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ABSTRACT 

FULL CHARACTERİZATİON OF SR SİTE ND SUBSTİTUTED BULK 

Bİ-2223 SUPERCONDUCTİNG SAMPLES WİTH STANDARD 

EXPERİMENTAL METHODS AND THEORETİCAL APPROACHES 

PHD THESIS 

MUSA DOĞRUER 

BOLU ABANT IZZET BAYSAL UNIVERSITY  

INSTITUTE OF GRADUATE STUDIES 

DEPARTMENT OF PHYSICS 

(SUPERVISOR: PROF. DR. CABİR TERZİOĞLU ) 

(CO-SUPERVISOR: ASSOC. PROF. DR. GÜRCAN YILDIRIM) 

BOLU, JUNE 2021 

Number of pages in Roman and Arabic numerals (xiii + 70)  

 

The aim of this thesis is to examine the very significant properties including the 

electrical, structural, mechanical, flux pinning mechanism and superconducting 

in the Bi-2223 system with the partial replacement of neodymium foreign 

particles by strontium impurity. Superconducting materials prepared by standard 

solid-state route at the sintering temperature of 840 ℃ for 48 h are carried out 

by experimental measurement methods such as X-Ray diffraction analysis, 

scanning electron microscopy, electron dispersive X-Ray, Vickers 

microhardness, resistivity and magnetization measurements. For the industrial 

and technological applications, the significant properties such as the normal state 

resistivity, critical transition temperature, crystallinity, phase purity, lattice 

parameter, texturing, surface morphology and Vickers microhardness are 

obtained for all samples and compared with each other. The pure sample displays 

the high-Tc Bi-2223 superconducting phase the 97.55 % volume fraction level. 

Further, the volume fraction value of high-Tc Bi-2223 phase decrease from 94.43 

% in level x=0.01 sample to 26.65 % for the level of x = 0.1. Lattice constant a 

increases while lattice constant c decrease with increasing in Nd additives. While 

the maximum offset critical temperature of the pure sample is 108.4 K, a 

minimum of 78.81 K is obtained for the level of x = 0.1. All the theoretical 

approaches and experimental results display the characteristic properties tend to 

deteriorate with the increase in the Nd impurity. 

 

 

KEYWORDS: Nd substituted Bi-2223, Pinning mechanism, XRD, SEM, Hv. 
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 ÖZET 

SR TABAKASI ND YER DEĞİŞTİRİLMİŞ BULK Bİ-2223 

SÜPERİLETKEN ÖRNEKLERİN STANDART DENEYSEL 

YÖNTEMLER VE TEORİK YAKLAŞIMLAR İLE TAM 

KARAKTERİZASYONU 

DOKTORA TEZİ 

MUSA DOĞRUER 

BOLU ABANT İZZET BAYSAL ÜNİVERSİTESİ 

LİSANSÜSTÜ EĞİTİM ENSTİTÜSÜ 

FİZİK ANABİLİM DALI 

(TEZ DANIŞMANI: PROF. DR. CABİR TERZİOĞLU) 

(İKİNCİ DANIŞMAN: DOÇ. DR. GÜRCAN YILDIRIM) 

BOLU, HAZİRAN- 2021 

Roma ve Arap rakamları ile tez sayfa sayıları (xiii + 70) 

 

Bu tezin amacı, neodim yabancı partiküllerin stronsiyum safsızlığı ile kısmen 

yer değiştirmesi ile Bi-2223 sistemindeki elektriksel, yapısal, mekanik, akı 

sabitleme mekanizması ve süperiletken gibi çok önemli özellikleri araştırmaktır. 

Standart katı hal yolu ile 840 ℃ tavlama sıcaklığında 48 saatte hazırlanan 

süperiletken malzemeler X-ışını kırınım analizi, taramalı elektron mikroskobu, 

elektron dağılımlı X-ışını, Vickers mikrosertlik, özdirenç ölçümleri ve 

mıknatıslanma gibi deneysel ölçüm yöntemleriyle gerçekleştirilir. Endüstriyel 

ve teknolojik uygulamalar için normal durum direnci, kritik geçiş sıcaklığı, 

kristallik, faz saflığı, kafes parametresi, doku, yüzey morfolojisi ve Vickers 

mikro sertliği parametreleri gibi önemli özellikler tüm numuneler için elde 

edilmiş ve birbirleriyle karşılaştırılmıştır. Saf numune, yüksek Tc Bi-2223 süper 

iletken fazını % 97.55 hacim fraksiyon seviyesini gösterir. Ayrıca, yüksek Tc Bi-

2223 fazının hacim fraksiyon değeri, x = 0.01 numunesinde % 94.43'ten x = 0.1 

seviyesi için % 26.65'e düşer. Örgü sabiti a artarken, örgü sabiti c Nd katkı 

maddelerinde artışla azalır. Saf numunenin maksimum ofset kritik sıcaklığı 

108.4 K iken, x = 0.1 seviyesi için minimum 78.81 K elde edilir. Tüm teorik 

yaklaşımlar ve deneysel sonuçlar, karakteristik özelliklerin Nd safsızlığındaki 

artışla bozulma eğiliminde olduğunu göstermektedir. 

 

  

ANAHTAR KELİMELER: Nd ikameli Bi-2223, Sabitleme mekanizması, 

XRD, SEM, Hv. 
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1.  INTRODUCTION 

Helium liquefied for the first time in 1908 by Kammerling Onnes. Then, 

electrical resistance in pure mercury was suddenly in 1911 disappeared under a 

critical temperature (Tc = 4.2 K) (1). Shortly afterwards, the same influence was 

observed in indium (3.4 K), tin (3.72 K) and in lead (7.19 K). Superconductivity 

critical temperature in niobium was found 9.2 K in 1930 in and NbN was obtained 

17 K in 1940. In 1973, the Nb3Ge compound, achievable in liquid hydrogen, was 

found in critical temperature of 23.2 K. In 1934, the F. and H. London suggested 

equations that describe the Meissner effect and the forecasted the depth of 

penetration of a static magnetic field into the surface of a superconductor (2). In 

1950, Ginzburg and Landau theory was appeared to be accomplish and can give 

knowledge about characteristic of superconducting materials. Alexei Abrikosov 

discovered distinguish two sorts of superconducting material: type-I and type-II 

superconductors (3). Although the magnetic flux expels from the inner of type-I, 

the type-II does it only at minor fields, but in greater exterior fields. Type-II 

materials, called mixed states, that can maintain superconductivity in fields upper 

than 10 Tesla are of interest for large scale application. In 1986, LBCO (La-Ba-Cu-

O) compound is the first oxide based on high Tc superconductor and critical 

temperature is obtained as 36 K (4). LBCO is the first high Tc superconductor to 

overcome the 30 K barrier brought by the BCS theory. In 1987, K. Wu and Paul 

Chu was discovered YBCO ceramics at Tc - 92 K. This was a significant discovery 

for superconductivity with a critical temperature beyond liquid nitrogen, which is 

less expensive than liquid helium (5). In 1987, the first high Tc superconducting 

BSCCO compound was found and does not contain a rare earth element (6). There 

are three different phases in BSCCO superconductor are called 2201, 2212 and 

2223 according to their composition (Bi2Sr2Can-1CunO2n+4+x) and their critical 

temperatures are 20 K, 85 K and 110 K, respectively (7, 8). TBCCO was discovered 

in 1988. Chemical composition is Ti2Ba2Can-1CunO2n+4+x with critical temperature 

as Tc=85 K (n=1, 2201 phase), 110 K (n=2, 2212 phase) and 127 K (n=3, 2223 

phase) (9, 10). In 2009, HBCCO (Hg-Ba-Ca-Cu-O) is the highest member of high 

Tc superconductor family until today. The composition of the system is Hg1Ba2Can-

1CunO2n+2+x with critical temperature as Tc=94 K (n=1, 1201 phase), 128 K (n=2, 

1212 phase) and 134 K (n=3, 1223 phase) (11, 12). The MgB2 material (13) has 
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properties of its crystal structure, low density, large coherence length, simple 

chemical composition low anisotropy, light weight and weak-link-free grain 

connection. 

1.1 Meissner Effect 

Meissner and Ochsenfeld discovered second distinct feature of 

superconductor as called perfect diamagnetism in 1933 (14).  According to this 

superconducting property, in external magnetic fields, magnetic flux is ejected from 

the inside of the sample that is cooled under the critical temperature (Figure. 1.1) 

 

 

Figure 1.1. The exclusion of weak exterior magnetic field from inside of 

superconductor. 

 

1.2 Types of Superconductors 

Alexei Abrikosov discovered distinguish two sorts of superconducting 

material: type-I and type-II superconductors in 1957. In type-I superconductors, 

when magnetic flux rises beyond a critical magnetic field, they are destroyed the 

superconductivity and materials became totally normal (Figure 1.2). On the other 

hand, a Type II superconductor obeys very differently. The magnetic field starts to 

penetrate at an irreversible critical field (Hcl) and continues to rise with increments 

in the applied field till it achieves the value of the upper critical field (Hc2), after 

which the entire material turns to normal state. There is no flux penetration for 
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applied fields below Hcl, this is called Meissner state. According to the Figure 1.3, 

there is a mixed state with areas of nonsuperconducting material inserted in a 

perfectly superconducting matrix between critical fields Hcl and Hc2 (15). 

 

 

Figure 1.2. Hc (T) representation graph for type I superconductor. 

 

 

Figure 1.3. Magnetization against applied magnetic field for type II 

superconductor. 
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1.3 Josephson Effect 

In 1962, Josephson suggested a quantum tunneling influences that can occur 

when a super-current tunnel through thin layer of an insulator. The zero-voltage 

current flow causing from tunnelling of Cooper pairs is called dc Josephson Effect.  

Further, Josephson proposed that a supercurrent will flow through the barrier 

producing dc current by the tunnelling of single electrons at constant nonzero 

voltage. Josephson has two effects, tunnelling junctions and weak links. In ac 

Josephson Effect, RF voltage in combination with dc voltage can cause direct 

current flow through the junction. Therefore, this influence has been used to 

measure e / h very indeed and can be used as a tool to establish a voltage standard 

(16). 

