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ABSTRACT

This comprehensive work aims to examine the change in flux pinning mecha-

nism, physical, mechanical, and structural characteristics of pure and Sr-site Nd-

substituted Bi1.8Pb0.35Sr1.9-yNdyCa2.2Cu3Ox (Bi-2223) systems. The magnetore-

sistivity performances for all the samples are carried out by magnetotransport

experiments in the existence of external magnetic field strength intervals 0–7 T.

It is found that the increment of Nd/Sr substitution amount in bulk Bi-2223

system retrogrades the pinning capability of thermal flux motions for interlayer

Josephson junction between the isolated grains. Similarly, the coupling proba-

bilities of copper pairs and potential energy barriers are significantly diminished

by increasing Nd impurity. This is in association with the enhancement of

permanent structural problems in the crystal structure. Therefore, the excessive

Nd inclusions improve the reattached linear/split pancake-like nature. In this

regard, the best magnetic performance quantities are obtained for the pure

sample. Besides, the SEM images show that the grain connectivity and surface

morphology damage significantly with the Nd impurity. Additionally, the

experimental microhardness findings conducted at various external loads

(0.245–2.940 N) display that the Nd purity in the superconducting system

degrades dramatically the key design mechanical features. Besides, we analyze

the mechanical characteristic properties founded on the theoretical approaches

with the proportional sample resistance, elastic/plastic deformation, and Hays–

Kendall methods. The results obtained show that the Nd purity causes the

indentation size effect behavior to decrease dramatically for all the samples.

Furthermore, the findings of Hays–Kendall method are noticed to much more

agree with the real hardness parameters. Thus, the Hays–Kendall model is the

best methods to find the load-independent Vickers hardness values for the Sr-

site Nd-substituted Bi1.8Pb0.35Sr1.9-yNdyCa2.2Cu3Ox (Bi-2223) systems. More-

over, in the dynamic microhardness measurements, the contact depth (hc),
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elastic modulus (Er), and load (Pmax) of all the samples are experimentally

recorded for the first time. The results reveal that the mechanical properties

depend strongly on the load and Nd impurity level.

1 Introduction

The bismuth strontium calcium copper oxide (ab-

breviated as BSCCO) crystal structure was discov-

ered in 1988 that displays superconductivity at 110 K

and does not contain rare earth elements. Since then,

the significant studies have been performed on

BSCCO superconducting materials with the aim of

improvement in the superconducting properties to

meet the requirements of materials sciences, electro-

optic, commercial, and heavy-industrial technology

and advanced engineering application fields. More-

over, easy phase formation, cheap production

method, no poisonous element content and relatively

larger oxygen stability under even higher annealing

temperature can be displayed as advantage for the

BSCCO superconducting systems [1, 2]. At the same

time, this superconducting material can be obtained

as experimental in the atmospheric pressure because

of their resistant to the humid atmosphere or water

[3, 4]. The Bi-2223 superconducting phase (among the

other phases of Bi-2212 and Bi-2201) is the most

preferred material in the heavy-industrial technology

and advanced engineering application fields owing

to the highest critical transition temperature, current,

and magnetic field-carrying capacities [5]. Neverthe-

less, some critic values such as large penetration

depths, short coherence lengths, low charge carriers,

and limited application temperature/magnetic field

regions prevent the Bi- 2223 superconducting phase

to be used in much more application fields [6, 7].

Furthermore, the existence of flux line movement

towards the neighboring states as well as thermal

fluxoid motions related to the 2D pancake vortices in

the crystal structure does not allow the Bi-2223

superconductors to carry relatively higher critical

currents in the application areas [8–12]. The

researchers have obtained the mechanical durability

and strength against to applied loads using the

experimental measurement methods on the applica-

tion-oriented material science [13–16]. Mechanical

properties allow the superconductors use in energy-

storage devices, magnetic coils, motors, power cables,

transformers, refrigeration, magnets, generators,

current-limiting devices, resonators, and levitated

trains [17, 18]. In the current study, we struggle to

form new flux pinning regions via the addition of Nd

purities in the Bi-2223 matrix so that the restrictions

mentioned are eliminated thoroughly.

Several authors have studied Nd addition on

BSCCO superconducting materials [19–22]. The

authors of Ref. [23] studied the Nd addition on Bi-

2212 superconducting phase. According to this

paper, the superconducting properties degrade with

increasing the Nd impurity, presenting that the Nd

addition is unfavorable for the formation of Bi-2212

materials. Bagiah et al. [24] displayed that the rare

earth nanoparticle additions in the crystal system led

to reduce the average crystallite size due to the

enhanced grain orientations. According to the results

observed, they proposed that both the nanoparticle

size and magnetic properties belonging to the addi-

tion ions in the crystal lattice play an important role

on the superconducting phase formations, change of

lattice parameters, and electrical features of material.

