and 15mm and similar oxygen content: Rod-5mm-0.200, Rod-8mm-
0.205 and Rod-15mm-0.203. There is one difference between synthesis process of
the rods: 5 and 8 mm rods were obtained by casting in quartz ampoules preheated
to 800○ C, whereas 15 mm rod were cast in the non preheated ampoules. The
time-temperature paths upon solidification are therefore different.

5.2.1.1 Microstructure

Due to a shrinkage during solidification, the center of the rods is highly porous, as
shown in the optical micrograph of Figure 5.3.

Figure 5.3 – Image of the half cross-section of a 8mm rod acquired with an
optical microscope.

Figure 5.4 displays panoramas of polished cross-section of the 5mm, 8mm, and 15mm
rods, made using second electron SEM images. Micrographs at higher magnification
are shown in Figure 5.5. Visual inspection suggests that, compared to the 8 mm rod,
the 5mm rod shows a higher amount of second phases inclusions, with a smaller size.
Compared to the 8 mm rod, the 15mm rod also shows a higher amount of second
phases inclusions, with similar sizes explained by the difference in synthesis process.
In all rods, the second phase inclusions tend to align along the rod radius. As
observed for the tube sample in Chapter 3, the rods have a different microstructure
at the edges. During the cooling step, the outside surface of the rods cools faster
than the center of the rods. This results in a more advanced grain growth at the
center of the rod than at the edges explaining why grains are smaller at the edges
than close to the center.
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Figure 5.4 – SE SEM images compiled to a panorama of (a) half 5mm rod,
(b) half 8mm rod and (c) half 15mm rod. Black rectangles
highlight the position of the micrographs illustrated in Figure
5.5.
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100µm 

(a)Rod-5mm-0.200

100µm 

(b)Rod-8mm-0.205

100µm 

(c)Rod-15mm-0.203

Figure 5.5 – SE Scanning electron micrographs of (a) 5mm, (b) 8mm, and
(c) 16mm rods taken on polished radial cross-sections.

EDX measurements (not shown) reveal that the large inclusions of 50µm-100µm
are (Ca,Sr)CuO2 phase while the small inclusions of ∼10µm correspond to smaller
(Ca,Sr)CuO2 inclusions or (Ba,Sr)SO4 inclusions. In the case of the 15-mm rod, an
additional, Cu-free, second phase was detected with a mean composition close to
Bi2(Ca,Sr)3Ox.
The phase identification was confirmed by collecting ✓-2✓ powder diffraction patterns
on powders obtained by gently grinding pieces of the 5mm, 8mm, and 16mm rods.
The three patterns are shown in Figure 5.6, where reflections marked by stars in the
patterns of the 5mm and 16mm rods may correspond to the Cu-free phase evidenced
by EDX. Rietveld refinements taking into account the two main phases Bi-2212 and
(Ba,Sr)SO4 result in the refined Bi-2212 cell parameters listed in Table 5.4. The
a- and b- cell parameters are similar for the 5mm and 8mm rods and only slightly
larger for the 15mm rod. More importantly, the evolution of the c-cell parameters
is in agreement with the O content of the rods: c (rod 8mm)< c (rod 15mm)< c (rod
5mm). Bi-2212 phase volume proportions are similar in the 5mm (71%) and 8mm
(72%) rods while this value is smaller in the 15mm rod (64%). The smaller amount
of Bi-2212 in the 15mm rod is explained by a larger amount of second phases visible
both in the rod panorama and on the diffraction pattern, where Bi-2212 reflections
have smaller intensities compared to the 5mm and 8mm rods.
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Figure 5.6 – ✓-2✓ powder diffraction patterns for 5mm, 8mm, and 15mm
rods. The stars indicate the position of reflections probably
due to the Bi2(Ca,Sr)3Ox phase.

D8 Bi-2212

Sample a [Å] b [Å] c [Å] Vol %

Rod-5mm-0.200 5.4143(8) 5.4140(5) 30.978(5) 71.4(2)%

Rod-8mm-0.205 5.4140(3) 5.4131(5) 30.967(2) 72.2(1)%

Rod-15mm-0.203 5.4195(4) 5.4176(3) 30.973(2) 63.6(2)%

Table 5.4 – Refined cell parameters and phase proportion of the Bi-2212
phase in the 5mm, 8mm, and 16mm rods from D8 powder data.
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5.2.1.2 Texture

The texture of the 5mm and 15mm rod was only measured on the Inel diffractome-
ter. Texture measurements were collected on 6mm-long sections cut from the rods
(Figure 5.7). The samples were mounted with the Z direction (i.e., the rod axis)
aligned with the Eulerian cradle rotation axis '. X and Y are randomly positioned
around Z since they are equivalent due to the cylindrical symmetry.

Z 

X 

Y 

6mm 

Figure 5.7 – Rods for diffraction measurement are cut in 6mm long small
rods.

Data were refined with the MAUD program using the same procedure as for the tube
(Section 3.5). The Bi-2212, (Ba,Sr)SO4, and (Ca,Sr)CuO2 phases were included
in the refinement. {200}, {020}, and {0010} normalized pole figures of the three
rods are represented in Figure 5.8. All {0010} pole figures reveal a fiber texture
component with c-axes oriented along the rod axis. This <001>-fiber component
is in agreement with the equatorial reinforcements visible on {200} and {020} pole
figures. In the case of the 5mm rod, the <001>-fiber component is not perfectly
aligned with the Z direction, as also visible on the {200} and {020} pole figures that
are indeed shifted from the equator. This could result from an imperfect alignment
of the small sample in the Inel cradle and/or a cross-section miscutting. The 15mm
rod exhibits also a <010> fiber texture visible by a reinforcement on the equator of
{0010} and {200} pole figures and a reinforcement at the center of the {020} pole
figure. PO index determinations performed on melt-cast processed rods at Nexans
Superconductors R&D center using the procedure described in section 3.6.2.2 reveal
that c-axes are preferentially not aligned with the radial direction of the rods. Such
an observation is coherent with the absence of a reinforcement at the equator of the
{0010} pole figure for the 5mm and 8mm diameter rods.
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(a)Rod-5mm-0.200
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(b)Rod-8mm-0.205
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Y 

(c)Rod-15mm-0.203

Figure 5.8 – {200}, {020}, and {0010} normalized pole figures calculated
from OD refinement for (a) 5mm, (b) 8mm, and (c) 15mm
from Inel data.

5.2.2 8mm diameter rods with different oxygen contents

In order to investigate the effect of oxygen content, we selected three rods amongst
the series of 8mm-diameter rods with different oxygen contents in Table 5.2: Rod-
8mm-0.187, Rod-8mm-0.205 and Rod-8mm-0.230.

It is necessary to compare the microstructure and texture of these samples, because
the second annealing along T-pO2 trajectories can be done at temperatures as high
as 800˚and may cause some partial melting of the samples, thereby potentially
modifying the microstructure and texture of the rods.
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5.2.2.1 Microstructure

Figures 5.9 (a) to (c) present SEM micrographs of polished cross-section of the three
8mm rods. All rods have a similar microstructure with inclusions of (Ba,Sr)SO4 and
(Ca,Sr)CuO2 second phases. It is visible on these micrographs that some inclusions
of second phases have grown along the temperature gradient during the cooling step
(i.e. along the radial direction).

