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Abstract Neodmium (Nd) inclusions at different stoichio-
metric ratios (x = 0.0, 0.001 %, 0.005 %, 0.01 %, 0.05 %,
0.1 %) are doped in the Bi-2212 superconducting samples
and the samples obtained are subjected to the sintering pro-
cess at 840 ◦C constant temperature for 72 hours. The effect
of Nd doping on the structural and mechanical properties
of prepared samples is investigated by the standard charac-
terization measurements. XRD and SEM measurements are
performed to obtain information about surface morphology,
phase ratios, lattice parameters and particle size. Moreover,
Vickers microhardness (HV ) measurements are exerted to
investigate the mechanical properties of the all samples in
detail. It is found that all the properties given above ret-
rogress with the increase of the Nd concentration in the Bi-
2212 superconducting core. However, the ISE nature of the
materials improves systematically. Additionally, the experi-
mental results of microhardness measurements are analyzed
using Meyer’s law, PSR, MPSR, EPD models and HK ap-
proach. The results show that Hays–Kendall approach is de-
termined as the most successful model.
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1 Introduction

The hardness of a material is one of the important mechan-
ical properties such as elasticity, ductility and toughness.
Hardness can be defined as the resistance to a hard object
that is sunk on the specimen surface and determined us-
ing the size of permanent or plastic indentation created on
the surface in certain conditions. There are various hardness
measurement methods, such as Vickers, Brinell, Rockwell,
Knopp and Berkovich models, developed with regard to the
shape of used indenter tip, the applied load and the indenta-
tion size. The theoretical results obtained at the same condi-
tions should be compared each with the others to find more
appropriate results with the experimental evidences [1].

In recent years, one of the reasons of the increase in
researches related to the indentation tests has been the in-
terpretation of the role of plastic deformation at the initial
stages of plastic deformation. Another reason is to investi-
gate the interpretations of great hardness values under small
applied loads. On the other hand, careful monitoring of the
initial stages of plastic deformation under small indentation
test loads will help in better understanding of the fundamen-
tal nature of the indentation tests. This interest in indentation
tests has given a new dimension to the studies until now re-
lated to the behavior of the indentation load/deformation and
the observation of material structure that has been applied in
indentation test [2]. It is well known that microhardness de-
pends sensitively on the applied test load in experiments on
different materials [3–8].

Microhardness emerges as Indentation Size Effect (ISE)
and Reverse Indentation Size Effect (RISE) behavior. The
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former feature decreases with the enhancement of the ap-
plied indentation test load whereas the latter one increases
with increasing the load applied. For the both cases, the
hardness remains unchanged after reaching specific critical
load value. The ISE behavior is also based on characteris-
tics such as the elastic recovery of the indentation [9, 10],
the composed hardening during the chipping process [11],
the required minimum load for the starting of plastic de-
formation, the size of dislocation loops during the chipping
process [12], the response of material to elastic/plastic de-
formation [13], the relationship of the friction resistance be-
tween indenter/sample with the elastic resistance [14, 15],
and the chemical pollutions or the oxidation occurring on
the surface [16].

In this study, SEM and XRD measurements are per-
formed for the investigation of structural properties of pure
and Nd-doped Bi-2212 superconducting samples. Besides,
Vickers microhardness test method used for the characteri-
zation of the mechanical properties is the main objective of
this study. It is found that all the samples exhibit the ISE be-
havior. In addition, the experimental findings are examined
by the available theoretical models proposed in the literature
and the results show that Hays–Kendall approach is found to
be the most suitable model in defining the microhardness of
the samples.

2 Experimental Details

In this study, Nd2O3 (99.9 % purity, Alfa Aesar Co., Ltd.)
powder is added to Bi-2212 (99.9 % purity, Alfa Aesar
Co., Ltd.) superconductor powder in the ratios of x = 0.0,
0.001, 0.005, 0.01, 0.05 and 0.1 %. The obtained powders
are pressed into tablets of 13 mm in diameter and 1–1.5 mm
thick under the constant pressure of 7 tons. Then the tablets
are subjected to sintering process at 840 ◦C for 72 hours
with 5 ◦C/min heating and cooling rates.