Aloysius et al. [25] obtained that the Nd impurity

addition increased the flux pinning ability of bulk Bi-

2223 ceramic materials. This study was carried out to

find the effect of Nd2O3 nanoparticles on the electri-

cal and structural properties of BiPbSrCaCuO

superconducting materials. Ozkurt et al. [26] sear-

ched the influence of Nd/Pb partial substitution in

the dilute concentrations for the Bi1.7Pb0.3-xNdxSr2-
Ca3Cu4O12?y superconducting materials. Based on

the results, a standard finding (decrement in the

magnetization with the enhancement in the temper-

ature) is obtained for the high-Tc materials.

In the current study, we report the effect of Sr-site

Nd substitution on the structural, mechanical, mag-

netoresistivity performance, and flux pinning ability

of the bulk Bi1.8Pb0.35Sr1.9-yNdyCa2.2Cu3Ox systems

with x = 0, 0.01, 0.03, 0.05, 0.07, and 0.1 by the use of

scanning electron microscope, Vickers microhard-

ness, and magnetoresistivity measurements. Using

the magnetoresistivity curves, we determine the

upper critical field, irreversibility field, coherence

length, and penetration depth values, which are

useful parameters for the heavy-industrial
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technology and advanced engineering application

fields. Moreover, the experimental microhardness

results are investigated by the theoretical models and

discussed obviously. According to the SEM analysis,

the dense and smooth view of surface morphology

deteriorates with the increment in the Nd impurity

level. Based on the results, it is found that electrical,

physical, structural, mechanical, and flux pinning

ability features of bulk Bi1.8Pb0.35Sr1.9-yNdyCa2.2Cu3-

Ox materials are varied by the Nd/Sr substitution

mechanism.

2 Experimental procedures
for the preparation of Bi-2223 materials

In the present study, the pure and partial substitution

of different aliovalent Nd-sites (Nd3?) at Sr-sites

(Sr2?) in the Bi1.8Pb0.35Sr1.9-yNdyCa2.2Cu3Ox cuprate-

layered perovskite superconducting materials (0 B

x B 0.1) are performed by the solid-state reaction

using high-purity chemicals such as Bi2O3, PbO,

SrCO3, CaCO3, CuO, and Nd2O3 (Alfa Aesar Co., Ltd.

99.9% purity). The compounds weighed in grinding

stoichiometric amount are exposed to the mixing

process for the period of 24 h in the grinder. Then,

the powder is calcined twice, first at 750 �C for 12 h

and second at 800 �C for 24 h in air with a heat-

ing/cooling rate of 5 �C/min. Between two calcina-

tions and afterwards, the powder is mixed in the

grinding machine for 2 h. After the calcination, the

powder is pressed into rectangular bars with

dimensions of 10 x 4 x 2 mm3 at 200 MPa. The sin-

tering is performed in three main heating stages at

835 8C for 24 h; 840 �C for 48 h and again the tem-

perature of 840 �C for 48 h. After the first stage sin-

tering the bulk sample is pulverized by applying

100 MPa between two steel plates and then mixed in

the grinding machine for 2 h. Then, the powder is re-

annealed at 840 �C for 48 h in the air at the same

cooling and heating rates and again pelletized using

the same force. As for the last sintering process, the

bulk samples are reground for 5 min in a mortar and

pelletized using a rectangular bar of 10 9 4 9 2 mm3

under a force of 200 MPa at the room temperature.

The final heat process is performed at 840 �C for 48 h

in the atmospheric air to give the Bi-2223 supercon-

ducting phase to the materials.

3 Experimental characterization of every
superconducting materials

The dc resistivity measurements are performed on

the sample using the four-probe method. To mini-

mize the contact resistance, both current and voltage

contacts are covered with silver paint. The change of

the resistivity as a function of the temperature is

measured by running 5 mA dc current through the

sample in the cryostat using a Keithley 2182A nano-

voltmeter and a Keithley 220 programmable current

source. The experimental signals are collected with

programmable nano-voltmeter and current source

with an accuracy of about ± 0.1 K using Labview

software. The measurement results are automatically

gathered by Labview software. Further, the

microstructural characterization is performed on a

SEM JEOL 6390-LV scanning electronic microscope

(SEM) operated at 20 kV with a resolution power of

3 nm. At 300 K, the experimental examinations are

performed by a SHIMADZU HVM-2 model digital

tester. The test load is applied to the specimen surface

from 0.245 to 2.940 N for 10 s. Average of micro-

hardness values measured from different parts of the

sample surface gives optimum microhardness values.