A micrograph of the edge of Rod-8mm-0.230 is shown in Figure 5.9d. Some in-
clusions of second phases are smaller and in particular, (Ba,Sr)SO4 inclusions are
forming dendrites. Examples of dendrites are framed in the micrograph by black
rectangles. Based on visual inspection, the post-annealing step during the manu-
facture of the rods in the range �=0.187-0.230 does not seem to have affected the
microstructure of the samples.

100µm 

(a)Rod-8mm-0.187

100µm 

(b)Rod-8mm-0.205

100µm 

(c)Rod-8mm-0.230

50µm 

Edge 

(d)Rod-8mm-0.230 edge

Figure 5.9 – SE Scanning electron micrographs of three rods taken on pol-
ished radial cross-sections (a-c) at the center of the non porous
region and (d) close to the edge.
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The similarity of the phase content in the three rods is confirmed by the ✓-2✓ powder
diffraction patterns collected on gently ground powder with the Bruker D8 diffrac-
tometer. The three patterns shown in Figure 5.10 have similar profiles and peak
intensities. Rietveld refinements taking into account the two main phases Bi-2212
and (Ba,Sr)SO4 result in the refined Bi-2212 cell parameters listed in Table 5.5. For
all rods, a and b cell parameters vary of maximum 0.0014Å with the O content in-
crease. The c-cell parameter decreases of 0.04Å with oxygen content increase. This
decrease of the c-cell parameter is visible in the right part of Figure 5.10 by a shift
of 00l reflections to higher 2✓ values. Some authors [22] observed the same behavior
and attributed it to a contraction of the Bi2O2 double layer when oxygen atoms
are inserted in the Bi2O2-layer. Phase volume percentage of the Bi-2212 phase are
similar in all rods.
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Figure 5.10 – The graph on the left is a ✓-2✓ powder diffraction pattern
for 8mm rods with increasing oxygen content from bottom to
top. The graph on the right is a zoom on the 0010 reflection
showing the shift of the peak to high 2✓ values when O content
is increased (i.e. c is decreased).
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D8 Bi-2212

Sample a [Å] b [Å] c [Å] Vol %

Rod-8mm-0.187 5.4145(7) 5.4129(4) 30.978(2) 73.0(2)

Rod-8mm-0.205 5.4143(8) 5.4131(5) 30.967(2) 72.2(1)

Rod-8mm-0.230 5.4136(8) 5.4117(4) 30.938(2) 72.9(9)

Table 5.5 – Refined cell parameters and phase proportion of the Bi-2212
phase in the 8mm rods from D8 powder data.

5.2.2.2 Texture

Rod textures were characterized on 6mm long samples (See Figure 5.7) using the
D1B line at ILL according to the procedure described in details in Section 3.3.2. As
for the rods in the previous section, the Z direction was aligned with the Eulerian
cradle rotation axis '. Data were refined in the MAUD program the same way as
was done for the tube (Section 3.5) using Bi-2212 and (Ba,Sr)SO4 phases in the
refinement. The GoF and Rwp of the refinement are presented in Table 5.6 and are
similar for all rods. {200}, {020}, and {0010} normalized pole figures of the three
rods are represented in Figure 5.11. All {0010} pole figures reveal a fiber texture
component with c-axes oriented along the rod axis with a distribution of ∼ 40○.
This <001>-fiber component is in agreeement with the equatorial reinforcements,
also having a large distribution, visible on {200} and {020} pole figures. For rods
Rod-8mm-0.187 and Rod-8mm-0.230, other texture components with a and b-axes
preferentially oriented along Z are seen while for the Rod-8mm-0.205 rod, only a-
axes are preferentially oriented along Z. As observed in Chapter 3 for the tube,
textures are weak with maxima of OD not larger than 3.5 m.r.d. observed for the
Rod-8mm-0.205 rod.
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Figure 5.11 – {200}, {020}, and {0010} normalized pole figures calculated
from OD refinement for 8mm rods from D1B data.

Sample GoF Rwp [%]

Rod-8mm-0.187 1.23 10.73

Rod-8mm-0.205 1.26 11.72

Rod-8mm-0.230 1.30 11.75

Table 5.6 – Refinement data for rods 8mm-D1B.
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5.3 Physical properties

5.3.1 Physical properties of rods with different diameters

The magnetic field dependence of magnetization at 4.2K was measured on small
cubes cut from the three rods. For all rods, the cubes were oriented with the direction
along the rod axis parallel to the applied magnetic field. The weight and dimensions
of all samples are listed in Table 5.7. The samples for DC magnetization loops
measurement as a function of the applied magnetic field were ZFC till 4.2K. Magnetic
field was applied from 0 to +Hx, +Hx to -Hx and -Hx to Hy. Hx being the magnetic
field necessary to overcome irreversibility field or maximum value reachable in the
SQUID (i.e. 50000Oe) and Hy being a value of field higher than full penetration
field (Hp, defined where the first magnetization curve meets the complete cycle).
Half of the M(H) hysteresis are plotted in Figure 5.12. All M(H) curves are in the
same range of magnitude. The 5mm rod shows the smallest �M while the 15mm
rod shows the highest �M.

Rod 5mm 
Rod 8mm 
Rod 15mm 

Figure 5.12 – dc magnetization loops as a function of applied magnetic field
at T=4.2K for 5mm, 8mm, and 16mm rods.

Size of the samples

Sample Weight [g] l1 [mm] l2 [mm] l3 [mm]

Rod 5mm 0.0061 1.02 1.03 1.00

Rod 8mm 0.0053 0.91 0.98 1.00

Rod 15mm 0.0075 1.00 1.10 1.16

Table 5.7 – Weight and dimensions of the samples cut from the rods and
used for M(H) measurements. l1 is the length along the rod
radius.
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5.3.2 Physical properties of rods with various oxygen content

Samples used for magnetization measurements were 5mm diameter rods with di-
mensions close to R (radius)=2.5mm and L (length)=5mm. See Table 5.8 for exact
dimensions of each sample. Magnetization measurements were done in a PPMS
with the applied magnetic field (Ha) parallel to rod axis. Two different kinds of
measurements were done: (i) magnetization measurement as a function of temper-
ature, M(T) and (ii) magnetization measurement as a function of applied magnetic
field, M(H). For M(T) measurements, the samples were Zero-Field-Cooled (ZFC)
till 30K. Then the applied magnetic field was set to 10 Oe and temperature was
increased at 2K/min to 110 K while measuring magnetization averaged over every
1K. Magnetization loops measurements were done as describe in Section 5.3.1.

