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Chapter 1: Introduction

1.1 Superconductor: Historical developments and basic properties

A current that passes through a metal or an alloy dissipates due to resistive path.
The resistance can be due to atomic vibrations or impurities in the material that
scatter the electron path and subsequently dissipate the current. On cooling a
material to lower temperatures, its electrical resistivity (p) decreases with
temperature, the atomic vibration freezes till the resistivity reaches residual
resistivity (po) at absolute Zero. The existing impurities in the materials, At
temperatures zero Kelvin, primarily contribute to residual resistivity. The
resistivity of any material can be given as

p =  pot p( (1)

A superconductor 1s a material that ensures a resistance-less path to electrons by
offering zero resistance. The first superconductor, in 1911, was discovered by
Professor Heike Kamerlingh Onnes, who noticed that the electrical resistance of
Mercury (Hg) abruptly vanishes at a temperature around 4.2 K [1]. After the
liquefaction of Helium (He) gas at his Leiden laboratory in 1908, resistivity
studies at such low temperatures became feasible.

He used superconductivity to describe the phenomenon when a material loses
resistance below a particular temperature, called critical transition temperature.
The critical transition temperature (T.) is one of the three working conditions
below which the material becomes superconducting. After discoevring
superconductivity in Mercury (Hg) at 4.2 K, he determined the resistivity of other
metals, such as Tin (Sn) and Lead (Pb), at lower temperatures and confirmed that
they are also superconducting with T, values of 3.7 K and 7.2 K, respectively [2].

The sole known characteristic property of superconductors was zero resistance
till 1932. After 22 years of discovering superconductivity in 1933, Walter
Meissner and Robert Ochsenfeld discovered that superconductors exhibit perfect
diamagnetism when cooled below T.[3]. In the superconducting state, a surface
current is generated on the superconductor's surface to oppose the applied
magnetic field, leading to the total expulsion of the magnetic field (B) from within
the superconductor. This was called the Meissner effect. The critical field (H,) is
the field below which a superconductor continues to be in its superconducting
state and is the second working condition.

So, the two basic properties of a superconductor are



1) Zero resistance
2) Meissner effect (B=0, inside)

Neon-superconductor

Resistance

Superconductor

Temperature

Figure 1.1: Temperature dependence of resistance for a non-superconducting and
superconducting material.

The first model to explain superconductivity in materials is the two-fluid model
proposed in the year 1934, by C. J. Gorter and H. Casimir [4] . According to this
model, the electrons in a superconducting material are composed of normal and
superconducting electrons. Below T, the fraction of normal electrons starts to
decrease. This model was an ad-hoc model since it had no basis for the
assumptions proposed.

The London brothers devised the London equations in 1935 to describe the
electrodynamics of a superconductor in applied magnetic fields [5]. The two-fluid
model's presumption quantifies the Meissner effect.

They also demonstrated that the magnetic field within the superconductor decays
exponentially, and the distance from the superconductor's surface at which the
magnetic field drops to 1/e times its value at the surface is known as London's
penetration depth (AL). London’s equations (2- 3) are given below,



dj _ m
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Where J= current density, m= mass of electron, ny = superconducting electron
density, E= electric field, B(x)= flux density of applied field at x distance from
the surface, B, = flux density of applied field at the surface,

In 1950, Lev Landau and Vitaly Lazarevich Ginzburg developed a new
phenomenological (GL) theory for explaining superconductivity in materials [6].
The GL theory extends the earlier London theory by introducing a complex-
valued order parameter (y), which accurately describes the behavior of the
superconducting electron density (ns).

In 1953, Alfred Brian Pippard modified London’s theory and introduced a
parameter called “Coherence Length (§)”. Coherence length is the length over
which the superconducting electron density ngchanges appreciably [7].

A study in 1957 by Alexei Alexeyevich Abrikosov discussed the mixed state in
superconductors [8]. The vortex structure was foreseen using GL theory. His idea
defined the Type-I and Type-II subcategories of superconductors. The ratio of
penetration depth to coherence length, or the GL parameter (k= A/ &), was
described by him. Superconductors are categorized as Type-I or Type-II
depending on the value of x, whether x is more than or less than 0.707,
respectively.

John Bardeen, Leon Cooper, and John Robert Schrieffer (BCS) reported the first
microscopic quantum theory of superconductivity in 1957 [9]. According to BCS
theory, superconductivity arises from the interaction between two electrons of
opposite spin (Cooper pair) and atomic vibrations (phonons).

A phonon mediates an interaction between electron pairs. The local lattice is
distorted as a negatively charged electron passes through a lattice of the nuclei of
positive ions. Around it, there is a higher density of positive charge. The Cooper
pair is created when an additional electron, passing near the lattice, is drawn to
this charge distortion. Therefore, by the phonon interaction, the electrons are
indirectly drawn to one another and form a Cooper pair.



In simple terms, superconductivity is created by a Cooper pair having wave

vectors of opposite sign, K * and K , but of the same magnitude, such that K. =

0, which gives rise to the electron pair's infinite wavelength. This means that the
lattice will not scatter the Cooper pair; thus, it does not experience any resistance
as it passes through the material.

The formation of a coherent superposition of these Cooper pairs into a condensate
state results in an energy gap in the excitation spectrum, which prevents electron
scattering and contributes to the superconducting state or zero resistivity.

The superconducting band gap A(0) derived by BCS theory, is
A(0)=1.75 KgT. ()
Where Kg= Boltzmann constant.

In 1962, British physicist Brian David Josephson predicted that a cooper pair
(superconducting electrons) could cross an insulating barrier between two
superconducting layers without losing momentum [10]. The insulating junction
between two superconducting regions is called the Josephson junction. Later, this
phenomenon was verified experimentally.

The significant discovery of high-temperature superconductivity came in 1986
when superconductivity was discovered in metallic oxide for the first time.
Johannes Georg Bednorz and Karl Alexander Muller discovered
superconductivity in the La-Ba-Cu-O system with T, around 35 K [11]. The name
"cuprates" was assigned to this group of superconductors that contain CuO, layers
within their unit cells. It was the beginning of High T, Superconductivity.

In the year after, 1987, Maw-Kuen Wu and Chu-Ching Wu found
superconductivity in Y-Ba-Cu-O, having T, = 93 K, above the boiling point of
liquid nitrogen temperature [12].

Hiroshi Maeda and his colleagues at the National Research Institute for Metals in
Japan subsequently identified superconductivity in the Bi-Sr-Ca-Cu-O compound
(without any rare earth) in 1988, having T, around 110 K [13]. The highest T,
(164 K), attained under the pressure of 30 GPa, is found in Hg-based
superconductors [14].

In March 2001, Nagamatsu et al. discovered a new type of superconductor, MgB,,
with a T.=39 K. MgB, is a layered, structured, conventional superconductor [15].



In 2008, Kamihara et al. observed superconductivity in LaFeAsO,.xFex with a T,
of 26 K [16]. Generally, the substances with strong magnetic moments were
detrimental to superconductivity. However, the discovery of superconductors
made of iron caught the scientific community by surprise. Fig. 1.2 displays the T,
and the year of superconductor discovery.

Newly discovered hydride superconductors (H,S, LaH;¢) exhibit
superconductivity near room temperature under high pressure conditions [17,18].

250 - Conventional Superconductors LaH,, 851 GPa)

B
| | @ Cuprate superconductors
Iron based superconductors H,S (200 GPa)

200 o Hydride Superconductors ?

150 - Hg,Ba,Ca,Cu,O
g leBa2Ca2Cu361o 202 2
(3 Bi,Sr,Ca,Cu.0,,
-~ Boiling point of LN,, (77 K) YBa,Cu,0
100 |- 2 2> Y3y
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e o e e ¢ ¢ o o ¢ o o o - o - - - o
50 | LaBaCuO MgB, CeFeAsO, Fe
i NbNNb3Sn Nb3Ge . H ?_a1FxKAxF(e)AS|2:
Hg Pb Ngju?c m B ] aFeAsO, Fe
0 # | L | . 1 2 | . 1 R | 2
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Figure 1.2: Critical temperature and discovering time for various superconductors
[19].

The Critical temperature (T.) is more intrinsic to a superconducting compound's
chemical composition and structure. In contrast, the critical current density (J.)
and critical magnetic fields (H.) are affected by microstructure and homogeneity.
In searching for High T, superconductors, Maeda et al. [13] discovered the Bi-St-
Ca-Cu-O superconducting compound at the National Research Institute for
Metals in Japan.

1.2 Type-I and Type-II superconductors



All type I superconductors completely expel the magnetic field, below a certain
applied magnetic field known as the critical field (H.). However, in the Type II
category, when a superconductor is subjected to a magnetic field, the free energy
diminishes, causing the generation of normal regions and superconducting
regions in a hexagonal pattern. This state is called a mixed state or vortex state.

In the mixed state, the magnetic flux enters partially, in quantized units inside a
superconductor, forming cylindrical domains called vortices. So, the
superconducting material in a mixed state is a mixture of normal and
superconducting regions.

In the Type II category, there are two critical magnetic fields, He; and He,. When
the applied magnetic field is below H.;, the material behaves as a perfect
diamagnetic material. When the applied field exceeds H.;, the material goes into
a mixed state until it reaches He,. When the field is applied beyond Hc;, the
superconducting material becomes normal. The critical fields (H¢, Hei, and He,)
are shown in Fig. 1.3.

Like H. and T, a third critical parameter exists called critical current density (J.).
If the current density passing through a superconductor exceeds J., the
superconductor will become normal. These three parameters define a critical
surface for a superconductor. Within this surface, the material acts as a
superconductor, but if any one of the three parameters exceeds its limit, the
material becomes normal.

Type I superconductor

N Type II superconductor

Superconducting
state

| Mixed state %

Normal state

H He
/




Figure 1.3: Magnetization curve for type I and type II superconductors showing
various critical fields [20].

All elemental superconductors like Hg, Pb, Sn, etc., are type I superconductors,
whereas all alloys like NbsGe, MgB,, YBa;Cu3;075, BSCCO, Iron-based
SmFeAsO,<Fx materials are type II superconductors.

1.3 Applications of Superconductors

Significant progress has been made in several fields because of the unique
physical properties of superconductors. In many applications, superconducting
materials can replace conventional materials and offer better performance.
However, superconducting technology is often essential for achieving the
necessary performance in various industries. Using superconducting components
enables instruments and devices to be smaller and lighter than those made with
conventional methods, which is especially important in areas like space
applications.

The most common uses of superconductors are in power distribution (Cables,
Transformers, Current leads, Fault current limiters, Motors), power generation
and storage (Generators, Superconducting magnetic storage systems), magnets
(Nuclear magnetic resonance (NMR), Magnetic resonance images (MRI), Fusion
reactors, Particle accelerators, High field magnets), High field magnets for
separation and shielding, Sensors, Magnetic levitation, and space applications
[21].

1.4 Magnetization of type II superconductors:

The H., value for type I superconductors is very high, which makes them more
useful for practical applications. All superconductors are diamagnetic when they
are superconducting. Hence, a shielding current is generated on the surface in
response to applying a field to expel that field. The shielding current will flow
when the field is non-zero in type II superconductors. According to Maxwell’s 4™
equation.

VXB = . (6)

The magnetic moment induced by this shielding current is given by m = [ MdV,
where M is the magnetization, magnetic moment (m2) per unit volume, and dV is
the volume element. A typical MH loop for a type II superconductor is shown in
Fig. 4. For a type II superconductor, at low magnetic fields, the M-H curve
follows the same path regardless of whether the magnetic field is being increased
or decreased. However, as the magnetic field increases, vortices within the



superconductor start to interact and pin to defects in the material, leading to
hysteresis and irreversible behavior. The field beyond which magnetization is
reversible is known as an irreversible field (Bir).

15

B(T)
Figure 1.4: Typical MH loop for a BSCCO superconductor

1.4.1 Critical current density

Field dependence of magnetization data is used to determine the critical current
density of a superconductor. Several models, like the Beans [22], Anderson and
Kim model [23], compute critical current density from magnetization. The critical
state model, or Bean’s model [22], is the simplest and most widely used. The
relation gives the critical current density for a sample with a rectangular cross-
section.

20 AM

Je = @)

a(1-35)

Where AM is the difference in magnetization, a, b are the sides of the rectangular
section, with a <b.



As shown in the MH loop, the AM decreases with the field, which impacts the J.
at higher fields. The dissipation of J. due to normal area is brought on by the
field's penetration into the superconductor at the field above Hc;. This dissipation
results from the action of the Lorentz force on the flux lines.

Due to Lorentz's force, fluxons move from their position in a direction
perpendicular to the current flow. Flux pinning prevents the motion of vortices
within the superconductor, which helps maintain constant J. under varying
magnetic fields.

1.4.2 Pinning force density:

Flux pinning force density (F,) 1s defined as the force density required to pin flux
lines at a particular point, and F;, is equal to and opposite to the Lorentz force and
is given by

F,=J.XB ®

Local inhomogeneity caused by impurities, stacking faults, oxygen deficiency,
grain boundaries, lattice substitution, and voids in the superconducting material
can cause-pinning. These defects are called pinning centers. The intergranular
coupling influences the critical current density in a superconductor. Weak pinning
and breaking down of intergranular coupling at higher fields causes a sharp drop
in J.[24,25].

Superconducting material should be designed with intergranular coupling and
exhibit enough mechanical strength for real-scale applications. Intergranular
coupling can be improved by optimizing processing conditions, and strong
pinning can be achieved by introducing submicron-sized pinning centers in the
materials as the vortices get pinned to these inclusions. The strongest pinning is
achieved when the size of the pinning centers is of the order of the coherence
length of the Cooper pair. The density of pinning centers should be optimum, as
at a high density of pinning centers, the superconducting fraction will reduce.
Defects to improve flux pinning in the superconducting matrix can be introduced
by different methods.

a) Optimizing the conditions for heat and mechanical treatments to introduce
lattice defects or to form fine-grained material with high surface defects.

b) Exposing the superconducting material to heavy ion radiation will create
columnar non-superconducting channels in linear defects.

c) Secondary phases are added to the superconducting matrix to generate
nanometer-size defects.



Among the three methods discussed above, the secondary phase addition method
1s widely used to tune the flux pinning in superconductors.

1.5 Bi-Sr-Ca-Cu-O Superconductors

Bismuth  strontium calcium copper oxide (Bi-Sr-Ca-Cu-O/BSCCO)
superconductors are a family of superconductors having generalized chemical
formula Bi,Sr,Ca,. 1 CuyOoniars. BSCCO is  the first high-temperature
superconductor without any rare earth element. BSCCO superconductors, after
their discovery, gave a new direction to high-temperature superconductivity.
BSCCO superconductors are one of the most studied superconductors.

There are three superconducting compounds in the BSCCO family: they are
Bi1,Sr,CuOg:5 (n= 1, denoted as Bi2201) having T, around 20 K, Bi,Sr,CaCu,0Os.s
(n=2, denoted as Bi 2212) having T, around 85 K and B1,Sr,Ca;Cu30;¢+ 5 (n=3,
denoted as Bi 2223) having T, around 85 K. Bi1 2212 and Bi 2223 have T, above
the boiling point of liquid nitrogen, that makes them more useful for various
practical applications.

All cuprate superconductors have perovskite-layered crystal structure. BSCCO
superconductors have a similar crystal structure; the only difference being the
number of CuO; planes in the unit cell. There are four main building blocks of
the crystal structure: (1) BiO plane, (2) SrO plane, (3) Ca plane, and (4) CuO;
plane. The BiO and SrO planes work as the charge reservoir. The crystal structure
of BSCCO superconductors can be seen as CuO; planes stacked with Ca planes
and BiO planes sandwiched between SrO planes. For n>1, all members have
CuO; planes separated by Ca atoms and covered by SrO planes in the Z-direction
[26].

BSCCO superconductors exhibit multi-element complex phase diagrams and are
highly sensitive to synthesis methods and processing conditions. The temperature
range for single-phase formation, particularly for Bi 2223, is extremely narrow,
making synthesis quite challenging [27].

1.5.1 BizSr2CuQg crystal structure:

Bi,S1,CuOg: 5 (Bi2201) superconductor has T, around 20 K. It has one CuO, layer
sandwiched between SrO plane and a BiO plane on each side of the crystal
structure. Bi 2201 has an orthorhombic crystal structure with lattice parameters:
a=5.36 A, b=5.37 A, and c= 24.37 A[28]. The crystal structure for Bi 2201 is
shown in Fig. 1.5.
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Figure 1.5: Crystal structures of Bi 2201, Bi1 2212, and Bi 2223 Superconductors
[29].

1.5.2 BixSr2CaCu;0s-+ 5 crystal structure:

Bi,Sr,CaCuy0s: 5 (Bi 2212) has T, around 85 K, and it is used for various
applications. It has two CuO; planes separated by a Ca atom sandwiched between
SrO plane and a BiO plane on both sides. The Bi 2212 has orthorhombic crystal
structure with cell parameters: a= 5.414 A, b=5.418 A, and c=30.89 A [30]. The
Crystal structure for the Bi 2212 superconductor is shown in Fig. 1.5.

1.5.3 BizSr2Ca2Cu3O1o+ 5 crystal structure:

Bi,Sr,CaCuy010+ 5 (Bi 2223 has T, around 110 K and is widely studied high-
temperature superconductor. It has a similar crystal structure to Bi 2212; the
differences are, one extra layer of CuO; plane and Ca atom in the unit cell. So,

there are three CuO; layers separated by two Ca atoms, sandwiched between two
SrO layers and then a BiO layer on both sides. The Bi 2223 has orthorhombic



crystal structure with lattice parameters: a= 5.39 A, b=5.41 A, and c=37.1 A
[31]. The Crystal structure for the Bi 2223 superconductor is shown in Fig. 1.5.

1.6 YBCO and BSCCO comparison

(Y/RE)Ba;CuszO75 (Y 123) superconductors have T, of 92 K and exhibits a
perovskite crystal structure similar to BSCCO. It is designed to have a
microstructure that supports strong flux pinning, making it suitable for
applications requiring high magnetic fields and high critical current densities. The
flux pinning is attributed to Y,BaCuOs (Y 211), a non-superconducting phase,
found in the YBCO phase diagram. Around 30 vol% of one micron-sized Y 211
particles, distributed uniformly in the Y 123 matrix, are optimum for flux pinning.
Y 211 particles create structural defects at the interfaces with the YBCO matrix
that contribute to flux pinning [32].

Melt growth (MG) [33] and infiltration growth (IG) [34] are two processes used
to fabricate YBCO superconductors with texture by cooling slowly through
peritectic transformation temperature (T,). The IG process 1s favored because it
yields dense and homogeneous materials with better control over the
microstructure and uniform distribution of Y 211 particles. However, for BSCCO
superconductors, no similar process exists, and its phase formation is highly
sensitive to temperature and atmospheric conditions maintained during
processing.

Achieving biaxial texture is essential for enhancing J. in YBCO and is crucial for
the high performance of superconducting devices like wires and tapes [35]. HTSc
wires/tapes are often fabricated using the powder-in-tube (PIT) method [36],
where HTSc powder is filled into a metallic sheath, and is processed to form wires
and then thermally treated. Control of processing parameters, such as temperature
and deformation during wire drawing, are crucial for promoting biaxial texture.
For YBCO, advanced methods such as pulsed laser deposition (PLD) and metal-
organic chemical vapor deposition (MOCVD) are used to deposit thin films of
YBCO on suitable substrates [37], which makes YBCO-coated conductors very
costly as compared to BSCCO-tapes. Although BSCCO wires/tapes are
economical, their utility has remained limited as they exhibit high flux creep.
Much below the upper critical field (Bc;) in HTSc, the rapid decrease in J. on
increasing the magnetic field and temperature is due to flux creep.

To arrest the flux creep in YBCO, defect generation by optimizing processing
conditions and by secondary phase addition is explored and reported in the
literature [38—40]. However, for BSCCO, although there are multiple reports of
secondary phase addition, there has not been as firmly established success, unlike



in the case of YBCO. A detailed literature survey on the secondary phase addition
to BSCCO superconductors is given below.

1.7 Literature Survey on BSCCO and the effect of secondary phase additions

After the discovery of BSCCO superconductors by Maeda et al., various research
groups across the globe started to take an interest in BSCCO superconductors.
Making single-phase Bi 2223 was still a challenge. Due to the narrow formation
window for Bi 2223, Bi 2212, Bi 2201, and other secondary phases are also
formed along with it.

Various groups reported that Pb substitution in place of Bi significantly increases
the Bi 2223 phase. It was reported that the Pb substitution makes the reaction path
advantageous for Bi 2223 phase formation and increases the thermodynamic
stability of the Bi 2223 phase [41,42].

Bulk Bi12223/Bi 2212 superconductors have drawn much interest because of their
high T. and superior superconducting properties. However, their practical uses
have been constrained due to their low J. and poor flux pinning properties.
Researchers have investigated adding secondary phases to the matrix to improve
performance. This literature review gives an overview of the research done to
determine how adding secondary phases affected the bulk superconducting and
flux pinning characteristics.

Various groups attempted Ga addition to Bi 2212 superconductors [43—45]. The
consistent observation was the reduction in the Bi 2212 phase and Tc with
increasing Ga content. Formation of the Ga-containing phase at a high content of
Ga addition was also reported. Awana et al. [44] reported that the lattice parameter
¢ contracts with Ga addition, indicating that Ga substitutes the Cu site. Dimmeso
et al. [45] argued that the sample with the highest Ga content at low temperatures
has better J. due to effective flux pinning by the Ga-containing secondary phase,
whereas Kazin et al. [43] claimed that the inclusion of Ga had no impact on the
flux pinning properties of the Bi 2212 superconductor.

Amira et al. reported that Zn, in addition to Bi 2212 superconductor, deteriorates
superconducting properties. Porosity increases, the T, and Bi 2212 phase reduces,
and Zn substitutes the Cu site [46]. The ¢ parameter reduces, whereas Lovleena
et al. argued that the a and b parameter increases, but there is no appreciable
change in the c parameter [47]. Recently, Mandal et al. reported that the
superconducting properties of Zn-doped Bi,Sr,CaCu, gsZny 150y samples are
better than those of pure Bi 2212 superconductors. The decrease in T, was
consistent like others, but J., F,,, and irreversible field improved after Zn doping
[48].



Superconducting properties of Bi 2212 superconductor are little affected by the
addition of Ag; 30 vol. % Ag addition to Bi 2212 improves the hardness and
fracture toughness, as reported by Singh et al. [49]. However, Madre et al. [50]
reported that Ag addition is ineffective in improving mechanical properties.
However, both reported that T, and J. do not increase much, and the melting onset
decreases with Ag addition. Chen et al. [51] reported that texturing in 10 wt.%
Ag added Bi 2212 samples is increased when melt processed in the high magnetic
field.

Bi 2212 superconductors prepared using spark plasma sintering with potassium
substitution are better than pure Bi 2212 superconductors. Due to similar ionic
radii, K substitutes at the Ca site. Texturing and T, improve with K substitution,
and J. and F, increase. Bulk density is also improved for samples with low conc.
of K substitution[52].