1.4 BCS Theory 

In 1957, Bardeen, Cooper and Schrieffer have suggested a microscopic 

superconductivity theory, called the BSS theory. In normal state, the electrons 

repulse each other with Coulomb force; however, at low temperature there is a net 

attraction between two electrons called Cooper pairs. In BCS theory, resistance 

goes to zero in the stability of a single state, where the possibility waves of electron 

couples move without scattering through a lattice. The lattice vibration mechanism 

is known as phonon in terms of Cooper pairs in BCS theory. Further, the theory can 

explain the presence of a critical field. This applied magnetic field provides 

sufficient energy to breaks up the Copper couples. The interaction of small magnets 

of coupled electrons with the field separates a Copper pair. As the temperature drops 

below Tc, the superconducting gap and hence the coupling energy of the couple 

increments; therefore, the critical field increases as the temperature decreases. 

Moreover, the BCS theory describes the beginning of the magnetic field interior the 

superconductor. There are thin thread filaments with normal conductivity known as 

vortex in the Type II superconductor (17). 

1.5 Penetration Depth 

There is no magnetic field inside of superconductor at Meissner state, but at 

the surface of material this cannot be true. Obviously, to cancel B needs currents on 

the surface cause to magnetization (M) consequently inside of the superconductor 

is M+H = 0. These currents of surface do not disperse energy because the resistivity 

is zero and this is called supercurrents. The thickness estimated from the surface on 

which supercurrents flow is called the penetration depth (18) (Figure 1.5). 
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Figure 1.4. Schematic distortion of the magnetic field inside a superconductor. 

 

1.6 Coherence Length  

The coherence length (ξ) is the distance between two electrons of the Cooper 

pair. Another definition of the coherence length is a measure of the distance at 

which the gap parameter (Δ) can differ in a changing magnetic field (19). Further, 

we calculate the BCS coherence length (ξo) which is associated to the Fermi 

velocity (vF) and the energy gap by the formula: 

𝜉0 =
ℏ𝑣𝐹

𝜋Δ
                                                               (1.1) 

 

1.7 The Ginzburg-Landau Coefficient 

The penetration depth and coherence length ratio are called the Ginzburg-

Landau ratio (𝜅 = 𝜆 𝜉⁄ ). The κ value allows to differentiate between type-I and 

type-II superconductors. As material exceeds 0.7 (K > 0.7), it has the type-II 

superconductor. If K < 0.7, a material is dealing with type-I superconductor (19, 20). 

1.8 Applications of Superconductivity  

Important advances have been made in the applications related to 

superconducting electronics and superconducting wires and tapes. Radio astronomy 

receivers, wireless communication systems, microwave filters, NMR microchips, 

MRI coils, SQUIDS (Superconducting Quantum Interference Devices) and digital 

instruments are among electronic applications. Generators, motors, transformers, 

current limiters, magnetic energy storage, power transmission lines, magnetic 
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separation, current cables and research magnet systems are applications of 

superconducting wires and cables. 

1.9 Structure and Dropping/Substitution of BSCCO System 

According to chemical composition of Bi2Sr2Can−1CunOy formula, there are 

three various phases. The n = 1 of the series is Bi2Sr2Cu1O6+δ (2201), for which Tc 

is ~20 K. The n = 2 phase Bi2Sr2CaCu2O8+δ (2212), has a Tc of ~ 85 K, and n = 3 

compound Bi2Sr2Ca2Cu3O10+δ (2223), is a Tc of 110 K (21). Figure 1.6-1.8 (22) 

shows the crystal structure of 2201, 2212 and 2223 compounds, respectively. The 

2201 phase includes one Cu-O2 layer surrounded by two Sr-O and Bi-O layers, 

respectively. In the 2201 system without Ca layer, Cu atoms of the octahedral 

structure with the closest six O atoms are formed. Further, the 2212 phase is 

described by two Cu-O2 layers with one Ca sandwiches and the 2223 phase are 

consisting of three Cu-O2 layers with two sheets of Ca interleaves. While Cu atoms 

form a pyramid structure with five O atoms in 2212 material, together with the 

pyramid structure in phase 2223, its form square layers with four O atoms. The c 

axis length parameters of the three phases are 24.6 Å, 30.7 Å and 37.1 Å for 2201, 

2212 and 2223 phases, respectively, while the a axis length parameter is 5.4 Å for 

all phases. 
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Figure 1.5. Crystalline structure of Bi-2201 superconductor. 
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Figure 1.6. Crystalline structure of Bi-2212 superconductor. 
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Figure 1.7. Crystalline structure of Bi-2223 superconductor. 
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2. AIM AND SCOPE OF THE STUDY 

Many Bi-based superconducting materials are generated chemical doping 

with different oxides/elements and particles addition/substitution to develop their 

electrical, microstructural, mechanical and flux pinning properties. There are many 

dropping/substitution research were performed in 2223 compound. Bi-based 

compounds with easy and quick phase formation (no requirement high pressure or 

for a gas other than air atmosphere), thermodynamic stability, cheap and harmless 

chemical contents show the without gain or oxygen loss under greater annealing 

temperature as 850 ºC can be as displayed for the industrial applications and 

engineering (23–25). Further, the 2223 phase is most useful as a result of its phase 

stability, magnetic field, highest Tc and current carrying capacities applications in 

the technology (26). Nevertheless, some limitations regarding the structural sheets, 

great penetration depths, tremendously brittleness, short coherence lengths, low 

charge carrier densities, restricted range of temperatures and extreme magnetic 

fields obstruct research of 2223 compound. 

In the present work, we investigate the effect of aliovalent Nd/Sr partial 

replacement in the crystal structure on the electrical, mechanical, superconducting, 

crystal structure quality, physical, flux pinning mechanism, electronic structures, 

and microstructural quality of high-Tc Bi-2223 superconducting material by means 

of temperature-dependent resistivity (ρ-T), Vickers Microhardness (Hv), powder X-

ray diffraction (XRD), magnetization (M-H), scanning electron microscopy (SEM) 

and electron dispersive X-ray (EDX) experimental measurements so that the bulk 

Bi-2223 superconducting ceramic materials can find much more application fields 

in the advanced engineering and large-scale areas. For the industrial and 

technological applications, the crucial features such as the electrical results, 

characteristic critical transition temperatures, crystallinity quality, reaction kinetics, 

texturing, lattice parameter, crystal structure quality, grain alignment distributions, 

surface morphology appearance and Vickers microhardness values are found for 

the pure and Nd substituted samples and compared with each other. 
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3. MATERIALS AND METHODS 

3.1 Solid State Method  

There are many processing stages to produce superconductor materials. To 

obtain perfect phases, the desired samples must be dense, lower porosity, larger 

grains, and well-defined microstructures. Solid state techniques are usually based 

on powder synthesis, mixing of stoichiometric oxides, grinding, forming, pressing, 

and annealing.  

3.1.1 Weighing 

Weighing different powders according to stoichiometry is the first step in 

the solid-state reaction method. The existence of purities in the materials can 

damage the superconductor properties. In this study, we used SrCO3, Nd2O3, PbO, 

Bi2O3, CaCO3, CuO chemicals with purity of 99.9%. The amounts of chemicals are 

weighed with the help of an electronic balance that provides accuracy up to five 

decimal places in grams. The following balancing equation is used to determine the 

appropriate amounts of the powders. 

(0.90) Bi2O3 + (0.35) PbO + (1.9-y) SrCO3 +(2.2) CaCO3 + (3) CuO + (y/2) Nd2O3 

→ Bi1.8Pb0.35Sr1.9-yNdyCa2.2Cu3Ox 

The series of Sr-substituted Bi-2223 superconducting compounds are 

produced by the partial replacement of Nd-sites in the system according to nominal 

composition of Bi1.8Pb0.35Sr1.9-yNdyCa2.2Cu3Ox (where y= 0.00, 0.01, 0.03, 0.05, 

0.07 and 0.10 are shown as the pure, Nd1, Nd2, Nd3, Nd4 and Nd5, respectively) 

with the aid of standard solid-state reaction method known to be based on powder 

synthesis, mixing of stoichiometric oxides, grinding, forming, pressing and 

annealing processes. 

3.1.2 Grindings and Calcinations 

Calcination causes chemical decomposition and reaction among different 

elements to form the compound. Temperature, heating time and atmosphere are 

important features that define calcination conditions. The process that mechanically 

divides solid particles into fine particles is called grinding. Medium grinding 

prepares the chemical material for further processing. Further, the grinding can 

decrease the compositional differences that might still arise because of calcination. 

The SrCO3, Nd2O3, PbO, Bi2O3, CaCO3, CuO chemicals are mixed for 24 h in a 

grinding machine to attain homogeneous mixture. The ground and homogenized 

powders are calcined firstly at a temperature of 750 ºC for about 12 h, in air in a 
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programmable furnace with a cooling/heating rate of 5 ºC/min. Then, the color of 

compound turns into the gray and after is mixed in grinding machine for 2h. The 

second calcination is performed at 800 ºC for about 24 h at the same cooling/heating 

rate. For the last formation, the color of powder turns into black and mixed in the 

grinding machine for 2h to achieve increasingly homogeneity.  

3.1.3 Presing and Sintering 

The powders are sintered three times, first at 835 ºC for 24 h, second at 840 

ºC for 48 h and third at 840 ºC for 48 h in air with a heating and cooling rate of 5 

ºC/min. Further, the powder is pressed in rectangular bars with dimensions of 

10x4x2 mm3 by applying a load of 200 MPa at the 300 K before for each three-

sintering process. After the first sintering, the bulk is pressed under two steel plates 

by applying 100 MPa and then the obtained powder is mixed for 2 h by using Si 

mortar to attain a homogenous mixture. The powder is pelletized using a rectangular 

bar of 10x4x2 mm3 under a force of 200 MPa and then is sintered (annealed) at 840 

°C for 48 h. After the second sintering, the bulk samples are pulverized for 5 min 

in an agate mortar and then pelletized by using the same force. Finally, the third 

sintering process is carried out to give the superconducting phase to the Bi-2223 

materials. Further, the preparation method of the Bi-2223 compounds is 

schematically showed in Figure 3.1. 
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Figure 3.1. The preparation method of the bulk produced in this study. 

 

3.2 X- Ray Diffraction Analysis 

X-ray diffraction analysis is a technique used to identify phase investigation, 

cell size, lattice parameters and texture after different steps of the heat treatment. 