Oxygen content

Rod name (O8+�) Length [mm] Volume [cm3] Mass [g]

Rod-5mm-0.175 �=0.175 5.01 0.098 0.5529

Rod-5mm-0.180 �=0.180 5.05 0.099 0.5624

Rod-5mm-0.185 �=0.185 5.09 0.100 0.5634

Rod-5mm-0.190 �=0.190 5.07 0.099 0.5639

Rod-5mm-0.200 �=0.200 5.15 0.101 0.5592

Rod-5mm-0.210 �=0.210 5.14 0.109 0.5571

Rod-5mm-0.219 �=0.219 5.01 0.098 0.5479

Rod-5mm-0.225 �=0.225 5.02 0.099 0.5535

Rod-5mm-0.232 �=0.232 5.07 0.099 0.5536

Rod-5mm-0.240 �=0.240 5.22 0.102 0.5777

Rod-5mm-0.245 �=0.245 5.02 0.099 0.5563

Rod-5mm-0.248 �=0.248 5.04 0.099 0.5672

Rod-5mm-0.252 �=0.252 5.04 0.099 0.5516

Table 5.8 – Characteristics of the 5mm rods used for physical properties
measurements.
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5.3.2.1 Temperature dependence of magnetization

Temperature dependance of magnetization M(T) plots for 5mm diameter rods with
different oxygen contents (�) in Bi2Sr2CaCu2O8+� are regrouped in Figure 5.13. The
Tc of each sample has been determined from these curves. Tc is the temperature
at which superconducting transition starts, i.e. where M starts to decrease. An
example of Tc determination is given in Figure 5.13. Tc’s versus � are represented
in Figure 5.14 for all 5mm diameter rods. Tc’s versus � curve has a bell-shaped as
expected from results observed in literature [51, 54–56, 60, 64, 123]. The maximum
Tc of 97K is observed for values of O content � comprised between 0.180 and 0.185.
For all samples, transitions are broad, likely due to Bi2201 intergrowths, or other
second phases and voids. [124]

Tc (Rod-5mm-0.248) 

Figure 5.13 – Temperature dependence of magnetization for 5mm diameter
rods with different O contents � (Bi2Sr2CaCu2O8+�). Tc is
determined in M(T) curves as the temperature at which M
starts to decrease as represented by the arrow for the black
curve.
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Tube 

Rods 

Figure 5.14 – Tc variation of (●) 5mm diameter rods with different O con-
tents � (Bi2Sr2CaCu2O8+�) and (�) value measured for the
tube.

5.3.2.2 Field dependence of magnetization

Figure 5.15 shows magnetization loops for all 5mm diameter rods measured at 4.2K.
Jc values may be obtained from these magnetization measurements. The width �M
of the M(H) hysteresis loop is used to calculate Jc using: [125]

Jc = �M

d
(5.1)

where d is a length characteristic of the sample size and geometry; for an infinite
cylinder of radius R (for short cylinders with finite aspect ratio ∼ 1, numerical
modeling results [125] have shown that this formula can still be used as a very good
approximation provided the full-penetration field is exceeded):

Jc = 3�M

2R
(5.2)

With �M in [A/m] and R=rod radius in [m].
�M corresponds to the width of the hysteresis loop took between the full penetra-
tion field (Hp) and the irreversibility field (Hirr) as illustrated in Figure 5.16. An
example of Jc calculation is provided for information. Fluctuations are observed
on the top of three M(H) curves corresponding to Rod-5mm-0.232,0.240, and 0.245
plots. These fluctuations are called flux jump and may occur at low temperatures
when magnetization is locally high. [126,127] This phenomenon is beyond the scope
of this thesis and won’t be deeper discussed.
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Figure 5.15 – dc magnetization loops as a function of applied magnetic field
at T=4.2K for 5mm diameter rods with different O contents
� (Bi2Sr2CaCu2O8+�).

ΔM 

Hp Hirr 

Ha 

Figure 5.16 – Determination of �M in M(H) curve (the line is a guide for
the eyes).

Figure 5.17 shows Jc versus magnetic field for sample rod-5mm-0.210 at temper-
atures ranging from 4.2K to 85K. At T=4K, 10K, and 20K, Jc does not decrease
to 0, as Hirr is higher than 50 kOe, the limit of the instrument. With increasing
temperature above 30K, Jc decreases rapidly with Ha. Hirr decreases with increasing
temperature as follows: Hirr is about 30 kOe at 30K, 15 kOe at 40K and close to 3
kOe at 60K.
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Figure 5.17 – Jc vs Ha for Rod-5mm-0.210 at different temperatures.

Figure 5.18 shows the decrease of Jc with the applied magnetic field for all 5mm di-
ameter rods at 4.2K. These results are plotted differently in Figure 5.19 to highlight
the evolution of Jc with increasing oxygen content in 5mm diameter rods at 4.2K.
Jc increases till a maximum value at �=0.240 and then decreases abruptly. This
behavior is observed for all values of applied magnetic field.

Best Jc’s of all are attained in sample Rod-5mm-0.240. Jc reaches an approximate
value of 5.104A/cm2 at 4.2K for applied field close to Hp at 10000Oe. The magni-
tude of Jc is comparable to the one observed in thick films [128] (See Table 5.9) and
10 to 100 times higher to values observed on other Bi-2212 rods at 4.2K [117, 129].
Technological applications require to reach high Jc values. Depending on the ap-
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plication temperature, the optimal sample will differ, to illustrate this statement,
the � value corresponding to maximum Jc for temperatures of 4.2K, 40K, and 77K
are plotted in Figure 5.20. At the temperature of liquid Helium (4.2K), the sample
having the highest Jc is the Rod-5mm-0.240 with an oxygen content of 8.240. At the
temperature of liquid Nitrogen (77K), best Jc’s are reached in the Rod-5mm-0.200
sample having a lower oxygen content (Jc vs. H curves are presented in Figure 5.21).
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Figure 5.18 – Decrease of Jc with applied magnetic field Ha for all 5mm
diameter rods at 4.2K.

Figure 5.19 – Evolution of Jc with 5mm diameter rods O content �
(Bi2Sr2CaCu2O8+�) at 4.2K for different applied magnetic
field Ha (the lines are guides for the eye).
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Authors Bi-2212 sample Jc

H Miao et al. [129] 1.8mm diameter rod 3600A/cm2 at 77K

Kim et al. [117] 1.0mm diameter rod 800A/cm2 at 77K

Kim et al. [117] 1.6mm diameter rod 800A/cm2 at 77K

Cecchetti et al. [128] Bi-2212/Ag thick films 7.104 A/cm2 at 4.2K

Hayashi et al. [130] Single crystal 1.8.106 A/cm2 at 4.2K

Table 5.9 – Values of Jc found in the literature.
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Figure 5.20 – Value of � associated to the maximum value of Jc for each
temperature.
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Figure 5.21 – Decrease of Jc with applied magnetic field Ha for all 5mm
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5.4 Conclusion

This chapter was devoted to the study of melt-cast processed rods with different
diameters of oxygen contents. First, rods with diameters of 5, 8 or 15 mm were com-
pared in terms of microstructure, texture and physical properties. Microstructure
results suggest that the 8 mm rod contains the lowest amount of second phase inclu-
sions. EDX measurements evidenced the presence of (Ba,Sr)SO4 and (Ca,Sr)CuO2,
and in addition, a Cu-free phase, close to the composition Bi2(Ca,Sr)3Ox. In all
rods, it appeared that the second phase grains tend to align with the temperature
gradient occurring upon cooling, i.e. along the radial direction. Texture components
refined from Inel data include in all cases a <001>-fiber component with c-axes along
the rod axis.

The control of the oxygen content in the melt-cast processed samples is achieved
through T-pO2 post-annealing treatment. These treatments are designed so that
the microstructure and texture should not be affected. This was verified in 8mm
diameter rods using D1B data and it was found that all investigated rods show tex-
ture components with c-axes, a-axes and sometimes b-axes oriented along the rod
axis. As for the tube in Chapter 3, the texture strengths are weak, with maxima of
OD not higher than 3.5 m.r.d.

