J Mater Sci: Mater Electron (2012) 23:1001-1010
DOI 10.1007/s10854-011-0537-0

Vickers hardness measurements and some physical properties
of Pr,0; doped Bi-2212 superconductors

E. Asikuzun - O. Ozturk - H. A. Cetinkara -
G. Yildirim - A. Varilci - M. Yilmazlar -
C. Terzioglu

Received: 8 August 2011/ Accepted: 1 October 2011 /Published online: 11 October 2011

© Springer Science+Business Media, LLC 2011

Abstract This study deals with the effect of Pr,Oj
addition on the structural, superconducting and mechanical
properties of Bi-2212 superconductor by means of X-ray
diffraction analysis (XRD), scanning electron microscopy
(SEM), electron dispersive X-ray (EDX), Vickers
microhardness and resistivity measurements. The samples
studied are prepared using the standard solid-state reaction
method. Onset transition temperatures (7o™*") of the sam-
ples are estimated from the dc resistivity measurements.
Furthermore, the phase ratio and lattice parameters a and
¢ are determined from XRD patterns when the micro-
structure, surface morphology and element composition
analyses of the samples are investigated by SEM and EDX
measurements, respectively. Additionally, vickers microh-
ardness, elastic modulus, yield strength and fracture
toughness values of the samples are deduced from
microhardness measurements. It is found that 75" values
of the samples increase from 87 to 97 K with the Pr,O3
addition. According to the refinement of cell parameters
done by considering the structural modulation, the doping

E. Asikuzun - O. Ozturk (IX)

Department of Physics, Faculty of Arts and Science, Kastamonu
University, 37100 Kastamonu, Turkey

e-mail: oozturk @kastamonu.edu.tr

H. A. Cetinkara
Department of Physics, Faculty of Arts and Science, Mustafa
Kemal University, 31100 Hatay, Turkey

G. Yildirim - A. Varilci - C. Terzioglu
Department of Physics, Faculty of Arts and Science, Abant Izzet
Baysal University, 14280 Bolu, Turkey

M. Yilmazlar
Faculty of Education, Sakarya University, 54300 Hendek,
Sakarya, Turkey

is confirmed by both an increase of the lattice parameter
a and a decrease of the cell parameter ¢ of the samples in
comparison with that of the pure sample. As for SEM
measurements, it is obtained that the surface morphology
and grain connectivity degrade with the increase of the
Pr,O; addition. Moreover, EDX images show that the
elements used for the preparation of samples distribute
homogeneously and the Pr atoms enter into the crystal
structure by replacing Sr atoms. To sum up, the Pr,O;
addition is found to suppress the mechanical, microstruc-
tural and superconducting properties of the Bi-2212
superconductor.

1 Introduction

Since the discovery of superconductivity, researchers have
tried to improve the superconducting, mechanical and
structural properties of the superconductor materials to
make them suitable for high temperature and magnetic
field applications [1-4]. In particular, Bi—Sr—Ca—Cu-O
(BSCCO) superconductor materials discovered by Maeda
et al. [5] have widely been investigated owing to the fact
that the interest in both the fundamental research and
applications in technology and industry of these materials
in the last decades stems from their remarkable smaller
power losses, high current and magnetic field carrying
capacity, optical and electronic properties [6—14]. The
BSCCO system obtaining a layered structure has three
different phases with respect to its chemical compositions,
the Bi-2201 phase (n = 1, Tc =~ 20 K), the Bi-2212 phase
(n =2, Tc ~ 85 K) and the (Bi, Pb)-2223 phase (n = 3,
Tc ~ 110 K) [15]. Among the Bi-based superconductors,
the double layered cuprate (Bi-2212) is superior to the
others because of the better thermodynamic stability, lesser
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weak link problems [16] and relatively invariant of the
oxygen stoichiometry with respective to cationic doping
[17]. Further, although the Bi-2212 materials play an
important role on the preparation of long wires and tapes,
the applications of them in magnetic field and high tem-
peratures are reported to limit because of their structural
layer, very low charge carrier density, strong anisotropic
properties, extremely short coherence length (&) and large
penetration depth (4) [16, 18]. Similarly, the Bi-2212
superconductors have relatively poor mechanical proper-
ties, limiting the use of these materials in most of practical
applications [19]. Hence, several methods have been
studied to improve these properties of the materials for
years. The rare-earth (RE) doping in the superconductor
materials is one of the most preferred methods. The doping
may lead to increase the number of charge carriers (either
holes or electrons) in the material and so the supercon-
ducting properties might be enhanced. Moreover,
mechanical properties such as the hardness, elastic modu-
lus, yield strength, fracture toughness, brittleness index and
ductility are also important parameters for industrial
applications of the superconductor materials [20]. Inden-
tation microhardness measurements are convenient method
to investigate the mechanical properties.