X-ray diffraction (XRD) data of samples are measured from finely ground powder 

to obtain regularity. Then, the powder is placed on standard sample holders with a 

glass substrate. At room temperature, scan is made from 3◦ to 60◦ at a scan speed 

of 3◦/min and a step increment of 0.02◦. Cu Kα radiation (λ = 1.5418 Å) is used for 

all powder samples. 
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3.3 Scanning Electron Microscopy and Energy Dispersive X-Ray 

Analysis  

The scanning electron microscope (SEM) method is commonly used to 

detect the surface morphology of samples with resolution and high magnification. 

The properties required in SEM analysis are orientation of grains, change in particle 

morphology, porosity and the amount of secondary phase observed with increment 

in substituted level. In this study, the surface morphological performances of all the 

superconducting samples are determined by means of SEM JEOL 6390-LV. It is 

done accelerating voltage of 20 kV with a resolution power ~ 3 nm and the 

magnification range changed is 5000X to 20000X. Further, the X-rays can be used 

to determine and measure different elements. The particle distribution and 

composition are examined by SEM prepared with an Oxford X-ray micro-probe 

(EDX). 

3.4 Resistivity vs Temperature (ρ-T) Measurement 

In this work, the traditional four-probe DC resistance technique is used for 

the measurement of ρ-T in annealed bulk samples. Using conductive silver paste, 

four small lines are made on pellets in a linear alignment to minimize contact 

resistance. At room temperature, pasted pellets are dried for 15 minutes before 

linking contacts of copper wires by soldering. While the outer two ends belong to 

the Keithley 220 programmable dc current source, the voltage between the inner 

two ends is measured using Keithley 2182A programmable nano-voltmeter. The 

temperature requirement of resistivity of the sample passing 5 mA DC current from 

the sample in the cryostat is measured. 

3.5 Magnetoresistivity Measurement 

The magnetoresistivity measurements are conducted by the four point 

arrangement implemented. All values are obtained from the resistivity versus 

temperature graph applied field from 0 T to 2.8 T at constant driving current of 5 

mA. Magnetic fields applied in the direction of the drive current are generated by 

the superconducting coil magnet (CRYO Industries). Interfaced with a computer 

using Labview computer software, GPIB measurement data are automatically 

recorded. 

3.6 Vickers Hardness Measurement 

The mechanical characteristic properties of the produced samples are 

performed by Vickers hardness measurements by way of the SHIMADZU HVM-2 

model digital microhardness tester at 300 K in air. The static pressing loads are 
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exerted on the superconducting samples for the loading period of 10 s in the ranging 

0.245 - 2.940 N. The indentation of diagonal is measured with the accurateness 

about ± 0.1 μm. Two measurement diagonals observed on the surface of sample are 

adjusted with a calibrated microscope. The measurements of diagonal length are 

performed at various locations on the sample surface to attain sensible mean values 

for all applied load, in case we cannot found the values of indentation track due to 

the surface effects. Further, a universal dynamic mechanical tester (UMT - Bruker 

SYS2) is used for the indentation tests. Indentations are performed to using a 

Vickers type indenter. The loads are exerted at 1.0, 2.0, 3.0, 4.0, and 5.0 N for 10 s 

at 300 K. 
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4. RESULTS AND DISCUSSION 

4.1 Dc Electrical Results of Superconducting Materials 

The influence of Sr site Nd impurities on Bi–2223 systemss is studied by 

difference of the dc electrical resistivity as a function of temperature and the results 

found are demonstrated in Figure 4.1. While all samples show superconductor state 

under the onset critical transition temperature onset

cT , metallic behavior is obtained 

above onset

cT . The room temperature resistivity reduces with the increase in the Nd 

impurities as exhibit in Table 4.1, confirming the decrements the hole concentration 

in the Cu–O plane (27, 28). The offset ( offset

cT ) and onset ( onset

cT ) critical 

temperatures examined are determines from Figure 4.1. While the maximum 

critical temperature ( offset

cT ) of the pure sample is 108.4 K, a minimum of 78.81 K 

is obtained for the Nd5 sample. Both the onset

cT  and offset

cT  values reduce with 

increment Nd impurities, verifying crystallinity deterioration, crystal size reduction, 

variations in lattice vibration increment of porosity and weak connections among 

the grains (29, 30). Moreover, the Nd additives are damaged superconducting 

properties in consequence of an increase in the improving of the phases of Bi-2201 

and Bi-2212 and a decrease in the phase formation velocity of Bi-2223 (31–33). 

The ΔTc values shown in Table 4.1 increase from 8.19 K to 29.93 K with increasing 

Nd additions, verifying of being of pores and weak connections among the 

superconducting grains and the deviation of hole concentration [34-36]. Further, it 

is without any doubt that the gradual increment in the ρ300K value results from the 

combination of deviation in the itinerant charge carrier concentration and formation 

of new permanent local structural problems (Table 4.1). 
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Figure 4.1. Change of dc resistivity for the virgin and Nd substituted-layered Bi-

2223 superconducting ceramics. 

 

Table 4.1. Dc resistivity results belonging to the bulk superconductors. 

 

 

 

 

Samples Tc
onset (K) Tc

offset (K) ΔTc (K) ρ300K (Ωcm) 

Nd0 116.59 108.4 8.19 0.0140 

Nd1 115.80 106.51 9.29 0.0146 

Nd2 115.16 101.41 13.75 0.0169 

Nd3 110.57 99.45 11.12 0.0190 

Nd4 109.98 97.28 12.70 0.0221 

Nd5 108.74 78.81 29.93 0.0232 
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4.2 Powder X-Ray Diffraction Experimental Analyses 

The powder x-ray diffraction (XRD) patterns between 3° and 60° are display 

in Figure 4.2. The peaks of high-Tc Bi-2223, low-Tc Bi-2212 and very low-Tc Bi-

2201 phase are demonstrated by Miller indices and are abbreviated by H (hkl), L 

(hkl) and VL (hkl), respectively. The presence of very low-Tc Bi-2201 for content 

level x = 0.07 and 0.1, the low-Tc Bi-2212 phases is seen with the Sr site Nd 

substituted samples, while the high-Tc Bi-2223 and Ca2PbO4 is observed for all the 

samples. With the Nd inclusions in the Cu-O2 stacked layers, the high- Tc Bi-2223 

phase decreases, in fact, the high- Tc Bi-2223 superconductor phase becomes less 

and less stable. On the other hand, the low-Tc Bi-2212 phases tend to improve with 

the increasing neodymium concentration level. When the concentration level x = 

0.1, the Bi-2212 phase is dominant comparison to Bi-2223 phase. Therefore, the 

quality of material deteriorates with the increasing Nd additives due to increased 

structural problems with lattice strains, porosity, voids, defects, grain 

misorientations, cracks and dislocations. In other way, there is no phases prevent 

the electron-phonon links to in Cu-O2 plane. Moreover, the Bi-2212, Bi-2201 and 

Ca2PbO4 phases display low intensity peaks while the high peaks are seen for the 

Bi-2223 phase (37). The percentages of phase containing Bi-2223, Bi-2212, Bi-

2201 and purity (Ca2PbO4) are obtained by the following formula, respectively. 

 

                   𝑓2223 =
𝛴𝐼2223(ℎ𝑘𝑙)

𝛴𝐼2223(ℎ𝑘𝑙)+𝛴𝐼2212(ℎ𝑘𝑙)+𝛴𝐼2201(ℎ𝑘𝑙)+𝛴𝐼𝐶𝑎2𝑃𝑏𝑂4(ℎ𝑘𝑙)
𝑥100%         (4.1) 

 

                 𝑓2212 =
𝛴𝐼2212(ℎ𝑘𝑙)

𝛴𝐼2223(ℎ𝑘𝑙)+𝛴𝐼2212(ℎ𝑘𝑙)+𝛴𝐼2201(ℎ𝑘𝑙)+𝛴𝐼𝐶𝑎2𝑃𝑏𝑂4(ℎ𝑘𝑙)
𝑥100%           (4.2) 

 

                𝑓2201 =
𝛴𝐼2201(ℎ𝑘𝑙)

𝛴𝐼2223(ℎ𝑘𝑙)+𝛴𝐼2212(ℎ𝑘𝑙)+𝛴𝐼2201(ℎ𝑘𝑙)+𝛴𝐼𝐶𝑎2𝑃𝑏𝑂4(ℎ𝑘𝑙)
𝑥100%            (4.3) 

 

               𝑓𝐶𝑎2𝑃𝑏𝑂4
=

𝛴𝐼𝐶𝑎2𝑃𝑏𝑂4(ℎ𝑘𝑙)

𝛴𝐼2223(ℎ𝑘𝑙)+𝛴𝐼2212(ℎ𝑘𝑙)+𝛴𝐼2201(ℎ𝑘𝑙)+𝛴𝐼𝐶𝑎2𝑃𝑏𝑂4(ℎ𝑘𝑙)
𝑥100%        (4.4) 

 

where I shows the peak intensity. Every calculation is gathered in Table 4.2. 

From the Table 4.2, the volume fraction of the high-Tc Bi-2223 is 97.55 % for the 

pure sample. Moreover, the high-Tc Bi-2223 phase decrease from the volume 

fraction value of 94.43% in Nd1 sample to 26.65% in the Nd impurities level of 
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x=0.1. While the volume fraction belonging to the low-Tc Bi-2212 for the pure 

sample is zero, the volume fraction increases with the Nd contribution increased 

and it is found 66.91% for Nd5. Further, at level x = 0.07, the volume fraction of 

very low- Tc Bi-2201 found as 1.25%, while 2.72% is obtained for the Nd5 sample. 