The textures obtained from the full texture analysis of all rods are compatible with
the PO index determinations performed on melt-cast processed rods at Nexans Su-
perconductors R&D center. Using the procedure described in section 3.6.2.2, the
PO index determination indicates that c-axes are preferentially not aligned with the
radial direction of the rods. Such an observation is coherent with the absence of a
reinforcement at the equator in the {0010} pole figures. Additional insight might be
gained by combining the sequential polishing used at Nexans Superconductors and
full texture characterization with the Inel diffractometer.

Although the texture results were obtained for 8mm diameter rods, it seems reason-
able to expect that the 5mm diameter rods can be considered to have similar textures
for different oxygen contents. M(T) and M(H) curves were compared on a series of
5mm rods carefully annealed to adjust the oxygen content in these rods. The critical
temperature is highly affected by the oxygen doping and has a parabolic shape as
a function of the � value. Maximum Tc was observed in a range of �=0.180-0.185.
There is also a dependence of Jc (deduced from the M(H) curves) as a function
of the oxygen content. The maximum Jc measured in these 5mm rods is around
6.104 A/cm2 at 4.2K. The optimum oxygen content for maximum Jc depends on the
temperature and moves from small O content to higher O content when decreasing
temperature.



CHAPTER 6 Relation between texture and
physical properties

In this chapter, we demonstrate the use of the geometric mean of tensor proper-
ties averaged over crystallographic orientation distributions, to simulate anisotropic
resistivity tensors of the Bi-2212 phase in the normal state. The orientation dis-
tributions are measured using neutron diffraction. This methodology is applied to
melt-cast processed samples and evaluates the contribution of textural effects to the
resulting anisotropy. The calculated tensor compares well with measured macro-
scopic resistivity tensors and shows that low texture strengths in such materials
does not necessarily result in catastrophic effects on macroscopic conducting paths.
This chapter is presented with an article layout as it is meant for publication.
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6.1 Introduction

Bi2Sr2CaCu2O8+� (Bi-2212) high-temperature superconductor has received a lot of
interests because of its very large electro-magnetic anisotropy, supported by a very
strong crystallographic two-dimensionality. It has been reported that Bi-2212 single
crystals develop up to normal state electrical resistivity anisotropy ratio up to ⇢c/⇢ab
= 104-105 [51, 131], while the in-plane anisotropy is much smaller and does not ex-
ceed ⇢b/⇢a = 2.9 [132] from Tc up to 300K, this latter anisotropy decreasing for
out-of cation stoichiometric compositions. Bi-2212 also develops large critical cur-
rent densities (Jc) up to relatively large magnetic fields at low temperatures [133],
considered as a consequence of an enhanced condensation energy in this temper-
ature range [134]. Z. Mori et al. [135] showed in Bi-2212 thin films deposited on
SrTiO3 single crystals that crystal grain boundaries act as weak links for current
transport. They reported a difference of two orders of magnitude between intra-
grain Jc (105 A/cm2) and inter-grain Jc (103 A/cm2) for a 24○ tilt angle between two
grains, an effect even more pronounced than for YBa2Cu3O7 as measured by Dimos
et al. [136]. However, Bi-2212 samples containing both inter- and intra-grain bound-
aries can still exhibit rather unexpectedly large Jc-values whose origin is till unclear,
particularly in view of the low texture levels achieved in bulk samples. Among
the extensive literature concerning bulk samples, the so-called melt-cast processed
Bi2Sr2CaCu2O8+� (Bi-2212) bulk materials exhibit intriguingly large critical current
densities of Jc (77K)=4 kA/cm2 [70], while their crystallographic textures are close
to random values. In order to approach some explanation for this apparently strange
behavior, we decided in this work to concentrate our calculations on the resistivity
anisotropy in the normal state of such samples, keeping in mind that a metallic
character still appears as a prerequisite to achieve reasonable carrier capabilities
at the superconducting state. We simulate the macroscopic normal state electrical
resistivity tensor ⇢Mij from (i) the experimentally determined Orientation Distribu-
tion Functions (ODF) and (ii) literature experimental data for the single crystal
resistivity tensor ⇢ij. We use for this purpose geometric mean tensor calculations,
to show that melt-cast samples resistivity keeps a significant anisotropic character
in such samples. This approach demonstrates why interesting well developed con-
ducting properties can be expected even with low orientation degrees when strong
anisotropy is intrinsically present.
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ODF-weighted ⇢Mij simulations
For perfectly randomly oriented samples with theoretical density, the calculation of
macroscopic properties is usually simply operated through an arithmetic mean, TM

= <T>, of the intrinsic (single crystal) property tensor T. However such averages do
not result necessarily in macroscopic property tensor homogeneity. For instance, in
the case of elastic stiffness, Cijkl, and compliance, Sijkl, tensors, the necessary condi-
tion for homogeneity or invertibility [134], CM

ijkl = <Cijkl > = <C−1ijkl >−1 = (SM
ijkl)−1, is

not fulfilled. This gives rise to the so-called Voigt [137] and Reuss [138] averages for
<Cijkl > and <Sijkl > in which strain and stress homogeneities in all the crystals are
respectively assumed, but not simultaneously. Matthies and Humbert [139] showed
that in this case the Geometric Mean Average (GMA, noted [T]) resulted in homo-
geneous properties, coherent with visco-plastic self-consistent approaches, even for
textured polycrystals. Similarly, for resistivity tensors of textured polycrystals, elec-
tric field and current density homogeneity cannot be imposed simultaneously for all
crystals using arithmetic averaging, and GMA can be applied to ensure the macro-
scopic homogeneity for resistivity and conductivity tensors: ⇢Mij = [⇢ij] = [⇢−1ij ]−1 =
(�M

ij )−1 Since ⇢ij is a tensor, the calculation of its geometric average over crystallite
orientations requires some more details. The macroscopic resistivity tensor of the
textured polycrystal (with an Orientation Distribution Function of its crystallites
given by the ODF, or f(g), g being a set of three Euler angles for the orientation
variable relating crystal and sample reference frames [95]) is obtained from:

⇢Mij = exp(< ln⇢ >i′j′) (6.1)

= exp [< ✓ >ij,i′j′ (ln⇢)i′j′] (6.2)

With
�⇥�ij,i′j′ = �

g
⇥

i′
i (g)⇥j′

j (g)f(g)dg (6.3)

and (ln⇢)i′j′ given by:

(ln⇢)i′,j′ = 3�
�=1

ln(⇢(�))b(�)i b(�)j (6.4)