Yu et al. reported that Sb doesn’t enter the Bi 2212 lattice site when doped at low
concentration as the T, remains constant with Sb content. Bi 2212 phase fraction
reduces with the increase of Sb content. The formation of the monoclinic

Bi4Sr4Ca,SbO4 phase was confirmed by TEM analysis [53].

A systematic work on the addition/substitution of RE (rare earth or Y) on Pb
added (B1, Pb),1Sr>Ca; 1Cu,.1(RE),Os:+5 superconductors was reported by Biju et
al. The following are the expected conclusions of their research.

a) The RE substitute to the cationic atom (Bi/Sr/Ca/Cu) has an ionic radius
nearly equal to the RE ion.

b) At low concentrations of RE ion, the superconducting properties improve,
but at higher concentrations, the formation of the secondary phase leads to
deterioration of superconducting properties.

c) The Bi 2212 phase formation is promoted within the solubility limit of RE
ion to Bi 2212.

Bi; 7Pbg.4Sr,Ca; 1NdxCu,, 1 Og5 superconductor shows best properties when x=0.2-
0.3, and when Nd concentration exceeds x= 0.3, the superconducting properties
deteriorate. T, J., and F, improve with Nd addition except for x= 0.5. No Nd
containing the second phase was detected. Infield flux pinning properties were
improved. It was reported that the Nd** ion is substituting to the Bi site due to
their nearly equal radii [54]. Similar results were also reported for Bi; ¢Pbg sSt2«
DyxCa;y; Cu;10s:5. For x= 0.2, the superconductor has the best performance. Tk,
AT, and porosity increase with Dy content. For x= 0.5, the sample has poor
performance. It was also reported that T, and J. don’t depend strongly on the
microstructure. Dy*" ion substitutes to Sr site [55].



Y addition to Bi,Pb 2212 is also effective in enhancing T. and J.. For
Bi; 7Pbg 4Sr;.1Ca;s 1 Y<xCus,1Og+s superconductor, Bi 2212 phase fraction decreases
with increasing Y content. Y*' ion can substitute at Ca/Sr site, depending on the
concentration of Y. Microstructure and intergrain connection deteriorates with Y
content, whereas porosity increases. Transport J. improves at low conc. but
decreases at high conc. of Y addition[56] .

Ce addition to Bi; 7Pby4Sr;1Ca; 1CexCu, 0s:51s found to be effective when the
Ce content is low (<0.2). Ce addition favors the Bi 2212 phase formation, T, and
transport J increases till Ce <0.2. Density and lattice parameter ¢ decreases with
Ce content. Ce is substituted to the Ca/Sr site. Ce addition provides nano defects
that contribute to effective pinning [57]. Sotelo et al. reported that Bi,Sr,Ca;.
xCexCuy08.5 (for x= 0, 0.01, 0.05, 0.1, and 0.25) superconductor’s performance
deteriorates after Ce addition. Although no Ce-containing secondary phase was
formed, the T. and flux pinning energy decreased with Ce content. The

Irreversible field (Bi.) decreases, and the Irreversibility line (IL) shifts to lower
fields [58].

Several groups report Yb addition to the Bi 2212 system. Sarun et al. reported
that B1; 7Pbg 4Sr; sYbg2Ca; 1 Cu, 1055 superconductor shows better properties than
pure Bi 2212. Its T, J, texturing, and flux pinning improve after Yb substitution
[59]. Similar results were also reported by Zhang et al. Additionally, they report
that density is better for Yb-added Bi,Sr,«YbxCa;Cu,0Og.s samples. They attribute
this improvement of superconducting properties to the normal point pinning
provided by the nano defects due to Yb addition [60]. Sotelo et al. reported the
adverse effect of Yb addition on Bi,Sr;Ca;Cu,«YbxOg+s. They reported that T,
and Flux pinning energy decreases with Yb content. The decrease in flux pinning
energy is due to increased weak links among Bi 2212 grains after Yb addition
[61].

MgO addition to Bi 2212 is found to improve superconducting properties to some
extent. At low concentrations, the MgO particles are embedded in Bi 2212 grains,
resulting in improved grain connectivity. No effect on T, was observed, but AT,
and superconducting fraction decreased with MgO content [62].

When MgO particles were added to Bi 2212 by an optimized Nitrated method,
Kazin et al. observed that the Mg, «CusO particles were distributed uniformly
throughout the material matrix. Smaller MgO additions resulted in the formation
and even distribution of Mg;.«CusOy particles in the size range of 0.2 to 0.4
microns in Bi 2212 grains. T, did not alter in any way. They claimed that Mg;.
«CusOy particles help to pin the flux effectively, which improves the J.-B
characteristics. [63].



The effect of MgB, particles addition to Bi 2212 was reported by Vinod et al.
They reported that at critical conc. of MgB,, the J.-B properties improved, and
the irreversibility line shifted to higher field and temperature after MgB, addition.
The layered grain growth got disturbed after MgB, addition. No effect on T, and
no presence of Mg containing secondary phase was reported [64].

Interfacial pinning is improved, and effective flux pinning is ensured throughout
the material by a homogeneous dispersion of nanoparticles throughout the matrix.
Only a few reports of nanoparticles adding to Bi 2212 superconductor are
available. An interesting claim by Wei et al. suggests that nano MgO is
compatible with Bi 2212 up to 20 mol. %. They also reported that no change in
T, and lattice parameters was observed after adding nano MgO. They added both
(20 mol. %), micron and nano size MgO to Bi 2212; not much change in the
magnetic hysteresis was observed for micron-sized MgO added Bi 2212 sample
however, for nano MgO added Bi 2212 samples show larger hysteresis loops at
27 K, this was attributed to enhanced flux pinning by nano MgO addition [65].

Investigations are also conducted on the effects of adding noble metal (Ag, Au)
nanoparticles to the Bi 2212 superconductor. Ag nanoparticle addition is found to
improve intergranular coupling among the grains. An increase of nearly 60% in
J¢ 1s found for the Bi 2212 sample with 0.25 wt.% nano Ag addition. Bulk density
and irreversible field also increase with Ag addition. Change in the
thermodynamic properties due to Ag addition leads to the formation of highly
crystallized grain boundaries of proper thickness that contribute to effective flux
pinning. Analysis of flux pinning reveals that the nature of pinning changes to
surface pinning after Ag addition [66]. However, no change in J. was observed
for nano-Au added Bi 2212 samples. Nano Au addition helps in the crystallization
of the Bi 2212 phase. No appreciable change in the lattice parameters was
observed. T, and AT, decrease with nano Au addition. A slight improvement in J.
for the Bi 2212 sample with the highest amount of nano Au is attributed to
improved effective pinning by Au nanoparticles [67].

MOy (M= Al, Sn, W) nanoparticle addition to Bi 2212 is also reported. Nano
Al,Os addition is found to react with Bi 2212 to form an Al-containing secondary
phase. T, reduces after nano Al,O; addition, but flux pinning improves [68]. Nano
WO; addition to Bi 2212 has a negative effect. W enters the lattice or forms a
secondary phase, suppressing the T, or lowering the Bi 2212 phase content. The
granular morphology of Bi 2212 grain is also affected after nano WO; addition.
Transition width increases, whereas J. decreases with nano WOj3 addition [69].

Table 1.1: Comparison of second phase addition to Bi 2212 reported in literature.



S. No. | Dopant Results Ref.

1 Zn T¢ reduces with Zn. By and F, improve. Zero field J. increases | [48]
from 12 kA/cm? (pure Bi 2212) to 30 kA/cm? at 5 K for Zn
added Bi 2212 sample. No effect on microstructure was
observed. J. falls to zero at higher temperatures.

2 Ag T. (Onset) increases after Ag addition. J. improves slightly (2.2 | [50]
kA/cm? to 2.7 kA/cm?) at 15 K for sample with Ag addition. Bi
2212 grain size also increases after Ag addition. No data on
higher temperatures
3 K T, Jc and F, improve. Zero field J. increases (40 kA/cm? (pure | [52]
Bi 2212) to 125 kA/cm?) at 4.2 K for K added Bi 2212 sample
but drops to zero at 6 T field. Texturing and Bi 2212 grain size
increases after K addition. No data on higher temperatures.

4 MgB: T. is unaffected, J. improves at low conc. (till 0.1 wt.%) and | [64]
then decreases at 64 K. In field performance improves to 0.1
wt.% of MgB: addition. Grain size decreases at higher conc.
No data on higher temperatures.

5 Nano T, was constant, grain coupling improved after nano Ag [66]
Ag addition. Bulk density and grain size also improves after nano
Ag addition. Zero field J. increases (almost double) but
becomes nearly equal at 1 T applied field at 4.2 K and the J.
for all samples nearly vanishes at 6 T.

6 Nano T. decreases with nano WOs3. The J. decreases with WO3 [69]
WOs3 content and becomes zero around 2 T applied field at 10 K.
7 CNT T¢ decreases after adding CNT. CNT added samples possess [70]
better pinning properties. No data on Jc.
8 Nano Te, grain size, J. and F, improve with SiO> content. Zero field | [71]

SiO2 | Jc is better for samples with Si0; but the J. vanishes around 3 T
applied field at 10 K. No data available at high temperatures.

The effect of nano SnO; addition to Na substituted Bi,Sr;.
«(Sn0O,)xCaCu; 75Nag 50y superconductor is found to enhance Bi 2212 phase
content when the SnO; content is low. Nano SnO, doesn’t enter the lattice, but T,
and J. decline with nano SnO, addition [72]. Imran et al. reported that T, and AT,
for Bil ¢Pbg4Sr,CaCu,(Sn0O,)Oy sample doesn’t change when SnO, addition<
2wt.%. Flakiness for Bi 2212 grains increases with nano SnO, addition.
Enhancement of flux pinning and J. (for < 2wt.%) is attributed to nano SnO,
addition [73].

Carbon nanotubes (CNT) addition to Bi 2212 superconductor was reported by
Koblischka et al. CNT can be added to superconductors based on compatibility
as an alternative to columnar defects. CNT addition causes the formation of
secondary phases like (Sr,Ca)CuO, CuO, etc. These phases contribute to flux
pinning if dispersed uniformly in the Bi 2212 matrix. A slight depression in T is



observed for the CNT-added sample, but the pinning properties are improved
[70].

A recent study on Bi 2212 nanofibers doped with nano Si0O; particles suggests
that an appropriate amount of nano SiO, promotes Bi 2212 phase formation. T,
and Bi 2212 grain size increase with nano SiO; addition. Nano SiO; can enhance
grain connectivity, morphology, grain orientation, and structure distortion,
generating pining centers and contributing to effective pinning. The J. improves
with Si0, addition, 0.2 wt.% Si0, added Bi 2212 sample has the highest J. (15
kA/cm? at 10 K). The flux pinning mechanism changes to surface pinning due to
pinning centers generated by nano SiO; addition [71].

Although Bi 2212 is more stable than Bi 2223, elements of the added phase can
go to the lattice and suppress the T or readily react with it to generate a secondary
phase. The added phase may not be compatible with the microstructure as it can
generate cracks or voids. The agglomerated secondary phase in the BSCCO
matrix doesn't always facilitate flux pinning. The addition of a secondary phase,
either nanometer- or micron-sized, to Bi 2223 has been reported in the literature
to enhance several properties.

Bi 2223/ Ag is the most studied system. The effect of Ag addition to Bi 2223
superconductors has a mixed response, as reported by various researchers. Ag
addition enhances the rate of Bi 2223 phase formation, and this rate strongly
depends on the form of Ag additive. At higher conc. (> 25 wt.%) the Bi 2223
phase fraction reduces [74]. Ag addition doesn’t improve superconducting
properties and creates weak links [75]. Dou et al. reported that no effect of Ag
addition on T, J., and lattice parameters was observed when processed in a partial
Oxygen atmosphere. Still, superconducting properties deteriorated when
processed in air [76]. Connectivity among grains improves with Ag addition. Bi
2223 phase fraction increases till 60 wt.% Ag addition. No effect of T, was
observed, as reported by Mastsuhita et al. [77]. Savvides et al. reported that T is
constant, but J. and flux pinning improves with 20-30 wt.% Ag addition to Bi
2223 superconductors [78]. Ag addition provides a plastic flow region that allows
the relaxation of undesirable residual stress from the grain anisotropy of the
superconductor, increasing the mechanical strength for Ag-added Bi 2223
samples. J. improves with Ag addition (10-20 wt.%). No effect on T, was
observed [49].

Ag,0 addition to Bi, Pb 2223 promotes degradation of the high T, phase when
sintered at high temperatures. Platelet-like grain size morphology corresponding
to the Bi 2223 phase increases with Ag,O addition. Ag peaks in the XRD pattern
increase with Ag,O content. No effect on T, was reported [79].



Mishra et al. reported that Nb substitution to both (Bi1, Cu) sites decreases Tc, but
the decrease is much faster in the case of Cu site substitution. Nb substitution
causes a reduction in the Bi 2223 phase and an increase in the Bi 2212 and Bi
2201 phase. Nb substitution on the Cu site has a more drastic effect than the Bi
site [80]. Sozeri et al. reported that Nb addition enhances Bi 2223 phase formation
till x= 0.1 in Bil ¢Pbg4Sr2CarCusNbOy compound. The change in lattice
parameters suggests that the Nb solubility is low (x<0.2). Nb substitutes the Bi
site and improves coupling among grains T, and J [81].

Various groups investigated the effect of adding metal oxides as secondary phases
to Bi 2223 superconductor. Grivel et al. studied the impact of MnO and TiO, on
Bi 2223 separately. The findings of both (MnO and TiO,) addition are nearly
similar, like decreases in T,, formation of secondary phase, and for high conc. (7-
10 wt.%)) of MnO/Ti0, addition, the Bi 2223 phase formation was incomplete.
Not much change in lattice parameters was reported [82,83].

ZnO (0- 50wt.%) addition to Bi1 2223 was studied by Kozuka et al. XRD patterns
show ZnO peaks, but no Zn-containing secondary phase was formed. The solid
solution solubility of Zn is around 2 wt.% for 0-2 wt.% ZnO addition, the J. is
constant but decreases on further increasing ZnO content. Zn ion substitutes to
Cu site. Lattice parameters change (increases, b and c decrease). T. was

unaffected by ZnO addition [84].

An interesting study on the reinforced MgO whiskers to Bi,Pb 2223 composites
was reported by Yuan et al. T, was immune till 20 vol.% MgO whisker addition.
J. decreases with MgO addition due to Bi,Pb 2223 matrix microstructural
changes. An annealing for a longer duration can improve Bi 2223 microstructure
by enhancing grain growth and eliminating grain boundaries. Repeated hot
pressing improved J. for Bi 2223, and MgO whiskers added Bi 2223 composites
by densifying [85].

ZrO, addition to Bi1,Pb 2223 causes decreases in T.. The Bi 2223 phase fraction
also reduces, whereas the Bi 2212 phase fraction increases with ZrO, content.
ZrO; incorporates Bi 2223 without reacting at low concentration [86].

The effect of rare earth ion doping on Bi 2223 superconductors effectively
enhances superconducting properties within their solubility  limit.
Bi1, 3Pbo 35511 9Cas 1 CusGdOy superconductor surface morphology is degraded,
and the grain size decreases after Gd addition. For x>0.3, secondary phases like
Bi 2212 and Ca,PbOy, increased. Gd free sample has more extensive and uniform
grains with better grain alignment. Grain connectivity worsens, and T, and
transport J ¢ decrease with Gd addition. The reduction in superconducting



properties of Gd-added Bi 2223 superconductors is due to a lower fraction of the
high T, phase and changes in the electronic properties of grain boundaries caused
by the presence of Gd ions [87].

At very low conc. Nd addition to Bi; gPbg35Sr.Ca, 1Cus 1NdOy superconductor
enhances self-field J. and flux pinning strength. Pinning force maxima shifts to a
higher field. For x>0.03 Nd, addition results in Bi 2212 and Ca2PbO4 formation.
At high conc. of Nd addition, Bi 2212 is the major phase. No secondary phase
containing Nd was reported. Nd substitutes to the Ca site [88]. Lee et al. reported
that Bi 2223 phase disappeared around x= 0.1 for Bi;g4Pbg34Sri91(Ca;.
«Ndyx)2.03Cus3,10y superconductor. Lattice parameters change (a &b increases, ¢
decreases), and T, reduces with Nd content. The solubility limit of Nd in Bi 2223
1s approximately x<0.015 [89].

XRD peaks corresponding to the Bi 2223 phase start diminishing with increasing
Pr content to B1 ¢Pbg 4S12Car.«Sm,CuzOy superconductor, whereas Bi 2212 phase
peaks increase. Lattice parameters were unchanged, but T, decreases with Pr
addition [90]. Kishore et al. reported similar results of Sm addition to
Bi1; 7Pb3Sr;,Ca, «PrCus0y; furthermore, they reported that the magnetic moment
of R.E. ion doesn’t play any role in suppressing the superconducting properties,
Sm*" ion provides electrons that causes a decrease in the hole conc. and
deteriorates the superconducting properties. The solubility limit of Sm addition is
around x= 0.02, and Sm has lesser solubility than Pr [91].

The effect of Y substitution on Bi; 7Pbg3SrCa,«Y<Cu3O;¢ superconductors is
similar to that of all rare earths. Bi 2223 can react with Y at high temperatures
and form Bi 2212. The Bi 2223 phase content decreases with Y addition. At high
conc. In the Y addition, the formation of the Bi 2223 phase is not favored [92].
Sedky et al. reported that lattice parameter ¢ decreases with increases in Y
content. T, and Bi 2223 phase decreases with Y content. Y has more solubility
than other R.E. [93].

Kazin et al. reported a study on the interaction of Sr;Ca,ZrO; to Bi 2223
superconductors. They added (Bi1,Pb),Sr,Ca;CuszOy and Sri«CaxZrO; in a 2:1
molar ratio. For x= 0.2, the Bi 2223 phase remained unchanged. For higher values
of x, the Bi 2223 phase increases with annealing time. Lattice parameter ¢
decreases with increasing Ca content or x. Only a little effect on T, was observed
[94].

Studies on the interaction of various nanoparticles to Bi 2223 are also reported.
Jia et al. reported that nano ZrO, addition below 20 mol.% to
B1,; gPbo 4Sr,Ca,CuszOy improves J. without affecting T.. Above 20 mol.% nano



ZrO; addition results in the decrease of J. and broadening of AT.. SEM analysis
reveals that ZrO, dispersed homogeneously in the Bi 2223 matrix [95]. Similar
results were also reported by Zouaoui et al. They reported that Bi 2223 sample
with 0.1 wt.% nano ZrO; exhibits the best J. and the highest H;,. The activation
energy and F, improve with nano ZrO, addition. Sharp interface b/w nanosized
Zr0; and Bi 2223 phase provide effective normal surface pinning [96].

Low conc. (0.2 wt.%) of nano Al,O; addition to Bi;¢Pbg4SrioCas CusOy is
effective in improving J.. Al,O; nanoparticles were found to be embedded in the
Bi 2223 grains at low conc., but at higher conc. it agglomerates. Higher conc. of

nano Al,Os results in incomplete Bi 2223 phase formation. T, decreases with
Al,O5 addition [97].

Nano Ag addition is effective in enhancing superconducting properties. Skyorova
et al. reported that adding Ag improves the connectivity among the grains,
reduces weak links, and improves J.. Samples with 15 wt.% nano Ag addition
have almost three times J. compared to pure Bi 2223 samples. Bi 2223 phase
fraction, texturing, and T. improve with nano-Ag addition [98]. Mawassi et al.
reported that the Bi 2223 phase fraction decreases, whereas intensity for
Sr, 5B19 sPb3Ca,CuOy (non-superconducting) phase increases with nano-Ag
addition. Bi 2223 platelet size also decreases with Ag addition. No change in
lattice parameters and T, was observed. The increase in AT, is seen due to the
formation of the secondary phase. Grain connectivity and J. improve with nano-
Ag addition [99].

The bulk density improves with nano SnO, addition to Bi; 7.xPbo 3Sn,Sr,Ca,Cus 0y
superconductor. T, decreases for Sn x>0.1 samples and shifts to lower
temperatures. SnO, addition degrades the grain connectivity, Bi 2223 platelet size
decreases, voids, and porosity increase. Overall, SnO, nanoparticles have a
degradation effect on Bi 2223 [100].

A recent study on adding cubic-shaped modified TiO, nanoparticles to Bi 2223
found it to have a vital and destructive effect on the conductivity, orientation, and
morphology of grains. Bi 2223 phase decreases with TiO, addition. TiO;
nanoparticles prevent the growth of Bi 2223 grains, which reduces average grain
size. T, decreases, but J. improves with nano TiO, addition [101].

The above literature brings out the efforts made to generate a microstructure of
BSCCO with a suitable second phase, which can be introduced uniformly in
sufficient amounts, without agglomeration in the superconducting matrix, and
provide effective pinning of flux and enhance current densities at temperatures
30K to 77 K.



Table 1.2: A comparison of various second phase addition to Bi 2223

S. Dopant Results Ref.
No.
1 Nb,Os Bi 2223 phase and T. increase at low Nb content. At higher | [81]

concentration, it agglomerates and causes deterioriation in
transpot J. at 50 Kand 77 K. Microstructures and J; are not
given.

2 MgO At higher of MgO content, Bi 2223 grain size and J. reduce. MgO | [102]
particles are found embeded in Bi 2223 grains without reaction.
T. remained constant but transition width A T; increased with
MgO addition. No data on higher temperatures

3 Nd,O; At Higher concentration,Nd addition leads to precipitation and | [88]
reduces the Bi 2212 phase content present in Bi 2223. J; and F,
improves with Nd addition (at low content). The Peak field in F,
shifts at higher fields after adding Nd. Only transport J; at 77 K is
given.

4 WO, Bi 2223 phase fraction reduces with W content. J. decreases with | [103]
WO; content at 10- 25 K. No change in morphology of Bi 2223
grains. No data above 25 K.

5 Nano Ag | Bi2223 phase conten and platelet size decrease with Ag addition. | [99]
T. was constant but A T, increased with nano Ag addition. Grain
connectivity and transport J. improve with nano-Ag addition. No

data on J..
6 Nano Bi 2223 phase content and T. reduces after nano MgO addition. | [104]
MgO Bi 2223 platelet size reduces after MgO addition. Voids size and

number decreased with MgO addition, and resulted in better
grain connectivity. J; data is not given.

7 Nano Bi 2223 phase content increases slightly at low conc. of nano | [105]
Graphene | graphene addition. T, remained constant. Transport J. improves
for the sample with 1 wt.% nano graphene. The grain alignment
improves after nano-graphene addition. No data on J. at high

temrpartures.
8 Nano Tc remained constant with nano ZrO, addition. Nano-sized Zr- | [96]
ZrO, containing precipitates were found embedded in Bi 2223 grains.

Jc and F, improve only till 0.2 wt.% of hano ZrO, addition and then
decreases at 77 K.