The aim of this study is to investigate the role of Pr
addition on the structural, superconducting and mechanical
properties of Bi-2212 ceramics by means of the dc elec-
trical resistivity measurements for electrical and super-
conducting properties, microhardness measurements for
mechanical properties, XRD measurements for the phase
composition and lattice parameters and scanning electron
microscopy (SEM) for microstructure examination of the
samples produced in this work.

2 Experimental analysis

The starting materials in this work are commercially
available powders of Bi-2212 and Pr,0; (Alfa Aesar Co.,
Ltd. 99.9% purity). The Pr-added Bi-2212 samples are
prepared at 0.1, 0.3, 0.5, 0.7 and 1.0% doping concentra-
tion by the conventional solid—state reaction method. The
Pr;0; and stock powder are weighed in stoichiometric
proportion and mixed in an agate mortar for 4 h to obtain
homogeneous mixture. After mixing process, the homo-
geneous mixture of powders is pressed under 10 tons to
make the sample 13 mm in diameter. The annealing pro-
cess is carried out at 840 °C for 50 h in programmable tube
furnace. The heating and cooling rates of the furnace are
adjusted to be 5 and 3 °C/min, respectively. Hereafter, we
will use the abbreviations Pure, Pr0.1, Pr0.3, Pr0.5, Pr0.7
and Pr1.0, respectively. All the calcinations and sintering
processes of the samples are performed by using a
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programmable tube furnace (Protherm). For comparison,
an undoped sample (Pure) is also subjected to the same
annealing conditions.

In this study, the dc resistivity measurements are per-
formed on the sample with the four-probe method. Both
voltage and current contacts were made with silver paint in
order to minimize the contact resistance. We measure the
temperature (50-120 K) dependence of resistivity of the
samples by running 5 mA DC current through the sample
in the cryostat. A temperature value, where the resistivity
starts to decrease sharply, is determined to be the critical
temperature (70™°") of the samples. Moreover, the phase
composition of the samples is characterized by XRD
method using a Rigaku D/Max-IIIC XRD with Cu Ku«
radiation (1 = 1.5418 A) in the range 20 = 3-60° at a scan
speed of 3°/min and a step increment of 0.02° at room
temperature. Phase purity and lattice parameters are
deduced from the XRD patterns. The accuracy in deter-
mining the lattice parameters (a and ¢) was determined to
be +0.0001 A. In addition, the grain connectivity and
surface morphology of the samples are examined by means
of a Jeol scanning electron microscope (SEM) JEOL
6390-LV, operated at 20 kV, with a resolution power of
3 nm. The elemental compositions (in the percent) and
distributions (homogeneously or not) of the samples stud-
ied are also investigated by an Oxford X-ray micro-probe
analysis connected to SEM (EDX).

Microhardness measurements of the samples produced
are performed in air by using a digital microhardness tester
(SHIMADZU) at room temperature. The applied load is
varied within the range 0.245-2.940 N for a peak-load time
of 10 s and the diagonals of indentation are measured with
an accuracy of £0.1 pm. The values of Vickers microh-
ardness are determined with an average of 20 readings at
different locations of specimen surfaces. Moreover, the
average particle sizes of the samples produced in this work
are found to be in the range from a few micrometers up to
8 um. Minimum average particle size of 4.6 um is
obtained for pure sample as against 8 pum, respectively, for
the sample doped with 0.1 wt% Pr.