= ln � 3�
�=1
(⇢(�))b(�)i

b(�)
j � (6.5)

where the (�) exponents denote eigenvalues of the corresponding quantities, and the
b(�)ij are the eigentensors resulting from diagonalisation of the arithmetic average
�ln⇢�i′j′ for the oriented polycrystal [140]. The two successive tensor transforma-
tions ⇥i′

i relate to the 2nd order resistivity tensor character. The factorial entering
the calculation explains the term "geometric mean", in the sense that the oriented
polycrystal macroscopic resistivity is obtained by the mean averaging of the sin-
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gle crystal resistivity eigenvalues. Similar expressions could be obtained for the
macroscopic conductivity tensor �M

ij which admits as eigenvalues �(�) = 1/⇢(�) the
reciprocal of the resistivity eigenvalues. This warrants that the same macroscopic
electrical properties are calculated either using resistivity or conductivity in the
GMA approach. In other words, the average of the inverse macroscopic property
is consistent with the inverse of the average macroscopic property. In this work we
considered for all diffraction analyses an orthorhombic Bi-2212 phase (N○1000285
from the Crystallographic Open Database [141]) with cell parameters a=5.4054Å,
b=5.4016Å, and c=30.7152Å. A crystal with orthorhombic point group symmetry
exhibits only 3 independent resistivity components, ⇢11, ⇢22 and ⇢33. However all
single crystal studies on Bi-2212 indicate a small in-plane anisotropy, and we will ne-
glect it in the property tensors, considering Bi-2212 as tetragonal with ⇢11=⇢22 and
taking the values determined by Watanabe et al. [51] (⇢22 = XX and ⇢33 = YY).
Weighting of ⇢Mij over crystallite orientations is operated using the refined ODF
f(g), which is determined experimentally from a set of diffraction pole figures Ph(y)
through inversion of the fundamental equation of quantitative texture analysis:

Ph(y) = 1

2⇡ �h��y f(g)d'̃ (6.6)

Here h=<hkl>* stands for one family of diffracting planes, y their orientation in the
sample reference frame, linked to the diffractometer angles, and '̃ an integration
path to obtain the pole figures from f(g). The inversion of this equation to refine
f(g) is operated by entropy maximization using the E-WIMV iterative algorithm
[84].

6.2 Experimental

We studied two melt-cast processed Bi-2212 samples, with tube and plain cylinder
(rod) shapes. The tube sample has inner and outer diameters of 35mm and 50mm
respectively, and the rod has a diameter of 8mm. Sample reference frames for both
samples are defined with a Z axis along the long sample axis, i.e. cylindrical axis
of symmetry. For the tube, the X axis is tangent to the surface and Y is the radial
direction, while for the rod X and Y are symmetrically equivalent radial directions
(Figure 6.5 insets).

For texture measurements a cylindrical core was drilled along the radial Y tube axis,
resulting in a 7mm long cylinder, while a 6mm long cylinder was cut along the Z rod
axis. In order to probe the whole cylinder volume and ensure comparable volume
probing between texture and resistivity measurements, texture experiments were
carried out using neutron diffraction at the D1B beamline of the ILL-Grenoble, in
transmission mode with the 4-circles diffractometer and CPS detector. We used a
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regular grid of 5○x5○ in � and ' with 0○≤ � ≤90○ and 0○≤ ' ≤355○ at an ! angle of
44.95○ to cover as much as possible the center of all the important pole figures [89].
The tube core was oriented on the diffractometer with its Y axis parallel to the '

goniometer axis (Figure 6.1a) and its Z axis aligned with the � goniometer axis (at
'=0). For the rod, only the Z direction was imposed to be aligned with ', X and
Y being randomly positioned around Z. Diffraction data were analyzed within the
Combined Analysis frame [89] using the MAUD software [88].
The anisotropy of the resistivity was determined from resistivity measurements on
1x1x7mm3 parallelepiped specimens by the four-probe technique on a PPMS 14T
from Quantum Design. The tube specimens were cut with the longest dimension
parallel to X, Y and Z directions, while for the rod only the Z and one radial direction
were used (Figure 6.5 insets). A current of 5 mA was injected in the specimens and
the resulting tensions were measured at temperatures ranging from 300K to 70K at
0T.
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(a) (b)

Figure 6.1 – (a) Neutron diffractometer schematics for texture experiments.
The samples (orange) are mounted with the corresponding ori-
entations: tube, 1=X; 2=Z; 3=Y, and rod, 3=Z, X and Y at
random in the (1,2) plane. (b) corresponding set of measured
(bottom) and refined (top) diffraction diagrams showing the
quality of the Rietveld fit. 2✓: horizontal axis, each (�,') dia-
gram is superposed along the vertical axis.
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6.3 Results and discussions

The refinements converge with reasonable reliability factors and goodness of fit val-
ues (Rwp = 10.98; GoF = 1.47; Figure 6.1b), and result in unit-cell parameters of
a=5.38614(5)Å, b=5.40580(5)Å, and c=30.8946(3)Åfor the tube and a=5.3716(1)Å,
b=5.39440(9)Å, and c=30.7374(3)Åfor the rod. The deviation of a, b, and c from
their initial values indicate some non-stoichiometric composition of the Bi-2212
phase in our bulks. The average elemental ratio for the Bi-2212 phase as obtained
from EDX measurements is close to Bi2.26Sr2.25Ca0.71Cu1.78O8+�. We also observed
(Ba0.13Sr0.87)SO4 and (Sr0.6Ca0.4)CuO2 as second phases. The larger c cell parameter
of the tube compared to the rod indicates a difference in oxygen content of the Bi-
2212 phase. Some authors observed a c decrease with an increase in � [95,139,140].
This phenomenon is explained by a contraction of the two BiO layers with oxygen
incorporation in the structure. The Bi3+ cations with the electronic configuration
5d106s2 exhibit a lone pair located between both BiO layers [58]. Oxygen uptake
leads to a variation of lone pair orientations accompanied by a contraction of the
BiO layers and a c decrease. Consequently our rod sample with a larger oxygen
content shows a relatively smaller c unit-cell parameter. The larger oxygen content
in the rod is in agreement with the lower critical temperature (82 K for the rod, 91
K for the tube, see later).

Figures 6.2 and 6.4 show pole figures for the main Bi-2212 crystallographic direc-
tions, respectively for the tube and the rod. Note that tube and rod pole figures do
not have the same reference frame due to experimental considerations. Both samples
exhibit weak textures characterized by maxima of orientation distribution densities
not larger than few multiples of random distribution (7 m.r.d. at maximum for
the {200} pole figure of the tube, and 2.7 m.r.d. at maximum for the {0010} pole
figure for the rod). The {200} and {0010} pole figures of the tube (Figure 6.2) show
a reinforcement of their equators, a- and c-axes are in a major way preferentially
oriented in the XOZ plane of the sample. This results in a reinforcement of the
center of the {020} pole figure. These texture components indicate that most of
the crystallographic ab planes, containing the CuO2 conductive planes, are parallel
to and randomly distributed around the Y-axis of the tube (Figure 6.3). Such an
orientation should favor current conduction along the Y direction, and we expect
to measure smaller resistivities along this latter direction. Another minor compo-
nent is shown in the center of the {0010} pole figure of the tube, corresponding to
ab-planes aligned perpendicular to Y, which will provide some conductivity along
this axis. The {200} and {0010} pole figures of the rod (Figure 6.4) exhibit a- and
c-axes preferentially aligned with the Z rod axis, and the {020} pole figure b-axes on
the equator. These components result in a- and b-axes aligned with Z and radially,
i.e. contributing to similar conduction paths along these directions. Consequently
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we expect to observe a reduced anisotropy of the resistivity between radial and
longitudinal directions of the rod.
Using the two ODFs of these samples, we can now predict their macroscopic resistive
behavior and compare them to measured resistivities.