The SEM analysis is performed using a JEOL JSM-
6390LV model scanning electron microscope when the eval-
uation of the crystal structure and lattice parameters belong-
ing to the samples studied in this work is carried out by a
Bruker D8 Advance model diffractometer with CuKα radia-
tion (λ = 1.5418 Å) in the range 2θ = 5–60° at a scan speed
of 1.2 deg/min and a step increment of 0.08° at room temper-
ature. Moreover, EDS measurements investigate the change
in ion quantity with Nd addition in all the samples.

In addition, the mechanical characteristics of undoped
and Nd-doped Bi-2212 superconducting ceramics are ex-
amined by means of the Vickers microhardness measure-
ments conducted by a digital microhardness tester (Shi-
madzu HMV-2). The experimental evidences obtained from
microhardness measurements have also been analyzed by
the presently available theoretical hardness models being

Fig. 1 XRD patterns of all the samples

Table 1 XRD measurement results for the samples

Samples c (Å) a (Å) Volume fracture Grain
size (nm)Bi-2212

(%)
Bi-2201
(%)

M0 31.33 5.35 95 5 107.86

M1 30.49 5.37 96 4 97.29

M2 30.45 5.38 93 7 85.41

M3 30.43 5.39 91 9 61.85

M4 30.26 5.40 86 14 47.38

M5 30.06 5.41 78 22 34.33

proposed in the literature. Based on the results obtained,
the models studied have been compared each with the oth-
ers and the most appropriate model was determined for the
Nd-doped Bi-2212 superconducting materials. The super-
conducting samples with 0.0, 0.001, 0.005, 0.01, 0.05 and
0.1 % will hereafter be denoted as M0, M1, M2, M3, M4
and M5, respectively.

3 Results and Discussion

3.1 XRD Analysis

XRD measurements of M0,M1,M2,M3,M4 and M5
samples prepared by solid-state reaction method are con-
ducted in the range of 2θ = 3−60◦ at a scan speed of 3°/min
at room temperature. Figure 1 shows the results of XRD
measurement patterns for each sample studied [17, 18]. As
seen from Table 1, parameter c of the samples decreases
from 31.33 to 30.06 Å with increasing Nd doping in the
crystal structure as a consequence of the decrement in the
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Fig. 2 SEM micrographs of (a)
M0 and (b) M5 samples

net positive charge (valency) in the Bi–O layers [19]. On
the other hand, the lattice constant a tends to increase with
the increment in the Nd addition level in the system. The
fundamental reason of the increment is in the extra elec-
trons in anti-bonding orbital due to the increase of the effec-
tive Cu valence. Based on the lattice parameter evidences, it
would be more precise to say that the dopant atoms are prop-
erly incorporated into the Bi-2212 superconducting core and
solved partially [20, 21]. It is another important result ob-
tained from the XRD patterns that the Bi-2212 supercon-
ducting phase decreases while the Bi-2201 phase starts to
increase with the enhancement of the Nd additives inserted
in the superconducting matrix. Regardless, Fig. 1 confirms
that the Bi-2212 phase is dominant for all the samples pro-
duced.

3.2 Grain Size Calculation by Scherrer–Warren Equation

Grain size value, determined from the X-ray diffraction
patterns, is one of the most important characteristics for
the engineering, industrial and technological applications
of the superconducting materials. This value can be calcu-
lated with the well-known Scherrer–Warren method as given
by [17, 22]:

D = 0.941λ

B cos θB

(1)

B2 = B2
m − B2

s (2)

where D denotes the grain size, λ the wavelength of the
X-ray used and B the full width half of the maximum peak
intensity in the radian unit. Also, Bm is a constant value and
θ is an angle belonging to this peak. The results of the grain
size calculations are detailed in Table 1. It is obvious from
the table that the grain size value tends to decrease dramat-
ically with the increase of the Nd inclusion in the Bi-2212

superconducting matrix. The largest value of 107.86 nm is
calculated for the virgin sample whereas this value reduces
to 34.33 nm for the M5 sample. This result is supported by
the SEM images.