Adding nanoparticles to the superconductor matrix is a viable way to improve the
superconducting and flux pinning characteristics of bulk superconductors. When
it comes to assessing how well nanoparticles can improve flux pinning and
critical current density, factors such as size, concentration, dispersion, and
interface quality are crucial. A basis for further research and improvement of bulk
superconductors doped with nanoparticles, such as Bi 2212/ Bi2223, is laid forth
in the literature review, emphasizing the importance of nanoparticle addition. As
shown in Tables 1.1 and 1.2, there is a lack of literature documenting



enhancements in superconducting properties at moderate temperatures (10 K - 77
K) and higher magnetic fields. Thus, there remains a quest for appropriate
secondary phases to enhance superconducting properties in the temperature range
of 10 K to 77 K, along with a method to incorporate them into the BSCCO matrix
without inducing reactions and generate a 2-phase microstructure as Y-211 in Y-
123.

1.8 Motivation and aim of present work

A) Develop a methodology to add secondary phase particles to BSCCO
superconductors without agglomeration.

B) To understand why only low conc. of secondary phase addition is effective.

C) Develop a process to avoid substitution of dopant to lattice.

D) Generate an optimized microstructure like YBCO superconductors in
BSCCO for better superconducting properties at higher fields.

E) Study the effect of various nanoparticles addition on the structural,
microstructural, and superconducting properties of BSCCO
superconductors.

Present work adapts several methodologies to shine light on the problems
discussed above and tries to find a solution. For this purpose, BSCCO
superconductor with general formula (BiPb),Sr2(Cag36510.14)n-1CU,Oy [106] 1s
chosen. It 1s a well-studied system. For n= 2, it 1s Bi,Sr,CaggsCu,Oy and has T
around 85 K, and for n= 5 and normalized to 3 Cu atoms per unit cell, it is
Bi1.QPb0,3SI‘1,54C32.06CL130y with Tc around 105 K and for n= o0, it 1s
Ca 36519.14CuO; phase and it is non-superconducting.

This work focuses on investigating the effect of adding various nanoparticles
(WOs, ZrO;, and CagseSro14Cu0;) on modifying the microstructure and
influencing the superconducting properties of (BiPb),Sr2(Cag s6S10.14)n-1CunOy
superconductors, at various temperatures and field regimes.

1.9 Organization of the thesis

The thesis is organized into six chapters. The first chapter of the thesis describes
the basic properties of superconductors, historical background, and recent
developments in the superconductivity area, a literature survey on the second
phase addition to BSCCO superconductors, and the motivation for the present
work. In the second chapter, various experimental techniques and theoretical
models used are described.

In the third chapter, the synthesis of WO; nanoparticles and the effect of nano
WOj; addition on the microstructure and flux pinning properties of Bi 2212 are
discussed in detail. The structural and superconducting properties are investigated



for various concentrations of nano WOs3 addition, and results are compared with
pure Bi 2212 sample. Various techniques like XRD, FESEM, Edax, M-T, and M-
H are used to study microstructural and flux pinning properties. The T, decreases
due to W substituting lattice and J., and flux pinning properties improve due to
adequate flux pinning provided by WO3;nanoparticles. Second phase (WSr,CuOg)
phase particles generated by the reaction of WOj3 increase with WO3 content and
contribute to improving effective pinning in Bi 2212 composites.

The fourth chapter discusses the effect of WO3 nanoparticle addition to Bi 2223
superconductors is also discussed in detail. The T, remains constant (105 K) when
nanoparticles are added to the processed Bi 2223 precursor powder, suggesting
no lattice substitution. At low concentrations of nanoparticle addition, the
superconducting properties are better than pure Bi 2223. WO3 nanoparticles help
improve J.- B behavior at higher fields and temperatures. Microstructural analysis
reveals that precipitates of W containing phase are present at the high
concentration of WO; addition. WO3 nanoparticles are effective in sustaining J,
and F, at higher fields as revealed by flux pinning analysis.

The fifth chapter discusses the synthesis of Cagg¢Sro.14CuQO;, phase powder by
Nitrate synthesis. A composite with 20 mol.% Cags6Sro14CuO; addition to Bi
2223 powder was made, and the effect of ZrO, nanoparticles addition on this
composite's microstructural and superconducting properties is discussed in detail.
T, was unaffected by the addition of ZrO, nanoparticles. At higher conc. of ZrO,
nanoparticles addition, the Bi 2223 phase formation was inhibited, and the major
phase was Bi 2212. Irreversible field increases after adding nanoparticles,
suggesting these particles help enhance the flux pinning properties. ZrO,
nanoparticles create defects in the Bi 2223 matrix that help improve J.- B
behavior, as revealed by microstructural analysis. Flux pinning analysis shows
that surface defects generated by ZrO, nanoparticles are improving flux pinning
properties at higher fields.

The Sixth chapter discusses the synthesis of (Ca,Sr)CuO, phase particles. To
improve flux pinning properties, we added (Ca,Sr)CuQO, particles to Bi 2223, by
taking the analogy of Y 211 from YBCO phase diagram. Synthesis and
characterization of (Ca,Sr),CuQ, phase particles are discussed. The size of the
(Ca,Sr)Cu0O;, phase particles before adding them was around a few hundred
nanometres. Microstructural analysis revealed that the (Ca,Sr)CuO, phase
particles break into needle-shaped precipitates with dimensions around 40-80 nm.
The concentration of these needled-shaped particles increases with the
(Ca,Sr)CuO; phase content. XRD analysis revealed that the major phase is Bi
2223 and (Ca,Sr)CuO; phase peaks are also present. M-T curves suggest that



T(Onset) is consistent with (Ca,Sr)CuO, phase addition, suggesting no
substitution to lattice, but the Meissner fraction is reduced. These nanometre sized
needle-shaped precipitates are found to be distributed at grain boundaries without
reacting with Bi 2223 grains. The superconducting properties improve with the
Ca,Sr)CuO; phase content. Flux pinning analysis revealed that the flux pinning
mechanism changes after adding (Ca,Sr)CuO; phase particles, and the pinning
from needle-shaped particles is evident at moderate temperatures.

The seventh chapter summarizes the results obtained from various measurements
and compares the impact of various nanoparticles introduced into Bi 2212, Bi
2223, and Cay 6S10.14CuO, added B1 2223 composites. It also summarizes various
conclusions drawn from the research presented in the thesis.
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Chapter 2: Synthesis and characterization

2.1 Introduction

In this chapter, the synthesis of Bi 2212, Bi 2223, and CaggsSro.14CuO, phase
powders by nitrate method [1] is discussed in detail. Synthesis of WO;3 and
Cay 36S10.14CuO; phase nanoparticles is described. A complete stepwise flow chart
for sample preparation of Bi 2212 and Bi 2223 composites is given. Analysis of
magnetic hysteresis loops of high-temperature superconductors is presented.
Determination of critical current density using Bean’s extended critical state
model is discussed. Hughes’ model and Klein’s model describing the dominant
flux pinning mechanism in superconductors are presented.

2.2 Synthesis of precursor powders

2.2.1 Bi 2212 precursor powder synthesis:

Bi 2212 precursor powder was synthesized using high-purity Bi,Os, SrCOs,
CaCOs, and CuO powders. These powders were weighed out in stoichiometric
ratios of 2:2.14:0.86:2 of the metal atoms, respectively, and were dissolved one
by one in concentrated nitric acid and mixed under continuous stirring. The
solution was heated while stirring at 80 °C till it was converted to a blue color
solid. The solid was ground into a fine powder and calcined at 500 °C. The
calcined powder was ground again and annealed thrice at 800 °C, with
intermediate grinding to get Bi 2212 precursor powder.

2.2.2 Bi 2223 precursor powder synthesis:

Bi 2223 precursor powder was synthesized by nitrate method using high purity
Bi1,0;, Pb(NOs),, SrCO;, CaCO;, CuO. The powders weighed out in a
stoichiometric ratio of 1.2:0.3:2.06:1.54:3, were dissolved individually in
concentrated nitric acid, except Pb(NO3),, and were mixed continuously using a
stirrer, to which a requisite amount of Pb(NOs), dissolved in distilled water was
added. The solution was continuously heated and stirred for drying. The dried
solid was ground and calcined at 500 °C. The resultant powder thus obtained was
annealed thrice at 800 °C, for 24 hours each, with intermediate grindings.

2.2.3 (Ca,Sr)CuO phase preparation

The Cagg6S19.14Cu0;,, phase (in (Ca,Sr)CuO system, also referred to as infinity
phase or I-phase) powder was also prepared by nitrate method discussed above



except that the final calcination was done at 900 °C twice for 24 hours each with
one intermediate grinding.

2.3 Synthesis of nanoparticles

2.3.1 WOsnanoparticles

WO; nanoparticles were synthesized by a simple reaction of Tungsten (W) metal
powder with H,O, [2]. First, Tungsten metal powder was dispersed in a pre-
cooled distilled water solution and Hydrogen peroxide (MERCK, 30%). W and
H,0, react to give a solution of light-yellow color with suspended WOs;
nanoparticles. The solution was kept at 273 K for several hours using an ice bath
to control the exothermic reaction. It was then vacuum-dried to obtain WOs3
nanoparticles. The detailed characterization of WO; nanoparticles is given in
Chapter 3.

2.3.2 Ca.86Sr0.14CuO: phase nanoparticles

Ca36S19.14CuO;, phase nanoparticles were prepared by the citrate sol-gel
combustion method discussed elsewhere [3]. Firstly, the metal carbonates/oxides
are dissolved in conc. nitric acid to get a clear solution. To this solution, an
aqueous solution of citric acid is added in the desired proportion (1 gram of citric
acid to 1 gram of metal ion). A firing agent, ethylene glycol/ sugar, was added in
the requisite proportion. The pH of the solution was adjusted to above 7. The gel
underwent stirring and heating until it began to swell. Eventually, spontaneous
combustion took place, transforming the gel into flakes. These flakes were
gathered and ground into powder. The ground powder was calcined twice at 500
°C with one intermediate grinding to get Ca s¢Sto.14CuO; phase nanoparticles.

2.4 Synthesis of BSCCO composites with nanoparticle addition
BSCCO Composite Systems Studied

a) Bi 2212 with WOsnanoparticles

b) Bi 2223 with WO; nanoparticles

c) Bi 2223 + Cag36Sr9.14Cu0, with ZrO, nanoparticles
d) Bi 2223 with Cays6St9.14CuO; nanoparticles

2.4.1 Bi 2212 composites with WO3 nanoparticles

For Bi 2212 composites, WO; nanoparticles were added to the Bi 2212 precursor
powder in different concentrations using a sol-casting technique [4]. Sol-casting
method was used to add nanoparticles uniformly without agglomeration into the
BSCCO matrix phase. WO; nanoparticle added Bi 2212 powder is dried, de-



bindered, and pressed at 12 ton pressure using a hydraulic press. The pellets were
sintered twice at 830 °C for 24 hours after partially melting at 870 °C, with one
intermediate pressing. Repeated pressing and sintering are required for the
densification of Bi 2212 ceramics. A stepwise flow chart for sample preparation
is given in Fig. 2.1.

‘Bi203 ‘ ‘SrCOS ‘ CaCo, Cu0

[ Dissolve in Nitric Acid ]

Stirring & Heating Continuously

Ground

Calcine at 500 °C for 6 Hours
Ground

Anneal at 800 °C for 12 Hours Qe

Repeat Twice

Add Nanoparticles by Sol-casting

Dry and Pelletized

Sinter at 830 °C for 24 H after
partial melting at 870 °C

¥

Repeat Twice

Characterize

Figure 2.1: Stepwise flow chart for Bi 2212 sample preparation.

2.4.2 Bi 2223 composites with WQO3 nanoparticles

For Bi 2223 composites, the precursor powder is first pelletized and sintered once
at 845 °C for 48 hours. Subsequently, the sintered pellet is pulverized. Then,
nanoparticles are added to the processed and ground powder at different
concentrations using the sol-casting technique. Then, the nanoparticle-added Bi
2223 powder is dried, de-binder, and pelletized at 12-ton pressure using a



hydraulic press. The pellet is sintered twice at 845 °C with one intermediate
pressing. A similar method is used for making all the Bi 2223 composites. A
stepwise flow chart for sample preparation is given in Fig. 2.2.

T8 (oms ) (o ) (o] (D
| | |

[ Dissolve in HNO,, Stir & heat continuously to dry

the mixture

Ground the dried mixture

Calcine at 500 °C

Ground the powder

Calcine twice at 800 "C for 24 Hours each

Make Pellet
Process the pellet at 845 °C for 48 Hours
Ground the processed pellet
Add nano particles, de-binder the powder
Make Pellet

Process the pellet at 845 °C for 48/80 Hours

Press & repeat the heat treatment

Figure 2.2: Stepwise flow chart for Bi 2223 composites preparation.

2.4.3 Bi 2223 + 20 mol Cag.86Sro.14CuQO; phase with ZrO; nanoparticles

20 mol CaggsSr.14Cu0O, phase precursor powder and 100 mol of Bi 2223
precursor powder were mixed and tumbled for several hours. The mixed powder
was pelletized and sintered once at 845 °C for 48 hours. The sintered pellet was
ground to powder form. ZrO; nanoparticles of 200 nm size were bought from
Saint Gobin and were added to the ground powder in various concentrations by
sol-casting technique. Then, the nanoparticle-added powder was dried, de-
bindered, and pelletized again. The resulting pellets were sintered twice at 845°C,
with an intermediate pressing.

2.4.4 Bi 2223 composites with Cag.s65r0.14CuO: nanoparticles

Various amounts of Cag g6Sro.14CuO, nanoparticles (0- 50 mol) were added to 100
mol of Bi 2223 by sol-casting technique. Then, the Cas6Sr9.14CuO, phase



nanoparticle-added Bi 2223 powder was dried, de-bindered, and pelletized. The
resulting pellets were sintered twice at 845°C, with one intermediate pressing.

2.5Characterization techniques

Samples were cut into several pieces for characterization after final sintering
using different techniques. The top surface was used for structural analysis using
the X-ray diffraction technique.

2.5.1 X-ray Diffraction:

In 1912, Max von Laue recognized crystalline materials as 3-dimensional
diffraction gratings for X-rays with a wavelength (L) correlating to the distance
between atoms. W. L. Bragg explained X-ray diffraction by conceptualizing the
crystal as a collection of evenly spaced parallel planes known as Bragg's planes.
The crystal structure of a material can be revealed through the X-ray diffraction
technique, which nowadays serves as a quick primary tool for identifying the
phases of crystalline substances.

The X-ray diffraction technique relies on the principle of constructive
interference of monochromatic X-rays as they interact with the material being
studied [5,6]. The incoming X-rays engage with the electrons surrounding the
atoms within the material, and the X-ray reflection occurs at specific angles of
incidence. According to Bragg, if the path difference of X-rays is 2d Sin0,
constructive interference occurs when Bragg’s condition is fulfilled.

2d Sin@=ni Bragg’s Law (1)
Here, n is an integer, and d is the interplanar distance.

Intensity of diffraction is governed by the equation,

I= IFi%p ( 1+CosZZO)

Sin260 Cos6O

2)

I is the relative intensity, F and P are the structure factor, and multiplicity factor,
respectively, and @ is the Bragg angle. Despite fulfilling Bragg's law, no
diffraction lines are detected in the XRD pattern due to the crystallographic planes
having a zero-structure factor. The pictorial representation of the X-ray
diffractometer is shown in Fig. 2.3. The violet color lines represent the planes of
the atoms located in the reciprocal lattice, where the interplanar distance (dpk) is
indicated by Miller indices (h k I). The X-ray beam passes through a collimator
and filter before reaching the sample. A detector measures the intensity at an angle
20 relative to the sample's plane. When the incident angle equals the angle of
reflection, the reflected beams are considered to be in phase, and the path
difference corresponds to an integer multiple of wavelengths. Therefore, the



intensities are plotted with respect to 20. A Panalytical X Pert 3 diffractometer
with Cu-Ka radiation of wavelength ~1.54 A was used to take XRD patterns to
study all the samples in the present work.

Sample
,f i Collimator
. 0 / -
v ) X-ray tube
20 N
\\
Collimator
Filter
- Detector

Figure 2.3: Schematic representation of X-ray diffractometer

The sample holder is affixed to the goniometer and remains stationary without
undergoing rotation around the 6 axis in 620 diffractometers. The X-ray tube is
fixed to a movable arm on the goniometer, ensuring fully automated operation
and data acquisition. The samples were fixed on a standard sample holder, and
the XRD data was recorded at room temperature. Scanning of the samples was
done within the 20 range of 10° to 90°, with a scanning step size of 0.017°. All
samples, in theory, provide all conceivable orientations of the crystal lattice, and
the goniometer enables varied angles of incidence for the detector to capture the
intensity of the diffracted beam from the sample. Highscore software was used
for Rietveld refinement for phase analysis.

2.5.2 Field Emission Scanning Electron Microscopy:

A field emission scanning electron microscope (FESEM) is used to study the
microstructural and morphological properties of a material. A high-intensity
electron beam is allowed to be bombarded on the sample surface. The electron
beam is concentrated on a small spot on the sample, and it systematically scans
the sample surface, creating a high-resolution, two-dimensional image.
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Figure 2.4: Pictorial representation of Field Emission Scanning Electron
Microscope

The fundamental process involves the interaction of the primary electron beam
with the sample, resulting in the production of secondary electrons (SE),
backscattered electrons (BSE), characteristic X-rays, cathodoluminescence (CL),
and heat. BSE and SE give the microstructural details of the sample. Secondary
electrons (SE) offer information about the topography and morphology, while
backscattered electrons (BSE) supply contrast within the composition to identify
multiphases present in the samples. The FESEM resolution ranges from 10 nm to
200 nm. Non-conductive specimens may accumulate a charge under the electron
beam, leading to image artifacts. To address this, insulating samples require an
electrically conductive coating, such as gold, carbon, or another metal or alloy
prior to observation under FESEM. A pictorial representation is given in Fig. 2.4.

The main components include the electron source, electron gun, sample stage,
detector, display devices, and essential elements like power supply, vacuum
system, cooling system, vibration-free floor, ambient magnetic and electric fields,
etc. The specimen's surface was coated with gold for conductivity in this study.
The analysis of microstructures in the prepared samples was conducted using the
(Model Ultra 55, Carl-Zeiss make) field emission scanning electron microscope
along with Energy dispersive spectrometry.

2.5.3 Energy Dispersive X-ray Spectroscopy (EDS):

To determine the composition of various phases present in the microstructural
studies of the samples, each phase was chosen individually and examined using



EDS. It is also referred to commonly as energy dispersive analysis of X-rays
(EDAX). Various techniques, including point scan, area scan, line scan, and
wavelength mapping on the sample, were employed to estimate the relative
quantities of different elements present in each phase. EDS is an analytical
method used in FESEM to quantitatively and qualitatively determine the
elemental composition of different phases in the studied materials. EDS detectors
with a beryllium window can identify all elements A atomic numbers (Z) greater
than oxygen at concentrations above 0.1%. Additionally, "windowless" EDS
detectors can detect oxygen, nitrogen, and carbon at concentrations greater than
1.0%. EDS displays the spatial distribution of elements as dot maps or line
profiles, with a spatial resolution of one micron.

As the electron beam scans the sample, it produces X-rays emitted by the atoms.
X-rays are produced when high-energy radiation ionizes an atom, leading to the
removal of an inner shell electron. An electron residing in a higher energy outer
shell fills the now vacant inner shell to restore the ionized atom to its ground state.
In this process, energy is released, equivalent to the potential energy difference
between the two shells. This surplus energy, specific to each atomic transition, is
emitted by the atom either as an X-ray photon or is self-absorbed and emitted as
an Auger electron. The energy of each X-ray is distinctive to the atom from which
it originates. The EDS system captures these X-rays, organizes them by energy,
and presents the number of X-ray photons relative to their energy.

The qualitative EDS spectrum can be captured through either photography or
plotting. This data can subsequently be analyzed to generate either an elemental
area analysis, portrayed as a dot map, or a linear elemental analysis, represented
as a line scan. These analyses illustrate the distribution of a specific element on
the sample's surface. The EDS data can be contrasted with established standard
substances or computer-simulated theoretical standards to provide either a
thorough "quantitative" or a "semi-quantitative" assessment. The position of
peaks on the energy spectrum decides the identification of elements.

The intensities of the peaks differ due to variations in the probability of each
transition occurring, and the detector's efficiency is influenced by energy. The
EDS spectrum exhibits peak width as a consequence of energy dispersion being
a statistical occurrence; not every photon generates the same number of electron-
hole pairs, and there is thermal noise resulting from the amplification process.

2.5.4 Bulk Density using Archimedes’ principle:

Archimedes' principle allows precise determination of the density of any
irregularly shaped sample. In this method, the sample's weight is measured both
in the air and within a liquid medium of known density. The liquid can be water,



glycerol, or ethanol, based on the nature of the material used. The following
relation is used to calculate the density of the material.

_ W air X D o 3)
P sample W air—Ww liquid P liquid

Wair and Wiiguia 1s the weight of the sample in air and in a liquid medium,
respectively, and p iiquia 1 the density of liquid medium.

We also used Archimedes' principle to assess the density and porosity content in
our BSCCO samples, which are ceramic nature. The weight of the sample is
measured in air and glycerol media (density 1.26 g/cm?), using a weighing
balance (Mettler AE 240) with 0.02 mg accuracy. The density of Bi 2212 [7]and

Bi 2223 [8] from the literature is 6 and 6.4 g/cc respectively.
2.5.5 Vibrating Sample Magnetometer (VSM) facility

The basic working principle of Vibrating Sample Magnetometer (VSM) is
Faraday’s law of magnetic induction. The instantaneous magnetization of a
sample is found with high accuracy by using VSM [9]. Faraday’s law states that
a varying magnetic field induces an electromotive force (emf). VSM is a device
designed to measure the magnetic moment of a sample by vertically oscillating it
in a uniform magnetic field. The sample is positioned at the midpoint of two fixed
inductive pick-up coils, linked in series and wound in opposite directions. This
configuration ensures that the system detects only the non-uniform flux variations
caused by the vibration of the sample [10].
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Figure 2.5: Schematic diagram of Vibrating Sample Magnetometer

The magnetic dipole moment surrounding the sample generates a stray field (or
demagnetization field), which varies with the sample's vertical movement over



time. The alterations in this stray field are transmitted to the pick-up coils. The
movement of the sample induces an electric field in the pick-up coils due to the
changes in magnetic flux. The measured induced current is proportional to
magnetization of the sample and the magnetization depends on the magnetic
field's strength. The induced emfis measured and amplified by a lock-in amplifier
which is controlled and monitored by a software program, and the magnetic
moment is calculated.

In our current research, we have used a Vibrating Sample Magnetometer (VSM)
integrated with the Physical Property Measurement System (PPMS, Dynacool,
Quantum Design, USA). The PPMS system is composed of a cryostat assembly,
Controlled area network (CAN) module bay, pump cabinet, and a computer.
Within the cryostat assembly, there is a superconducting magnet (made of NbTi
wire), a sample chamber, a pulse tube assembly, gas valves, and electronic
circuits. The VSM is equipped with a linear motor for sample vibration, and a coil
set puck is employed to detect the response in the pick-up coil. Automation and
control are managed through the utilization of Multivu software. The sample is
placed after attaching to the sample holder and positioned at the center of the
gradiometer pick-up coils. The VSM motor module guides the precise position
and amplitude of oscillation. Additionally, the VSM detection module can
identify both in-phase and quadrature-phase signals derived from the encoder and
the amplified voltage from the pick-up coils. These signals are subsequently
transmitted to the CAN bus of the VSM application connected to a PC. M-T
curves were recorded by cooling the sample in the temperature range of 120 K to
20 K at a 5 mT applied field, in the present work, using VSM on PPMS.