Z 

X 

Figure 6.2 – {200}, {020}, and {0010} normalized pole figures of the main
crystallographic directions of Bi-2212 phase from the tube.
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Z 
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b a 

Figure 6.3 – Representation of the orientation of c-axes and CuO2 planes in
the XYZ samples reference frame for the tube.

X 

Y 

Figure 6.4 – {200}, {020}, and {0010} normalized pole figures of the main
crystallographic directions of Bi-2212 phase in rod.

Figure 6.5 shows the temperature dependence of the resistivity for the tube and
rod specimens cut along the X, Y, and Z directions (X-, Y-, and Z-resistivities).
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The metallic behavior is clearly exhibited in all samples down to the superconduct-
ing transition at Tc = 92K and 82K for the tube and rod respectively. It is well
known that largest Tc values are observed for an optimal oxygen content value (�)
in Bi2Sr2CaCu2O8+� [18,64]. Under the same synthesis conditions, the tube exhibits
a more optimized oxygenation state than the rod, this latter being in an overdoped
state (�tube=0.190 and �rod=0.225). Resistivity curves along X and Z are superim-
posed on the entire temperature range for the tube (Figure 6.5(a)) while resistivity
along Y is markedly smaller in the normal state, with an anisotropic resistivity ratio
⇢MZZ/⇢MY Y around 2.3 and roughly constant from 100K to 300K (Figure 6.6). These
measurements are in good agreement with texture results from which we were ex-
pecting smaller resistivity along Y and similar resistivities along X and Z, due to
ab-plane alignments. We also calculated that above the superconducting transition,
the anisotropic resistive ratio increases with temperature decreases.

ODF-weighted resistivities (Figure 6.7) calculated assuming homogeneous crystal-
lites, perfect grain boundaries (GBs) and pure Bi-2212 phase, are 10 times larger
than the observed ones. This result is opposite to what can be anticipated, as in our
assumptions we have neglected scattering by crystal defects. It is not possible that
the observed less than 20% second phases (if even excellently conducting, which is
not the case) can provide an order of magnitude drop in resistivity. We speculate
that the inconsistency between the measured and calculated resistivities may imply
that the c-axis current plays only a minor role in the overall current flow, which is
predominantly within the well conducting ab planes though the overall path could
be longer. This can be related to the special structure of high-angle grain boundaries
in Bi2212 [142]. Further work is needed to say how relevant are these considerations.
The calculated normal state macroscopic resistivity ratios ⇢M,ODF

ZZ /⇢M,ODF
Y Y are 3.5-5

(depending on temperature), which compares relatively well to the measured ra-
tio of 2.3 indicating that 80% of the resistive anisotropy is due to textural effects.
Within the model of current flow only within the ab planes, the effect of texture on
resistivity consists in controlling the length of conduction path.
Since resistivity can vary with oxygen content and single crystal data are available
for different values of oxygen content, the ⇢M,ODF

XX , ⇢M,ODF
Y Y , and ⇢M,ODF

ZZ values were
calculated in the range 100K-300K for oxygen content in the range 8.214 to 8.220. It
resulted that, for a given direction, simulated macroscopic values increase for lower
oxygen contents and larger temperatures whatever the oxygen content. More im-
portantly, for a given normal-state temperature, ⇢M,ODF

ZZ /⇢M,ODF
Y Y is not significantly

modified whatever the single crystal resistive data for this oxygen content range.
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Proceeding identically with the rod sample a similar metallic behavior is observed
along the Y and Z directions. However, due to the lower texture strength and the
presence of more texture components in this sample, Y- and Z-resistivities measured
in the rod are exhibiting much less anisotropy than in the tube specimen, with a
⇢MZZ/⇢MY Y ratio of 1.11 only at 300K. This anisotropy ratio is also roughly con-
stant in the probed normal-state temperature range. Normal state ODF-weighted
macroscopic resistivities are still larger than effective measured values (for the same
reasons), but the deviation of ⇢M,ODF

ZZ /⇢M,ODF
Y Y is half the one for the tube sample.

This again points for the influence of grain boundaries effects (neglected in the cal-
culations), which have been averaged out for the weaker texture strength of the rod.
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Figure 6.5 – Temperature dependence of resistivity measured on bars cut
from (a) tube and (b) rod from 70K to 300K. Insets represent
bar orientations in raw materials.
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Figure 6.6 – Macroscopic resistivities ratio for the tube and the rod at dif-
ferent temperatures.

Figure 6.7 – Macroscopic resistivities calculated in X, Y and Z directions,
and measured resistivities for tube and rod samples at different
temperatures for single crystal oxygen content 8+0.22.
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These two case samples help appreciating the effect of crystallographic orientation
strengths on the resulting conductive properties of the Bi-2212 phase. In strongly
oriented samples, even a weak intrinsic, single crystal resistivity anisotropy, is able
to provide the sample usable properties in some given directions. However in such
melt-cast processed samples the orientation densities cannot be larger than typically
10 m.r.d.. Hopefully, Bi-2212 exhibits intrinsically anisotropies as large as 104, which
compensate for the low texture strength, even close to randomly oriented samples
(which would exhibit orientation densities of 1 m.r.d.). In order to better estimate
this combination between texture strength and tensor anisotropy, we have simulated
a single <001>-fiber texture component for the Bi-2212 phase, i.e. with c-axes aligned
along Z, using a Gaussian distribution component in the orientation space. The
corresponding {0010} pole figures for increasing full widths of the Gaussian (Figure
6.8) display a strong decrease of the maximum orientation density from 350 m.r.d.
to 1.35 m.r.d. For each texture simulation, we calculated the resulting resistivity
tensor calculation. Figure 6.8 illustrates the decrease in anisotropic resistivity ratio
with temperature and Gaussian’s FWHM. The large single crystal anisotropic ratio
(104-105) decreases by a factor of 10 with only a 10○ of dispersion. Larger dispersions
up to 140○ reduce this anisotropic ratio to 2, close to values observed in the tube
and rod samples. However, for smaller texture strengths, the anisotropy decrease is
less sensitive to the FWHM, since at low orientation levels, further randomization of
conducting planes does not modify significantly carrier paths. Consequently, thanks
to very high resistive anisotropy of Bi-2212 single crystals, melt-cast bulks are still
exhibiting comparatively strong anisotropies of their resistivity, favorable to good
current transport in the normal state.
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Figure 6.8 – Temperature dependence of the anisotropic resistivity ratio of
the Bi-2212 phase for simulated fiber textures with varying
Gaussian full-widths and their comparison to melt-cast sam-
ples.

6.4 Conclusion

We studied the correlation between crystallographic orientation strength and macro-
scopic anisotropic resistivity ratio in Bi-2212 melt-casted bulk materials with various
textures. Quantitative texture analysis provides the way for the calculation of ODF-
weighted tensor homogenization using the geometric mean approach from single crys-
tal resistivity data. We showed that small anisotropy ratio in melt-cast Bi-2212 bulks
are the consequence of the weak textures achieved in such compounds, with max-
ima of orientation distributions not higher than 10 m.r.d.. Calculated anisotropic
resistivity ratio and measured values compare well. Larger texture strengths would
benefit more optimized properties, but the very large single crystal anisotropy partly
compensates the low texture strengths and results in melt-cast samples with rea-
sonably good conductive paths compared to other Bi-2212 bulk elaboration ways.