After all, amount of Nd participation effects on the formation and reaction of 

superconducting phases. The H (002) peak disappears for the Nd5, while the L 

(002) peak begins to appear for Nd4 and Nd5 samples. Similarly, the peak identified 

as H (0010), H (113), H (1111) and H (0012) not appear for the Nd5. Meanwhile, 

a and b lattice parameters for the tetragonal unit cell structure are determined using 

the  
1

𝑑2 = (
ℎ2

𝑎2 +
𝑘2

𝑏2 +
𝑙2

𝑐2) relationship by diffraction (hkl) planes and lattice spacing 

(d) values. From Table 4.3, when the lattice length c is determined to be about 

37.079 Å for the Nd0 sample, a lattice cell is attained to be about 5.402 Å. As the 

lattice constant a increases, the lattice constant c values reduces with the increase 

in the Nd additives. In the Cu-O2 plane, superconductivity is disturbed because of 

the decrement in the formation of electron-phonon connection and hole carrier 

concentrations. According to the Scherrer–Warren equation, crystallite size can be 

subtracted from the XRD patterns by the formula (38–40): 

𝑡 = 0.941𝜆
𝛽𝑐𝑜𝑠𝜃𝛽

⁄                                                (4.5) 

where, t displays thickness, λ shows the wavelength and β displays the full 

width at half maximum (FWHM) and ƟB is the Bragg angle. Besides, 

𝛽2 = 𝛽𝑚
2 − 𝛽𝑠

2                                                          (4.6) 

where βs demonstrate the half width in radians. The crystallite size reduces 

with increasing the Nd nanoparticles (Table 4.3). In addition, we determine the 

variation of hole carrier concentrations with the Nd content level with the formula 

(41, 42):  

𝑃 = 0.16 − [
(1−

𝑇𝑐
𝑜𝑓𝑓𝑠𝑒𝑡

𝑇𝑐
𝑀𝑎𝑥 )

82.6
]

1/2

                                                 (4.7) 

in the equation, when the Tc
offset values are subtracted from Table 4.1, Tc

max 

is 110 K for Bi-2223. All values are listed in Table 4.3. The pure sample 

concentration is obtained to be larger than others (Table 4.3), approving that the 

superconducting properties decrease with the increasing of Nd nanoparticles. 
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Figure 4.2. Powder X-ray diffraction pattern for pure and Nd/Sr partial 

replacement of superconducting samples. 

 

Table 4.2. Volume fractions of every sample. 

Samples 
Volume Fraction (≈%) 

Bi-2223 Bi-2212 Bi-2201 Ca2PbO4 

Nd0 97.55 0 0 2.45 

Nd1 94.43 3.34 0 2.23 

Nd2 94.07 4.10 0 1.83 

Nd3 87.73 8.90 0 3.37 

Nd4 58.55 34.95 1.25 5.25 

Nd5 26.65 66.91 2.72 3.72 
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Table 4.3. XRD and hole carrier concentrations measurement results for every 

sample. 

 

4.3 Investigation of SEM Images  

We examine the scanning electron microscopy (SEM) pictures of Sr site Nd 

substituted in Bi-2223 materials to analyse the effect of additional mechanisms on 

the crystallinity and surface morphology at 20000X magnification.  Micrographs 

are demonstrated the differentiation based on texturing (grain alignment 

distributions and orientations), structural problems (partial melting, voids, defects, 

and cracks), intragrain problems and inter-grain boundary connection problems 

obtained on the interaction between the superconducting grains in Figure 4. 3 (43–

45). From the Figure 4. 3., the surface morphology view and crystallinity quality 

are detected to deteriorate with enhancing the Nd purity. Additionally, each sample 

has a grainy crystalline structure with random alignment distribution and 

orientation of the grains. Likewise, the basic appearance of the crystal structure is 

separated from the flaky layers of platelet-like shape with the enhance in Nd purity. 

In this respect, the pure sample has well connected flaky layers, and thus displays 

the most uniform surface appearance with the lowest porous (smoothest and 

densest) structure. On this basis, the images show that the un-substituted material 

founds the clearest flaky layers of platelet-like structure, largest average grain size 

distribution and finest connection between the superconducting grains. Further, it 

is obvious from the figures that a deterioration in uniform surface appearance as a 

result of structural problems, misorientations of grains and systematic problems in 

the grain boundary couplings with the increment Nd addition. In this regard, thee 

Samples a (Å) c (Å) 
Crystallite 

size (nm) 
P 

Nd0 5.402 37.079 59.6 0.146730 

Nd1 5.411 36.999 56.3 0.140401 

Nd2 5.415 36.973 52.8 0.129252 

Nd3 5.429 36.932 49.6 0.125925 

Nd4 5.431 36.824 47.5 0.122584 

Nd5 5.440 35.385 43.1 0.101410 
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Nd5 sample with distorted crystal structure and purity residues finds the worst SEM 

picture. That is precisely why, the Nd substitution is not a useful method to provide 

the surface morphology view and crystallinity quality of Bi-2223 superconducting 

material. 

 

  

   

          

Figure 4.3. SEM micrographs belonging to every sample. 
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Nd4 Nd5 
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4.4 Analysis of EDX Results  

This part (interested in the experimental results of electron dispersive X-ray 

(EDX) measurements) of thesis enables us to confirm the fact that the aliovalent 

Nd-sites (Nd+3) mostly replace successfully for the Sr-sites (Sr2+) in the Bi-2223 

superconducting matrix. In this regard, the EDX measurements provide 

quantitatively the distributions of local elemental compositions (Bi, Pb, Sr, Nd, Cu, 

Ca and O) in Bi-2223 cuprate-layered perovskite superconducting materials 

prepared. One can see numerically the distributions of local elemental compositions 

in Table 4.4. It is clear from the table that every material studied contains the used 

elements (O, Pb, Ca, Sr, Cu, Nd and Bi) as expected. It is, of course, that there is 

not any clue for the distribution of Nd atoms for the un-substituted material. In other 

words, neither the extra element distribution (except for the Nd element) nor 

impurity phases belonging to any anion or cation displays the introduction of every 

element (O, Pb, Ca, Sr, Cu, Nd and Bi) into the Bi-2223 superconducting system. 

According to the Figure 4.4, all the peaks obtained are invariant for the pure and 

Sr-site Nd replaced Bi-2223 superconducting samples and no clue is for the 

formation of any new phase or compound. The Nd atoms take their position in the 

interstitial. This is related to the fact that the pure and Sr-site Nd substituted Bi-

2223 ceramic materials are perfectly prepared thoroughly (46–48). Additionally, the 

results in Table 4.4 show that all the elements (except for Nd one) are found to 

change randomly in the superconducting samples. The local composition 

distribution of Bi atom is about 28-32% levels as against the value of oxygen atom 

is about 16-17% while the Pb level is measured to be between about 2-4% for the 

superconducting compounds. Likewise, the local composition distribution values 

for the Cu and Ca atoms are obtained to be at about 22-25% and 8-13% levels, 

respectively. The table also shows slight differences in the distribution of Sr 

composition. As for the atomic distribution of Nd, it is noticed that the composition 

level increases systematically as expected. Therefore, it should be emphasized here 

that deviations occur for some chemical contents in the aliovalent Nd / Sr partially 

substituted Bi-2223 superconductors. Particularly for the Nd5 sample, the copper 

deficit increases significantly. In this respect, the composition deviations arise from 

the compensation of Nd gain in the Bi-2223 ceramics. In short, the variation 

mentioned above causes drift in the distribution of element concentrations. In 

addition, the gathering of some atoms over the grain boundaries may causes the 
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small composition deviations in the crystal structure. Based on this result, the 

change in the composition distributions of Nd and Cu atoms in the Bi-2223 system 

may be a strong clue for the negative effect of substitution mechanism on the 

characteristic electrical, superconducting, crystallinity and structural morphology 

features. 

We also analyze the element distribution mappings for every compound in 

Figure 4.5 to scrutinize whether the elements (Bi, Pb, Sr, Nd, Ca, Cu and O) used 

distribute homogeneously on the sample surface areas scanned. From the figures, 

all samples show the uniformly distribution of elements (expect for the neodymium 

and copper atoms) with the entire area. Furthermore, it is observed that the dots 

representing copper element compositions are deteriorated, while the dots for 

neodymium element compositions increased with an increase in the level of Nd 

impurity. In this regard, the Cu dots reach to the maximum number value as the 

Nd/Sr substitution level equals to x=0.07. This may be accordance with the fact that 

the excess Nd atoms start to penetrate over the inter-granular regions in the crystal 

structure. Hence, it is concluded that the existence of Nd nanoparticles in the crystal 

structure harms the use of Bi-2223 superconducting materials. 
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Figure 4.4. EDX Spectroscopy investigation for all samples. 
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Figure 4.5. Results of EDX measurements of every sample (a-f). 
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Table 4.4. Concentrations of the elements in the samples. 

Component Line 
Distribution Content (wt.%) 

Nd0 Nd1 Nd2 Nd3 Nd4 Nd5 

O Kα 16.99 16.43 16.33 17.75 16.72 16.87 

Sr Lα 14.32 15.84 15.32 15.45 15.12 15.41 

Pb Lα 3.25 2.94 3.78 3.22 3.84 3.39 

Bi Lα 28.15 31.14 29.42 29.59 30.57 31.99 

Ca Kα 12.31 9.58 10.10 9.74 9.67 8.62 

Nd Lα - 0.33 0.65 0.84 1.10 1.30 

Cu Kα 24.98 23.75 24.40 23.42 22.98 22.43 

 

4.5 Magnetoresistivity Experimental Measurement Findings 

We investigate the role of Sr site Nd substituted on the magnetoresistivity 

characteristic properties of Bi-2223 systems via the change of resistivity versus 

temperature. In Figure 4.6, experimental magnetoresistivity curves can be observed 

for each sample. The existence of Nd impurities and applied field influence the 

magnetoresistivity properties as seen from the Figure 4.6. All Tc
onset and Tc

offset 

parameters are tabulated in Table 4.5. The Tc
offset and Tc

onset values reduction with 

the enhance in Sr site Nd purities in Bi-2223 samples. The Tc
onset values decrease 

from 116.5 to 108.7 K with Nd impurities, while Tc
offset values decrease from 108.4 

to 78.8 K in the zero magnetic field. Further, the Tc
offset value for the virgin sample 

is obtained to be about 65.3 K under 2.8 T applied magnetic field. An increase of 

applied field from 0 T to 2.8 T causes decrease temperatures in the critical 

temperature values. Consequently, the critical temperature is dependent on the 

applied field (49, 50). The change of ΔTc (Tc
onset - Tc

offset) value is another result 

deduced from the magnetoresistivity curve. The magnetoresistivity curves enlarges 

to lower temperature with the increase in the applied magnetic field owing to the 

reduce of the flux trapping ability, confirming the increment of ΔTc value. Likewise, 

the magnetic field damages the Josephson connection and vortex lattice, therefore 

the flux lines jump to neighbour states. This presents that the applied field increases 

the separate pancakelike performance along the stacked layers of Cu-O2 (51). 