3.3 SEM Analysis

In this part of the paper, the surface morphology of the sam-
ples prepared is studied with the aid of Scanning Electron
Microscopy (SEM). That the microstructural properties de-
grade systematically with the increase of the Nd decora-
tions in the Bi-2212 superconducting core is realized clearly.
Thus, we depict only the pure (best) and 0.1 % Nd-doped
(worst) sample images. One can see the SEM images (taken
in the secondary electron image mode at 5000-X magnifica-
tion) of undoped and x = 0.1 % Nd-doped samples in Fig. 2.
It is apparent from the figure that the former sample ob-
tains the smoother and denser morphology with the clear and
characteristic flaky slabs of large platelet-like structure [23–
27]. Additionally, the degradation of the crystal plane align-
ment (melting), crystallinity, grain connectivity and layered
grain growth confirm that the Nd impurities are unfavorable
for the formation of the Bi-2212 superconducting phase due
to the deterioration of the superconducting matrix. It is an-
other supposition that the porosity increases with the doping
level as a consequence of the decrement in the crystalline
sizes, being favored by the results of the XRD examinations.

3.4 Energy Dispersive Spectroscopy (EDS) Analysis

Energy dispersive spectroscopy (abbreviated EDS) is one of
the most commonly used methods of detecting the quantita-
tive values of the atomic composition. In the current work,
elemental composition analysis of the elements and ions in
the undoped and Nd-doped Bi-2212 superconducting sam-
ples has been carried out systematically. Similarly to the
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Fig. 3 EDS patterns of (a) M0
and (b) M5 samples

SEM analysis part, we here discuss only the EDS spectrum
of the M0 (best) and M5 (worst) samples. One can see from
Fig. 3 that there is no difference between the superconduct-
ing materials except for the Nd impurity peak (graphical red
blocks). This is attributed to the fact that the Nd inclusions
in the system are effectively entered into the microstructure

of the Bi-2212 superconducting phase. As for the numerical
findings in the figure, the amounts of all the elements ex-
cept oxygen used in the preparation of the Bi-2212 phase
tend to change with the Nd doping element in the struc-
ture. The Ca element level hardly increases whereas the Cu
and Bi elements decrease slightly with the doping. However,
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Fig. 4 The variations of microhardness with load for the samples

the decrement in the Sr element is noted dramatically. This
might be associated with the fact that the Nd elements in-
corporate into the crystal structure by replacing Sr elements,
verifying that the Nd inserted in the Bi-2212 system causes
superconducting properties to deteriorate [28–30].

3.5 Vickers Microhardness Analysis

In this paper, the Vickers microhardness measurements
allow us to determine the mechanical properties of the
M0,M1,M2,M3,M4 and M5 samples prepared by solid-
state reaction method at different proportions (x = 0.0,
0.001, 0.005, 0.01, 0.05 and 0.1 %). As is well known, the
mechanical characterization of ceramic materials plays an
important role in their technological applications and the
real (true) microhardness of a material can be calculated
from the relation

HV = 1854 × 4

(
F

d2

)
(3)

One can see in detail the change of the load-dependent
microhardness values as a function of the test load in Fig. 4.
The microhardness values of each sample decrease with in-
creasing both the Nd doping level and the applied load. The
first reason (decrement with the doping) is in the degrada-
tion of interaction between superconducting grains [31]. The
second reason is in the typical Indentation Size Effect (ISE)
behavior, and it is not wrong to say that the elastic recov-
ery plays a dominant role in the Bi-2212 superconducting
ceramics prepared in this work. Another interesting result
is that the reduction of the Vickers microhardness values
with the applied load is far more pronounced than that of
the values with the Nd doping. Other mechanical properties
such as elastic modulus (E = 81.9635HV ), yield strength