The accuracy for the impression diagonals is noted to

be about ± 0.1 lm and the distance between two

indentation diagonals is determined by a microscope.

A Vickers indenter is used in a dynamic microhard-

ness tester (UMT—Bruker SYS2). For examination of

the material performance at different depths, the load

is variated at systematic intervals as 1, 2, 3, 4, and

5 N, where time is at 10 s every load. In the dynamic

microhardness measurements, the contact depth (hc),

elastic modulus (Er), and the load (Pmax) are recorded

by a computer. Then, these raw data are used to

obtain the load–depth plots.

The superconductor samples produced with dif-

ferent Nd stoichiometry such as 0, 0.01, 0.03, 0.05,

0.07, and 0.1 will hereafter be denoted as Nd0, Nd1,

Nd2, Nd3, Nd4, and Nd5, respectively.

4 Results and discussion

4.1 Magnetoresistivity measurements

We examine the effect of Nd inclusions on the mag-

netoresistivity properties of Bi-2223 materials by the

way of temperature-dependent electrical resistivity

J Mater Sci: Mater Electron (2021) 32:7073–7089 7075



Fig. 1 Temperature dependence of resistivity for all samples under different applied magnetic fields
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measurement exerted at magnetic fields (0 T B l0-
H B 7 T). One can see the experimental magnetore-

sistivity curves for all samples in Fig. 1. Both the

presence of Nd purity and applied magnetic field are

influenced the magnetoresistivity characteristics. The

critical temperature (Tc
offset) determined from the

superconducting phase fractions containing various

phases in superconducting system is in association

with inter-granular component properties. Moreover,

at the temperature below the Tc
offset parameter, the

bulk Bi-2223 ceramic displays completely the super-

conducting features. The critical temperature (Tc
onset),

where the electron–phonon link determines the

superconductivity, means transition of the isolated

grains into the superconducting state [27]. Addi-

tionally, the Tc
onset is in correspondence with the

metastability and trap energy of itinerant charge

carrier concentrations in the in-plane Cu–O2 sheets

[28]. On this basis, at the temperatures higher than

the Tc
onset parameter, the superconductivity quickly

disappears owing to the destruction of cooper-pair

couplings and starting of thermal fluctuations of 2D

vortices. One can see all the Tc
offset and Tc

onset

parameters deduced from the magnetoresistivity

curves in Table 1. According to the table, the

decreasing in the Tc
onset values with the Nd impuri-

ties causes the general structural problems: distor-

tions, defects, grain misorientations, lattice strains,

disorders, and coupling problems between the grains

in the active Cu–O2 layers [29]. At the Fermi energy

level, the Tc
onset and Tc

offset values demonstrated that

the hole-filling mechanism begins for the dynamic

and active electronic densities of state [30, 31]. All in

all, the Nd0 superconducting compound possesses

the highest Tc
onset (116.5 K) and Tc

offset (108.4 K)

values at 0 T, respectively. From the table, the excess

Nd impurity level damages the magnetic field-car-

rying capacity owing to the deterioration in the

elastic moduli for the vortex lattice and especially

Josephson link length [32]. Additionally, the Tc
offset

values of the pure sample obtain to reduce from 108.4

to 65.3 K with the increase in the magnetic field up to

the 7 T. Hence, with the increment of Nd purities and

applied magnetic field, the nucleation centers serving

as the flux pinning areas are found to decrease dra-

matically and thus, the pinning capability of 2D

pancake vortices more and more weakens due to the

decrement in the connection between the adjacent

layers in the crystal system. According to pair-

breaking theory, the decrease in the Tc
offset parame-

ters depending on the applied magnetic field is

attributed to the connection between the quantum

spin number of magnetic impurity and conduction

electron spin number of super-electrons [33]. It is

another important result determined from Fig. 1 that

the Nd4 and especially Nd5 compounds exhibit a

pseudo-transition in the temperature-dependent

resistivity curves due to the presence of impurity

phases, namely, the Bi-2212 and Nd-related impurity

phases. In other words, the materials mentioned

above present the double transitions founded on the

low Bi-2212 superconducting phase. Besides, the

induced permanent local structural problems in the

crystal lattice with the excess Nd impurity result in

the possible double transitions for the Bi-2223

superconducting system.