Hence, the increasing of Nd addition along with the applied field destructions the 

flux trapping, consequently the 2D pancake vortices that jump to near states start to 
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move thermally. Consequently, this illustrates a thermal degeneracy described by 

the thermally activated flux flow (TAFF) approach (52). Finally, the decrease in the 

Tc
offset values with the applied field is about the theory of pair breaking explained 

by Gorkov and Abrikosov. Based on this theory, the presence of conduction 

electron spins in the cooper pairs and linking among the magnetic purities with the 

spin number, causing the difference in the spin states of the electrons. With the 

above situation, the practical result disrupts copper pairs and superconducting 

properties is destructed (53). Evidence from increased Nd addition harms copper 

pair formations established on the phase coherence. 
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Figure 4.6. ρ-T graphs of the samples at different applied magnetic field. 
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Table 4.5. onset

cT and offset

cT values of the samples. 

 

4.6 Flux Pinning Energy 

We analyse the role of Sr-site Nd substituted on the activation energy with 

the aid the Arrhenius law based on the thermally activated flux flow (TAFF) 

approach. TAFF model shows both the change of potential energy barriers for the 

pinning centers and the applied field requirement of effective flux pinning 

mechanism (54, 55). Besides, the flux pinning (activation) energy are computed 

from the Arrhenius activation formula: 

                                       𝜌 = 𝜌0𝑒𝑥𝑝(
𝑈0

𝑘𝐵𝑇
)                                                   (4.8) 

here, U0 present the activation energy parameter and is attained from the 

slope of Arrhenius curves, kB defines to the universal Boltzmann's constant, and the 

ρ0 is pre-exponential factor (56). Nonlinear relationships between lnρ/ρ0 versus 1/T 

graphs in different magnetic fields are given in Figure 4.7. As shown in Table 4.6, 

the activation energy values reduction with the increment of Nd additives and 

exterior applied field as result of destruction of the superconductivity. The 

maximum pinning (activation) energy values for the Nd0 sample is found to be 

2351.8 K as against 674.7 K for the Nd5 sample at 0 T. At the 2.8 T, the U0 values 

are attained to be about 440.3 K for the Nd0 sample and 122.1 K for Nd5 sample. 

This ensures that the weak link in the intergranular connection is destroyed, the 

energy obstructions and the distance among the pinning centers are reduced. 

Further, all samples show the same feature curves that tend to reduce up to the 0.4 

T after that the energies continue to decrement slowly. This confirming is in the 

attributed to the dispersion of applied magnetic field into only the inter-granular 

Samples Tc
onset (K) 

Tc
offset(K) 

0T 0.4 T 1.2 T 2.0 T 2.8 T 

Nd0 116.5 108.4 85.2 77.9 72.9 65.3 

Nd1 115.8 106.5 82.9 72.4 65.5 60.7 

Nd2 115.1 102.4 77.9 67.1 61.3 57.4 

Nd3 110.5 99.4 74.3 63.6 59.3 55.9 

Nd4 109.9 97.6 71.6 59.8 54.3 52.2 

Nd5 108.7 78.8 58.4 48.8 45.1 40.2 
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region under 0.4 T exterior field, and the damage of the inter-granular connection 

in the Cu-O2 stacked layers (57). Magnetic field dependence of U0 is obtained by 

the following power-law formula: 

                                        𝑈(𝜇0𝐻) ≈ 𝜇0𝐻−𝛽                                               (4.9)                             

here, the constant of β illustration the magnetic field influence and the 

direction of magnetic field. As seen in Table 4.6, the β values are between 0.490 

and 0.277. We explained the reduction of β values by the enhancement in the grain 

border connection problem and limit of weak links. Also, the dependence of β 

values owing to the Sr site Nd substituted is related to activation energy for the 

correlated quantized fluxoids based on the level of oxygen content in Bi-O layers, 

lattice strains defects, dislocations and disorders (58–61). 

 

Table 4.6. Exterior applied field requirement of flux pinning energy. 

Samples 
Pinning energies (K) 

β values 
0 T 0.4 T 1.2 T 2.0 T 2.8 T 

Nd0 2351.8 1186.8 792.2 587.7 440.3 0.490 

Nd1 1905.2 950.9 582.3 445.1 420.9 0.435 

Nd2 1232.2 710.9 493.2 418.4 383.6 0.320 

Nd3 954.3 612.1 448.5 385.9 347.1 0.290 

Nd4 901.3 557.3 395.6 327.4 316.8 0.283 

Nd5 674.7 216.6 171.5 148.5 122.1 0.277 

 

 

 



38 

 

0,009 0,012

0,1

1

 

Nd0

ln
 r

/r
1

2
0

1/T (K-1)

 0 T

 0.4 T

 1.2 T

 2.0 T

 2.8 T

 
0,009 0,012

0,1

1

Nd1

 

ln
 r

/r
1

2
0

1/T (K-1)

 0 T

 0.4 T

 1.2 T

 2.0 T

 2.8 T

 

0,009 0,012 0,015

0,1

1

 

Nd2

ln
 r

/r
1

2
0

1/T (K-1)

 0 T

 0.4 T

 1.2 T

 2.0 T

 2.8 T

 

0,008 0,010 0,012 0,014 0,016

0,1

1

Nd3

 

 

ln
 r

/r
1

2
0

1/T (K-1)

 0 T

 0.4 T

 1.2 T

 2.0 T

 2.8 T

 

0,009 0,012 0,015

0,1

1

 

 

Nd4

ln
 r

/r
1

2
0

1/T (K-1)

 0 T

 0.4 T

 1.2 T

 2.0 T

 2.8 T

 

0,010 0,015 0,020

0,1

1

Nd5

 

 

ln
 r

/r
1

2
0

1/T (K-1)

 0 T

 0.4 T

 1.2 T

 2.0 T

 2.8 T

 

Figure 4.7. Change of lnρ/ρ0 as a function of 1/T graphs of superconducting 

materials. 
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4.7 Irreversibility and Upper Critical Field 

We carry out the magnetoresistivity measurements under the applied field 

range of 0 T-2.8 T. As a function of the applied field, the dependence of 

magnetoresistivity on temperature is provided as given relationships (62, 63). 

                   𝜌(𝜇0𝐻𝑖𝑟𝑟 , 𝑇) = 0.1𝜌𝑛 𝜇0𝐻𝑖𝑟𝑟(𝑇)                                            (4.10)                                                                

                    𝜌(𝜇0𝐻𝑐2, 𝑇) = 0.9𝜌𝑛 𝜇0𝐻𝑐2(𝑇)                                             (4.11)                                                          

where ρn exhibitions the normal state resistivity 120 K. After the µ0Hirr (T) 

and µ0Hc2 (T) parameters are defined in the Schubnikov phase, the extrapolation 

intersections to the zero point provide the values of µ0Hirr (0) and µ0Hc2 respectively 

(64). The irreversibility fields (µ0Hirr) and upper critical fields (µ0Hc2) against 

temperature change are demonstrated in Figure 4.8 and Figure 4.9, respectively. 

Theoretically we determine the values of µ0Hirr (0) and µ0Hc2(0) by extrapolation 

of the curve at 0 K and give the found data in Table 4.7. Computed the µ0Hirr (0) 

values reduce from 8.29 to 5.81 T; similarly, the µ0Hc2 (0) values reduce from 

719.58 to 54.23 T with increment of Nd additives, approving destroying the pinning 

abilities owing to the double breaking mechanism. 

 

Table 4.7. Irreversibility field and upper critical field of the samples. 

Samples μ0Hirr (0) (T) μ0Hc2 (0) (T) 

Nd0 8.29 719.58 

Nd1 7.37 299.07 

Nd2 7.32 216.01 

Nd3 6.81 159.06 

Nd4 6.32 129.68 

Nd5 5.81 54.23 
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Figure 4.8. The temperature dependences of the irreversibility field. 
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Figure 4.9. The temperature dependences of the upper critical field. 
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4.8 Coherence Length and Penetration Depth  

At 0 K, we can calculate the values of penetration depth (λ) and coherence 

length (ξ) as the given relationships (65, 66): 

                                  𝜆(𝑇) = [
𝜑0

2𝜋𝜇0𝐻𝑐2(𝑇)
]

1

2                                                (4.12)                                                                                       

                                  𝜉(𝑇) = [
𝜑0

2𝜋𝜇0𝐻𝑖𝑟𝑟(𝑇)
]

1

2                                               (4.13)                                                                                     

here, φ0 is equal to 2.07x10-15 Tm2. All the ξ(0) and λ(0) values computed 

are tabulated in Table 4.8. the coherence lengths increment from 63.04 to 75.30 Å 

instead, the penetration depths increase from 6.77 to 24.65 Å with the increment in 

the Nd impurities. This may be related to the fact that the increasing Nd additives 

the formation of two-dimensional flattened pancake vortices by decreasing the level 

of energy barrier. 

 

Table 4.8. Coherence length and penetration depth values of the samples. 

 

 

 

 

 

 

4.9 M-H Measurements 

It is found that every superconducting compound prepared presents the large 

hysteresis loops at the temperature of 77 K. This is attributed to the fact that the 

pure and Sr-site Nd substituted Bi-2223 ceramic materials (especially the pure one) 

exhibit good and uniform superconductivity. Besides, it is apparent from the Figure 

4.10 that the shapes of M–H curves tend to enlarge with the increment in the Sr/Nd 

substitution level in the presence of applied filed strengths as a result of the 

increment in the hysteresis losses. For the pure and low external fields, the loops 

are look like elliptical shape (anticipated as the grain contribution or penetration of 

magnetic field into only intra grain regions with small proportion) whereas the 

Sr/Nd substitution and relatively higher external fields make the shape distort 

harshly (intra and inter granular regions). In fact, the M–H curves for the Nd5 

Samples ξ0 (Ǻ) λ0 (Ǻ) 

Nd0 63.04 6.77 

Nd1 66.86 10.50 

Nd2 67.09 12.35 

Nd3 69.55 14.39 

Nd4 72.20 15.94 

Nd5 75.30 24.65 
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sample almost are disappeared. The change of the loops can thoroughly be 

explained by the combination of Bean–Livingstone effect and different viscous 

effects where the distortion is described by the formation of defects on the specimen 

surface. Namely, the Bi-2223 superconducting phase firstly begin to form at the 

surface and the process continues slowly and slowly towards to the core of sample 

(converting the phases to the main superconducting phase of Bi-2223). Hence, the 

defects form automatically on the surface (general characteristics of Bi-2223 phase 

formation) of a sample, and the presence of discrete fluxoids (due to the external 

magnetic field) leads to change the shape of magnetization curves (67). Besides, 

the hysteresis loops of materials studied are used to calculate the critical current 

densities via the Bean model due to the rectangular cylinder shapes of experimental 

loops. At the same time, the Bean model is superior and simple to find the critical 

current density value of a superconducting material using the following formula 

(68): 

𝐽𝑐 =
20∆𝑀

𝑎(1−
𝑎

3𝑏
)
                                                 (4.14) 

in the equation the constants of a and b are the width and thickness of 

material studied, respectively. Here b is larger than a. Besides, the abbreviation of 

∆𝑀 = 𝑀+ − 𝑀−  is in correspondence to the electromagnetism of unit volume. 