M-H loops were obtained at temperatures of 5 K, 10 K, 15 K, 20 K, and 30 K up
to a 9 T applied field and at 50 K and 77 K up to a 5 T applied field for various
samples examined.

2.6 Bean’s critical state model and Critical current density (J.) calculation

In superconductors, J. is estimated from field-dependent magnetization using
Bean’s critical state model [11]. This model elucidates any change in the magnetic
flux and current density within a superconductor, as the field changes. The basic
assumption of this model is that either the current density is zero or equal to J.
inside a superconductor, and it is independent of the local internal field.
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Figure 2.6: Initial magnetization of superconducting specimen (Bean’s Model)

[11]

Consider a rectangular specimen having width ‘a’ and length ‘b’. From Maxwell's
equation, the relationship between the internal field (B) and current density (J).

VXB = o] (B) 4

The supercurrents flow where the internal magnetic field is zero. Bean’s model
assumes a constant J., independent of an applied field inside a superconductor.

At the critical state, ] > J. and
VXB = poJ. ()

where J. is critical current density in Am and B = uyH; is the magnetic induction
in Tesla, and y, is the absolute permeability.

The local magnetization M; = H;- H, H is the applied field. The total magnetization
M can be obtained by averaging M; across the cross-sectional area of the sample.
Consider the magnetization in two stages,

1) 0<H<H*
2) H*<H

Here, H* is the value of the internal field when it reaches the center of the sample.
The magnetization curve M(H), for an infinite slab is given as



HZ

MH)= ~H+ 5 —  for 0<H<H* (6)
M(H) = - % for H*<H 7)

The reverse curve for an applied maximum field (Hy,) is given by

_ 2
M(H) = =%+ Hp—H =220 for Hy-2H*<H<H, 8)
M(H) = - % for -Hu-H*<H, <2H* )

2

When Hy,, >2H*, J. and M are related for a superconducting slab of thickness 2a
by,

MH)-MH) = J.a (10)

Therefore, for a given field H, J. can be determined by measuring the width of
the M-H hysteresis loop.

For the orthorhombic shaped sample,
_ b
M(H") = M(H) = Jcb(1—3D) (1)

here, a and b are the dimensions of the sample cross-section with a > b.

The critical current densities (J.) of the samples were determined following
extended Bean’s critical state model [11,12], and using the relation

AM
Jec = 207 12)

here AM = M" - M" (in emu/cc), d= b(1 — %) ; a > b are the dimensions of the

cross-section of the sample (in cm). M' and M~ represent the average
magnetization with respect to increasing and decreasing fields respectively,

2.7 Flux pinning

When a superconductor enters a mixed state, it simultaneously accommodates
normal and superconducting regions. In this state, a superconductor permits flux
lines in a lattice arrangement to penetrate it, and this array of flux lines is referred
to as the Abrikosov lattice. In a superconductor, minimizing the free energy
occurs when the cores of vortices overlap with defects like dislocations,
precipitates, and atomic-scale vacancies. These defects possess distinct properties
compared to the rest of the medium (which is superconducting), resulting in
reduced superconducting condensation energy. Vortices can be pinned by point,



line, surface, and three-dimensional pinning locations. The spatial arrangement
of defects also influences the shape of a pinned vortex because a flux line, which
would be straight in a homogeneous material, may curve to align with various
pinning centers to minimize its energy [13].

Flux pinning in superconductors refers to the ability of a superconductor to pin
magnetic flux lines within its interior, preventing them from moving freely. In the
absence of pinning, the flux line lattice is uniform; however, introducing pinning
leads to a flux gradient when the applied magnetic field is raised or lowered. This
results in a higher vortex density near the superconductor's surface, where
vortices originate and move into the bulk. This gradient induces bulk
magnetization currents, shielding the superconductor against the applied
magnetic field. Pinning centers can be introduced intentionally by doping the
material, exposing it to ionizing radiation, diminishing the grain size to enhance
the surface area of grain boundaries, and incorporating second phase precipitates
[14].

Flux pinning is essential in superconductors for many practical applications,
improving their stability and overall performance. By constraining the movement
of flux lines, flux pinning enables superconductors to sustain their
superconducting state even when exposed to external magnetic fields or
experiencing changes in operating conditions. This is crucial in applications like
superconducting magnets, where maintaining a stable and controlled magnetic
field is essential. Researchers frequently investigate diverse methods to augment
flux pinning in superconductors, including introducing artificial defects to
enhance their practical effectiveness. A detailed literature survey on introducing
artificial defects to BSCCO superconductors is presented in section 1.7 of
Chapter 1.

Several models have been presented to comprehend the flux pinning mechanism
present in a superconductor. Based on their experimental observations, Klein et
al. [8] developed a model that gives a qualitative explanation of the pinning
mechanism present in a superconductor. The scaling field used for this model is
the peak field, corresponding to the maximum value of flux pinning force density
(Fp =Jc X B). There are three kinds of pinning (8k, Normal point, and normal
surface pinning). Here 0k pinning arises from the difference in the average
resistivity due to composition fluctuation, non-uniform distribution of
dislocation, and martensitic transformation. Normal point pinning arises from the
distribution of non-superconducting pinning centers of very small size,
comparable to coherence length (&), like nanoparticles. In contrast, surface
pinning occurs due to defects at the pinning centers, which are bigger, like grain
boundaries and non-superconducting secondary phases. Fy/F, max vs. B/B, is
plotted along with the theoretical equations for dk, Normal point, and normal
surface pinning to find the pinning mechanism present in a superconductor. The



theoretical equations for ok, Normal point, and normal surface pinning are given
as [15,16]

For ok Pinning,
2h
Fy/Fymax=f(b)=3h*(1 — ) (13)
For normal point Pinning,
9 h
Fy/Fymec= f(B) = 2h(1—2)? (14)
For normal surface pinning
Fy/Fyme= f(b)=2h1/2(1—1)2 15
Fpmee = fb) = ZhY2(1 - ) (15)

Agreement of experimental data with any of the theoretical curves suggests the
kind of pinning operative in the sample at the given temperature and field regime.

Dew Hughes [17] proposed a quantitative model to explain the pinning
mechanism present in a superconductor. Irreversible field (Biy) is used as scaling
field. He proposed an equation to describe the pinning mechanism present in a
superconductor,

Fp

Fp max

=fb) =ax(=) «(1-2)" e

Birr Birr

Here A is a numerical constant, p and ¢ are fitting parameters. Information on the
pinning mechanism is provided by p and ¢. Fitting the experimental curve to
equation 16, one can determine the values of p, and g which describe the pinning
mechanism present in the samples. The values for p and ¢ for different pinning

mechanisms are given in Table 2.1.

Dew Hughes’ model for pinning describes well the observations of conventional
type I superconductors. But for type II superconductors, the values for p and ¢
differ from the ideal values due to the presence of different sized pinning centers
contributing to various pinning mechanisms simultaneously.

Table 2.1: The type of pinning mechanism corresponding to values of fitting
parameters p and q.



Type of pinning p q

Point pins Core Pinning 1 2
ok Pinning 2 1

Surface pins Core Pinning 1/2 2
ok Pinning 3/2 1

Volume pins Core Pinning 0 2
ok Pinning 1 1

Core pinning or &/ pinning arises from the variation of mean free path of
superconducting electrons due to non-superconducting secondary phase
precipitates in the superconducting matrix. oJk pinning is caused by small
difference in G-L parameter (x) that can occur due to non-uniform distribution of
dislocations, the local difference in the composition, or the oxygen valency in the
unit cell.

The pinning centers are further classified based on their sizes as point, surface,
and volume pins.

Point pinning is observed when defects such as precipitates, dislocations or
variations in oxygen valency are extremely small, typically of the order of
nanometer size. The size of point pins is smaller than the spacing between flux
lines (d) in all directions. Surface pins have two dimensions larger than d,
whereas volume pins have all dimensions larger than d [18].

In the case of superconductors with second-phase addition, different mechanisms
may be valid in different fields and temperature regimes, or a combination of
them may be simultaneously operative, which makes the analysis complex. More
details are discussed in Chapters 3 to 6 regarding the applicability of different
models to different composites studied.
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Chapter 3

Effect of WO; nanoparticle addition on the structural, microstructural, and
superconducting properties of Bi 2212 superconducting composites

3.1 Introduction

Bi 2212 is the well-studied high-temperature superconductor (HTSc) and is
mostly preferred for making superconducting wires/tapes due to its high critical
density (J.) at 4.2 K [1]. High porosity, larger anisotropy, and poor intergrain
connections are the common factors that limit the practical use of HTSc materials
[2]. Repeated pressing and sintering at optimized temperatures are found to gain
higher density [3] and show better performance in bulk or tapes.

Higher T, is an advantage for HTSc compared to conventional
superconductors. However, for real applications, their performance significantly
deteriorates even with the application of a small field. The motion of flux lines
causes J, to drop drastically; this phenomenon is referred to as flux creep [4,5].
Introducing defects of sizes comparable to the coherence length ( a few nm) of
the superconductor creates pinning centres, and subsequently improves
superconducting properties, especially J..

Lattice defects like stacking faults[6,7], dislocations [8], twin boundaries
[9], etc., can pin the flux lines but are not easy to control as they depend on the
processing conditions of superconductors. On the other hand, nanometer-sized
pinning centers introduced by second-phase additions, if they can be controlled,
can help in improving the physical properties of superconductors.

To improve the flux pinning properties of BSCCO superconductors,
various studies of adding nano-sized secondary phases are reported. Nano MgO
addition to Bi 2212 bulk and superconductor tapes are reported by various
research groups[10—12]. When compared to the undoped sample, MgO addition
enhanced flux pinning and also increased the irreversible field (B;,) at 27 K [10].

Zhang et al. reported that the thermodynamic properties of Bi 2212
superconductors changed after adding Ag nanoparticles; the intergrain coupling
improved, and J. increased. Average 5 nm sized Ag nanoparticles were found to
be embedded in the Bi 2212 matrix, improving J. (to 4 kA/cm? till 6 T) at 4.2 K.



The dominant pinning mechanism was found to be surface pinning due to the
formation of highly crystalline grain boundaries by nano-Ag addition [13].

Nano ZrO, particle addition to Bi 2212 superconductor tape caused the
formation of (Ca,Sr)ZrOs precipitates of smaller size that are reported to be
effective pinning centres that caused enhancement in flux pinning. However, J,
decreased with nano ZrO, addition at high fields, and the J. for the sample without
ZrO, addition was better or comparable at all fields [14].

Berdan Ozkurt reported that adding nano WO; (40 nm) to
B1,3Sr,WCa; 1Cu, 10y, x=0, 0.05, 0.1, and 0.25 ceramics by solid-state synthesis
route had negative effects. 7¢, J. and connectivity among grains decreased with
W content [15].

A detailed literature survey on the secondary phase addition is given in the first
chapter, section 1.7.

From the information reported and presented above, it is observed that a
secondary phase addition to BSCCO superconductors doesn't always improve
their superconducting properties, especially under higher applied fields.
Therefore, it is necessary to identify suitable pinning centers and develop
methods to evenly distribute them within the superconducting matrix and not
cause any reactions. Investigating the impact of various defects introduced
through doping or formed during processing is essential. These defects can
effectively act as flux pinning centers across different field strengths. Such
research would be valuable in the creation of superconducting composites with
microstructures capable of achieving higher J., sustained even under high applied
fields.

In this direction, we have investigated the effect of uniformly distributed
WO; nanoparticles, added by a sol-casting [16] process, into the Bi 2212 matrix.
For the current study, we added WO; nanoparticles in the size range of 2 -12 nm
to Bi 2212 powder. Superconducting samples with different amounts of WO3
nanoparticle addition were processed at temperatures close to the melting point
of Bi 2212 to facilitate a reaction and were characterized using various
techniques. The critical current densities and flux pinning observed in samples
with varying WOs content are analysed in the light of their microstructural details,
as discussed below.



3.2 Experimental

In the present work, Bi 2212 composites having Bi,Sr 14Cag 36Cu,Oy composition
[17—19] were synthesized, chosen from a superconducting Bi>Sr2(Cag 86St0.14)n-
1Cu,Oy series with varying concentration of WO; nanoparticles. The
stoichiometric powders were prepared by nitrate route [20,21]. For this, high-
purity Bi,03, SrCO3, CaCO3;, and CuO were weighed out in stoichiometric ratios
of the metal atoms, to synthesize the composition Bi,Sr 14Ca 36Cu,0Oy, and were
dissolved individually in concentrated Nitric acid and were mixed under
continuous stirring. The solution was heated while stirring till it was converted
to a blue color solid which was ground into a fine powder and calcined at 500 °C.
The calcined powder was ground again and annealed thrice at 800 °C, with
intermediate grinding to get precursor powder of Bi 2212. A stepwise flow chart
of sample preparation for Bi 2212 composites is given in Chapter 2, Fig. 2.1.

3.2.1 Characterization of WQO; nanoparticles
Synthesis of WOj3; nanoparticles is discussed in detail in Chapter 2, section 2.4.2.

WO; nanoparticles thus obtained were added in different mass ratios to the
fine powders of Bi 2212 using a dispersive sol-casting method [16] that enables
their uniform distribution in the matrix. In the Sol-casting process, a powder mix
of the Bi 2212 matrix phase and the WO3 nanoparticles are suspended in a liquid
medium consisting of a dispersant (Darvan 821), monomer (Methylacrylamlide),
and cross-linker (N, N’ methylene bisacrylamide) [19].
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Figure 3.1 (a&b): TEM images showing WO3 nanoparticles dispersed in a liquid medium,
(c&d) Histogram shows that most particles are in the 2- 6 nm range.

The resultant free-flowing slurry is tumbled for several hours and is
polymerized by adding initiator (Ammonium persulphate) and catalyst (N-N-N’-
N’-Tetramethylethylenediamine) and then is dried. The dried powders were de-
bindered by heating to 800°C. This process prevents agglomeration of WOs3
nanoparticles in the Bi 2212 matrix.
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Figure 3.2: Indexed XRD pattern for WO3 nanoparticles having orthorhombic structure.



Particle size distribution of WO; nanoparticles was done using Image J software.
Fig. 3.1 shows two TEM micrographs and their corresponding histogram for
particle size distribution. As can be seen, particles are in the 2-12 nm range, and
most are in the 2-6 nm range. Analysis of the XRD pattern confirms the formation
of WO; with an orthorhombic structure. The lattice parameters are a = 7.320(9)
A,b=7.704(9) A, and ¢ = 7.535(6) A. The indexed XRD pattern of WO; particles
is shown in Fig. 3.2.

3.2.2 Preparation of Bi 2212 composites:

Pellets having dimensions, 20 mm diameter and 5 mm height were made
using a uniaxial hydraulic press at 12-Ton pressure. Then the pellets were melted
partially by annealing at 870 °C for 30 minutes and then were sintered at 830 °C
for 24 hours to obtain Bi 2212 composites with uniformally distributed WO3
nanoparticles. The resultant samples were subjected to a second stage of pressing
and sintering (referred to as press-sintering) for densification. Bi 2212 composites
thus synthesized with different amounts of nano WO3 were coded as follows: Pure
Bi2212 sample with no WOs3 addition as WB 0, and with 0.1, 1, and 5 wt. % nano
WO; addition as WB 1, WB 2, and WB 3, respectively.

All the samples were characterized for phase formation by analyzing their
X-ray diffraction patterns recorded (on Malvern Panalytical diffractometer) using
Cu K, radiation. Magnetic field (H) dependence of Magnetization (M) was
recorded using PPMS (Quantum Design, Dynacool) at various Temperatures (T).
The onset temperatures 7. (onset) of superconducting transitions were measured
from M-T curves recorded for each sample, and the critical current density (J,)
was calculated at varying magnetic fields from the M-H loops recorded at various
temperatures.

3.3 Results
3.3.1 XRD Analysis of Bi 2212 Composites

Indexed X-ray diffraction (XRD) patterns for all the Bi 2212 composite samples
are given in Fig. 3.3. Major peaks among all the peaks in the XRD patterns could
be indexed to Bi 2212 phase as the main phase. X pert Highscore Plus software
was used for phase identification and lattice parameter analysis.

Minute amounts of the low 7, phase Bi,Sr,CuQOg (B1 2201) and traces of
other oxide phases are indicated in Fig. 3.3.



For sample, WB 2 having 1 wt.% or more of nano WOs3 addition, the
formation of a second phase was detected, which could be indexed to the
WSr,CaOg compound. The diffraction peaks observed at 2 0 values, 18.83, 36.48,
44.2, and 55.04, represent the presence of this phase. Using Highscore software,
it was estimated that the amount of WSr,CaOg phase increased from 6.6% for
sample WB 2 to ~ 20 % in sample WB 3 with 5 wt.% of WO; addition.
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Figure 3.3: Indexed XRD patterns for all the Bi 2212 samples with nano WO3 addition showing
Bi 2212 as the main phase present. Minor amounts of Bi 2201 (marked A) and other oxide

phases (marked @) are seen. At higher concentrations of WOs, the formation of the
WSr,CaOg¢ (marked ) phase was observed.

The amount of the WSr,CaOg phase has increased with the rise in WOs3
content, confirming that nano WO; reacted with matrix phase elements during the
heating process to form this phase. A slight shift in the lattice parameters was also
observed with nano WOj3 addition, compared to sample WB 0, which suggests
that a small amount of W enters the unit cell, probably substituting for Cu, due to
their comparable ionic radii [22]. Lattice parameters and the phases present in all
the samples are given in Table 3.1.



Table 3.1: Lattice parameters and phase identification for all Bi 2212 samples with nano WO3
addition

Sample |Lattice parameters Traces of Minority phases |Other impurity
of 2212 phase present phases
a (A) b (A) c(A)

WBO0 [5.4056) |5.407(7) |30.817(7) |Bi 2201 (A), Bi-Sr-O and St- -
Cu-O ()

WB1 [5411(6) |5.418(4) [30.905(1) |Bi?2201 (A), Bi-Sr-O (®) -

WB2 [5414(7) |5.415(8) [30.916(6) |Bi2201 (A), Bi-Sr-O (@) WSr2CaOs (B)
6.6%

WB3 [5414(5) [5.4142) [30.855(5) |Bi2201 (A) WSr,CaOs (B)
20.8%

3.3.2 Microstructural analysis

Fig. 3.4 shows the FESEM images of microstructures of fractured surfaces in all
the samples. All samples have closely packed platelet-like grains. In samples
with addition of nano WO; (mostly of size 2-6 nm), spherical particles (20-80 nm
size) of a second phase have formed and are found located systematically at the
platelet boundaries.
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Figure 3.4 (a-d): FESEM micrographs of fractured surfaces of all Bi 2212 samples with nano
WO3 addition; W-containing phase observed are marked for samples WB 1, WB 2, and WB 3.

The number density of spherical particles was observed to increase with
increasing WOs3 content. Energy dispersive X-ray (EDAX) analysis in the region
of the particles in WB 2 and WB 3 showed a composition containing W-Sr-Ca-O
phase. It was difficult to assess the exact composition of the particles due to their
small size. Combining the results from XRD analysis, we identify the particles to
be of WSr,CaOg phase. Interestingly, the nano WOj; particles have reacted locally
with the elements of the matrix phase and formed a two-phase microstructure
akin to Y 123 with Y 211 precipitates [9,23-26]. We believe that the uniform
distribution of second-phase WSr,CaOg particles in B1 2212, observed in Fig. 3.4,
is a result of the local reaction of uniformly distributed WO3 nanoparticles in the
Bi 2212 matrix without agglomeration, which was possible due to sol-casting
process used in the present work. The fact that the number density of these
secondary phase defects/precipitates can be controlled by varying the nano WO;
content 1s significant in optimizing microstructures for better superconducting
properties like in YBCO superconductors.

3.3.3 Temperature dependence of Magnetization

Fig. 3.5 shows the temperature dependence of magnetization (M) recorded for all
Bi 2212 samples with WO; nanoparticles addition, at 5 mT applied field, in the
temperature range 20-120 K. The occurrence of diamagnetic transition in the
range 80- 90 K confirms the formation of Bi 2212 as the majority phase in all the
samples. For the sample WB 0, with no nano WOs; addition, 7. (Onset) is around
90 K while 5 wt% nano WOs; added sample exhibits the lowest 7. (Onset) of
around 80.5 K. We observe that the 7. (onset) reduced from 90 to 80 K with nano
WO; addition and that the superconducting fraction decreased gradually. This
supports the possible substitution of W in the unit cells of Bi 2212, possibly at the
Cu site, as discussed in XRD analysis. Change of 7. owing to the substitution of
certain ions of comparable radii into the lattice i1s widely reported [27-31]. In the
present system, the decrease in 7. is marginal and hence would affect the
properties only close to 7.

The transition widths (47,) were calculated, using the definition A7, = T,
90%_ T, 19% [32], from the normalized M-T curves shown in Fig. 3.5 and are given
in Table 3.2. Here, 7./%?and T.°’” are the temperatures at which the diamagnetic
signal strength falls to 10 % and 90 %, respectively, of the total drop across the
transition. Samples WB 1 and WB 2 have relatively lower transition widths, AT..



Transition widths in the range 20 to 40 K are reported for Bi 2212
superconductors, for instance, with Yb substitutions [33] and Au addition [34].
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Fig. 3.5: Temperature dependence of  Fig. 3.6: Field dependence of magnetization for
magnetization for all Bi 2212 samples with nano Bi 2212 samples with nano WOs addition at 5 K,
WOs; addition, showing an increased shift in the  showing all the samples have J. > 0, till 9 T
onset of diamagnetic transition to low  applied field

temperatures with an increase in WOj3 content.

Table 3.2: Transition temperatures and transition widths for Bi 2212 samples with nano WO3
addition

S. No. Sample T.(K) |AT:(K)
1 WB 0 90 23.2
2 WB 1 88.2 16.5
3 WB 2 85 18.2
4 WB 3 80.5 29.2

3.3.4 Field dependence of Magnetization

Magnetic hysteresis (M-H) loops are recorded in all composites at different
temperatures (5 K, 15 K, 50 K, and 77 K). MH loops recorded at 5 K for all the
samples is shown in Fig. 3.6. The hysteresis in M (opening of an M-H loop) is
proportional J,.. At 5 K, M-H loops for all the samples are open till 9 T, indicating
that all the samples support non-zero J. up to the highest applied fields and hence
have an irreversibility field B, of above 9 T.

The field dependence of J. for all composites estimated using the extended
critical state model [35] is shown in Figs. 3.7 (a & b) at 5 K and 15 K. At 5 K,



samples WB 0 and WB 1 have nearly the same J. values at lower fields, but at
higher fields, the J. for sample WB 0 decreases rapidly compared to the sample
with 0.1 wt.% WO; nanoparticles addition. At 15 K, the sample WB 1 exhibits
substantial enhancement in J. and has the highest value among all the samples in
the entire field range.