General conclusion and perspectives

Conclusion sections have been included in Chapters 3 to 6 and the experimental
results are summarized there. In this general conclusion, we want to provide an
overview of our most important results in the context of both previous and future
work.

This thesis was part of the international program IDS FunMAT and results from
a collaboration between University of Caen, University of Liege and Nexans Su-
perConductors Gmbh. The superconducting Bi-2212 bulk samples manufactured
at Nexans Superconductors are known to achieve excellent performances despite a
synthesis process which does not result in strongly textured materials: tubes and
rods reach self-field current densities Jc ∼ 1-2 kA/cm2 at 77 K (∼100 kA/cm2 at 5
K). Although these Jc values are three orders of magnitude smaller than in coated
conductors, the engineering current densities are only a factor of 5 to 10 smaller.

Investigating these bulk samples is not an easy task because the melt-cast processing
procedure results in the presence of several second phases with a range of inclusion
sizes (up to 100µm), the probable existence of Bi-2201 intergrowths in the Bi-2212
phase, a significant porosity in some parts of the samples,etc. Besides, the tem-
perature gradient during cooling means that the oxygenation, microstructure and
texture of the final material are expected to vary across the sample thickness. Over
the years, researchers at Nexans Superconductors have gathered a lot of knowledge
about the properties of these Bi-2212 bulk materials. However, a full characteriza-
tion of texture had never been done since texture had always been studied using a
preferred orientation index deduced from a single X-ray diffraction pattern with the
March-Dollase approach. It was therefore decided that the first aim of this thesis
should be to carry out a complete characterization of the texture to confirm the
preferential orientation studies made at Nexans.

133
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During this thesis, quantitative texture analysis of Bi-2212 bulks has been performed
at different scales, using X-ray diffraction to probe surface layers and neutron diffrac-
tion to probe the bulk volume of the samples. The principal samples investigated
in the thesis were a tube with outer/inner diameter of 50/35mm and a few rods
with 8mm diameter. The X-ray diffraction data were collected with a dedicated
X-ray texture diffractometer at CRISMAT (Caen). The neutron diffraction data
were obtained during two sessions at Institut Laue Langevin (Grenoble): the first,
exploratory session of 2 days on the D19 beamline took place two months after
the beginning the thesis project; we were awarded a second session to characterize
a small selection of samples on the D1B beamline at the beginning of the second
year of the thesis (before the long shut-down of ILL in 2013-2014). In both cases,
we had to find a compromise between the acquisition time (and signal to noise ra-
tio) and the number of samples we could characterize during the allocated beamtime.

The texture experiments prove that all samples are weakly textured with maxima
below 10 m.r.d. whatever the instrument employed. The main component of texture
in the tube and rods are compatible with the ones proposed by M.O. Rikel at Nexans
Superconductors, with ab-planes parallel to the radial direction. Nevertheless, we
were able to evidence other minor texture components, such as a <001>-fiber texture
in the tube that seems to occur mainly close to the outer and inner surfaces of the
tube instead of at the center of the tube wall. Generally speaking, some differences
in texture between X-ray and neutron experiments suggest that local texture dif-
fers from macroscopic texture. We conclude that the preferred orientation index
determined at Nexans Superconductors using single ✓−2✓ patterns gives only a par-
tial view of the texture but, fortunately, the main texture components in the tube
and rods correspond to favourable cases where it can be detected by this approach.
This is obviously good news since neither the X-ray texture diffractometer (due to
limitations in (�, ') range as a consequence of defocussing) nor the neutron beam-
lines (due to beamtime allocation limitations) qualify as a routine characterization
method. However, verification by full texture characterization would be essential in
case of significant modifications to the synthesis procedure.

As explained above, the texture results reported in the thesis provide the answer
to the question that was at the origin of the project. However, if future work is
engaged into along these lines, it might be worth trying to further improve the qual-
ity of the structural model used for the Rietveld refinements during the full texture
analysis. It should be stressed beforehand that attempting to solve the issues dis-
cussed hereafter would represent a very considerable work, very likely resulting in
comparatively minor modifications of the conclusions. The initial structural model
used during this thesis was built from structural data available in crystallographic
databases; this means that the cationic ratios do not fit exactly with the experimen-
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tal ones (which might even vary inside the probed volume of the sample). Besides,
not all second phases could be identified and/or included in the refinements (in some
cases due to limits in computing capabilities). Another point is the possible presence
of Bi-2201 intergrowths, which we could not detect but are known to cause broad-
ening of the diffracting reflections. The occurrence of modulations in the Bi-2212
phase was considered at the beginning of the thesis but no evidence was found from
the available diffraction data. Considering the coexistence of several phases, the res-
olution and the signal-to-noise ratio of the experimental data, refining parameters
such as cationic occupations is not a valid possibility and would result in widely
unreliable refined parameters. Information would need to be obtained from other
sources, such as high resolution EDX mapping. However, due to the inhomogeneity
and various gradients in the samples, the microscopic characterizations would need
to be performed on extended zones from different parts of the samples.

Having demonstrated that the Bi-2212 melt-cast processed samples are textured,
even if texture strength is weak, it was logical to investigate how the physical prop-
erties might be affected by texture. Resistivity and magnetization as a function of
temperature were measured along the three main directions of the tube. Magneti-
zation is not much affected by the direction of measurement, contrary to the normal
state electrical resistivity which displays a ratio of 2.3 between the resistivity along
the tube axis and the resistivity along the radial direction. These observations are
qualitatively consistent with the texture results and a quantitative study based on
the geometric mean approach of the anisotropic resistivity tensor was carried out to
compare the experimental data with values calculated from the measured orienta-
tion function combined with literature single crystal data. It turns out that, despite
the weak texture, a large fraction of the observed resistivity anisotropy in the tube
is explained by texture effects, because of the very strong anisotropy between the
resistivity along the c-axis and the resistivity in the ab planes. However, the fact
that the measured resistivities are lower than the calculated ones suggests that one
or several of the necessary assumptions adopted for the calculation (Bi-2212 pure
phase, no seconds phases, perfect grain boundaries) are not fulfilled; since one of
these assumptions is that of perfect grain boundaries, this points to possible effects
linked to conduction mechanisms at grain boundaries. Again, extensive microscopic
investigations are clearly called for but our attempts to study texture and orienta-
tion relationships at the microscopic scale by Electron Back-Scattering Diffraction
(EBSD) were impeded by our inability to obtain adequately polished samples, al-
though other groups seem to have been more successful.
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Another point investigated in this thesis concerns the inhomogeneity that exists
across the tube wall or rod radius due to the temperature gradient during the cool-
ing of the samples. This inhomogeneity was detected in the texture results, with
different minor texture components in the outer, center and inner samples cut at
different depths in the tube wall. The difference in resistivities (measured along the
direction parallel to the tube axis) were smaller than the ones observed between the
measurements along different tube directions. In order to obtain a more precise view
of the evolution of texture across the tube wall, we submitted a proposal to ESRF
to determine the texture profile by collecting data every 250 µm with the ID15A
beamline. The proposal was not selected but could be resubmitted in the future.