Further, the magnetization values of parameters are related to the zero-field values 

of different loops at the various maximum fields. The critical current densities (Jc) 

are obtained to be about 2.17x104, 1.58 x104, 1.49 x104, 1.18 x104, 0.35 x104 and 

0.13 x104 Acm-2 for the Nd0, Nd1, Nd2, Nd3, Nd4 and Nd5 samples, respectively. 

The Jc value decreases dramatically with the increment in the Sr/Nd substitution 

level. On this basis, the maximum Jc value of 2.17x104 A/cm2 is noted for the pure 

sample while the Nd5 sample shows the minimum performance for Jc parameter 

(0.13x104 A/cm2). Similarly, the enhancement in the external magnetic field 

damages seriously the Jc value. This is directly related to the suppression in not only 

the flux pinning ability but strength of coupled vortices of Bi-2223 superconducting 

material due to the random distribution or contraction of distance between the 

pinning centers. Shortly, the existence of Nd atoms in the Bi-2223 crystal structure 

degrades the elasticity of vortex lattice. The rapid decrement in the Jc parameters 

with the entering of Nd ions into the Bi-2223 crystal lattice can also be explained 

by the differentiation in the crystallite sizes, densification degree, decomposition of 
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Bi-2223 superconducting phase into the impurity phases (reduction of Bi-2223 

phase fraction percentage) and especially interaction between the superconducting 

grains. Moreover, the diminish in the critical current density parameter with the 

Sr/Nd substitution in the Bi-2223 crystal system can more phenomenologically and 

sophisticatedly be discussed as follows: the replacement of trivalent cation Nd3+ 

for a divalent cation Sr2+ favors the improvement in the decoupling of adjacent 

layers (recoupling linelike or discrete pancakelike nature) in the Bi-2223 

superconducting crystal system. Accordingly, Nd-5 ceramic material exhibits the 

lowest Jc values at any applied magnetic fields. 
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Figure 4.10. Magnetization curves of in samples at 77 K. 

 

4.10 Microhardness Properties Examined by Static Micro-

Indentation Technique and Modeling 

The Vickers hardness test is used for definition of microhardness values of 

Bi1.8Pb0.35Sr1,9-yNdyCa2.2Cu3Ox (0.00 ≤ x ≤ 0.10) samples. The load dependent 

microhardness (Hv) values are determined by experimental values of diagonal 
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length (d). The Hv values of dissimilar applied loads (0.245 N ≤ F ≤ 2.940 N) can 

be computed using the following 8(69, 70): 

                                   )(4.1854
2d

F
HV =                                             (4.15)                                                                                       

The Hv values reduce with the increasing content of Nd purity and applied 

load which can be seen in the load dependent hardness versus the applied load 

showed in Figure 4.11. Apparently, the indentation size effect (ISE) nature is exhibit 

for the all crystal texturing samples. Additional, decreasing the Hv values with the 

applied load as shown in the Table 4.9. After F = 2 N, the graphs move to the 

satiation region. Further, the E (elastic modulus), Y (yield strength), KIC (fracture 

toughness), B (brittleness index) and C11 (elastic stiffness coefficient) parameters 

are deduced by using the following equations (71): 

                                   VHE 9635.81=                                                     (4.16)                                                              

                                   
3

VH
Y                                                                 (4.17)                                                              

                                   𝐾𝐼𝐶 = √2𝐸𝛼    (α; surface energy)                       (4.18)                                     

                                   𝐵 =
𝐻𝑉

𝐾𝐼𝐶
                                                                 (4.19)                                                

                                   𝐶11 = 𝐻𝑣
7/4

                                                           (4.20)                                                                             

The load-dependent characteristic parameters are summarized in Table 4.9. 

It is visible from the table the E values decreases significantly with the increment 

in the Nd inclusions. The elastic modulus for Nd5 samples values are obtained to 

be about 50.001 GPa and 32.443 GPa for static compression load 0.245 N and 2.940 

N, respectively. This verifies that the increasing of Nd additivities level deteriorates 

the stiffness, fracture, mechanical stability, flexural strength and durability. Also, 

the resistant against the strain or permanent deterioration decrease with increasing 

Nd content. The Y values are determined from equation 4.17 and statistically 

summarized in Table 4.9. For the load of 0.245 N, the highest Y value of 0.328 GPa 

is found for the Nd0 inclusions, while a minimum Y value of 0.211 GPa is attained 

for the Nd5 sample. This is related to the increment of cracks and induced artificial 

voids. The fracture toughness values are gathered from equation 4.18 and presented 

in Table 4.9. The KIC values of Nd0 sample decrement from 0.738 to 0.659 GPa 

with increasing the applied load. This means that the movement of induced 

dislocations, cracks and voids because of reduction of crack length reaches quickly 
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to their critical propagation velocities. Incidentally, the C11 values are computed by 

using equation 4.20 and shown in Table 4.9. The elastic stiffness coefficient is 

observed as 0.972 GPa (maximum value) for the Nd0, while the minimum 0.450 

GPa value is related to the Nd5 material under load of 0.25 N. As a result, it is 

concluded that their durability, stiffness, fracture and flexural strengths are reduced. 
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Figure 4.11. Applied load dependence of Vickers hardness. 
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Table 4.9. Hv, E, Y, KIC, B, C11 parameters values for all samples. 

Samples d (µm) F (N) 
Hv 

(GPa) 
E (GPa) Y (GPa) 

Kıc 

(Pa/m1/2) 

C11 

(GPa) 

B 

(µm1/2) 

Nd0 

21.48 0.245 0.984 80.708 0.328 0.738 0.972 1.332 

31.39 0.490 0.922 75.585 0.307 0.715 0.867 1.289 

46.06 0.980 0.856 70.210 0.285 0.689 0.761 1.242 

66.86 1.960 0.813 66.641 0.271 0.671 0.696 1.210 

83.34 2.940 0.784 64.337 0.261 0.659 0.653 1.189 

Nd1 

21.93 0.245 0.944 77.430 0.314 0.740 0.904 1.275 

32.53 0.490 0.858 70.380 0.286 0.706 0.764 1.215 

47.54 0.980 0.804 65.907 0.268 0.683 0.682 1.176 

69.42 1.960 0.754 61.817 0.251 0.661 0.610 1.139 

86.41 2.940 0.730 59.847 0.243 0.651 0.576 1.121 

Nd2 

22.22 0.245 0.920 75.422 0.306 0.799 0.864 1.151 

34.84 0.490 0.748 61.356 0.249 0.721 0.601 1.038 

52.11 0.980 0.669 54.853 0.223 0.681 0.494 0.981 

75.64 1.960 0.635 52.068 0.211 0.664 0.451 0.956 

93.64 2.940 0.621 50.962 0.207 0.657 0.434 0.946 

Nd3 

23.85 0.245 0.798 65.465 0.266 0.244 0.673 3.270 

36.36 0.490 0.687 56.334 0.229 0.226 0.518 3.033 

54.62 0.980 0.609 49.928 0.203 0.213 0.419 2.855 

81.13 1.960 0.552 45.260 0.184 0.203 0.353 2.719 

100.87 2.940 0.535 43.918 0.178 0.200 0.334 2.678 

Nd4 

25.61 0.245 0.692 56.776 0.230 0.713 0.525 0.970 

39.53 0.490 0.581 47.661 0.193 0.653 0.386 0.889 

59.71 0.980 0.509 41.778 0.169 0.612 0.306 0.832 

88.83 1.960 0.460 37.753 0.153 0.581 0.256 0.791 

110.6 2.940 0.445 36.530 0.148 0.572 0.242 0.778 

Nd5 

26.76 0.245 0.634 52.001 0.211 0.664 0.450 0.954 

42.35 0.490 0.506 41.525 0.168 0.594 0.303 0.852 

63.88 0.980 0.445 36.502 0.148 0.556 0.242 0.799 

94.69 1.960 0.405 33.225 0.135 0.531 0.205 0.762 

117.36 2.940 0.395 32.443 0.131 0.525 0.196 0.753 

 

4.10.1 Meyer’s Law  

The material shows the ISE or RISE behavior according to the Meyer 

number (n) values associated with the average indentation diagonal length (d) and 

load (F). The formula can be seen by following equation (72): 

                                       𝐹 = 𝐴𝑀𝐸𝑌𝐸𝑅𝑑𝑛                                                 (4.21)                                                                                   
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The n and standard microhardness constants (AMEYER) obtained from the 

linear lnF versus lnd (Figure 4.12) graphs are presented in Table 4.10.  The slope 

of the curve gives the Meyer number and AMEYER values are obtained from the 

intersection points. The n values are attained less than 2 (n < 2), confirming the ISE 

behavior (73). 
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Figure 4.12. ln (F) as a function of indentation diagonal length ln (d) for all the 

samples. 

 

Table 4.10. Experimental results values based on Meyer’s Law. 

Samples 
Meyer’s law 

Hv (GPa) 
AMEYER (N/μm2) n 

Nd0 -7.0299 1.832 0.784 – 0.813 

Nd1 -7.0214 1.814 0.730 – 0.754 

Nd2 -6.8272 1.733 0.621 – 0.635 

Nd3 -6.8843 1.721 0.535 – 0.552 

Nd4 -6.9373 1.697 0.445 – 0.460 

Nd5 -6.9815 1.683 0.395 – 0.405 
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4.10.2 Analysis of Load Independent Hardness Parameters Based 

on Proportional Sample Resistance Model 

 The proportional sample resistance (PSR) model can be identified by way 

of following formula 4.22. Here, the value of α is the surface energy and second 

coefficient of β is hardness constant (74). 