4.2 Flux pinning energy

Flux pinning (activation) energy values of pure and

Sr/Nd replacement in Bi-2223 superconducting

materials are computed by Arrhenius law

q ¼ q0exp
U0

kBT

� �
; ð1Þ

where q0 is a field-independent exponential param-

eter, U0 is the activation (pinning) energy, and kB is

Boltzmann’s constant [34]. We calculate the activation

energy values of pure and Nd-substituted Sr-site in

Bi-2223 crystal using the slopes deduced from the

broadening tails as shown in Fig. 2. Activation

energy (U0) values calculated are presented in

Table 2. It is seen that the U0 values tend to reduce

regularly with the enhancement of both Nd impuri-

ties and magnetic field. This is attributed the fact that

the pinning ability for 2D pancake vortices is

Table 1 Tonset
c and Toffset

c values of the samples at various applied

magnetic field

Samples Tc
onset (K) Tc

offset (K)

0 T 1 T 3 T 5 T 7 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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Fig. 2 Arrhenius plots of the normalized resistivity of every samples under the various magnetic fields
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thermally disrupted by the increase of magnetic

fields. At the zero magnetic field, the pinning energy

value of pure sample is obtained as 2351.8 K, while

Nd5 sample is computed to be about 674.7 K

(Table 2). At 7 T magnetic field, the highest flux

pinning energy parameter is attained to be about

440.3 K for the bulk Nd0 material, while the lowest

value of about 122.1 K is found for the bulk Nd5

compound, presenting clearly the diminish in both

the energy barriers and the spacing between the

pinning areas [35].

4.3 Irreversibility and upper critical field

The irreversibility field (l0Hirr) and upper critical

field (l0Hc2) were deduced from the resistivity versus

the applied magnetic field curves. Temperature-de-

pendent magnetoresistivity values over the external

field applied are provided with the following rela-

tions [36, 37].

q l0Hirr;Tð Þ ¼ 0:1qnl0Hirr Tð Þ; ð2Þ

q l0Hc2;Tð Þ ¼ 0:9qnl0Hc2 Tð Þ; ð3Þ

qn presents normal state resistivity for the Bi1.8-
Pb0.35Sr1.9-yNdyCa2.2Cu3Ox superconductors at the

temperature of 120 K. One can encounter the differ-

entiation of l0Hirr and l0Hc2 parameters against

temperature for every sample in Fig. 3a, b. The the-

oretical results obtained are numerically summarized

in Table 3 in detail. The l0Hirr and l0Hc2 values

reduce with increment of Nd additives due to the

decrease in the pinning capability (associated with

the pinning force) [38]. According to table, the high-

est parameters ascribe to unsubstituted Bi-2223

superconducting ceramic material whereas the bulk

Nd5 compound has the deepest l0Hirr and l0Hc2

values, confirming that the excess Nd purity harms

the flux pinning mechanism. According to Fig. 3b,

there are large gaps for the temperature dependen-

cies of l0Hc2 between the Nd2 and Nd3 samples and

similarly between Nd4 and Nd5 samples. This fact is

noteworthy that the increase of Nd inclusion in the

Bi-2223 system deteriorates considerably the vortex

lattice elasticity and lattice period due to the reduc-

tion of vortex pinning capability.

Table 2 Pinning (activation) energy values of the pure and Sr-site

Nd-substituted Bi-2223 superconductors

Samples Pinning (activation) energies (K)

0 T 1 T 3 T 5 T 7 T

Nd0 2351.8 1186.8 792.2 587.7 440.3

Nd1 1905.2 950.9 582.3 445.1 420.9

Nd2 1232.2 710.9 493.2 418.4 383.6

Nd3 954.3 612.1 448.5 385.9 347.1

Nd4 901.3 557.3 395.6 327.4 316.8

Nd5 674.7 216.6 171.5 148.5 122.1

(a)

(b)

Fig. 3 a The temperature dependences of the irreversibility field

for all samples. b The temperature dependences of the upper

critical field for all samples

Table 3 Irreversibility field, upper critical field, coherence length

and penetration depth values of the samples

Samples l0Hirr (0) (T) l0Hc2 (0) (T) n0 (Å
´
) k0 (Å

´
)