Table 2 The calculated load-dependent HV , E, Y and KIC for the
samples

Samples F

(N)
HV

(GPa)
E

(GPa)
Y

(GPa)
KIC × 103

(Pa/m1/2)

M0 0.245 0.434 35.57 0.144 272.13

0.490 0.417 34.17 0.139 266.75

0.980 0.397 32.53 0.132 260.28

1.960 0.392 32.12 0.130 258.63

2.940 0.390 31.96 0.130 257.97

M1 0.245 0.427 34.99 0.142 254.31

0.490 0.400 32.78 0.133 246.14

0.980 0.388 31.80 0.129 242.42

1.960 0.385 31.55 0.128 241.48

2.940 0.382 31.30 0.127 240.53

M2 0.245 0.418 34.26 0.139 286.98

0.490 0.391 32.04 0.130 277.56

0.980 0.378 30.98 0.126 272.91

1.960 0.367 30.08 0.122 268.90

2.940 0.364 29.83 0.121 267.80

M3 0.245 0.405 33.19 0.135 405.60

0.490 0.363 29.75 0.121 391.58

0.980 0.335 27.45 0.111 376.18

1.960 0.312 25.57 0.104 363.04

2.940 0.305 24.99 0.101 358.94

M4 0.245 0.318 26.06 0.106 305.80

0.490 0.267 21.88 0.089 280.21

0.980 0.248 20.32 0.082 270.05

1.960 0.246 20.16 0.082 268.96

2.940 0.238 19.50 0.079 264.55

M5 0.245 0.285 23.35 0.095 309.24

0.490 0.249 20.40 0.083 289.05

0.980 0.229 18.76 0.076 277.20

1.960 0.218 17.86 0.072 270.46

2.940 0.210 17.21 0.070 265.45

(Y ≈ HV

3 ) and fracture toughness (KIC = √
2Eγ ) can theo-

retically be computed by the real microhardness values. It is
to be mentioned here that the mechanical values given above
vary from material to material. The variation of the parame-
ters against the applied indentation test loads is numerically
tabulated in Table 2. It is visible from the table that the
load-dependent values of E, Y and KIC decrease with the
increase of both the Nd content and the applied test load.
It is also known from the literature that these parameters
strongly depend upon the applied load for the ceramics ex-
hibiting the ISE feature [32, 33]. Additionally, several mod-
els describe the microhardness characteristics and behavior
(ISE or RISE) of the samples [34–36]. In this paper, the
Meyer’s law, the Hays–Kendall approach (HK), the propor-
tional sample resistance (PSR), the modified proportional
sample resistance (MPSR) and the elastic/plastic deforma-



1408 J Supercond Nov Magn (2014) 27:1403–1412

Fig. 5 Variation of applied load lnF with diagonal lnd for the sam-
ples

tion (EPD) models allow us to examine the corresponding
microhardness behaviors belonging to the pure Bi-2212 and
Nd-doped Bi-2212 superconducting samples.

3.5.1 Meyer’s Law

Meyer’s law used to describe the ISE behavior is an empiri-
cal relationship between indentation load (F ) and the inden-
tation size (d) [37]:

F = A1d
n (4)

where A is a constant and the exponent n is known as Meyer
index, used to be a measure of the ISE feature. Generally,
while n < 2 indicates the normal ISE behavior, n > 2 indi-
cates RISE behavior in materials [38, 39]. When n = 2, it
is referred to Kick’s Law that can be regarded as a modified
Meyer law:

F = A1d
2 (5)

The InF–Ind graphs of the pure and Nd-doped Bi-2212
superconductors are given in Fig. 5. One can that n values
are smaller than 2 (n < 2) for each sample. This is because
all the samples obey the ISE behavior as a consequence of
the displacement character with the applied test load. In fact,
the decrement in the n values guarantees that addition of Nd
leads to exhibit more the ISE nature of the samples. More-
over, it is necessary to underline that n values vary between
1 and 1.6 only for the hard materials whereas higher val-
ues (n > 1.6) are attributed to the soft materials [6]. Based
on the results obtained from the samples prepared, each of
them is regarded as the soft material (Table 3).