                                      
𝐹

𝑑
= 𝛼 + 𝛽𝑑                                                          (4.22)  

Figure 4.13 show the linear graphs of [F/d–d] for every sample. The each 

found α value in Table 4.11 are positive because of the illustration of their typical 

ISE performance displaying that the plastic deformation is better than the elastic 

deformation in the superconducting crystal texturing samples. The Sr site Nd 

substituted level affects the curve properties due to the mechanical durability, 

stiffness and strength on the structural problems in crystal system. The values of α 

constants increase from 3.3823×10−3 N/μm to 4.2486×10−3 N/μm with the 

increasing of Nd inclusions, confirming that destruction the stabilization in the 

strong tetragonal phase. Thus, the Nd0 sample displays the best mechanical 

properties to the applied load. Further, the load independent hardness value (HPSR) 

is computed as demonstrated in the following relation (75). 

𝐻𝑃𝑆𝑅 = 1854.4𝛽                                                    (4.23) 

Based on this result the PSR model are not close to the saturation limit 

regions. 
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Figure 4.13. Graphs of F/d versus d for all samples. 

Table 4.11.  PSR model results for every sample. 

Samples 
PSR model 

HPSR(GPa) HV (GPa) 
α x10-3 (N/μm) βx10-4(N/μm2) 

Nd0 3.3823 3.8523 0.714 0.784 – 0.813 

Nd1 3.5444 3.5444 0.657 0.730 – 0.754 

Nd2 4.2364 2.8739 0.532 0.621 – 0.635 

Nd3 4.5561 2.4329 0.451 0.535 – 0.552 

Nd4 4.4859 1.9919 0.369 0.445 – 0.460 

Nd5 4.2486 1.7556 0.325 0.395 – 0.405 

 

4.10.3 Elastic / Plastic Deformation Model 

The elastic / plastic deformation model allows us to analyse the mechanical 

properties and load-independent hardness of a material near the saturation boundary 

regions. The dependency of indentation size on the applied load is computed with 

formula (76). 

                                    𝐹 = 𝐴𝐸𝑃𝐷(𝑑𝑒 + 𝑑𝑝)2                                          (4.24) 

Figure 4.14 demonstrates the application of equation 4.24 as F1/2 versus dp 

to the materials results for elastic deformation (de) and load independent 

microhardness constant (AEPD) in Table 4.12. The values of de are obtained to be 
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positive for every sample. The existence elastic deformation is attained with plastic 

deformation for static applied loads describes the ISE performance for every 

material. Elastic reduction is obtainable for every samples. The de value of pure 

sample is found 0.07833 μm, while the maximum 0.13205 μm value is attributed to 

the Nd5 sample. Additionally, the load independent hardness value can be 

illustrated by equation: 

                                       𝐻𝐸𝑃𝐷 = 1854.4𝐴𝐸𝑃𝐷                                     (4.25) 

Besides, Table 4.12 declares that the HEPD hardness parameters are lesser 

than the true hardness values. Hence, the EPD model is insufficient to examine the 

original hardness values for the Bi-2223 system. 
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Figure 4.14. Extrapolation curves between F1/2 and dp. 
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Table 4.12. EPD model results for every sample. 

Samples 

EPD model 

HEPD (GPa) HV (GPa) 
de (μm) 

AEPD 

(N/μm2) 

Nd0 0.07833 0.0197 0.719 0.784 – 0.813 

Nd1 0.08469 0.0189 0.663 0.730 – 0.754 

Nd2 0.10677 0.0171 0.543 0.621 – 0.635 

Nd3 0.12338 0.0157 0.461 0.535 – 0.552 

Nd4 0.13207 0.0143 0.379 0.445 – 0.460 

Nd5 0.13205 0.0134 0.335 0.395 – 0.405 

 

4.10.4 Hays–Kendall Approach  

Hays Kendall approach (HK) is more preferred method for studying load-

independent microhardness parameters. Kendall and Hays suggested that the 

association among the indentation size and indentation test load is not the real, but 

then 

𝐹𝑒𝑓𝑓 = 𝐹 − 𝑊𝐻𝐾                                                    (4.26) 

which can be readjusted to  

                                   𝐹 = 𝑊𝐻𝐾 + 𝐴𝐻𝐾𝑑2                                                 (4.27)                   

where WHK presents minimum test load and AHK is the hardness constant. In 

the formula, the microhardness parameter of AHK is deduced from the extrapolation 

of plots among the static applied test load F and indentation diagonal length d2 as 

given in Figure 4.14. The hardness constant and minimum test load is represented 

in Table 4.13. The values of minimum test load are positive for every sample 

demonstrating ISE properties, so the static applied test load is adequate to generate 

plastic and elastic deformation. The obtained values of WHK the Nd0 sample is 

smaller than that of the Nd5 sample. The HHK can be computed by relation: 

                                        𝐻𝐻𝐾 = 1854.4𝐴𝐻𝐾                                         (4.28) 

We list all the calculations in Table 3. The HK model is sufficiently to the 

microhardness properties demonstrating the ISE behavior presenting that the HK 

model is very near to the saturation region (77). 
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Figure 4.15. Static applied test load against to the square of diagonal length for 

each material. 

Table 4.13. HK approach results for every sample. 

Samples 

HK model 

HHK (GPa) HV (GPa) AHK x10-4 

(N/μm2) 
WHK (N) 

Nd0 4.1486 0.07833 0.769 0.784 – 0.813 

Nd1 3.8494 0.08469 0.713 0.730 – 0.754 

Nd2 3.2537 0.10677 0.603 0.621 – 0.635 

Nd3 2.7876 0.12338 0.516 0.535 – 0.552 

Nd4 2.3138 0.13207 0.429 0.445 – 0.460 

Nd5 2.0533 0.13205 0.380 0.395 – 0.405 

 

4.10.5 Evaluation of Real Vickers Microhardness Values Attributed 

to Modified Proportional Sample Resistance Model 

Modified proportional sample resistance is a model to examine the 

mechanical features and true micro hardness parameters of a material in the plateau 
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regions.  This model is a method for determining the ISE or RISE properties of the 

materials and can be defined with the formula: 

                                    F = 𝑊𝑀𝑃𝑆𝑅 + 𝐴𝑀𝑃𝑆𝑅𝑑 + 𝐵𝑀𝑃𝑆𝑅𝑑2                       (4.29) 

In the formula, WMPSR is minimum static applied test load for indentation 

and the constant of AMPSR and BMPSR is attributed to the energy loss values 

established on the permanent deformation of a unit volume and statistically 

gathered in Table 4.14. Hence, the formula is described as the distinction of applied 

load according to the diagonal length shown in Figure 4.16. As seen from the table, 

AMPSR parameters are positive for pure and Sr site Nd substituted Bi-2223 system 

due to the nature of the ISE. In this context, elastic and plastic deformations are 

generated in all samples. We examine the true hardness values using the MPSR 

model: 

                                    HMPRS = 1854.4AMPSR                                         (4.30) 

All calculations in Table 4.14 can be seen. The HMPSR values reduce with 

the increment of the Sr-site Nd substituted level while being smaller than the values 

of the saturation boundary region. Therefore, the MPSR model is not sufficient to 

determine the true micro hardness value (78). 
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Figure 4.16. Change of the F versus the d for all the samples. 
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Table 4.14. MPSR model results for every sample. 

Samples 

MPSR model 

HMPSR 

(GPa) 
HV (GPa) WMPSR 

(N) 

AMPSR 

x10-3 

(N/μm) 

BMPSRx10-4 

(N/μm2) 

Nd0 -0.04744 5.7917 3.6101 0.669 0.784 – 0.813 

Nd1 -0.03685 5.3619 3.3676 0.624 0.730 – 0.754 

Nd2 0.06266 1.2336 3.1503 0.584 0.621 – 0.635 

Nd3 0.00554 4.348 2.4486 0.454 0.535 – 0.552 

Nd4 0.01250 4.0016 2.0283 0.376 0.445 – 0.460 

Nd5 0.04976 2.3301 1.8964 0.351 0.395 – 0.405 

 

4.11 Microhardness Properties Investigated by Dynamic Micro-

Indentation Method 

4.11.1 Theoretical Background of Dynamic Microhardness 

To make measurements in traditional indentation methods, the test load is 

exerted to the surface of the superconducting material and then the indentation is 

extracted from the sample. There is no role in elastic deformation in predictable 

hardness tests. Hardness (H) and elastic modulus (Er) are computed with both depth 

and load through elastic and plastic deformation from an unloading curve, and it is 

not necessary to attain the diagonal of the indented print with a system of optical 

(79). Figure 4.16 demonstrate that a view of the indentation and load-depth curve 

extracted from measurement of the dynamic indentation. Throughout the loading-

unloading advance the material is subjected to plastic and elastic deformation. The 

hmax (hf) values present the maximum (final) contact depth in the Figure 4.16. The 

indentation hardness is described by the following formula: 

                                       𝐻 =
𝑃𝑚𝑎𝑥

𝐴𝑐
=

𝑃𝑚𝑎𝑥

24.5ℎ𝑐
2                                               (4.31) 

where hc is the contact depth, 𝐴𝑐 =  𝜋ℎ𝑐
2𝑡𝑎𝑛2𝛼 = 24.5ℎ𝑐

2  is the area of the 

indentation printing and Pmax illustrate the peak load deduced form the unloading 

curve as depicted in Figure 4.17. The contact area is 𝐴𝑐 = 24.5ℎ𝑐
2 and consequently 

the half-angle of an equivalent conical indentation is 70.30 for the Berkovich 

indenter. Different approaches are found to obtain the values of hc from the 

unloading curves. This approach begins with appropriate the unloading curve to 

power-law relationship: 
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                                        𝑃 = 𝑎(ℎ − ℎ𝑓)𝑚                                                (4.32) 

here h displays the diagonal length, P present the load, hf demonstrates the 

final depth and m is the fitting parameters. By using first part of the unloading curve 

the value of stiffness (S) is computed following equation: 

                                        𝑆 = |
𝑑𝑃

𝑑ℎ
| =

2

√𝜋
𝐸𝑟√𝐴𝑐                                        (4.33) 

in here, Er demonstrate the reduced elastic modules (80). Experimental data 

of visible microhardness are used to attain the real hardness values.  

 

 

Figure 4.17. Cross-section view of indentation 
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Figure 4.18. Schematic illustration of a characteristic load–depth curve displaying 

the values used in the Oliver and Pharr Method 

 

4.11.2 Investigating of Load-Displacement Curves 

The dependency of unload/load on contact depth for pure and Nd/Sr partial 

replacement in Bi-2223 superconducting ceramic samples for different load 

magnitudes are shown in Figure 4.19. The values of load (Pmax), contact depth (hc), 

stiffness (S), hardness (H) and elastic modulus (Er) are summarized in Table 4.15. 