It can also be seen from Fig. 3.7 (¢) that the fall in J. with T is much more
rapid in WB 0 with no nano WOs; addition. J, for sample WB1, with 0.1 wt.%
WO; is higher than for WB 0, in the temperature range of 10 K to 50 K. For WB
1 sample J.(0) value has increased by 60 % at 15 K and by 35% at 50 K, with
respect to those of WB 0. This suggests that the pinning centres generated by low
concentrations of nano WOs; addition are effective in the intermediate temperature
range. All samples were superconducting up to 77 K.

Here, we bring in an analogy to the YBa,Cus0O;.5 superconductor (called
YBCO or Y 123) system in which distribution of around 30 mol % of non-
superconducting Y 211 particles in Y 123 matrix leads to substantial enhancement
of J.[36,37]. This is attributed to flux pinning caused by fine secondary defects
like stacking faults generated at the interface of the particles with the matrix
phase. The secondary defects are of size comparable to the coherence length of
HTSCs, as observed from spectroscopic investigations [9,25,38].

From this, we infer optimum levels of defect density generated by the W-
alloy phase (WSr,CaOg) particles present in the Bi 2212 matrix in WB 1 sample,
which appears to have provided effective flux pinning retaining higher J, as
observed in Fig. 3.7(b) to higher fields. The J.(0) values, (i.e. J. at zero field) are
given in Table 3.3 for all the samples at different temperatures.
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Fig. 3.7: Field dependence of J. at a) 5 K and b) 15 K, respectively; ¢) T dependence of zero
field J. in the range 5 K to 77 K, for all the samples of Bi 2212 series with nano WO3 addition

3.3.5 Analysis of Flux Pinning Force Density (F))

For an in-depth understanding of flux pinning occurring in Bi 2212 composite
samples, the flux pinning force density (F) ) is calculated using the relation, ), =
J. x B and is analysed using the scaling laws.

The F, vs B curves at 5 K, 15 K, and 50 K are shown in Figs. 3.8 (a-c). At
5 K, F, monotonically increases with the applied field for all the samples with
WQOj; addition, while it reaches a maximum at about 5 T for WB 0. This shows
that flux lines remain pinned till the 9 T applied field in the composites,
suggesting suppression of flux creep, compared to WB 0, even at low
temperatures. The F), has the highest value for WB 1 when compared to other
samples at all temperatures. The F}, ... values for all the samples are given in
Table 3.3.

Table 3.3: B* (T) at 15 and 50 K, J. (0) and Fp max at 5, 15, and 50 K for the Bi 2212 samples
with varying nano WO3 addition

Sample | 15K | 50K 5K 15K 50 K
B” B* Je (0) Fp max Je(0) | Fpmax | Je(0) | Fpmax
(T) (T) A/em? N/em® | A/em? | N/em® | A/em? | N/em®

WB 0 6.37 0.20 8124.5 870.7 | 2109.2 | 1139 421 1.22

WB1 8.35 0.32 7908.1 | 1566.4 | 3602.5 | 218.1 570.5 2.1

WB 2 8.55 0.24 4617.7 914.8 1697.3 90.8 260.8 0.77

WB 3 7.0 0.14 4408.1 662.8 1524 68.4 282.8 0.35




At higher temperatures like 15 K and 50 K, the F), ..« (the peak value of £,
in the F), vs (B= u,H) curves) shifts to lower fields for all the samples, due to flux
creep that is known to be predominant in BSCCO superconductors compared to
YBCO [39,40] superconductors and it increases with rise in temperature.
However, for WB 1 sample, F), ..« occurs at higher fields at all temperatures,
compared to all other samples. This suggests that at low concentrations of WOs,
effective flux pinning is achieved to higher fields. The full width at half maximum
(FWHM) of F, vs B curves is a measure of the range of fields in which pinning
is effective and is found to be 5.45 T at 15 K for WB 1, while it is 2.9 T for WB
0, as can be seen from Fig. 3.8(b). The fact that the peak widths of F, vs. B curves
for WB 1 sample are larger till 50 K confirms the effective field range of flux
pinning to have been enhanced by the defects generated by adding 0.1 wt.% nano
WO; to Bi 2212.

Studies on the pinning mechanism in BSCCO samples in literature,
propose normal surface pinning at grain boundaries (d/ pinning) to be dominant
[41,42] while substitutional defects and the presence of low 7. superconducting
phases, if any, would cause 67, pinning [43]. In the present set of composites, we
find that pinning from the defects generated by the reaction of nano WOs is also
effective, in addition to the structural defects at platelet/grain boundaries, leading
to additional surface pinning in composites over a broader field range compared
to that of WB 0, as seen in Figs. 3.8 (a-c). Small amounts of Bi 2201 phase (with
a T, of 10 K) present become normal and contribute marginally to flux pinning at
all temperatures above 10 K.

To understand the nature of pinning present in our samples, we plotted the
normalized pinning force (f = F,/F), max) VS. h (=B/B,) along with the theoretical
curve for Normal surface pinning mechanism as discussed in the literature
[13,44-46]. For this, the field is normalized to peak field B, (i.e., the field at F),
max) Such that h= B/B, = uyH/1oH,.

The scaling laws in terms of 4 [13,41,42,44-47] for ok pinning, normal
point pinning, and surface pinning are given by equations (13-15) given in
Chapter 2 and are indicated by the continuous curves in Figs. 3.8(d & e).

It can be seen from Figs. 8 (d -e), that the experimental curves are in the
vicinity of the theoretical curve for normal surface pinning at 15 K and 50 K. The
deviation from theoretical curve at fields well above B, is attributed to the
presence of additional pinning mechanisms that are operative at higher fields. At
5 K, the maximum in F}, is not reached even up to 9 T for the composites; hence,
further analysis in terms of scaling laws was not considered at this temperature.
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samples with nano WOs addition, (f) B* estimation, shown typically, for sample WB 3 at 15
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From Kramer’s approach, we determined B", the characteristic field
beyond which the rigidity of the flux line lattice (FLL) effectively vanishes, and
B" is < B.; in HTSc due to flux creep. B was obtained by linear extrapolation to
zero of the low- J. segment of the Kramer curve [48] in which J./?B"* is plotted



vs. field B. This approach of obtaining B" is reported by [13,49,50]. Fig. 3.8(f)
shows a typical plot for sample WB 3 from which B” is determined. B” values at
15 and 50 K are shown in Table 3.3.

Lower transition widths indicative of better grain connectivity would also
play a role in the superior superconducting properties observed for samples WB
1 and WB 2. Since Sample WB 0 has no nano WO; addition, there is an
inadequacy of pinning centres to provide effective pinning at higher fields and
this explains the rapid fall in J. in WB 0 at higher fields.

According to reports based on computer simulations of the interactions
between pinning centres and flux lines, at high defect densities, the mobility of
the flux lines increases such that the flux lines can jump freely from one defect to
another without being pinned [51,52]. This might be the cause of why the
presence of secondary phases is effective only at low concentrations, and the
superconducting properties start to degrade at higher concentrations.

Flux pinning from various sources/ mechanisms can thus simultaneously
exist to different extents in high 7. superconductors and can be effective at
different field and temperature regimes. However, separating the contributions
from these sources to quantitatively flux pinning is a complex problem.

3.4 Conclusions

To mimic the two-phase microstructure of the YBCO system which enhances flux
pinning and improves J. subsequently, we have studied the effect of WO;
nanoparticles addition on the superconducting properties of Bi>Sr; 14Cag 36CurOy
superconductor. Through sol-casting process, WO3 nanoparticles were uniformly
distributed into the Bi 2212 matrix, which, on heating to 870 °C for a short
duration, generated nearly spherical particles (20-80 nm) of WSr,CaOg phase as
a second phase. These particles are seen to be well dispersed along the Bi 2212
platelet boundaries, as observed in FESEM images of fractured samples.

The number density of second-phase precipitates generated increased with
the nano WOs content, confirming their formation was caused by the local
reaction of WO; nanoparticles with the matrix phase. M-H loops recorded show
Bito be above 9 T at 5 K in the composites with nano WO; addition, which is
higher compared to pure Bi 2212 sample having B;,-around 5 T. Addition of nano
WO; in low concentrations (0.1 wt.%) is found to enhance the superconducting
properties of Bi 2212 in a broad range of fields at intermediate temperatures of
10 K to 50 K. The better superconducting properties in composite with nano WO;
addition are attributed to the effective flux pinning caused by the secondary
defects created at the interface of the WSr,CaOg particles with the Bi 2212 matrix.



As the concentration of nano WO; increased, the zero-field J. decreased,
indicating a reduction in the superconducting phase fraction. Analysis of pinning
force density using scaling laws suggests that multiple pinning mechanisms can
be operative at different field and temperature regimes. Our results show that
controlling the two-phase microstructure can sustain effective flux pinning across
a wide range of magnetic fields.

The current study shows that the sol-casting method is more effective than
the conventional solid-state synthesis method for introducing suitable
nanoparticles uniformly, without agglomeration, in the Bi 2212 matrix. The J.
value diminished to zero around 5 T applied field at 4.2 K, when the WOs3
nanoparticles were added by the solid-state synthesis method as reported [15]
whereas, for WO; nanoparticles added by sol-casting method, as in sample WB
1, the J, falls nearly 4 times the J,(0) value but is sustained to 2 kA/cm? at 5 K till
9 T applied field. Previous studies in the literature suggest that the addition of
nano-sized Ag to Bi 2212 led to the fall of J, approximately 100 times the J.(0)
value, even at 4.2 K at 6 T applied field [13]. Nanosized Al precipitates added to
Bi 2212 similarly resulted in the deterioration of J. at an applied field of 5 T at
4.2 K [53]. At 10 K, in nano Si0; added Bi 2212 samples, the J. diminishes
around 3 T applied field [54]. Hence, in comparison to existing literature, WO3
nanoparticles are a better candidate as pinning centres to pin the flux lines at
higher applied fields and in the 10 K- 50 K temperature range.

The fact that the present Bi 2212 composites possess a two-phase
microstructure, as in the YBCO system, with controllable second-phase particle
density. This study presents an opportunity to design controllable microstructures
in BSCCO superconductors by locally reacting suitable nanoparticles, thus
enhancing flux pinning.
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Chapter 4

Effect of adding non-reactive WO3 nano inclusions to enhance flux pinning
properties in Bi 2223 superconductor composites

4.1 Introduction

Over the years, extensive research in the realm of high-temperature
superconductors (HTSc) has resulted in the development of convenient and
economically feasible methods for producing lengthy wires or tapes using Bi-
based superconductors owing to their micaceous nature compared to RE-123 and
Tl-based copper oxide systems [1]. Recent advancements in HTSc materials have
created opportunities for practical applications in several areas including
electrical power devices [2,3] magnetic shields [4], and fault current limiters [5].

Though Silver clad Bi 2212 superconducting wires are commercially
available [6]. Their practical application is limited to temperatures below 30 K,
despite the T, being 85 K, because of the predominant flux creep phenomenon.
This flux creep results in swift decrease in the J. [7].

Realizing tapes of Bi 2223 phase (with higher 7. of 110 K) for practical
application at higher temperatures and fields, several factors to be addressed, like
phase formation, stability, suitable microstructure, and suppression of flux creep
to enhance J. (B, 7). Intergrowth of lower 7. phases and the formation of
uncontrolled second phases is often reported in Bi 2223; the amounts of co-
existing phases are sensitive to initial composition, and the methods of synthesis
and heat treatment followed [1].

In the mixed state of superconductors, the Lorentz force causes the flux
lines to move from their pinned position, leading to energy dissipation and an
exponential decrease in J.. To overcome this, microscopic non-superconducting
precipitates or defects are introduced in the superconducting matrix to pin these
flux lines [8]. The size, shape, and number density of these precipitates play a
significant role in deciding the extent of flux pinning. Optimal flux pinning occurs
when the dimensions of precipitates are comparable to the size of the coherence
length of the superconductor, which is a few nanometers [9].

Lattice defects [10], grain boundaries [11], and twin boundaries [12] that
form during the processing of superconducting materials and secondary phases
that form during synthesis or are added externally are known to contribute to flux



pinning and suppress the rapid fall in J(B, T), thus improving superconducting
properties.

Various studies on the addition of secondary phases to Bi 2223 are reported
in literature like Nd and Tb Co-doping [13], Zn addition[14], Nd addition [15]
Nb addition [16]. A detailed literature review on secondary phase addition to Bi
2223 is given in chapter 1, section 1.6.

Using solid-state reaction, the addition of WOs to Bi1 2223 is reported [17]
to have resulted in the substitution of W at the Cu site and improved J, at lower
concentrations, at 10 K. ZnO addition to Bi 2223 was found to lower the melting
temperature of the Bi 2223 phase, whereas 7, (onset) remained the same [18].

Among the studies on the effect of nanoparticles as flux pinning centers,
graphene nanoparticles were found to reduce 7. (onset). The addition of
nanographene led to an increase of high T, phase content, and when compared all
the samples, the sample with 1 wt.% nano graphene addition had higher J.[19].

Jia et al. found that 7, was constant on adding nano ZrO, to
Bi1,.3Pbg 4Sr,Ca; ,Cu3019+y superconductors and that nano ZrO, provides effective
flux pinning and enhances J. at 5 K[20]. The addition of Al,Os nanoparticles to
Bi 2223 (up to 0.2 wt.%) has increased J. at low concentrations, whereas J.
deteriorates at higher concentrations due to a decrease in Bi 2223 phase content
and agglomeration of Al-rich phase particles [21].

However, the majority of studies on the effect of pinning centers on the
superconducting properties of bulk Bi 2223 superconductors are at temperatures
below 30 K, and there is limited information on the flux pinning mechanism that
contributes to enhanced superconducting properties at higher fields and
temperatures.

The microstructure and superconducting properties in BSCCO
superconductors exhibit an intrinsic connection, with the microstructure being
influenced by the sintering time and temperature [22]. Limited literature exists
that establishes a direct correlation between improving the microstructure through
the introduction of a secondary phase and the subsequent enhancement of
superconducting properties in BSCCO superconductors. Larger BSCCO grains
may exhibit higher J. values at lower fields, while smaller grains display superior
J.-B behavior due to enhanced flux pinning by their smaller size and the presence
of non-superconducting grain boundaries [23]

The recent advent of cryogens/refrigerants available for operation at 50 K
makes it attractive to look for designing a microstructure of the Bi 2223 phase
that enhances flux pinning and enables applications at moderate temperatures.
According to existing literature, adding secondary phase precipitates can reduce



Jo if it agglomerates and obstructs the supercurrent flow or if it reduces the
superconducting phase content or lowers the 7. when it substitutes to the lattice
site. This indicates the possibility of improving the superconducting properties at
higher temperatures and fields by incorporating non-reactive, non-
superconducting precipitates of nanometer size while retaining a significant
amount of the superconducting phase and maintaining 7, around 110 K of the Bi
2223 superconductor.

In this direction, we have envisaged introducing WOs nanoparticles
dispersed uniformly into Bi 2223 bulk without reaction and studying the flux
pinning behavior at various temperatures and field ranges.

We have added WOs; nanoparticles to Bii2PbosSris4Caz0sCuszOy (Bi 2223
phase) and studied their effect on the superconducting properties of Bi 2223. This
composition was derived from a systematic work done on a series, with the
general formula BixSry(CaggsSro.14)n-1CusOy, where the Bi 2223 phase was
stabilized at n=5 and normalized to 3 Cu atoms per unit cell [24]. In the present
work, WOs nanoparticles were added to once processed Bi 2223 phase, which
was powdered after one sintering at 845 °C, with the idea of distributing the
nanoparticles into the matrix phase without reaction. This is in contrast to adding
them along with raw/precursor materials used to synthesize Bi 2223, as reported
in the literature [17]. We have added WO; nanoparticles by a Sol-casting
technique [25] developed by our group for the homogenous distribution of the
nanoparticles in the matrix phase. This process is different from those reported in
the literature [20,21,26] and it prevents nanoparticle agglomeration in the matrix.

The temperature and field dependences of magnetic properties of the Bi 2223
composites thus obtained are determined from M-H loops recorded from 10 K to
77 K and up to 9 T applied magnetic fields. The nature of flux pinning is studied
and the limiting fields (B* and B;,) for flux pinning at different field regimes are
estimated using scaling laws.

4.2 Experimental

4.2.1 Synthesis of precursor powders of Bi 2223

The Bi 2223 phase precursor powder was synthesized by metal nitrate
decomposition method using high purity Bi,Os (Alfa Aesar, 99.975%), Pb(NOs),
(Sigma, >99%), SrCO; (Sigma, >99%), CuO (Merck, >99%), CaCOs (Sigma,
>99. The powders weighed out in stoichiometric ratio were dissolved individually
in conc. Nitric acid and were mixed using stirrer, to which a requisite amount of



Pb(NOs), dissolved in distilled water was added. The solution was dried, and the
resultant powder was calcined at 500 °C. The calcined powder was annealed twice
for 24 hours each at 800 °C with one intermediate grinding and is used as
precursor powder of Bi 2223.

4.2.2 Composites of Bi 2223 with WQOs nanoparticle addition

Bi11,Pby 3511 54Cas.06Cu3Oy with the addition of WO3 nanoparticles (x= 0,
0.1, 0.5, and 5) wt.%, referred to as BW series, were investigated. The samples
of the BW series with different amounts of WO; nanoparticle addition were coded
as follows; the sample without nano WOs3 addition is BW 0; those with 0.1, 0.5,
and 5 wt.% nano WOs; addition to Bi 2223 phase are BW 1, BW 2, and BW 3,
respectively. Synthesis and characterization of WO3 nanoparticles are given in
Chapter 2 and Chapter 3, respectively.

The composites of the BW series were synthesized as discussed below. The
annealed precursor powders of Bi-2223 were pelletized using a hydraulic press
under a pressure of 12 tons and sintered at 845 °C for 48 Hours. The sintered
pellet was ground to fine powder, to which WO; nanoparticles were added by sol-
casting technique [25], debindered, and pelletized again. This technique [25]
ensures uniform distribution of nanoparticles in the matrix phase, through
polymerization using organic binders, which are subsequently removed by
burnout. Final sintering was done at 845 °C for 48 hours, which was repeated with
one intermediate pressing. Repeated pressing and sintering (press-sintering)
process is known to enhance the density of BSCCO samples and improve
superconducting properties [24,27]. The stepwise flow chart with details of Bi
2223 composite preparation is given in Fig. 2.2 of Chapter 2.

4.2.3 Characterization of Bi 2223 samples with WO3 addition

All samples of BW series prepared are characterized by analyzing XRD
patterns to confirm phase formation and determine lattice parameters using
X’Pert Highscore plus software. Microstructures and composition are examined
on cracked samples to observe the morphology and orientation of the grains using
Field Emission Scanning Electron Microscope (FESEM) with energy dispersive
analysis x-ray spectroscopy (EDAX). The temperature and field dependence of
the magnetization of the samples are measured using a Physical property
measurement system. The density of the samples was determined using
Archimedes’ principle to assess the levels of porosity and its role on the
superconducting properties. For the density measurement, the weights of the



samples were measured in an air and liquid (glycerin) medium using a Mettler
balance with 0.02 mg accuracy. All results are discussed in detail below.

4.3 Results & Discussion

4.3.1 X-ray diffraction studies

Fig. 4.1 shows the indexed X-ray diffraction patterns for all the samples of
the BW series. All the diffraction peaks in the XRD pattern could be indexed to
Bi 2223 as the main phase with minor amounts of Bi 2212 and Bi 2201 phases,
which are estimated using Highscore plus software.

All the samples exhibit Bi 2223 as the majority phase with Orthorhombic
structure. The diffraction peak at Bragg angle 20 = 23.5° observed in BW 1 and
BW 2 (with 0.1 and 0.5 wt.% nano WOs, respectively) is representative of WOs.
Phase analysis indicated Sample BW 3 with 5 wt.% addition of nano WOs to have
traces of a W-containing phase. The absence of secondary phases containing W
in samples with lower concentrations of nano WO; addition suggests that WO;
has not reacted with the elements of the Bi 2223 phase or that such phases are too
minor in quantity to be detected. The absence of the Bragg peak at 20 = 23.5° and
the appearance of a low-intensity peak pertaining to the WSrCaOg phase at around
20 = 30.7° in sample BW 3 (with 5 wt.% nano WO3) suggests that at higher
concentrations, nano WQOj; reacts with elements of the matrix phase forming traces
of W-containing phase. It has also suppressed the formation of lower 7, phases.

Table 4.1: Lattice parameters and phase content for nano WO3; added Bi 2223
samples.

S. No. | Sample |Lattice parameters (A) Phase content (%)
a b ¢ Bi 2223 |Bi 2212 |Bi2201 |W phase
1 BW 0 |5.413(7) |5.381(3) [37.076(8) 95.3 1.4 3.2 -
2 BW1 |5.414(2) |5.407(6) [37.093(3) 99 1 - -
3 BW2 |5.415(0) |5.401(0) [37.097(1) 97.8 1.8 0.4 -
4 BW3 |5.412(9) |5.404(7) [37.075(0) 99.5 0.3 - 0.2

An enhancement in the intensities of 00/ lines for all the samples shows
that all the samples are textured along the c-axis. Table 4.1 shows the details of
lattice parameters and phase content in all the samples of BW series.
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Figure 4.1: Indexed XRD patterns of all the Bi- 2223 samples with WO3 nanoparticle addition.

4.3.2 Microstructural studies

Fig. 4.2 shows the FESEM micrographs of the fractured surfaces of the
samples. Large Bi 2223 grains in the form of stacks of platelet-like grains can be
seen. Large platelet-like morphology is typical of press-sintered BSCCO
superconductors [15,21,27,28]. WO; nanoparticle addition has not affected the
large micaceous platelet-like morphology of the matrix Bi 2223 phase. Sample
BW 3 with 5 wt.% nano WOs has shown traces of a W-containing phase (See Fig.
4.2 (d)). Due to minor amounts of this phase, the exact composition could not be
determined. However, from the Bragg peak seen at 20 = 30.7° in XRD, we
identify this phase possibly to be WSrCaOg. Because of similar morphology and
presence in very low amounts, the distinct lower 7. phases (B1 2212 and Bi1 2201)
couldn't be individually distinguished. The composition for Bi 2223 and W
containing phase is given in Table 4.1(a).
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Figure 4.2 (a-d): FESEM micrograph recorded in fractured surfaces of Bi 2223 samples with
WOs3 nanoparticles addition (0. 0.1, 0.5 and 5 wt.%), W containing phases are marked for
sample BW 3, (e) Bi 2223 along with W phase are marked and their composition are given in
Table 4.1(a).

4.3.3 Density measurements

We have assessed the density of the samples as it is known that voids and
porosity that may be present in the HTSc due to their ceramic nature would
provide hinderance to the current flow and can be a source to reduce the current
densities.



The theoretical density for Bi 2223 having composition
Bi; 6Pbg 4Sr,Ca,Cus010+5 1s 6 g/cc from the literature [15,21,27]. The theoretical
density for the BW 0 composition is estimated from XRD data to be 5.39 g /cc.
The measured density (g/cc) and relative density (%) with respect to theoretical
density of bulk pellets are given in Table 4.2. We note that sample BW 2 has a
lower density compared to other samples.