Table 3 Best-fit results of experimental data according to Meyer’s law

Samples Slope nk lnA1k (GPa)

M0 1.91 −8.073

M1 1.91 −8.111

M2 1.89 −8.049

M3 1.79 −7.723

M4 1.80 −8.013

M5 1.79 −8.032

Fig. 6 Plots of F/d versus d for the samples

3.5.2 Analysis of PSR Model

Proportional Specimen Resistance (PSR) model proposed
by Li and Bradt can be considered as a modified form of the
Hays–Kendall approach. In the current model, the specimen
resistance is not constant, so the indentation depth increases
linearly:

F

d
= α + βd (6)

It is customary to say that Eq. (4) is of a similar form
with restoring force (F = −kx) of a compressed or extended
spring. Consequently, the effective indentation load (F ) and
indentation size (d) are related as

Feff = Fmax − W = Fmax − a1d = a2d
2 (7)

where a1 and a2 are constants related to the elastic and plas-
tic properties of a material (Fig. 6). Indeed, a2 is a measure
of load-independent microhardness. It can be seen from Ta-
ble 4 that constant a1 is positive for all the samples. This
result confirms that the plastic deformation as well as the
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Table 4 Best-fit results of experimental data according to PSR model

Samples a1 ×10−4

(N)
a2 ×10−5

(N/µm)
Load
independent
hardness HPSR
(GPa)

Load
dependent
hardness HV

(GPa)

M0 10.41 20.06 0.371 0.390–0.392

M1 9.24 19.78 0.355 0.382–0.385

M2 12.02 18.58 0.344 0.364–0.367

M3 24.78 14.58 0.270 0.305–0.312

M4 17.94 11.64 0.216 0.238–0.246

M5 20.47 10.12 0.187 0.210–0.218

Table 5 The calculated load-independent H0, E0, Y0 and KIC for the
samples

Samples H0 (GPa) E0 (GPa) Y0 (GPa) KIC (Pa/m1/2) HV (GPa)

M0 0.371 30.408 0.123 251.61 0.390–0.392

M1 0.355 29.096 0.118 231.88 0.382–0.385

M2 0.344 28.195 0.114 260.34 0.364–0.367

M3 0.270 22.130 0.090 331.17 0.305–0.312

M4 0.216 17.704 0.072 252.09 0.238–0.246

M5 0.187 15.327 0.062 250.53 0.210–0.218

elastic is produced in the samples presenting the ISE behav-
ior. The load-independent microhardness values calculated
in accordance with the PSR model are given in Table 4. It
is obvious from the table that the transition values of the
samples to the plateau are quite far from the microhardness
values calculated using the PSR model [38]. Therefore, it
indicates that the PSR model is not adequate for the deter-
mination of true microhardness values of both the pure and
the Nd-doped Bi-2212 superconducting materials.

Additionally, load-independent elastic modulus, yield
strength and fracture toughness values are calculated us-
ing load-independent HPSR value and the findings obtained
are numerically listed in Table 5. According to the results,
sharper decrease in the load-independent E0, Y0 and KIC

values is observed as compared to load-dependent values.
Similar results can be encountered in the literature for other
materials [32, 33, 40].