There is small scattering in the load / unload depth curves for all samples. These 

scattering may be caused by structural inhomogeneity. The hc values increment with 

the applied load up to the Nd4 sample, beyond which the values changed randomly 

and this is confirming increase of porosity in SEM (Table 4.15.).  
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Figure 4.19. Loading/unloading-depth curve for every samples. 
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4.11.3 Microhardness Characteristics Study by Dynamic Micro-

Indentation Technique  

The experimental result of the H values as a function of applied load are 

demonstrated in Figure 4.20. The dynamic microhardness values (H) increment 

with the applied load up to Nd4 samples (except Nd4 sample at 1.0 N applied load), 

after which this parameter changes randomly for the Nd5 sample (Table 4.15). This 

is attributed the fact that the SEM investigation has more voids and porosity in Nd5 

sample. 

 

 

Figure 4.20. Dynamic hardness values as function of applied load. 

 

4.11.4 Reduced Elastic Modulus  

The experimental obtained reduced elastic modulus versus applied load as 

illustrated in Figure 4. 21 and the value of Er gathered in Table 4.15. As can be seen 

from the table that the Er values increase with enhancement peak load except for 

Nd5 at 2.0 N applied load. The minimum reduced elastic modulus (Er) obtained for 

the Nd4 sample, due to difference of hmax-hc values are greatest that of all the 

samples.  
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Figure 4.21. Reduced elastic modulus values as function of applied load. 

 

4.11.5 Calculation of Stiffness Parameters  

The stiffness (S) can be described as the resistance of a sample to variation 

in length in corresponds to the load. The S values are estimated by using the 

unloading curve with the aid of equation 4.33 and are showed in Table 4.15. The 

values of S increase with increasing applied load for all the samples (Table 4.15).  
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Table 4.15. Pmax, hc, S, H and Er values for samples. 

Samples Pmax (N) hc (µm) H (GPa) 
Er 

(GPa) 
S (N/ µm) 

Nd0 

1.0 10.0717 0.4126 15.038 0.845 

2.0 12.9612 0.4849 17.163 1.242 

3.0 15.2996 0.5231 19.883 1.699 

4.0 16.9892 0.5646 22.737 2.157 

5.0 18.0135 0.6222 24.768 2.491 

Nd1 

1.0 11.0625 0.3335 14.055 0.868 

2.0 13.2734 0.4633 16.347 1.211 

3.0 15.5629 0.5055 19.122 1.662 

4.0 17.7044 0.5207 21.696 2.145 

5.0 18.5345 0.5940 22.447 2.323 

Nd2 

1.0 13.1700 0.2352 13.391 0.985 

2.0 15.3801 0.3450 14.762 1.268 

3.0 18.1455 0.3676 16.020 1.623 

4.0 19.6386 0.4197 16.101 1.766 

5.0 20.9698 0.4641 21.380 2.504 

Nd3 

1.0 15.1334 0.1851 12.673 1.071 

2.0 16.6578 0.2940 13.908 1.293 

3.0 18.7921 0.3457 15.344 1.610 

4.0 20.5549 0.3864 15.790 1.812 

5.0 22.0071 0.4247 20.646 2.537 

Nd4 

1.0 9.29730 0.4914 7.507 0.389 

2.0 16.2622 0.3067 5.527 0.502 

3.0 19.6785 0.3125 6.002 0.659 

4.0 20.7251 0.3780 7.825 0.905 

5.0 22.6572 0.3934 9.619 1.217 

Nd5 

1.0 17.3810 0.1390 11.358 1.102 

2.0 25.8356 0.1227 10.782 1.555 

3.0 27.6664 0.1586 11.551 1.784 

4.0 23.7735 0.2868 16.500 2.190 

5.0 28.0652 0.2567 19.141 3.000 
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4.11.6 Pop In and Pop Out Properties 

Another significant parameter of mechanical performance is pop in and pop 

out feature. The pop out performance can be found in the unloading part whereas 

the pop in nature is deduced from the loading part of the measurement as seen from 

the Figure 4.19. The multiple pop in event of the sample studied are not observed 

for 1 N applied load, after which the pop in begins to appear because of the existence 

of dislocations, voids and cracks. Moreover, there are no apparent pop-out case of 

indentation loop of samples. Based on these result that every samples can play a 

significant effect in preventing the formation of mechanical breaks by affecting the 

structure. 

4.11.7 Indentation-Induced Cracking Model 

The experimental data are used to obtain the true hardness values for Sr/Nd 

replacement in Bi-2223 superconducting ceramics by means of the Indentation-

induced cracking (IIC) model. Besides, the hardness values (HIIC) are extracted 

from experimental data following equation (81, 82): 

                                         𝐻𝐼𝐼𝐶 = 𝐾(
𝑃5/3

ℎ𝑐
3 )𝑚                                               (4.34) 

The K and m values are estimated from the slopes of the 𝐿𝑛(𝐻) −

𝐿𝑛(𝑃5/3/ℎ𝑐
3) curve and the real microhardness (HIIC) values are determined from 

the vertical intercept of the graph. Further, the extracted values of K and m are 

gathered in Table 4.16. The m parameters can be used to define the type of ISE 

nature for m > 0.6, while m < 0.6 points out the RISE feature. According to the table 

that the m parameters are obtained greater than 0.6 for the Nd4 samples, confirming 

that the sample show the ISE behavior. Moreover, the Nd0, Nd1, Nd2, Nd3 and 

Nd5 samples demonstrate the RISE behavior due to the m parameters lower than 

0.6 (83). 
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Figure 4.22.  ln(H)-ln(P5/3/hc
3) curves of the samples. 

 

Table 4.16. K, m and HIIC values for samples. 

Samples 
Kx104 

(N(3−5mA)/3/μm(2−3m)) 
m HIIC (GPa) 

Nd0 0.000837 0.435 0.522 

Nd1 0.001271 0.504 0.483 

Nd2 0.002803 0.522 0.764 

Nd3 0.001400 0.530 0.327 

Nd4 0.004207 0.686 0.375 

Nd5 0.001567 0.559 0.193 
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5. CONCLUSIONS 

In the present work, the influences of aliovalent Nd/Sr partial substitution 

in the Bi1.8Pb0.35Sr1.9-yNdyCa2.2Cu3Ox crystal lattice within the molar ratio between 

0.00 and 0.10 on the electrical, superconducting, crystallinity, surface morphology 

view and crystallinity quality features are inspected with the aid of temperature-

dependent electrical resistivity, powder X-ray diffraction, scanning electron 

microscopy, flux pinning mechanism, Vickers microhardness, electron dispersive 

X-ray and magnetization-magnetic field measurements (MH). The conclusions can 

be explained by the following findings: 

•  The Nd0 sample possesses the maximum onset and offset critical transition 

temperatures of 116.59 K and 108.40 K while the Nd5 sample exhibits the 

global minimum characteristic temperatures of 108.74 K for the onset and 

78.81 K for the offset transition temperature.  

• The ρ300K value of un-replaced compound is recorded as about 0.0140 Ωcm 

whereas the Nd1 sample exhibits the value of about 0.0146 Ωcm followed 

by a relatively rapid increment for other materials. In case of the maximum 

substitution level, the ρ300K value climbs to the top point of 0.0232 Ωcm. 

• The un-substituted Bi-2223 compound exhibits such a cT value of 8.19 K 

whereas the Nd5 sample shows the maximum value of 29.93 K. 

• The Phole is found to decrease dramatically from 0.14673 until the global 

minimum value of 0.10141 with increasing the Nd/Sr substitution level. 

• The characteristic high-Tc Bi-2223 superconducting volume fraction is 

noted to reduce with the increment in the Nd purity. On the other hand, the 

low-Tc Bi-2221 superconducting phase tends to enhance importantly with 

the substitution. 

• A regular reduction in the c-axis length is obtained while a systematic 

increasing in the a-axis length is found with increment the Nd/Sr 

substitution level. 

• The Nd0 sample founds the narrowest FWHM value, displaying the highest 

average crystallite size (59.3 nm) and best crystallinity and connectivity 

between grains. 
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• The experimental XRD curves indicate that the existence of Nd 

nanoparticles causes to disappear some peaks of (002) H, (004) H, (008) H, 

(0020) H, (315) H, (317) H and (319) H in the XRD diffractograms. 

• The Nd0 sample has well linked flaky layers, and thus shows the most 

uniform surface structure among the materials. 

• EDX analysis shows that the chemical contents of Bi, Pb, Sr, Ca, Cu and O 

tend to change randomly, while the atomic distribution of Nd has been found 

to increase systematically as expected. 

• The best Jc value is found from magnetization measurement for the un-

replaced sample. 

• The flux pinning energy values tend to decrease methodically, with the 

increment of both Nd replacement and magnetic field.  

• The µHirr and µHc2 values decrement with increase of Nd impurities because 

of the reduce in the pinning capability attributed to the pinning force. 

• Every ξ (0) and λ (0) value tends to increase methodically depending on the 

Nd replacement in the Bi-2223 system. 

• The Vickers hardness for all samples reduces non-linearly with the enhance 

in the applied load up to 2 N, beyond which a small change is found owing 

to the influence of the plateu region, comfirming that the surface effect 

becomes more dominant.  

• The maximum Hv value is found as 0.984 GPa for pure sample. 

• The properties of ISE behavior are found to deteriorate methodically with 

the Nd addition. 

• Hays Kendall approach gives results much closer to the load-independent 

Vickers microhardness parameters near the saturation boundary regions 

compared to the other models. 

• The load independent microhardness values for Meyer’s law, PSR, EPD and 

MPSR models are lower than the load dependent hardness values in 

saturation region, and hence these models are insufficient for the 

determination of the original microhardness value of the Nd replacement in 

Bi-2223. 
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• The dynamic hardness values enhance with the applied load (except for the 

Nd4 sample at 1.0 N), while these values are obtained to vary randomly for 

the Nd5 sample. 

• The minimum Er values are found for Nd4 sample, comfirming that the 

(hmax - hc) values are highest than the other samples. 

• The stiffness values increment with the increase of the applied load for all 

samples. 

• The pop-in is attained for all the samples except at 1.0 applied load, while 

the pop-out is not found for all samples. 
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