4.3.4 Magnetic Measurements

Temperature dependence of magnetization (M-T) for all Bi 2223
composites is shown in Fig. 4.3. The data were collected while cooling the
samples from 120 K to 20 K in 5 mT applied field. All samples show a sharp
diamagnetic transition, corresponding to the Bi 2223 phase with 7, (onset) of
around 105 K. The 7, (onset) is not much affected by WO; nanoparticle addition,
contrary to the observations reported in the literature [17]. This suggests that W
has not replaced any atoms in the unit cells of the Bi 2223 matrix. Adding WOs;
nanoparticles to once-processed Bi 2223 powder has reduced the possibility of
reaction and formation of substantial amounts of secondary phases. This also
suggests that WO; remains distributed as nanoparticles in the Bi 2223 matrix,
which is not observable in FESEM images.
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Figure 4.3: Temperature dependence of magnetization for all Bi 2223 samples with nano WO3
addition recorded at a DC field of 5 mT.



The transition widths (A7.) are measured as the difference in the
temperatures at 90% and 10% of the diamagnetic signal across the
superconducting transition. The transition width for sample BW 3 is found to be
the highest, while it is the lowest for sample BW 1 as seen from Table 4.2. The
transition width is a measure of homogeneity in the properties of grains and the
grain connectivity [29].

Table 4.2 — Onset temperature of Diamagnetic transition (7), the transition width
(4T,), the measured density, and relative density for all the samples of the BW
series.

Sample T¢(K) 4T: (K) Density (g/cc) Relative density (%)

BWO 104.7 19.3 4.95 91.8
BW 1 104.9 12.6 4.86 90.2
BW 2 104.4 18.3 4.28 79.3
BW 3 104.9 24.9 4.78 88.5

Field dependence of magnetization was studied by recording M-H loops to
high fields at different temperatures 10 K, 30 K, 50 K, and 77 K. For all the
samples, the M-H loops at 10 K are open till 9 Tesla applied field as shown in
Fig. 4.4 (a) indicating that the irreversibility fields (Bi) are well above 9 T at 10
K.
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Figure 4.4 (a): M- H loops recorded at 10 K, (b) - (¢) Magnetic field dependence of J. at 10
K, 30K, 50 K, and 77 K and for all Bi 2223 samples with varying nano WO3 content.

The critical current density for all the samples was calculated from the
corresponding M- H loops, using Bean’s critical state model [30], discussed in
section 2.6 of chapter 2.

Figs. 4.4(b) & (e) show the field dependence of J. determined at 10 K - 77
K, respectively. Fig. 4.4 shows that J. decreases with the applied field, as is
observed in oxide superconductors, but all the present samples have finite J.
values till 9 T at 10 K. The rapid decrease in J, on increasing the magnetic field
and temperature is due to flux creep known to occur much below the upper critical
field B., in HTSc [31], [32].

It can be seen from Fig. 4.4(b) that the J, value for the BW 0 and BW 1
samples are nearly equal at 10 K, but at higher temperatures like 30 K, the J.
value for the sample BW 1, with 0.1 wt.% nano WO; exceeded that of other
samples at zero field (J.(0)) as well as at finite fields (J.(B)). The small peak
observed in J. curves near zero field is akin to the low field peak observed by



Sinoussi et al. close to H,; due to the pinning of vortices that are few in number
and have long-range interaction [33].

We see from Fig. 4.4 that the J.(B) curve for the sample BW 2 is lower than
those for others. We examine the data in light of the bulk densities of the samples
given in Table 4.2. The sample BW 0 has the highest density of around 4.95 g/cm?.
The density is relatively low for BW 2 among all the samples, suggesting that the
lower J. values correlate to higher porosity that limits the size of the diamagnetic
current loops in this sample. A similar dependence of J. on density was observed
in Bi1 2212 tapes [7] and Bi 2223 bulk samples [21,27].

4.3.5 Analysis of Flux Pinning Force density (F))

Field and temperature dependence of current densities are known to be
governed by the microstructural features of HTSc samples. The flux line lattice
generated by the application of magnetic field interacts with the defects/
inhomogeneities in the material which causes pinning of the flux lines to the
defect sites, which act as pinning centers. The nature and extent of the
contribution of the defects to the pinning force depends on their size relative to
the coherence length (&) of the material and the defect density [34,35].

Intrinsic pinning due to weak coupling across Cu-O layers along the c-axis
of copper oxide-based superconductors is dominant in defect-free YBCO single
crystals and thin films [36]. On the other hand, flux pinning can be caused by
multiple types of defects associated with non-superconducting second-phase
additions [37], chemical substitutions at atomic sites in the unit cells [38], twin
planes [39] or the presence of superconducting lower 7. phases [40] in the case
of HTSc, in general. These can be present in HT'Sc when they are synthesized in
the form of either single crystals, thin films, textured, or polycrystalline
specimens. Flux pinning would enhance the critical current densities J.(B) by
working against flux creep and will occur in a specific field range where pinning
1s effective [21].

Scaling models proposed by Dew Hughes define several pairs of
parameters that would describe the dominant pinning mechanism in the
superconductors to arise from point pins, surface pins, or volume pins [41]. On
the other hand, Kramer’s model considers the elasticity of the flux line lattice that
undergoes shear beyond a characteristic field [42]. Applying scaling laws to the
measured pinning force densities helps to identify the nature of the pinning
mechanisms associated with the defects.
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Figure 4.5 (a-d): Flux pinning force density variation with the applied field at 10, 30, 50, and
77 K, respectively, for the BW- series samples of Bi 2223 with nano WO3 addition

An analysis of flux pinning force curves generated as a function of the
applied field has been carried out to gain insight into the dominant flux pinning
mechanism 1n the present set of samples. The flux pinning force density (£),) 1s
given by, F,, =J.x B, where B is the applied field. F) vs. B curves, which represent
field dependence of flux pinning force density, for all the samples studied in this
work, are shown in Fig. 4.5 at temperatures 10 K, 30 K, 50 K, and 77 K.

It can be seen from Fig. 4.5 (a) that the flux pinning force density increases
monotonically with an increase in the field up to 9 Tesla, the maximum field
applied at 10 K for all the samples. At higher temperatures, F, exhibits a
maximum (£}, .) at a field, B, corresponding to the peak in F,-B curves. The
magnitude of F), . differs from sample to sample, while B, the peak position on
the field axis, is observed to be in a small field range for all the samples at a given
temperature. At 10 K, F}, ..x has not been reached for samples up to the 9T field.
The rapid reduction in the magnitudes of F), . and B, with an increase in
temperature is due to flux creep, which is known to be dominant in BSCCO
superconductors, compared to (Y, RE)BCO systems, due to larger interlayer
spacing [43].



The critical current densities (J.(0)) at zero field and finite fields (J.(B)),
maximum pinning force F, 4, and the full width at half maximum (FWHM) of
the pinning force density peaks (shown in Fig. 4.5), are compared in Table 4.3 at
different temperatures studied. FWHM is a measure of the wide field range in
which pinning is effective.

Table 4.3 (a & b): Comparison of J.(0) , J«(B), Fp max, and FWHM at different

temperatures for all the Bi-2223 sample series with WO3 addition.

Sample 10K 0K
Je© [ IG5 | Fomex | Je(® [J.(AD| Fpmee | FWHM
(Alem?) | (A/em?) | (N/em?) | (A/em?®) | (A/em?) | (N/em?) (T)
BWO0 | 10825 2260 1745 3215 515 65.7 2.57
BW 1 10600 2040 1570 4160 700 86.1 2.54
BW 2 5390 1040 792 1545 260 314 2.03
BW 3 7765 1465 1033 2885 350 46.1 2.32
Sample 50 K 77 K
Je(0) Fpmex | FWHM | J:(0) Fp max FWHM
(A/em?) (N/em?) (T) (A/em?) | (N/em?®) (T)
BW 0 1615 10.35 0.48 336 0.77 0.064
BW 1 2270 15.88 0.58 552 1.11 0.068
BW 2 785 5.42 0.43 194 0.43 0.065
BW 3 1505 8.75 0.44 373 0.71 0.068

Fig. 4.5 and the data in Table 4.3 indicate that Sample BW 1 with 0.1 wt.%
nano WOj; addition exhibits a larger pinning force compared to other samples at
30 K, 50 K, and 77 K at all fields, which suggests that pinning due to WO;
addition is effective at low concentrations of nano WO; Addition.

As the field increases, F), 1s expected to decrease to zero at the upper critical
field B.., which is observed in conventional superconductors. But, in HTSC, it is
the irreversibility field B;, (<<B.;), at which F}, is found to vanish due to flux
creep [44]. Unpinned flux motion occurs in the region between B, and B...

One looks at scaling laws applicable to the observed flux pinning curves to
investigate the mechanism. For this purpose, curves of normalized pinning force
density (f' = F,/F}, max) vs normalized field (b= B/ B;,) are analyzed in the light of
various mechanisms that include pinning due to spatial variations in mean free
path (6] pinning) or in Ginzburg-Landau parameter k (dk or 07, pinning) [40].



The initial task in this direction is to determine Bj,, representing the
limiting field at which the pinning force becomes zero. However, since more than
one type of pinning mechanism might exist simultaneously in HTSc due to
various types of defects that may be present, the pinning force curves due to
different mechanisms would overlap, and the measured curves are a superposition
of all such contributions.

Hence, it is more complex to identify the scaling laws if more than one
pinning mechanism is involved, as the limiting field for each mechanism is then
different. In the present set of samples, one expects, in addition to pinning due to
inherent structural defects at grain boundaries (that contribute to surface pinning),
pinning due to the addition of nano-WOj particles to the Bi 2223 phase to be
present. Traces of lower 7. phases could also contribute to a small extent. Hence,
we followed the approach given below to determine the characteristic fields B®
and B, that represent the limiting fields for the pinning mechanisms at low and
high fields.

To identify the dominant contribution to the measured pinning force
curves, we plotted the variation of normalized f = F), /F, ma as a function of 4 (h=
B/B, =u.H/u.H, = H/H,), where B, 1s the field at which F}, 1s maximum, for all
the samples along with the scaling law function for surface pinning mechanism.

The normalized pinning force from AK, normal point and normal surface pinning
mechanism are given by [45,46].

We show F),/F), max Vs H/H, curves, along with the curves of the theoretical model
represented by equation (13-15) given in Chapter 2, in Fig. 4.6 (a) at 30 K. Scaling
laws cannot be applied to the data at 10 K since the peak in F), is not observed
even up to 9 T, the maximum applied field.

The proximity of the experimental data to the theoretical surface pinning
curve in Fig. 4.6 (a-c) suggests the dominant mechanism to be associated with
normal surface pinning sites at platelet/grain boundaries.

The deviation from the theoretical curve for surface pinning at fields above
the respective peak fields (B,) suggests additional pinning due to other
mechanisms to be effective at higher fields, which would vanish at B, as
discussed later.

To determine B”, the characteristic field equivalent to the irreversibility
field for the low field pinning mechanism, we use the scaling law defined by
Kramer [42] for surface pins and plot J.’°B%*% vs B. A typical plot for BW 1 is
shown in Fig. 4.6(d), from which B" is determined to be 5 T at 30 K. B* values



represent the limiting field for pinning at low fields, and the B* values thus
obtained are presented in Table 4.4 for all the samples.
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Figure 4.6 (a-c): Fp/Fpmax vs H/Hp curves for all the BW samples at 30 K, 50 K, and 77 K along
with theoretical pinning curve, (b) Estimation of B* for BW 1 sample at 30 K, from Kramer’s
approach,

The irreversibility field B;., of the materials can be determined, in general,
from the closure of the M-H loops at high fields. However, the M-H loops of all
the samples are open till 9 T field at 10 K; hence, the B;, value could not be
determined at 10 K from the closure of M-H loops. This is also reflected in £, vs.
B curves, as it does not exhibit a peak up to 9 T, as seen in Fig. 4.5 (a).

It is important to note that the pinning force is finite beyond B” for all the
samples, as seen from the tail region of the curves, at high fields in Fig. 4.6(b).
This region is manifested by a rapid reduction in J. (as well as F},) due to flux
creep, which is known to occur in HTSc, and this fall can, in turn, get

slower/suppressed if another pinning mechanism becomes operative at high
fields.



From an examination of the curves in Fig. 4.6(a) at fields above B,, it is
evident, from the gradual deviation from the theoretical curve for surface pinning,

that the contribution to F, increases with an increase in WOj3 content to 5 wt.%
from 0.1 wt.% at 30 K and 50 K.

Irreversible field (B;,) is an important parameter, especially for HTSc, as
it determines the upper limit of a superconductor's current-carrying capability
[47]. As reported in the BSCCO system, defects introduced into the
superconducting matrix can raise B, to higher fields [15],[47], [48], [49],[50].

Irreversible field (B;,) is the limiting field that defines the pinned vortex
state. Above B, flux lines are not pinned, and F), vanishes. In literature, there are
numerous criteria to determine B;,, for instance, as the field where J. reaches
some minimum proposed value like 10 A/cm? [51], 100 A/cm? [52], or 1000
A/cm? [53] or the field at which a superconductor becomes resistance-less at a
particular temperature [48,50]. We follow a different approach to determine B,
by analyzing the exponential decay in F), with field. In other words, to determine
the magnitude of B, that represents the effective field at which the pinning
mechanism at high fields vanishes, resulting in overall J. to become zero, the tail
region of the F), vs B curves (beyond B,) is analyzed in terms of an exponential
decay function given below.

B
F,(B) =C+ D *Exp(— B_x)
2)
Here C, D, and By are the fit parameters. Equation 2 is solved for B, setting

F,(B)= 0 to get B.(T), where F, vanishes at 30, 50, and 77 K, and are presented
in Table 4.4.

The B, values thus determined are scaled to a function given by equation 3,

Birr(D = Birr (0) *(1'(T/TC))m9
3)

from which B, values of the samples are estimated at 10 K and are also presented
in Table 4.4. B, (0), the value of B,, at zero temperature, and m, the fitting
parameter at different temperatures, are given in Table 4.4. The fit parameter m
can have values from 1.5- 5.5, based on the anisotropy of the superconducting
system [54,55]. Values close to 3 are reported for m in Bi 2223 bulk and tapes
[56].



Table 4.4: B*(T), Bi«(T), Bi(0), and m values for all the Bi 2223 samples with

nano WOs addition

Sample

BW 0
BW 1
BW 2
BW 3

B* (T)
30K | 50K
45 1.0
5 | 119
42 | 0.86
4 101

77K
0.17
0.17
0.15
0.32

Birr (T)
10K 30K 50K
16.96  6.85  2.02
3236 1111 2.70
12.64 H 548 | 1.82
3560 9.77 1.97

77K
0.38
0.29
0.19
0.26

Birr (0)

24.9
50.9
18.0
61.7

m

3.8
4.5
3.5
5.5

Fig. 4.7 shows the variation of B;,. (T) for all the samples, which indicates
that B, shifts to higher fields in the WO; doped samples, except in sample BW 2
of higher porosity as evidenced by lower density. The shift of B, to higher fields
1s indicative of flux pinning sustained to higher fields.

65

13

BW 0
BW 1
BW 2

o & © H

0 1 1
30 40

50

Temperature (K)

60

70

BW 3

16

32

48

Temperature (K)

64

80

80

Figure 4.7: B values at various temperatures for all Bi 2223 samples with nano WO3 addition,
inset: Birr vs T, magnified above 30 K.



There is no experimental evidence as to why superconducting properties
improve at deficient concentrations of a second phase addition, as is observed in
BW 1 sample in the present study. Some theoretical studies [34,35] suggest that
a high density of pinning centers would allow flux lines to jump from one pinning
center to another, causing deterioration of J.. Senoussi et al. [33] argued that there
are two types of vortex lattice interactions: long-range at low fields where fewer
flux lines exist and short-range at higher fields with higher flux lines. It seems
possible that in different field regimes, the defects that cause effective pinning
coupled with the energy of vortex lattice can accordingly be different, leading to
more than one pinning mechanism to exist simultaneously, as is observed in the
present composites.

4.4 Conclusion

In this study, we studied the effect of WO; nanoparticle addition on the
superconducting properties of Bi;2Pbg3Sr; 54Ca06CuzOy  superconductor
composites. M-T curves show that T, (onset) nearly unchanged at 105 K, main
phase is Bi 2223, indicating nano WOs3 has not reacted with the elements of Bi
2223 matrix phase, especially at low concentrations. We have used the sol-casting
method of adding WOs; nanoparticles to enable uniform distribution of
nanoparticles in the Bi 2223 matrix. WO3 nanoparticle addition to already once
processed Bi 2223 powder, rather than adding them along with the ingredients
mixed and processed to form Bi 2223, has prevented W substitution to lattice sites
in the unit cells of the matrix phase.

FESEM micrograph reveals the presence of packed dense grains having plate-
like morphology. A critical current density of 11 kA/cm?is obtained in the sample
BW 1 having 0.1 wt.% WOs; nanoparticles addition to Bi 2223 phase at 10 K and
zero field. Variation inJ, occurring at higher temperatures and fields is analyzed
to assess the origin of flux pinning in various field regimes. The observed pinning
force density F), (B, T) 1s attributed to two different mechanisms. An analysis in
the light of scaling laws suggests normal surface pinning due to interfacial defects
associated with grain/platelet boundaries to be the dominant mechanism at low
fields. The addition of WO; nanoparticles has suppressed the swift decrease in J,
due to flux creep at higher fields. The limiting fields B* and B;,, where pinning
due to different mechanisms vanishes, are estimated from a detailed analysis of
normalized F),. B;. values calculated from the study of F, vs field curves above
the peak field B, show a shift towards higher fields in WOs-containing samples,
except for BW 2 of lower density. Identification of flux pinning mechanisms
operative at different field regimes presented here would be important for
designing superconductor composites with enhanced properties. In summary, the



addition of low concentrations (0.1 wt.%) of WOj; nanoparticles without reaction
with the matrix phase led to enhanced flux pinning sustained to fields above B,
up to higher temperatures.
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Chapter 5

Effect of nano ZrQ:; addition on the flux pinning properties of
Ca3651r0.14CuQO; phase added Bi 2223 composite

5.1 Introduction

Artificial pinning centers are added to the BSCCO superconducting matrix
to control the flux flow at higher magnetic fields. Efforts to add a secondary phase
as artificial pinning centers to the Bi 2223 superconductor have been reported,
but the outcomes do not consistently align with the intended results.

From the last two chapters, we find that nanoparticles are helpful in
improving superconducting properties at very low concentrations. Similar reports
of adding secondary phases to Bi 2223 are also present, where the secondary
phase is effective in low concentrations [1-3].

Adding oxide nanoparticles to Bi 2223 superconductors improves J. and
pinning force density (F,). Introducing 20 nm sized MgO nanoparticles to B1 2223
superconductors has significantly enhanced T, and transport J.. Furthermore, the
addition of nano MgO has resulted in improvements in the Bi 2223 phase fraction
and its flux pinning capabilities, and it is also reported that MgO exhibits
chemical inertness towards Bi 2223 and is uniformly distributed among the Bi
2223 grains [2].

Many reports of nano ZrO, addition to Bi 2223 are available in the
literature. Jia et al. found that ZrO, addition to Pb added Bi 2223 improved
intragranular J. and flux pinning properties at higher fields and did not impact the
T, till the ZrO, concentration was less than 30 mol % [3]. The addition of nano
Zr0O; to B1 2223 superconductor improved flux pinning properties, the activation
energy( Uex (H, T)) of vortex flow motion, and J. and F, behavior. This was
attributed to the nanometer-sized Zr-rich phase contributing to extrinsic pinning
centers. The sharp interface between the Zr-rich phase particles and the Bi1 2223
phase provided effective normal surface pinning centers. Notably, no effects were
observed on the T, or the morphology of the Bi 2223 phase [4,5].

(B1,Pb),>Sr>(Cag 36510.14)n-1Cu, Oy for n=5, defines Bi 2223, and for n= infinity, it
1s Cag86S10.14Cu0O, compound [6,7]. We have synthesized CaggsSro.14CuO, phase
and added 20 mol of it to 100 mol of Bi 2223 superconductors to form a
composite. Nano ZrQO; in various concentrations (0.5, 1, and 10 wt.%) was added
to the composite to see their combined effect on the flux pinning and other
superconducting properties at various temperatures and fields. The effect of



adding both the secondary phases ((Ca,Sr)CuO; and nano ZrQ,) is discussed in
detail in the present study.

5.2 Experimental techniques

The powders (B1;2Pby 3511 54Ca 0sCu3Oy and Cag g6S19.14Cu0O,) were prepared by
metal nitrate decomposition method [8—10] using high-quality Bi,03, Pb(NO3)a,
SrCO3, CaCO;, and CuO powders. To get Bi;2Pbg 351 54Ca, 06CusOy powder, the
powders in the stoichiometric ratio were initially dissolved in conc. Nitric acid
one by one, the resulting solution was dried and calcined at 500 °C for a few
hours. The calcined powder was ground and annealed at 800 °C twice for 24
hours, each with one intermediate grinding.

Similarly, Cagg6Sro.14CuO, powder was also prepared by nitrate method,
but the annealing was done at 900 °C. B1;,Pb3Sr1 54Ca, 06CuszOy (B1 2223) and
Cagg6S10.14Cu0;, mixed powders were tumbled for 8 hours before being
pelletized. The pellet was processed for 48 hours at 845 °C to form the composite.
The processed pellet was ground to powder, and ZrO, nanoparticles were then
added in different amounts using a sol-casting process, [11] to enable uniform
distribution of nanoparticles in the composite.

After adding ZrO; nanoparticles, the powder was de-bindered, pressed into
the pellet( 20 mm in diameter and 5-6 mm in height), and sintered twice at 845
°C for 48 hours with one intermediate pressing. Repeated pressing and sintering
is required to densify the Bi 2223 superconductors, as reported in the literature
[12,13]. Pressing at an optimized pressure is necessary for better grain
connectivity and improved superconducting properties [14,15].

For reference, a pure Bi 2223 superconducting sample, and a composite
without nano ZrO, are also prepared using the method as mentioned above. Table
5.1 gives the details of all the samples. After final processing, the pellets were cut
for characterization.

Table 5.1: Initial composition and Transition temperatures for all the samples

Sample Code Initial composition Te (Onset), K

BZ (0 Pure Bi 2223 104.5

BZ 1 (Bi 2223+ Cao.36S10.14Cu0>) composite (100:20 mol) 105

BZ2 (B1 2223+ Cao.86S10.14Cu02) composite (100:20 mol) 104.2
with 0.5 wt.% nano ZrO»

BZ3 (B1 2223+ Cao.86S10.14Cu02) composite (100:20 mol) 104.5
with 1 wt.% nano ZrO,

BZ 4 (B1 2223+ Cao.86S10.14Cu02) composite (100:20 mol) 77
with 10 wt.% nano ZrO»




5.3 Results and Discussion

XRD analysis confirmed the phase formation of the (Ca Sr)CuO; phase. The
(Ca Sr)Cu0; system is complex and can exist in many phases. This phase is also
sensitive to pressure, atmosphere, and synthesis temperature [16—18]. The
indexed XRD pattern for the (Ca Sr)CuO; phase, synthesized at 900 °C, is shown
in Fig. 5.1. In addition to the (Ca Sr)CuO; phase, a few peaks corresponding to
CuO, and various other oxide phases can also be observed.