3.5.3 Analysis of MPSR Model

In order to investigate ISE behavior, Gong et al. [41] sug-
gested the modified PSR model:

F = W2 + A4d + A5d
2 (8)

where a0 is a constant being related to the surface resid-
ual stresses associated with the surface machining, and
the physical meanings of parameters a1 and a2 are the

Table 6 Best-fit results of experimental data according to MPSR
model

Samples a0
(N)

a1 ×10−5

(N/µm)
a2 ×10−5

(N/µm2)
HMPSR
(GPa)

HV

(GPa)

M0 0.028 5.60 20.74 0.384 0.390–0.392

M1 0.026 1.67 20.42 0.374 0.382–0.385

M2 0.034 3.64 19.37 0.359 0.364–0.367

M3 0.002 25.65 14.52 0.269 0.305–0.312

M4 0.032 79.49 12.23 0.226 0.238–0.246

M5 0.009 22.86 10.00 0.185 0.210–0.218

Fig. 7 Variation of applied load with the indentation diagonal length
for the samples

same as the ones in the PSR model. The values of a0,
a1, a2 and related load-independent microhardness values
are depicted in Table 6. As seen from the table, the val-
ues of load-independent microhardness values calculated by
MPSR model are far from the values of the plateau region.
As a result, the MPSR model is not suitable for the descrip-
tion of the mechanical properties of the prepared materials
(Fig. 7).

3.5.4 Analysis of EPD Model

In indentation tests used, the indentation size is measured
after indenter is removed. Hence, the indentation size con-
tracts due to the elastic recovery and Tarkanian et al.
(1973) [42] suggested a new term to add to the measured
indentation size to find the load-independent microhardness
values:

Fmax = A1(dp + de)
2 (9)

Here, de is in correspondence with the correction term which
is added to dp due to elastic recovery when A1 is an essen-
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Fig. 8 Plots of diagonal length versus square root of applied loads for
the samples

Table 7 Best-fit results of experimental data according to EPD model

Samples A1 (N/µm2) de (µm) HEPD (GPa) HV (GPa)

M0 0.0141 0.035 0.368 0.390–0.392

M1 0.0140 0.031 0.363 0.382–0.385

M2 0.0136 0.041 0.342 0.364–0.367

M3 0.0121 0.091 0.271 0.305–0.312

M4 0.0108 0.074 0.217 0.238–0.246

M5 0.0101 0.090 0.189 0.210–0.218

tial parameter used to calculate the microhardness values.
The results obtained are given in Fig. 8. The data calculated
from the graph can be seen in Table 7. It is apparent from
the table that the value of correction term (de) is positive
for all the samples. It means that the elastic deformation as
well as the plastic deformation is observed throughout the
applied loads in the samples. As is well known, the elastic
recovery is found in the specimen surface after the removal
of the indenter. This effect is experimentally observed only
for the materials exhibiting ISE behavior and it is also con-
sistent with the literature [43]. Conversely, the opposite of
this effect is possible and there may appear only the plastic
deformation in the materials with negative de values [44].
This result is observed in the materials obeying the RISE
nature [45, 46]. It should be noted here that in these mate-
rials the microhardness values increase with increasing the
applied indentation test load.

3.5.5 Analysis of the Hays–Kendall Approach

Hays and Kendall suggested that there exists a minimum
level (W ) of the applied test load to produce an indenta-
tion [47, 48]. Here, W is attributed to the resistance of the

Fig. 9 Graph of the applied load against the square of the diagonal
length for the samples

Table 8 Best-fit results of experimental data according to HK model

Samples C1 × 10−5 WHK (N) HHK (GPa) HV (GPa)

M0 20.78 0.030 0.385 0.390–0.392

M1 20.43 0.026 0.378 0.382–0.385

M2 19.40 0.035 0.359 0.364–0.367

M3 16.02 0.087 0.297 0.305–0.312

M4 12.64 0.064 0.234 0.238–0.246

M5 11.03 0.100 0.204 0.210–0.218

sample against the load applied. Unless the applied indenta-
tion test load exceeds the resistance value, the permanent de-
formation does not appear in the material but only the elastic
deformation does. Thereby, Hays and Kendall proposed that
the experimentally measured indentation size is proportional
to an effective load as given below (Fig. 9):