Nd0 20.73 1799.00 39.9 4.28

Nd1 18.44 747.67 42.3 6.64

Nd2 18.29 540.02 42.4 7.81

Nd3 17.03 394.64 44.0 9.14

Nd4 15.81 324.20 45.6 10.08

Nd5 14.52 135.58 47.6 15.59

J Mater Sci: Mater Electron (2021) 32:7073–7089 7079



4.4 Penetration depth and coherence length
and

We deal with the variation in the quantum mechan-

ical quantities including the penetration depth (k)
and coherence length (n) with the Sr/Nd substitution

using the relationship between upper critical mag-

netic field and irreversibility critical magnetic field

parameters. In more detail, n (0) and k (0) parameters

at 0 K are defined as,

k Tð Þ ¼ u0

2pl0Hc2ðTÞ

� �1
2

; ð4Þ

n Tð Þ ¼ u0

2pl0HirrðTÞ

� �1
2

; ð5Þ

where u0 is equal to 2.07 9 10–15 Tm2. All the com-

putations are numerically inserted in Table 3. It is

visible from the table that every n (0) and k (0) value

tends to enhance systematically depending on the Nd

inclusions in the Bi-2223 crystal structure. Based on

the results obtained, the Nd impurities result in the

reduction of energy barrier level and accordingly 2D

pancake vortex formation accelerates immediately

[39].

4.5 SEM analyses

Figure 4 shows the surface micrographs of pure and

Sr-site Nd-substituted Bi-2223 materials. It is seen

that all the compounds studied in the current work

exhibit the similar microstructures with the platelet-

like grain size growth. On this basis, it is to be

mentioned here that the presence of Nd impurities in

the hole-induced Bi-2223 system seldom damages the

main crystal matrix. However, some negative chan-

ges on the surfaces are obtained. In more detail, the

random alignment distributions of superconducting

grains tend to enhance monotonously with the

enhancement in the partial Sr/Nd substitution level

up to the maximum level. Likewise, the voids are

noted to increase dramatically depending on the Nd

impurity level. In this regard, the undoped sample

with clear and flaky layers of large platelet-like

structure is observed to possess much smoother and

denser surface, while the Nd5 sample with the worst

crystal structure has more voids. Besides, the fig-

ure shows that after the critical replacement level of

x = 0.07, there seems melting formations in some

regions of main texture as a result of not only the

rapid increment of inhomogeneity especially and

liquid phase formations (founded on the impurity

phases) but also the decrement in the crystallinity

quality of material. We give some detail for the voids

(provided in yellow color) and melting formations

(depicted in red color) for the Nd5 sample in detail.

Furthermore, the layered grain growth of pure sam-

ple is obtained to be better compared to those of other

ones. Consequently, the surface morphology and

grain connectivity (the enhanced grain boundary

coupling strength) are obtained to damage signifi-

cantly with the enhancement of Nd purity level in the

crystal system.

4.6 Examination of Vickers hardness
experimental results by static
microindentation technique

We demonstrate the effect of Nd purities on the

mechanical characteristic of bulk Bi-2223 systems by

the differentiation in impression sizes (d) over the test

loads (F). Namely,

HV ¼ 1854:4
F

d2

� �
; ð6Þ

where Hv is the Vickers hardness parameters. The

experimental obtained impression size and calculated

Hv values are gathered in Table 4. The Hv values

depend on the Nd impurities and indentation loads.

The highest Hv value is obtained as 0.984 GPa for Nd0

material. The reduce in the Hv values with the

increment of Nd additives leads to augment in the

general structural problems in the in-plane Cu–O2

sheets and grain boundary weak-links. Therefore, the

increase of Nd nanoparticles enables the propagation

of voids and cracks in the superconducting system

reach to the critical velocity easily. Figure 5 demon-

strates the relation between the Vickers microhard-

ness parameters and applied loads for every sample.

It is obvious from the figure that all samples show the

indentation size effect (ISE) [40]. That is to say, the

Vickers hardness parameters of superconducting

compounds decrease dramatically as the applied load

increases [41]. Every sample decreases non-linearly

with the increase in the applied load up to 2 N after

which a small change is found because of the influ-

ence of the plateau (saturation) region, providing that

at the small applied loads, the surface effect becomes

more dominant.

7080 J Mater Sci: Mater Electron (2021) 32:7073–7089



Fig. 4 SEM micrographs belonging to every samples
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4.6.1 Analysis of load-independent hardness by static

microindentation technique according

to proportional sample resistance model

The indentation test load (F) and the diagonal length

(d) are found by the following formula [42]:

F

d
¼ aþ bd: ð7Þ

One can see numerically every surface energy (a)
value and hardness constant (b) calculated for all the

materials in Table 5 in detail. From the table, the

proportional sample resistance (PSR) model shows

the ISE nature because of the values of a are positive.