1- (Ca,Sr)Cu0,
2-CuQ
3- Others

-

Intensity (arb. unit)

EHT = 2000 kv Signal A = InLens Date ;21 Mar 2018
Mag = B0.00KX WD = 87 mm Time :11:67:13

Figure 5.1 (a): Indexed XRD pattern for (Ca,Sr)CuO- phase, showing the presence of CuO and
other phases, (b) FESEM micrograph for ZrO particles showing particles are in 50-200 nm
range in size.

ZrO, nanoparticles (Saint Gobain) were added to (Ca Sr)CuO; added Bi 2223
composites. A FESEM micrograph for ZrO; nanoparticles is shown in Fig. 5.1(b).
The particles ZrO, nanoparticles were found to be in the 50- 200 nm range before
adding. The ZrO, nanoparticles were well dispersed in water using a high-power
ultrasonicator and added to the gelling medium.

5.3.1 XRD analysis for samples of BZ series

Indexed XRD patterns for samples BZ 0- BZ 4 are shown in Fig. 5.2. Samples
BZ 0 is nearly single phase Bi 2223. Most of the peaks for samples BZ 1- BZ 3
are indexed to the Bi 2223 phase; low-intensity peaks corresponding to Bi 2212,
Bi 2201, and other phases are also present. Peaks corresponding to (Ca Sr)CuO,
are marked (0). The majority of peaks for sample BZ 4 are indexed to the Bi 2212
phase, suggesting Bi 2212 is the major phase and higher conc. of nano ZrO,
addition restricts the formation of the Bi 2223 phase. XRD analysis suggests that
all the samples are crystalline, with Bi 2223 being the major phase in samples BZ
0 to BZ 3, whereas the major phase in sample BZ 4 is the Bi 2212 phase.
Strontium Zirconate (SrZrOs3) phase peaks around 20 position of 30.78 and 54.74
are also marked as others. A systematic increase in the intensity of the SrZrOs



phase peak at 30.78 degree with increasing ZrO, content suggests that nano ZrO,
particles react with (Ca Sr)CuO, and form the SrZrO; phase. In literature, there
are reports where a low concentration of nanoparticle addition to Bi 2223 leads
to the formation of secondary phases [19,20], and a high concentration of
nanoparticle addition causes incomplete Bi 2223 phase formation [21,22]. The
lattice parameters for Bi 2223 phase for samples BZ 0- BZ 3 are given in Table
5.2.

Table 5.2: Lattice parameters of Bi 2223 phase for samples BZ 0- BZ 3

a (A) b (A) c(A)

- 5.413(7) 5.381(3) 37.076(8)
- 5.409(7) 5.398(9) 37.078(2)
- 5.404(2) 5.403(2) 37.046(2)
- 5.403(9) 5.407(4) 37.051(4)
- g (000) - Bi 2223
2 ¥ - Bi2212
E _ ® - Bi2201
N
L 5 d - (Ca,Sr)Cu0,
=) T 9§ A - others
o o
S =
a k-
S
s . . .
> - g T L e s
i 8% = I $F|8|§§§g_d~;|§r;r~m
c EBZ0 =28 o vq)‘gq-g %"‘g“"c’

i ¥
!

= w

10 20 30 40 50 60
2 0 (degree)




Figure 5.2: Indexed XRD patterns for all samples showing Bi 2212 as the major phase for
sample BZ 4 and Bi 2223 for other samples.

5.3.2 Microstructural analysis

Fig. 5.3 shows the FESEM micrograph for all samples. Randomly oriented large
and dense platelets like grains corresponding to Bi 2223 are present for samples
BZ 0 — BZ 3. The smaller grains corresponding to the Bi 2212 phase are present
for sample BZ 4. (Ca,Sr)CuO; phase particles, spherical in size are distinctly seen
for sample BZ 1 in Fig. 5.3(f), and the composition of these particles is confirmed
EDAX analysis. These particles are a few microns in size, uniformly dispersed,
and lying intact among Bi 2223 grains. Nano ZrO, added samples have a reacted
phase present among the grains and this reacted phase increases with increasing
ZrO, concentration. This phase formed due to the reaction of ZrO, and
(Ca,Sr)CuO; phase is also verified by XRD analysis (StZrO3). Sample BZ 4 has
the highest amount of this reacted phase among Bi 2212 grains. At higher conc.
of nano ZrO, addition, the increased amount of this reacted phase inhibited the
formation of the Bi 2223 phase for sample BZ 4. Similar microstructures for
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Figure 5.3 (a-e): FESEM micrograph for BZ 0- BZ 4 showing Bi 2223 and Bi 2212 grains,
(Ca,Sr)CuO,, and Reacted phases, (f) FESEM micrograph for sample BZ 1 showing
(Ca,Sr)CuO; phase particles among Bi 2223 grains.

20pm , Electron Image 1

5.3.3 Temperature dependence of magnetization

To assess the superconducting transition temperature, the temperature
dependence of magnetization was measured at 5 mT applied field in the
temperature range 120 K- 20 K and shown in Fig. 5.4. A sharp diamagnetic
transition around 105 K for samples BZ 0 — BZ 3 suggests that the main phase
present is Bi2223. In contrast, for sample BZ 4, a transition around 80 K indicates
that Bi 2212 is the major phase. Among all the samples, sample BZ 1 has the
sharpest transition. Also, the lower transition width for sample BZ 1 suggests that
it has better grain connectivity and superconducting properties. The decrease in
the Meissner fraction can be seen after adding secondary phases. The secondary
phase addition didn’t cause any change in the T, for sample BZ 0- BZ 3 unlike
reported in the literature [25-27,29], this suggests that the added secondary
phases are not substituted to the lattice. From XRD, microstructure, and MT
analysis, it is confirmed that sample BZ 4 has Bi 2212 as the main phase, so
sample BZ 4 is not included for comparison of remaining superconducting
properties. The T, (Onset) values for all samples are given in Table 5.1.
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Figure 5.4: Temperature dependence of magnetization for all composites showing a sharp
diamagnetic transition around 105 K for samples BZ 0- BZ 3 and around 80 K for sample BZ
4.

5.3.4 Field dependence of magnetization

MH loops were recorded for all the samples at various temperatures. Fig. 5.5
shows the MH loops at 10 K and 20 K for samples BZ 0- BZ 3. The MH loops
for all samples are open till 9 T. The opening of an MH loop is an indirect measure
of J.. So, at low temperatures (10 K and 20 K) the opening of MH loops suggests
that all samples have finite J till 9 T field.
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Figure 5.5(a-d): Field dependence of Magnetization for samples BZ 0- BZ 3 at 10 K and 20 K.



5.3.5 Field dependence of critical current density

Critical current densities were measured from the recorded MH loops at various
temperatures using Bean’s critical state model [30].

The field dependence of J. for samples BZ 0 - BZ 3, at 10 K, 20 K, 30 K, and 50
K is shown in Fig. 5.6(a-d). At 10 K and 20 K, all samples have non-zero J. values
till 9 T applied field, and sample BZ 1 has better J. -B behaviour among all the
samples. Similar J.- B behaviour was also observed for sample BZ 1 at higher
temperatures. The better J. -B behaviour for sample BZ 1 is attributed to the (Ca,
Sr)CuQO; phase particles distributed among Bi 2223 grains without reaction,
contributing to effective flux pinning centers.

J vsBat20K —=—BZ 0

J vsBat10K —=—BZ0
——BZ 1

2 4 2 3

B(T)
Figure 5.6(a-d): Field dependence of J. at 10, 20, 30, and 50 K for samples BZ 0 — BZ 3.

Samples BZ 0, BZ 2, and BZ 3 have similar J- B behaviour. Sample BZ 0 lacks
pinning centres whereas sample BZ 2- BZ 3 has a reacted phase that reduces Bi

2223 phase content, this suggests that pinning centres of optimum density provide
flux pinning.



5.3.6 Analysis of Flux Pinning Force Density (Fp)

Flux pinning force density (F, = J. X B) is plotted with respect to the field and
shown in Fig. 5.7. F, determines the performance of a superconductor in an
applied magnetic field. At 10 K, the F, increases with the field applied, due to
low flux creep at low temperatures, the available pinning centers in the form of
defects like grain boundaries, precipitates, etc., present in each sample can pin
the flux lines. For 20 K, F, increases with the field and subsequently decreases
after a maximum, all samples have broad maxima suggesting better F,- B
behaviour at 20 K till a certain field. At 30 K, sample BZ 1 has maxima around 2
T, whereas all other samples have maxima around 1 T, this shows that sample BZ
1 has better flux pinning behaviour at higher fields (till 2 T). At 50 K, the F,
maxima shifts towards lower fields due to high flux creep near T..
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Figure 5.7(a-d): Field dependence of F;, at 10 K, 20 K, 30 K, and 50 K for samples BZ 0- BZ
3.



To control high flux creep, adequate pinning centers must be introduced into the
superconducting matrix without causing any disturbances to it. At all
temperatures, especially at higher temperatures, the in-field pinning behaviour for
sample BZ 1 is better among all the samples and this is due to (Ca,Sr)CuO, phase
particles. These particles work as efficient pinning centers and are distributed
among Bi 2223 grains without reacting or without forming a secondary phase for
sample BZ 1.To examine the dominant nature of pinning present in our samples,
we have used the Kramer- Hughes model [31,32] and a model developed by Klein
et al. [33] Both models give similar information about the pinning mechanism
present in our samples.

To understand a qualitative picture of the pinning mechanism, present in the
samples, we have plotted the f(Fp/Fp max) vs. h (B/B,) curve along with the
theoretical plots of normal point, normal surface, and dk pinning as given by
Kelin’s model, here Fj max 1s the maximum pinning force and B, is the field
corresponding to Fp max.
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Figure 5.8(a-c): Fy/ Fpmax vs B/B,, curves along with theoretical curves for normal point, normal
surface, and ok pinning for samples BZ 0 — BZ 3 at 20 K, 30 K, and 50 K, (d) A typical B*
determination using Kramer’s criteria for sample BZ 1 at 20 K.



The theoretical equations for normal point, normal surface, and 6k pinning can
be found elsewhere [9,34]. The fvs. h plots at 20 K, 30 K, and 50 K are given in
Fig. 5.8 (a-c). At 20 K, where the flux creep is low, all samples show the presence
of similar pinning behaviour, i.e., surface pinning, and it matches exactly with the
theoretical curve for the surface pinning mechanism.

At 30 K, all samples have similar (Surface) pinning mechanisms but at higher
field, the f vs h plots deviated from the theoretical surface pinning mechanism.
After crossing this field, the experimental curves deviate due to presence of
another pinning mechanism. Similar deviations in the experimental curves from
the theoretical curve are also reported by [35,36]. At 50 K, the f vs. h curves
deviate from the theoretical curve for the surface pinning mechanism after
maxima. After maxima, the f vs. h curves for all samples can be seen, unlike at
20 and 30 K. The f vs h curve for sample BZ 1 is in the nearest vicinity of the
theoretical surface pinning curve, suggesting that the (Ca,Sr)CuO; phase particles
are helpful in retaining the flux pinning at higher fields and higher temperatures.

Using Kramer- Hughes model, we have plotted f(Fy/Fp max) versus b(B/B*) and
fitted the data to Hughe’s equation given in Chapter 2, equation 16, for analyzing
the dominant flux pinning present in our samples.

Here, B* is the characteristic field responsible for vanishing one pinning
mechanism, and it is determined using Kramer’s criteria [32], whereas A, p, and
q are the fitting parameters. A typical B* determination plot for sample BZ 1 at
20 K is shown in Fig. 5.8(d). According to the Hughes model, the values for the
pair of fitting parameters (p, q) describe the nature of the flux pinning mechanism
present. Such as if p= 1/2, and q= 2, then the pinning mechanism present is
surface pinning or if p= 1 and q= 2, then the pinning mechanism present is point
pinning. Fig. 5.9 shows the f'vs. b curves for all samples. A typical Hughes fit at
20 K for sample BZ 1 is also given in Fig 5.9 (d).
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Figure 5.9(a-c): Fp/ Fp max vs B/B* curves for samples BZ 0 — BZ 3 at 20 K, 30 K, and 50 K,
(d) Hughes fitting of experimental data at 20 K for sample BZ 1

Table 5.3: B*(T) and fitting parameters for Hughes equation at 20 K, 30 K, and 50 K.
Sample 20K 30 K 50 K

B, T | A|p|q|B,T| A |p| q [B,T| A | p q
BZ 0 11.4 12.90/0.54(1.21| 53 |2.78(0.39] 1.79 | 0.81 | 2.34 | 0.35 | 1.29

BZ 1 15.5 |3.080.56|1.31| 83 |2.25(034| 1.20 | 2.2 | 2.76 | 039 | 1.74

BZ2 11.4 12.56(0.48|1.07| 49 |249]035| 1.58 | 0.94 | 2.48 | 0.33 | 1.75

BZ3 11 (2.34/0.50({0.77| 5.2 226033 127 | 093 | 1.85 | 0.24 | 1.05

B*(T) and fitting parameters (A, p, and q) for samples BZ 0- BZ 3 at 20 K, 30 K,
and 50 K are given in Table 5.3. Sample BZ 1 has the highest B*(T) values at all
the temperatures. The fitting parameter values are close to those of the surface
pinning mechanism(p, q). When several pinning mechanisms coexists in a
superconductor, the p and q values deviate from the ideal values. In HTSc,
multiple defects of various sizes are present, and these defects contribute to
different pinning mechanisms simultaneously and cause deviation in the ideal
values of fitting parameters. For the Bi 2223 system, the deviation in p, q values
than ideal values (p=0.5, q=2) for surface pinning, suggests the existence of more
than one pinning mechanism are also reported [37,38].

Defects are responsible for flux pinning in a superconductor; these defects could
be of various types, dimensions, or vacancies, such as point defects, grain
boundaries, slip dislocation, precipitates, and secondary phases. So, these
different types of defects actively participate in pinning the flux lines at different
temperatures and fields [39]. Several scaling laws were proposed for various
superconducting systems like MgB, [40] and other systems [39]. However, for a



complex system like BSCCO, where various defects are present and contribute
collectively to flux pinning, there is still an ongoing quest to address these defects
to identify the coexisting flux pinning mechanism.

36
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Figure 5.10: Temperature dependence of Bir for samples BZ 0- BZ 3

The irreversible field (Biy) was estimated by fitting the Fp vs B curves into an
exponential equation, as explained in Chapter 4. Sample BZ 1 exhibits the highest
B values, BZ 2 and BZ 3 samples also have better Bj, values than that of sample
BZ 0. This can be attributed to additional pinning centers introduced by the
(Ca,Sr)Cu0O2 or the reacted phase. The temperature dependence of the
irreversible field is shown in Fig. 5.10.

5.4 Conclusions

20 mol (Ca,Sr)CuO; phase added Bi 2223 composites (20:100 mol) with varying
amounts of nano ZrO, addition were synthesized and characterized using various
techniques. XRD Analysis showed that the main phase for samples except BZ 4
was the high T, phase (Bi 2223). Larger amounts of nano ZrO, addition for
Sample BZ 4 suppressed the formation of high T phase. Microstructural analysis
revealed large platelet-like grains of Bi 2223 in samples BZ 0 to BZ 3. Addition
of 20 mol of (Ca,Sr)CuO, phase particles enhanced J. up to an applied field of 9
T at 20 K, for sample BZ 1. Interestingly, (Ca,Sr)CuO, formed as non-reacted
spherical particles among Bi 2223 grains, leading to enhanced flux pinning at



high magnetic fields. The distribution of non-reacted (Ca,Sr)CuO; particles in the
Bi 2223 matrix for BZ 1 sample created a two-phase microstructure similar to
that of Y 123 with Y 211 precipitates. The effective increase in J. was achieved
by creating a high density of small-sized structural defects formed at the interface
between the second-phase particles and the matrix, facilitating effective pinning.
The addition of ZrO, nanoparticles to the above composite is found to react with
the (Ca,Sr)CuQ; particles, forming SrZrOs as an impurity phase. This decreased
the superconducting phase fraction and lowered the J.(0) compared to BZ 1 but
enhanced the field range in which flux pinning was effective in samples with ZrO,
addition. Pinning force density was analysed in terms of scaling models and it
was found that surface pinning is the dominant pinning mechanism at low fields.
Examination of the data, fit the Hughes model, suggests that sample BZ 3 has
better-pinning properties at fields close to B* compared to samples with lower
ZrO, content. This is attributed to flux pinning caused by the defect density
created by the reaction products after nano ZrO, addition. Pinning from different
mechanisms is thus observed to be operative at different field regimes. Bix
increased after (Ca,Sr)CuO, and nano ZrO, addition. It will be of interest to
optimize the microstructures in textured BSCCO tapes on similar lines, with a
larger superconducting fraction retained, for achieving enhanced performance.
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Chapter 6

Enhanced superconducting properties of Bi 2223 composites at
high concentration of non-reactive nano (Ca,Sr)CuO phase
addition

6.1 Introduction

The sensitivity of BixSr;Cay.1CuyOy (BSCCO) superconductors to increased
temperature and high magnetic fields, which result in thermally assisted flux flow
(TAFF) and the consequent performance reduction, significantly limits their
practical applications. Control and suppression of TAFF are required to improve
the performance of BSCCO superconductors at moderate to high magnetic fields
[1]. The most effective way to control TAFF is by generating defects of the size
of coherence length in the Bi 2223 matrix by various methods. The best approach
is to incorporate nanoparticles into the BSCCO superconducting matrix.
However, optimizing nanoparticles' composition, size, shape, and concentration

to enhance the superconducting performance of superconductors is still a
challenge [2].

Increasing critical current density and improving flux pinning by optimizing the
microstructural features through nanoparticle addition to the BSCCO matrix is an
open problem [3].

Various studies of secondary phase addition aimed at improving the properties of
Bi 2223 superconductors are reported in the literature [4—12]. However, the
added secondary phases are effective in pinning flux only at very low
concentrations. At higher concentrations, the secondary phase either
agglomerates or reacts with matrix and substantially reduces the Bi 2223 phase
amount, which causes deterioration in superconducting properties. Only a few
studies are reported where an added secondary phase at higher concentrations is
found to be effective in causing observable improvement in critical current
density (J.) like ZrO, [9] and MgO [13] addition to Bi 2223.

From our previous work, discussed in chapters 3 and 4, we found that WO3
nanoparticle addition is effective at low concentrations, both in Bi 2212 [2] and
Bi2223 [6], and shows better J.-B behavior at 0.1 wt.% addition. However, higher
concentrations of WO; resulted in a W-containing phase, followed by
deterioration in superconducting properties. We also found that the addition of
Ca 86S19.14CuO; phase to Bi 2223 composites (20:100 mol) [14] had shown
improved J(B) performance, with the spherical-shaped CagsSro14CuO; phase



particles (1-2 um size) distributed among Bi 2223 grains without reaction. These
observations inspired us to study the effect of submicron-sized Cag g6St)14CuO;
phase particle addition, in varying quantities, to Bi 2223 to generate a two-phase
microstructure with an aim to enhance the superconducting properties of the
composite.

We recall here that the two-phase microstructure of YBCO superconductors,
where uniform distribution of about one micron-sized non-superconducting
Y,BaCuOs (Y 211) particles by about 30 vol%, in superconducting YBa,Cus;0-
(Y 123) matrix, results in significant improvement in its superconducting

properties [15,16].
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Figure 6.1(a): SEM micrograph showing the distribution of Y 211 particles in
YBCO matrix, (b) Histogram showing the size distribution of Y 211 particles in
the range 1-4 um and most particles are around 1 um, (¢) MH loops at various
temperatures, (d) Field dependence of J. at various temperatures. This figure is
reprinted from [15].

As can be seen, from Fig. 6.1, the J. is sustained to be high (>100 kA/cm?) above
up to 14 applied field in YBCO samples at temperatures lower than 65 K.
Significant rise in J. is known to be due to the flux pinning caused by the defects
associated with non-reacting Y 211 inclusions of micron size in the Y 123 matrix.



For the BSCCO superconductor, such a second phase option that remains non-
reactive and provides substantial pinning of flux at 77 K is still being sought.

The properties of BSCCO superconductors are significantly influenced by the
microstructural modifications which in turn are influenced by the processing
conditions like sintering time and temperature [19]. In literature, only a few
reports are available where improved microstructure and better superconducting
properties due to secondary phase addition are discussed. There have been recent
attempts reported to obtain similar two-phase microstructures in BSCCO
systems, by optimization of process conditions, with an aim to improve flux
pinning and critical current densities at moderate temperatures and fields [2,6].

The secondary phase Y 211 introduced into Y 123 matrix by 30 vol%, for
effective flux pinning, belongs to the phase diagram of the YBCO system. In the
case of BSCCO system, no systematic study is reported on identifying a non-
reacting second phase that belongs to BSCCO phase diagram. In the present
work, taking analogy from the YBCO composite, we have chosen to incorporate
submicron particles of CaggsSro14CuO, phase, derived from the BSCCO phase
diagram [20]. BSCCO composites thus obtained are investigated for their
superconducting properties.

B1;,Pbo3Sr54Caz,06CusOy 1s a well-studied Bi 2223 system, derived from
(B1,Pb)»Sr2(Cag 86510.14)n-1Cu,Oy  general formula, for n= 5 and normalized to 3
Cu atoms per unit cell [21]. As n tends to infinity in the general formula, one gets
the Cag 36S10.14CuO, compound, referred to here, as the infinity phase and is part
of the BSCCO phase diagram. CaggsSro14CuO, phase is regarded as a stable
parent structure of A;B,Ca,.1Cu,Oy type superconductors like (Bi, Hg, Th based)
[22], and it coexists with Bi 2223 in the phase diagram [21]. A series of
compounds are synthesized by adding various concentrations (0- 50 mol) of nano
(Ca,Sr)CuO phase to 100 mol of Bi 2223, and investigated the changes in their
microstructural and superconducting properties. Method of sol-casting [S] was
used to obtain a uniform distribution of nanoparticles in the matrix.

6.2 Experimental

Bi 2223 powder was prepared using the metal nitrate decomposition method [22]
using high-quality Bi,Os (Alfa Aesar, 99.975%), SrCOs (Sigma, >99%), CaCO;
(Sigma, >99%), CuO (Merck, >99%), and Pb(NOs), (Sigma, >99%), powders.
The Bi12223 powder was calcined at 800 °C twice with one intermediate grinding.
Cay 36S19.14CuO; phase nanoparticles were prepared by the citrate route, discussed
in section 2.3.2 of chapter 2 [17,18]. Cays6Sro.14CuO, phase nanoparticles were



calcined twice at 500 °C. Bi 2223 and Cas6S1o.14CuO; powders were mixed in
various proportions using the sol-casting technique [19,20]. Sol-casting enabled
the homogenous distribution of Cag s¢Sro14CuO; phase particles into the Bi 2223
matrix without agglomeration. This technique is based on the polymerization of
slurry-containing ceramic powders (Bi 2223 and (Ca,Sr)CuO phase) after
tumbling for several hours. The slurry was allowed to polymerize; binders were
removed by heating to 800 °C for 24 hours, and the Bi 2223 composite powder
with Cag s6Sto.14CuO; phase addition was pelletized and sintered twice at 845 °C
with one intermediate pressing. Repeated pressing and sintering are useful for
densification. The details of compositions of Bi 2223 with CagsSrp14CuO;
addition are given in Table 6.1.