Feff = Fmax − W = C1d
2 (10)

where C1 is a constant related to the applied test load and
W the minimum load necessary to initiate the permanent
deformation. The load-independent W and C1 values deter-
mined are displayed in Table 8. The positive values of W

may be attributed to the fact that the applied load is suffi-
cient to produce the elastic deformation as well as the plastic
deformation in the specimen [34, 42]. According to the re-
sults observed, both the elastic and plastic deformations are
observed in pure and Nd-doped Bi-2212 superconductors.

As a conclusion, the microhardness values calculated us-
ing HK approach are quite close to those of the plateau (sat-
uration) region as compared to other model results for all
the samples exhibiting the ISE behavior. It must be empha-
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Table 9 The results of load-dependent Vickers microhardness at the
plateau region and load-independent hardness values calculated using
PSR, MPSR, EPD and HK models

Samples HV (plateau
region) (GPa)

HPSR
(GPa)

HMSPR
(GPa)

HEPD
(GPa)

HHK
(GPa)

M0 0.390–0.392 0.371 0.384 0.368 0.385

M1 0.382–0.385 0.355 0.374 0.363 0.378

M2 0.364–0.367 0.344 0.359 0.342 0.359

M3 0.305–0.312 0.270 0.269 0.271 0.297

M4 0.238–0.246 0.216 0.226 0.217 0.234

M5 0.210–0.218 0.187 0.185 0.189 0.204

sized that the Hays–Kendall approach is the most appro-
priate model to analyze the mechanical properties of pure
and Nd-doped Bi-2212 superconducting ceramics (Table 9).
Similar evidences can be observed in the literature [49–51].

4 Conclusion

In the exhaustive study, the role of the Nd inclusion in the
superconducting matrix on the structural and mechanical
properties of the Bi-2212 ceramics prepared by solid-state
reaction method is investigated by means of the standard ex-
perimental methods as regards the XRD, SEM and Vickers
microhardness measurements and the following results are
observed.

• According to the XRD analysis, whereas the c lattice
parameter and Bi-2212 phase ratio tend to decrease
monotonously, the a parameter and Bi-2201 phase ratio
increase systematically with the increase of Nd in the lay-
ered structures. These results explain why the grain size
values calculated from Scherrer–Warren equation reduce
regularly with the doping level.

• Moreover, the SEM micrographs show that the crys-
tal plane alignment (texturing), grain connectivity, crys-
tallinity and layered grain growth systematically decrease
with the increase of the Nd impurities in the Bi-2212 su-
perconducting matrix, confirming that the Nd inclusion is
unfavorable for the formation of the Bi-2212 supercon-
ducting phase.

• Based on the EDS analyses, the Nd additives in the system
are effectively introduced into the microstructure of the
Bi-2212 superconducting phase by replacing Sr elements.

• Vickers microhardness, elastic modulus, yield strength
and fracture toughness values computed are noted to de-
crease with increasing the applied test load and Nd dop-
ing. The fundamental reason of the decrement is the ISE
behavior of the materials. Besides, the ISE nature of the
samples improves with the increase of the Nd impurities.

• The load-independent microhardness (H0), elastic modu-
lus (E0), yield strength (Y0) and fracture toughness (KIC)

are calculated for the doped and undoped superconduct-
ing samples and these parameters are found to be smaller
than the computed load-dependent values (HV , E, Y and
KIC).

• The results of the microhardness measurements are an-
alyzed employing the Meyer’s law, PSR, MPSR, EDP
models and the Hays–Kendall approach. Based on the
findings, the Hays–Kendall approach is found to be the
best model describing the microhardness characteristics
of the pure and Nd-doped Bi-2212 superconducting sam-
ples.
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