Texture is not the only parameter that can influence the physical properties of the
superconducting samples. Another important parameter is the oxygen content and
it seemed important to study samples with similar texture but different oxygen con-
tent. The control of the oxygenation process was indeed one of the ongoing projects
at Nexans Superconductors R&D center at the time this thesis started. They suc-
ceeded in producing optimal 5mm diameter rod samples with a wide range of oxygen
content during the last year of this thesis. Due to the long closure of ILL and the
delay involved in the proposal system, the texture of these samples was not char-
acterized with neutrons, but the resistivity vs. temperature and magnetization vs.
magnetic field were collected for a series of 13 samples. The dependence of Tc as a
function of oxygen content follows a bell-shaped curve, confirming literature results
for other superconducting samples. The critical current density is also influenced
by the oxygen content; interestingly, the maximum Jc is not obtained for the same
oxygen content as the maximum Tc.

At the end of this 3-year project, the original basic questions regarding the full
texture vs. March-Dollase controversy have been answered but the topic of texture
at different scales is obviously far from exhausted. The next priority should probably
be set on studies at a more microscopic level, whose results might allow to go deeper
in the analysis of the results in this thesis, and guide further investigations within
a truly "Combined Analysis" approach.



Annexe 1 | COD-2212

COD data 1000285

chemical name systematic Dibismuth distrontium calcium dicopper oxide

chemical formula structural ’Bi2 Sr2 Ca Cu2 O8’

chemical formula sum ’Bi2 Ca Cu2 O8 Sr2’

publ section title Electron microscopy study of the superconductor

"Bi2 Sr2 Ca Cu2 O8"

publ author name Hervieu, M, Michel, C, Domenges, B,

Laligant, Y, Lebail, A, Ferey, G, Raveau, B

journal name full ’Modern Physics Letters B’

journal coden ASTM MPLBET

journal volume 2

journal year 1988

journal page first 491

journal page last 500

cell length a 5.4054

cell length b 5.4016

cell length c 30.7152

cell angle alpha 90

cell angle beta 90

cell angle gamma 90

cell volume 896.8

cell formula units Z 4

symmetry space group name H-M ’A m a a’

symmetry Int Tables number 66

symmetry cell setting orthorhombic
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symmetry equiv pos as x,y,z ’x,y,z’
’x,-y,-z’
’1/2-x,y,-z’
’1/2-x,-y,z’
’-x,-y,-z’
’-x,y,z’
’1/2+x,-y,z’
’1/2+x,y,-z’
’x,1/2+y,1/2+z’
’x,1/2-y,1/2-z’
’1/2-x,1/2+y,1/2-z’
’1/2-x,1/2-y,1/2+z’
’-x,1/2-y,1/2-z’
’-x,1/2+y,1/2+z’
’1/2+x,1/2-y,1/2+z’
’1/2+x,1/2+y,1/2-z’
atom type symbol atom type oxidation number

Bi3+ 3.000

Sr2+ 2.000

Cu2+ 2.000

Ca2+ 2.000

O2- -2.000

site site type site Wyckoff site fract x site fract y site fract z site occupancy

label symbol multiplicity symbol

Bi1 Bi3+ 16 m 0.052(3) 0.2745(7) 0.0524(2) 0.5

Sr1 Sr2+ 8 l 0 0.75 0.3597(4) 1

Cu1 Cu2+ 8 l 0.5 0.75 0.3033(6) 1

Ca1 Ca2+ 4 f 0.5 0.25 0.25 1

O1 O2- 8 h 0.75 0 0.201(5) 1

O2 O2- 8 h 0.25 0.5 0.201(5) 1

O3 O2- 8 l 0 0.25 0.385(2) 1

O4 O2- 8 l 0.5 0.27 0.0524 1

atom site label U 11 U 12 U 13 U 22 U 23 U 33

Bi1 0.054 0 0 0.008 0 0.033

Sr1 0.095 0 0 0.01 0 0.068

Cu1 0 0 0 0 0 0.096

Ca1 0.099 0 0 0.03 0 0.158



Annexe 2 | List of Bi-2212 reflections

2✓ position 2✓ position 2✓ position

h k l d (�Cu=1.5406Å) (�D1B=2.5249Å) (�D19=1.4510Å)

0 0 2 15.36 5.75 9.43 5.41

0 0 4 7.68 11.51 18.92 10.84

0 1 1 5.32 16.64 27.44 15.67

0 0 6 5.12 17.30 28.54 16.29

0 1 3 4.78 18.55 30.63 17.46

0 1 5 4.06 21.88 36.25 20.60

0 0 8 3.84 23.14 38.38 21.78

1 1 1 3.79 23.43 38.88 22.05

1 1 3 3.58 24.84 41.28 23.38

0 1 7 3.41 26.13 43.50 24.59

1 1 5 3.24 27.46 45.78 25.83

0 0 10 3.07 29.04 48.52 27.31

0 1 9 2.89 30.96 51.88 29.12

1 1 7 2.88 31.00 51.95 29.15

2 0 0 2.70 33.11 55.67 31.13

0 2 0 2.70 33.13 55.71 31.15

2 0 2 2.66 33.63 56.60 31.62

0 2 2 2.66 33.65 56.64 31.64

0 0 12 2.56 35.01 59.08 32.92

2 0 4 2.55 35.16 59.34 33.05

0 2 4 2.55 35.18 59.38 33.08

1 1 9 2.55 35.22 59.45 33.11

0 1 11 2.48 36.17 61.16 34.00

139



140 Annexe 2 | List of Bi-2212 reflections

2✓ position 2✓ position 2✓ position

h k l d (�Cu=1.5406Å) (�D1B=2.5249Å) (�D19=1.4510Å)

2 1 1 2.41 37.27 63.17 35.03

2 0 6 2.39 37.59 63.74 35.33

0 2 6 2.39 37.61 63.78 35.35

1 2 2 2.39 37.64 63.84 35.38

2 1 3 2.35 38.21 64.89 35.91

1 2 4 2.30 39.04 66.40 36.68

1 1 11 2.25 39.94 68.08 37.53

2 1 5 2.25 40.04 68.26 37.62

2 0 8 2.21 40.78 69.64 38.31

0 2 8 2.21 40.80 69.68 38.33

0 0 14 2.19 41.09 70.23 38.61

1 2 6 2.18 41.27 70.56 38.77

0 1 13 2.16 41.67 71.32 39.15

2 1 7 2.12 42.66 73.18 40.07

1 2 8 2.04 44.24 76.22 41.55

2 0 10 2.03 44.60 76.92 41.88

0 2 10 2.03 44.62 76.95 41.90

1 1 13 2.01 45.06 77.80 42.31

2 1 9 1.97 45.96 79.55 43.14

0 0 16 1.92 47.29 82.20 44.39

0 1 15 1.91 47.43 82.46 44.51

2 2 0 1.91 47.54 82.69 44.62

1 2 10 1.90 47.84 83.30 44.90

2 2 2 1.90 47.93 83.47 44.98

2 0 12 1.86 48.95 85.54 45.94

0 2 12 1.86 48.97 85.57 45.95

2 2 4 1.85 49.08 85.80 46.06

2 1 11 1.83 49.84 87.35 46.76

Table 6.1 – List of some Bi-2212 reflections and their 2✓ angular positions
for the Cu, D1B, and D19 wavelengths
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