The linear curves for the applied load F/d versus

diagonal length d are shown in Fig. 6. The HPSR can

be obtained from hardness constants:

HPSR ¼ 1854:4b: ð8Þ

It is a significant point found from the Table 6; the

HPSR values computed by PSR model are smaller

than the Hv values and also the HEPD values decrease

with increasing of the Nd impurity. Furthermore, the

obtained Hv values are far from the HPSR values,

presenting that the PSR model may be insufficient to

define the real hardness values of superconducting

materials.

4.6.2 Explanation of true Vickers microhardness

parameters with elastic/plastic deformation model

The dependence of indentation size on the applied

load is calculated by following relation [43]:

F ¼ AEPDðde þ dpÞ2; ð9Þ

where AEPD is a constant, and elastic deformation de
is associated with plastic deformation dp. Figure 7

reveals the applied load dependence of the indenta-

tion diagonals studied using F1/2 versus dp plots. The

AEPD and de values deduced from Fig. 7 are repre-

sented in Table 5. Based on these results from Table 5,

every sample possesses the positive de value, con-

firming that the elastic and plastic deformation is

found together in the material. The last descriptor

shows that all the materials studied exhibit the ISE

performance. Moreover, the load-independent hard-

ness parameters are calculated by the formula:

Table 4 Variation of load dependent microhardness parameters as

a function of applied indentation test loads for the pure and Sr/Nd-

substituted bulk Bi-2223 compounds

Samples d (lm) F (N) Hv (GPa)

Nd0 21.48 0.245 0.984

31.39 0.490 0.922

46.06 0.980 0.856

66.86 1.960 0.813

83.34 2.940 0.784

Nd1 21.93 0.245 0.944

32.53 0.490 0.858

47.54 0.980 0.804

69.42 1.960 0.754

86.41 2.940 0.730

Nd2 22.22 0.245 0.920

34.84 0.490 0.748

52.11 0.980 0.669

75.64 1.960 0.635

93.64 2.940 0.621

Nd3 23.85 0.245 0.798

36.36 0.490 0.687

54.62 0.980 0.609

81.13 1.960 0.552

100.87 2.940 0.535

Nd4 25.61 0.245 0.692

39.53 0.490 0.581

59.71 0.980 0.509

88.83 1.960 0.460

110.6 2.940 0.445

Nd5 26.76 0.245 0.634

42.35 0.490 0.506

63.88 0.980 0.445

94.69 1.960 0.405

117.36 2.940 0.395

Fig. 5 Variation of Vickers microhardness parameters of the pure

and Sr/Nd-substituted Bi-2223 ceramic materials against applied

static test loads
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HEPD ¼ 1854:4AEPD ð10Þ

From the Table 6, the HEPD values reduce with the

increment of the Nd content. The load-independent

hardness value (HEPD) computed by elastic/plastic

deformation model is far from the real hardness

value for Bi-2223 samples. Consequently, the elas-

tic/plastic deformation model may also be insuffi-

cient to define the ISE nature.

4.6.3 Investigation of real microhardness parameters

with Hays–Kendall approach

The indenter enters deeply into the superconducting

samples in the presence of test load (called as WHK)

Table 5 Experimental results and theoretical calculation data related on PSR model, EPD Model and HK approaches

Samples HK model EPD model PSR model

WHK (N) AHK 9 10–4(N/lm2) de (lm) AEPD (N/lm2) a 9 10–3 (N/lm) b 9 10–4(N/lm2)

Nd0 0.0797 4.1486 0.07833 0.0197 3.3823 3.8523

Nd1 0.0846 3.8494 0.08469 0.0189 3.5444 3.5444

Nd2 0.0922 3.2537 0.10677 0.0171 4.2364 2.8739

Nd3 0.1170 2.7876 0.12338 0.0157 4.5561 2.4329

Nd4 0.1241 2.3138 0.13207 0.0143 4.4859 1.9919

Nd5 0.1185 2.0533 0.13205 0.0134 4.2486 1.7556

Fig. 6 Variation of applied test load F/d versus indentation

diagonal length d for every samples

Table 6 The results of calculated values of HV, HPSR, HEPD and

HHK Model

Samples HPSR (GPa) HEPD (GPa) HHK (GPa) HV (GPa)

Nd0 0.714 0.719 0.769 0.784–0.813

Nd1 0.657 0.663 0.713 0.730–0.754

Nd2 0.532 0.543 0.603 0.621–0.635

Nd3 0.451 0.461 0.516 0.535–0.552

Nd4 0.369 0.379 0.429 0.445–0.460

Nd5 0.325 0.335 0.380 0.395–0.405

Fig. 7 Linear curves between static load F1/2 and diagonal length

dp for all samples

Fig. 8 Linear plots of indentation test load F over indentation

impression length d2 of the pure and Sr-site Nd-substituted

ceramics
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applied. Hence, the indentation distance can be

extracted from effective load of Feff = F - WHK using

the formula [44]:

F ¼ WHK þ AHKd
2; ð11Þ

where AHK is hardness constant. Based on the HK

method, the true Vickers hardness (HHK) is computed

by:

HHK ¼ 1854:4AHK: ð12Þ

Figure 8 illustrates the plots of (F) versus (d2)

according to Hays–Kendall methods. The slope of the

line found every sample is equal to the constant AHK

and intersection of WHK, which characterizes the

resistive pressure of the samples. The found best-fit

parameters of AHK and WHK are tabulated in Table 5.

The WHK values are obtained positively for every

sample, which means that the applied load is ade-

quate to produce elastic and plastic deformation.

Based on results obtained from Table 6, the values of

HHK decrease with the increment of the Nd addition.

The HHK value is closer to the saturation value

compared with the results of the other models.

Consequently, the HK approach is the most suit-

able method to examine the mechanical characteristic

of the Bi-2223 materials.

4.7 Microhardness characteristics studied
by dynamic microindentation
technique

4.7.1 Theoretical background

Typical load-indentation depth curve produced dur-

ing depth indentation experiment, demonstrating the

key parameters required for investigation is shown in

Fig. 9. Test material during indentation loading is

exposed to both elastic and plastic deformation. The

key values required to define the hardness are the

contact area (Ac), initial unloading contact stiffness

(S) and peak load (Pmax). Further, the microhardness

(H) is described by following relation [45]:

H ¼ Pmax

Ac
¼ Pmax

24:5h2c
ð13Þ

where hc is the contact depth, Ac ¼ ph2c tan
2a ¼ 24:5h2c

is the area of the indentation impression and there-

fore the half angle for a corresponding conical

indenter is 70.3�. The various methods for extracting

the contact depth (hc) are suggested by Oliver and

Pharr [46].

P ¼ aðh� hfÞm; ð14Þ

where P presents the indentation load, h displays the

penetration depth, hf is the final unloading depth and

a and m are fitting parameters. From the unloading

curve, stiffness and contact depth are deduced by

Eq. 14 at the maximum depth of penetration,

(h = hmax). Then, the stiffness value is demonstrated

by following equation [47]

S ¼ dP

dh

����
���� ¼ 2ffiffiffi

p
p Er

ffiffiffiffiffiffi
Ac

p
; ð15Þ

where Er is the reduced elastic modulus. In this work,

the Oliver and Pharr method are used to measure the

contact depth (hc), reduced modulus (Er) and hard-

ness (H).

4.7.2 Investigating of load–depth curves

The load versus depth graphs displayed in Fig. 10

present the applied load as a function of the depth ofFig. 9 a Cross-section view of indentation, b example load/

unload–depth curve

7084 J Mater Sci: Mater Electron (2021) 32:7073–7089



Fig. 10 Loading/unloading–depth curve for every samples
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the indenter in point of the first position of surface. It

is obvious from the Table 7 that the contact depth of

Nd0 sample for each applied peak load is found to be

lower than that of Nd1, Nd2, Nd3 and Nd5 samples

(except for the Nd4 sample), which implies the higher

hardness for Nd0 samples. Further the minimum hc
values obtained for the Nd4 sample at 1.0 N applied

load confirm to exhibit the greatest hardness values.

Additionally, the experimental hardness values

obtained increase with the applied load for the Nd0,

Nd1, Nd2, Nd3 and Nd4 samples (except Nd4 sam-

ple at 1.0 N applied load). At the same time, the

obtained H value for the Nd5 sample changes ran-

domly, providing that the Nd5 sample has more

voids in the SEM examination. In addition, the Er

experimental values found are described in Table 7.

From the table, Er parameters increment with

increasing the peak load except for Nd5 at 2.0 N

applied load. The Nd4 compound displays the

smallest Er values. This is associated with the fact that

the variation of hmax - hc values is recorded to be the

highest among every sample. The calculated values

of stiffness from Eq. 15 are summarized in Table 7.

The stiffness values increase with the increase in the

applied load for every sample. The Nd4 sample has

the minimum S values because of the fact that the

variations of hmax - hc values are noted to be greater

than those of other samples. Another significant

parameter of mechanical characteristics is pop-in and

pop-out feature. There is no obtained pop-out from

the unloading part in Fig. 10. Furthermore, the pop-

in feature from the loading part is not found for every

sample at 1.0 applied load. However, with increasing

the applied load (after 1.0 N applied load), the pop-in

is observed for all the superconducting compounds

studied in the current work. According to the

approaches defined in the literature, the pop-in can

be caused by the voids in the microstructure or

defects such as formation of cracks and dislocations

during the indentation [48–50].