6.3 Results and Discussions:
6.3.1 Characterization of Cao.s6Sr0.14CuQO: phase particles

The phase formation of Cag g6St¢.14CuO, phase formation was confirmed by XRD
analysis, and microstructure analysis revealed that particles are in the submicron
range. Fig. 6.2(a) shows the indexed XRD pattern for Ca; 9Sro ;CuO; phase. A few
peaks around 26 positions 35.6, 38, and 53.4 corresponding to the CuO phase are
also present. Ca;¢Sry;CuQOs phase after annealing can be balanced using the
equation given below.

2(Cao,g6Sr0.14Cqu) = Caj 9SrpCuOs + CuO

The FESEM micrograph in Fig. 6.2(b) suggests that (Ca,Sr)CuO phase particles
are in the submicron range.
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Figure 6.2(a): Indexed XRD patterns for (Ca,Sr)CuO phase along with few peaks
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corresponding to CuO phase, (b) FESEM micrograph for (Ca,Sr)CuO phase,
showing particles are in the submicron range.

6.3.2 XRD analysis of composites

The indexed XRD patterns shown in Fig. 6.3, suggest that for all the samples,
majority of the peaks could be indexed to Bi 2223 phase, which is present with
(Ca,Sr)CuO phase and traces of Bi 2212 phase. The sample NI 0 is nearly single
phase Bi 2223. Low-intensity XRD lines at 20 positions ~ 27.8 and 29.7 degrees
correspond to the Bi 2212 phase in sample NI 0- NI 2. XRD lines of substantial
intensity at around 36.3, 44, 56.2, 58.5, and 61 degrees correspond to the
(Ca,Sr)CuO phase that co-exists in the Bi 2223 matrix without reacting or
forming any other product phase. There is no significant change in the lattice
parameters after adding (Ca,Sr)CuO phase. The lattice parameters for Bi 2223
phase are given in Table 6.2.
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Figure 6.3: Indexed XRD patterns for NI 0 - NI 4 samples show peaks
corresponding to Bi 2223 and other phases.



6.3.3 Microstructural analysis

In our earlier work, we added 20 mol of micron-sized Cays¢Sto.14CuO, phase
particles to 100 mol of Bi 2223 composites and investigated the properties of the
composite[ 14]. Our findings revealed that these micron-sized particles prove to
be efficient in improving J. and enhancing flux pinning, particularly at higher
magnetic fields. Interestingly, these particles don’t react with the Bi 2223 phase
and are found to be present among Bi 2223 grains. An image of these particles
distributed among Bi 2223 grains is shown in Fig. 6.4 (b).
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Figure 6.4: FESEM micrograph of samples, (a) for NI 0 sample, (b) micron-
sized Cags6Sr9.14Cu0; phase particles added to Bi 2223 composites, from our
previous study [14], (e-f) for NI 1-NI 4 samples showing platelet-like Bi 2223
grains and needle-shaped (Ca,Sr)CuO phase.

Large grains and platelet-like morphology observed in all the samples are typical
of Bi 2223 microstructure, reported in the literature [11,21-25]. Platelet-like,
randomly aligned grains belonging to the Bi 2223 phase are shown in Fig. 6.4.
Needle-shaped secondary phase corresponding to the (Ca,Sr)CuO phase can also
be seen for samples NI 1- NI 4 in Fig. 6.4(c-f). Sample NI 4 has the highest
fraction of needle-like phase. After (Ca,Sr)CuO phase addition, a precise 2-phase
YBCO superconductor like microstructure can be seen for samples NI 1- NI 4.
The shape of Bi1 2223 grains, after the (Ca,Sr)CuO phase addition was found to
be unchanged.

Energy dispersive analysis of X-rays (EDAX) was used for compositional
analysis and 1s shown in Fig. 6.5. The composition of the large platelets is nearly
Bi12223, and that of needle-like phase is nearly (Ca, 9Sro1)CuOs+5. From Fig. 6.5,
it is interesting to note that the (Ca,Sr)CuO phase after processing, transformed
to needle-like phase having a diameter of around 40-80 nanometres for each
needle. The composition for Bi 2223 and (Ca,Sr)CuO phase is given in Table 6.1.
The composition for needle-shaped (Ca,Sr)CuO phase obtained from EDAX
analysis is in agreement with that from XRD analysis, confirming that the
(Ca,Sr)CuO phase coexists with Bi 2223 without reacting.

Table 6.1: Compositional analysis
for sample NI 4, (Ca,Sr)CuO
phase in needle shape and Bi 2223
phase grains

S [Flements|Bi 2223 |(Ca,Sr)CuO
> At% |At.%
) Bi 69 09
4 [sr 79 |21
Ca 05 |22
Cu 125|121
0 632 629

7um ' Electron Image 1



Figure 6.5: FESEM micrograph of samples NI 4, used for Edax analysis,
showing platelet-like Bi 2223 grains and (Ca,Sr)CuO phase.
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Figure 6.6: A schematic diagram showing a microstructural representation of Bi
2223 and (Ca,Sr)CuO phase particles and their field interaction

The (Ca,Sr)CuO phase breaks into a needle-like secondary phase lying among Bi
2223 grains without reacting with them; a pictorial representation of this is shown
in Fig. 6.6. Such a microstructure in BSCCO superconductors, where needle-like
secondary phase or modified 2-phase microstructures has not been reported in the
literature for BSCCO superconductors, where their effect on J. is studied.

6.3.4 Temperature dependence of magnetization

To determine the superconducting transition temperature, the temperature
dependence of magnetization was measured in the 120- 20 K temperature range
at a 5 mT applied DC field. As shown in Fig. 6.7, all samples show a sharp
diamagnetic transition around 105 K, suggesting that all the samples are
superconducting and Bi 2223 is the main phase present. No diamagnetic
transition around 85 K corresponding to the Bi 2212 phase was observed. Nearly
constant T, (Onset) for all the samples suggests that the (Ca,Sr)CuO phase
addition has not affected the Bi 2223 lattice. Transition width (AT.), measured
using criteria discussed in section 3.4.3 in chapter 3. AT, is low for samples Ni 1
and NI 4. T, and AT, are given in Table 6.2.
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Figure 6.7: Temperature dependence of magnetization for samples NI 0- NI 4
showing a diamagnetic transition around 105 K

Samples NI 0 and NI 3 have higher Meissner fractions, whereas sample NI 1 has
a lower Meissner fraction due to presence of small amount of Bi 2212 phase
content, which was also confirmed by XRD analysis.

Table 6.2: Nano Cay s¢Sro.14CuO; phase content added to Bi 2223, Transition
temperature, transition width for all samples

Sample | Cao.86Sro0.14CuO2 added Lattice parameters Te, K |ATe, K
to 100 mol of Bi 2223 a, A b, A c. A
(mol) ’
NI O 0 5.413(7) | 5.381(3) | 37.067(8) | 104.5 | 184
NI 1 1 5.406(8) | 5.396(7) | 37.075(3) 105 12.2
NI2 5 5.403(5) | 5.386(0) | 37.050(2) | 104.8 | 16.5
NI 3 10 5.407(3) | 5.403(7) | 37.063(2) | 1049 | 16.5
NI 4 50 5.409(5) | 5.401(0) | 37.092(5) | 104.8 | 10.8

6.3.5 Critical current density and Flux pinning force density

Bean’s extended critical state model [26] was employed to calculate the critical

current densities for all samples at various temperatures.




The field dependence of J. for all samples at 20 K - 77 K is shown in Fig. 6.8(a-
d). The higher J. observed at 20 K for samples NI 2- NI 4 is attributed to the
presence of an adequate number of pinning centers provided by needle-shaped
(Ca,Sr)CuO, effectively pinning the flux lines. In contrast, samples NI 0-NI 1
exhibit lower J; values due to the insufficient availability of pinning centers.

At 30 K and 50 K, the J. values increase systematically with (Ca,Sr)CuO phase
content at low fields (till 2T) for all samples and at higher fields for all except for
sample NI 3. The J.- B behaviour for samples NI 2 and NI 4 is better at higher
fields due to the availability of sufficient pinning centres. The (Ca,Sr)CuO phase,
present in needle-shaped particles of a few nanometres in size, appears to be
effective in contributing to flux pinning and help in sustaining J. at higher fields.
The poor performance of sample NI 3 is attributed to the larger size of its Bi 2223
grains that result in lower density of defects at the grain boundaries, unlike in
other samples with smaller grains. Similar grain size-based poor performance for
BSCCO superconductors was reported in the literature [13,27,28]. The J. (0)
values at 20 K and 30 K for all samples are given in Table 6.3.

Figure 6.8 (a -d): Field dependence of critical current density for all samples at
20K, 30K, 50K, and 77 K



In BSCCO superconductors, fluxons have enough activation energy to overcome
the pinning effect far below the critical temperature (T.), where thermal
fluctuations can affect the flux motion [29]. To overcome this, nanoparticles are
added to the superconducting matrix to act as efficient pinning centres. By
varying the concentration and size of nanoparticles, the superconducting
properties of BSCCO superconductors can be fine-tuned. The field dependence
of F, (=J.XB) at various temperatures is shown in Fig. 6.9 (a-e), and the F, max
values at various temperatures are shown in Table 6.3. At 10 K, sample NI 3 has
the highest F, and all samples have a steady increase in F, with the field,
suggesting that all samples have sufficient pinning to overcome the effect of
Lorentz force at 10 K.

Table 6.3: Critical current densities at zero field and flux pinning force density
maximum at 20 K, 30 K, and 50 K for all samples

Sample 20K 30K 50 K
JC(O) Fp max JC(O) Fp max Jc(O) Fp max
kA/cm? N/cm? kA/cm? | N/em® | kA/ecm? | N/em?
NIO 3.3 194 2 4.6 1.6 0.7
NI1 3.3 21 2.5 7.5 1.4 1.4
NI2 5 31 3.7 10.9 2.1 2
NI3 5.6 32.9 3.5 7.9 1.9 0.9
NI 4 5.4 354 3.9 12.5 2.8 2.4

With a rise in temperature, the thermal activation energy of fluxons increases and
moves the flux lines; to arrest their movement, an adequate number of effective
pinning centers, distributed uniformly in the superconducting matrix, are required
to be created for pinning the flux lines. At 20 K, a systematic increase in F,-B
variation with an increase in the [-phase content can be seen. All samples have F,
maxima around 4 T field at 20 K. At 30, 50 K, and 77 K, F, increases with
(Ca,Sr)CuO phase content except for the sample NI 3. The relative drop in F,
after the corresponding F, maxima is more rapid for sample NI 3 sample, while
all others have a systematic variation with field. This behaviour is attributed to
the lower extent of pinning by interfacial defects, generated at larger grains in NI
3, as observed from microstructures. As the temperature increases, F, maxima
shift to lower fields, due to a rise in the depinning energy, which is usually seen
in HTSc. At temperatures above 10 K, sample NI 4 has shown the best
performance and is attributed to large amount of nano (Ca,Sr)CuO phase needles,



deposited at platelet boundaries, providing sufficient pinning. At temperatures
30 K and 50 K, the full width half maximum (FWHM) values of F,(B) curves for
NI 1, NI 2, and NI 4 exceed those of the other samples. The increased FWHM
values in these samples imply that effective pinning occurs over broader field
range due to the nano I-phase present.

240

0 3 B (T) 6 9
14.0 3
—#—NI 0 NI O
30K I 50 K NI 1
o O NI 2
g NI 3
2 [@fRe, G NI 4
e | B :
L
<
o
L 4
2 0o
v d 0 1 i iRy 5000
o ' 0 1 2 3 4
1.5
77 K
1.0
Lor ]
E
L2
Z
o
'
0.5
0.0
0.0 0.2 B (T) 0.4 0.6

Figure 6.9 (a-e): Field dependence of pinning force density for all samples at
10K, 20K, 30K, 50K, and 77 K



Only a few reports are available in the literature where large amount of second
phase (like nearly 50 mol in proportion to 100 mol of Bi 2223) is added and
enhancement in J. is sustained at higher content even at 77 K. In the case of ZnO
addition to Bi 2223 reported for 0-50 wt%, J. was found to fall even at 5 wt.%
Zn0O addition [35]. Similar results were obtained by adding nano ZrO, (0- 50 mol)
to Bi 2223 [12].

We believe that, like in YBCO where around 30 vol% of micron-sized Y 211
phase addition to Y 123 provides sufficient pinning, large amounts of the
(Ca,Sr)CuO phase in Bi 2223 will be beneficial to suppress flux creep. It also
offers adequate flux pinning in Bi 2223 without disturbing the Bi 2223
superconducting matrix.

The (Ca,Sr)CuO phase of ~500 nm particles added were seen after processing to
break into a large number of needle-like secondary phase nanoparticles of 40-60
nm and get deposited at the boundary of Bi 2223 grains without reacting with
them. A pictorial representation of this is shown in Fig. 6.6. (Ca,Sr)CuO phase
locally disperses in the matrix without agglomerating or reacting with Bi 2223.
This (Ca,Sr)CuO phase helps in sustaining the J. by arresting the flux lines at
higher temperatures and fields. This controlled the thermally assisted flux flow
as observed for the sample NI 4, which has superior properties due to adequate
addition of (Ca,Sr)CuO phase particles.

6.4 Conclusions

The introduction of (Ca,Sr)CuO phase particles systematically enhanced the
superconducting properties of Bi 2223 composites. XRD analysis revealed that
the (Ca,Sr)CuO phase does not react forming other phases, even up to 50 mol
addition to Bi 2223 (100 mol). This is because (Ca,Sr)CuO phase is derived from
the same phase diagram of the BSCCO system. The superconducting transition
temperature T, remained nearly constant at 105 K even with the addition of
(Ca,Sr)CuO phase. Microstructural examination revealed that the (Ca,Sr)CuO
phase transformed into needle-shaped precipitates and were distributed along the
boundaries of platelet-like grains of Bi 2223 phase. It is observed that samples
with smaller grains exhibit superior J.-B behavior due to enhanced flux pinning
by the increased interfacial defect density, J. increased with (Ca,Sr)CuO phase
content as seen for samples NI 1, NI 2 and NI 4, except for sample NI 3 with
larger Bi 2223 grains. The unique evolution of nanosized (needle-shaped)
(Ca,Sr)CuO phase in microstructure resulting in improved superconducting
properties gains significance in designing Bi1 2223 superconductors with adequate



non-superconducting inclusions as in the YBCO system. This study provides
valuable insights for fabricating Bi 2223 composites/tapes with improved
microstructure and enhanced superconducting and flux pinning properties.
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Chapter 7

Summary and Conclusions

The movement of flux lines, known as flux creep, leads to a gradual increase in
the resistance of the superconductor over time, eventually causing it to lose its
superconducting properties. This usually occurs at high temperatures or in the
presence of strong magnetic fields, leading to a decrease in the critical current
density of the material [1].

Controlling flux creep in HTS materials is essential for maximizing their
performance for practical applications. Pinning centers are defects or impurities
within the material that trap magnetic flux lines, preventing their movement. So,
superconducting materials with suitable pinning centers are sought to reduce the
impact of flux creep. Modifying superconducting material's microstructure using
grain boundary engineering or nano-structuring can improve flux pinning
capabilities and inhibit flux creep. Various methods can be employed to enhance
the pinning properties of the superconductor, such as introducing nanoparticles,
irradiation with high-energy particles, or creating artificial pinning centers
through nano-structuring techniques [2].

At lower temperatures and fields, reports in the literature suggest that secondary
phases are effective in enhancing J.. However, at temperatures of 30 K and higher,
the quest continues for an appropriate secondary phase to control the movement
of flux lines and mitigate flux creep [3].

7.1 Problem addressed

To prevent flux creep in HTSc, defects are introduced in the superconducting
matrix by introducing secondary phases, applying high-energy ion radiation, or
refining processing techniques. Several efforts have been made to introduce
secondary phases into BSCCO superconductors. Still, challenges have been
encountered that include secondary phase agglomeration, interaction with the
matrix phase, or substitution to the lattice site. The realization of an optimized
two-phase microstructure in BSCCO superconductors featuring a uniformly
distributed secondary phase of sufficient quantity in the superconducting matrix
still needs to be discovered.



7.2 Important findings

» The J. and flux pinning properties of Bi 2212 composites with WOs
nanoparticle addition improved at low concentrations (0.1 wt.%) of WOs.
The sol-casting process enabled the uniform distribution of WOs;
nanoparticles in the Bi 2212 matrix. At higher concentrations of WO;
nanoparticle addition, W reacts locally and forms a secondary phase
(WSr,CaOg), having a spherical shape with a diameter in the 20-80 nm
range. This local reaction results in a microstructure resembling that of a
two-phase YBCO. The number density of these WSr,CaQOg phase particles
increases with WO; content, and WSr,CaOg phase particles are found to
settle at grain boundaries. T, (Onset) and Bi 2212 phase content decrease
with WOs; concentration. At high concentrations of WO; addition, W
substitutes to the lattice, and WSr,CaOg phase content increases, which
subsequently results in a decrease in J. and flux pinning properties.

» Unlike Bi 2212, WO; nanoparticles were added to once processed and
ground Bi 2223 powder. This prevented the substitution of W into the
lattice and reaction of WO; with matrix elements. T.(Onset) was constant
at around 105 K. J;, and flux pinning improved at low concentrations (0.1
wt.%) of nano WOs; addition. WOs; nanoparticles were effective at
moderate temperatures and applied fields. Microstructural analysis showed
that unlike Bi 2212, there was no evidence of secondary phase formation.
However, W-containing precipitates were detected at higher concentrations
of nano WOs; addition. The irreversibility field increases with an increase
in W content, except for the sample containing 0.5 wt.% of WO3;, which
has a lower density. Flux pinning analysis suggests that normal surface
pinning is the dominant mechanism at low fields due to interfacial defects
associated with grain/platelet boundaries, and addition of WO;
nanoparticles has reduced the rapid decrease in J. due to flux creep at
higher fields.

» Larger amounts (10 wt.%) of nano ZrO, addition to the composite of
(Ca,Sr)Cu0O; phase added to Bi 2223 in 20:100 mol proportion, have
suppressed the formation of the Bi 2223 phase and promoted the formation
of the Bi 2212 phase. Microstructural analysis revealed large platelet-like
grains of Bi 2223 in composites till 1 wt.% of nano ZrO, addition. The
addition of only (Ca,Sr)CuO; phase particles has enhanced J. up to an
applied field of 9 T at 20 K. (Ca,Sr)CuO, phase is located as non-reacting



spherical particles distributed among Bi 2223 grains, leading to enhanced
flux pinning at higher magnetic fields, by creating a two-phase
microstructure like that of Y 123 with Y 211 precipitates. The effective
increase in J. is attributed to the high density of small-sized structural
defects that form at the interfaces of the second-phase particles and the
matrix and facilitate effective pinning. The addition of ZrO; nanoparticles
reacts with the (Ca,Sr)CuO; particles, forming SrZrOs; as an impurity
phase. This decreased the superconducting phase fraction and lowered the
J:(0) compared to the sample with only (Ca,Sr)CuO, phase addition but
enhanced the field range in which flux pinning was effective in samples
with ZrO, addition. Analysis of the flux pinning mechanism suggest that
surface pinning is the dominant pinning mechanism at low fields.
Examination of the data, fit the Hughes model, indicates that composite
with 1 wt.% of nano ZrO; addition has better-pinning properties at fields
close to B* than samples with lower ZrO, content. This is attributed to flux
pinning caused by the defect density created by the reaction products after
nano ZrO; addition. Pinning from different mechanisms is thus observed
to be operative at different field regimes. Irreversibility field increased after
(Ca,Sr)Cu0; and nano ZrO; additions.

(Ca,Sr)CuO; phase particles, which remained unreacted among Bi 2223
grains, were discovered to improve J. significantly at higher fields and
temperatures. This prompted us to introduce submicron-sized (Ca,Sr)CuO,
phase particles to the Bi 2223 matrix. Submicron (Ca,Sr)CuO, particles
were synthesized via the citrate route and added in varying concentrations
(0-50 mol) to 100 mol of Bi 2223. After processing, submicron
(Ca,Sr)Cu0, particles break into nanometre-sized needle-shaped
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Figure 7.1(a &b): FESEM micrograph of (Ca,Sr)CuO, phase before and
after processing showing transformation into nanometer-sized needle-
shaped precipitates.

The superconducting transition temperature T, remained nearly constant at
105 K even with the addition of (Ca,Sr)CuO, phase. Microstructural
examination revealed that the (Ca,Sr)CuO, phase transformed into needle-
shaped precipitates and were distributed along the boundaries of platelet-
like grains of Bi 2223 phase. The J. and flux pinning properties improve
systematically with (Ca,Sr)CuO; phase content except for the sample with
10 mol of (Ca,Sr)CuO; phase addition as it has bigger sized Bi 2223 grains,
and agglomeration of needles was also observed.

On comparing with WO; and ZrO; added Bi 2223 series, the (Ca,Sr)CuO;
phase added series has better J. and flux pinning at temperatures above 30
K up to 77 K, compared to pure Bi 2223. Fig. 7.2 summarizes the field
dependence of J. and F, of best samples in each series.
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Figure 7.2(a-d): Field dependence of J. and F, at 50 K for Bi 2223
composites with nano WO3, 20 mol (Ca,Sr)CuO, and 50 mol nano
(Ca,Sr)CuO; phase addition.



The (Ca,Sr)CuO; phase, which is derived from BSCCO phase diagram,
effectively enhances J. and flux pinning force density. The literature does
not report a secondary phase added in high concentrations (50 mol) that can
improve superconducting properties. (Ca,Sr)CuO, phase converts into
needle-shaped secondary phase precipitates after processing and form a two-
phase YBCO-like microstructure. The two-phase microstructure is helpful
in controlling flux creep. As can be seen from Fig. 7.2, at higher
temperatures of 50 K, where flux creep is higher, samples with 50 mol
(Ca,Sr)CuO2 phase have better J.- B and Fy- B behaviour, suggesting its
efficacy in suppressing flux creep, especially at higher temperatures.

Overall, Sol-casting enabled the uniform distribution of nanoparticles in the
matrix. WOs nanoparticles are effective in improving J. at low
concentrations. (Ca,Sr)CuQO; phase addition is helpful in creating a two-
phase microstructure. ZrO, nanoparticles reacted with (Ca,Sr)CuO; phase
and higher concentrations of ZrO, nanoparticle addition caused suppression
in the Bi 2223 phase formation. Submicron-sized (Ca,Sr)CuO, phase
particles convert to needle-shaped nanometre-sized secondary phase and
form a two-phase microstructure. These needle-shaped precipitates settle at
grain boundaries and help in arresting flux creep.

The outcome of our work projects the potential of fabricating Bi 2223
superconducting tapes containing submicron-sized (Ca,Sr)CuO, phase
particles at 50 mol or higher (to be optimized) concentrations. This endeavor
is aimed at achieving superior J., enhanced flux pinning, and suppressed flux
creep in BSCCO superconductors.
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