5 Conclusions

Based on the results of magnetoresistivity, scanning

electron microscope and microhardness examination

of Bi1.8Pb0.35Sr1.9-yNdyCa2.2Cu3Ox superconductors,

the following conclusions can be drawn:

• The Tc
onset and Tc

offset values decrease with

increasing Nd impurities and applied magnetic

field, and also the maximum values are obtained

for the Nd0 sample of 116.5 K and 108.4 K at 0 T,

respectively.

• The obtained minimum Tc
offset value for the Nd5

sample is 40.2 K at 7 T.

• Both the l0Hirr (0) (T) and l0Hc2 (0) (T) values are

found to reduce with the increase Nd inclusions

as a consequence of the deterioration of the flux

pinning.

• The coherence lengths increase from 39.9 to 47.6

Å
´
; likewise, the penetration depths increment

from 4.28 to 15.59 Å
´
with the increase Nd purity,

providing that the physical quantities of the Bi-

2223 samples degrade frequently.

Table 7 Results of dynamic microindentation analysis for each

sample

Sample Pmax (N) hc (lm) H (GPa) Er (GPa) S (N/lm)

Nd0 1.0 10.071 0.412 15.038 0.845

2.0 12.961 0.484 17.163 1.242

3.0 15.299 0.523 19.883 1.699

4.0 16.989 0.564 22.737 2.157

5.0 18.013 0.622 24.768 2.491

Nd1 1.0 11.062 0.333 14.055 0.868

2.0 13.273 0.463 16.347 1.211

3.0 15.562 0.505 19.122 1.662

4.0 17.704 0.520 21.696 2.145

5.0 18.534 0.594 22.447 2.323

Nd2 1.0 13.170 0.235 13.391 0.985

2.0 15.380 0.345 14.762 1.268

3.0 18.145 0.367 16.020 1.623

4.0 19.638 0.419 16.101 1.766

5.0 20.969 0.464 21.380 2.504

Nd3 1.0 15.133 0.185 12.673 1.071

2.0 16.657 0.294 13.908 1.293

3.0 18.792 0.345 15.344 1.610

4.0 20.554 0.386 15.790 1.812

5.0 22.007 0.424 20.646 2.537

Nd4 1.0 9.2973 0.491 7.507 0.389

2.0 16.262 0.306 5.527 0.502

3.0 19.678 0.312 6.002 0.659

4.0 20.725 0.378 7.825 0.905

5.0 22.657 0.393 9.619 1.217

Nd5 1.0 17.381 0.139 11.358 1.102

2.0 25.835 0.122 10.782 1.555

3.0 27.666 0.158 11.551 1.784

4.0 23.773 0.286 16.500 2.190

5.0 28.065 0.256 19.141 3.000
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• The highest U0 value is found for the Nd0 sample

as compared with the other ones because of the

strong pinning effect of the vortices and increase

of the vortex pining force, showing that the Nd0

sample can carry maximum current in the exis-

tence of magnetic field.

• The SEM pictures demonstrate that the dense

surface with a fine connectivity between the grain

damages with the Nd inclusions, causing the

retrograde of the surface morphology.

• The results of the static microindentation Hv

values show that every sample exhibit indentation

size effect (ISE) behavior.

• The HPSR values are found to be lower than the

true microhardness in the plateau regions.

Though studying the difference of mechanical

properties with the addition, the PSR model is

unsuitable approach to evaluate the load-inde-

pendent microhardness values.

• EPD model is unsuitable for the determination of

the true microhardness value.

• As can be seen that the HHK values are obtained to

be closer to the load-independent hardness val-

ues. Consequently, the HK model is appropriate

theoretical approach to inspect the mechanical

characteristics of superconducting materials.

• At the dynamic microindentation hardness, while

the H values increase with the applied load

magnitudes (except for the Nd4 sample at 1.0 N

applied load), for the Nd5 sample, the H values

are observed to vary arbitrarily.

• The experimental obtained Er values increase with

peak load except for Nd5 at 2.0 N. Moreover, the

minimum Er values are found for Nd4 sample,

providing that the hmax - hc values are greatest

than other samples

• The stiffness values enhance with the increment of

the applied load for the all samples.

• The pop-out is not obtained for every sample,

while the pop-in is found for all the samples

except at 1.0 applied load
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