3 Results and discussions
3.1 XRD analysis

The XRD patterns of the samples prepared in this work are
given in Fig. 1. The corresponding (h k L) Miller indices
belonging to Bi(Pb)-2212 main lines are shown in the
diagrams. As seen from the figure, all the samples exhibit
the polycrystalline superconducting phase with more
intensity of diffraction lines with increasing the Pr addition.
Furthermore, no secondary phase containing Pr or any
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Fig. 1 XRD patterns of the Pure, Pr0.3, Pr0.7 and Pr1.0 samples
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Fig. 2 XRD peaks for the (008) plane

other cation is observed even up to x = 1, showing that the
Pr atoms are successfully introduced to the microstructure
of the Bi-2212 phase [21-23]. The peak intensity of the
samples doped increases regularly and other peaks such as
(002) and (006) start to appear completely as the Pr addi-
tion increases. In particular, (008) peak shifting to greater
angle reaches its top point (Fig. 2), revealing that why the
superconducting properties suppress with the Pr doping in
the system. Moreover, the lattice parameters a and c are
calculated using the least square method through d values
and (h k L) planes for tetragonal unit cell structure. The
variation of lattice constants a and ¢ with Pr concentration

in the Bi-2212 samples is depicted in Fig. 3a, b. It is
apparent from the figure that a systematic expansion in the
a-axis length is observed while a regular contraction in the
c-axis length is obtained with the increase in the Pr addi-
tion. It is well known that the increment of charge carriers
(electrons) in high-temperature superconductors leads to
the increase of the oxygen content in the system. The
excess oxygen is captured by Bi—O planes of the sample
due to the oxygen deficiency in these planes and the
positive charges in the planes start to decrease. Therefore,
the bond between the planes becomes stronger and stron-
ger. As a result, the size of Bi—O planes and the length of
c-axis decrease [22, 24-26], confirming that the Bi-2212
superconductors are suitable for the applications at higher
temperature and higher fields [27]. On the other hand, the
lattice parameter a is controlled by the length of in-plane
Cu-O bond [28]. The length may be expanded or con-
tracted with the change of the electrons into antibonding
orbital. In our system this bond length is expanded because
of the partial replacement of Cu®" ions by Pr’" ions,
leading to an increase in the lattice parameter a, and a
decrease in the lattice constant ¢. According to the results,
the Bi-2212 phase decreases while the Bi-2201 phase starts
to enhance with the increase of the Pr addition; however,
Fig. 1 assures that the Bi-2212 phase is dominant for all the
samples produced.

3.2 Hole-carrier concentration calculation

Charge carriers, both holes (p) and electrons (n), are in
charge of the conductivity of the materials. The hole-car-
rier concentrations per Cu ion, p, are calculated by using
the following relation,

P=0.16— {(1—%)/82.6] " (1)

where T2 is taken as 85 K for Bi-2212 phase [29] and T,
values are deduced form Fig. 4. The carrier concentrations
calculated are also tabulated in Table 1. As seen from the
table, the hole-carrier concentrations are found to decrease
with the increasing Pr addition. In other words, the critical
temperature of the pure sample obtaining the greatest hole-
carrier concentration is observed to be higher than the
others (Table 1).

3.3 SEM and EDX analyses

The surface structure, orientations of the grains and accu-
mulation in the grain boundaries of the Pure and Prl.0
samples were investigated by SEM pictures taken in the
secondary electron image mode. The micrographs in Fig. 5
illustrate that the surface morphology changes with
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addition of the Pr atoms in the Bi-2212 system. As seen
from the figure, the granular morphology of all the samples
produced indicates the clear and flaky grains with layered
growth (basic characteristic of Bi-2212 phase formation in
SEM photographs). However, the texturing and layered
grain growth of the pure sample are found to be better
compared to the doped samples. On the other hand, the
most porous structure and softest surface are observed in
the Pr1.0 sample because the platelet grains linked well in
the sample is degraded with the increasement of the Pr
addition due to the random orientation and weak links
between the grains [30].

The elemental composition analyses of the samples were
analytically investigated by the electron dispersive X-ray
(EDX). Figure 6 gives Bi, Sr, Ca, Cu, O, and Pr element
composition mappings taken on the surface of Pure and
Pr1.0 samples studied in this work. As can be seen from the
figures, no differences appear between the samples except
for Pr peak, indicating that the Pr is incorporated into the
crystalline structure of the samples. Moreover, the ele-
ments used for the preparation of samples are observed to
distribute homogeneously (Fig. 6a, b). Nevertheless, it is
apparent from the same figures that Sr concentration in
Pr1.0 sample compared to other element compositions is
found to decrease rapidly. Based on the results of EDX, the
Pr atoms enter into the crystal structure by replacing Sr
atoms [31].

3.4 Electrical resistivity measurements

The temperature dependence of normalized resistivity
(p — T) of pure and Pr-doped samples (0 < x < 1) pro-
duced in this work is given in Fig. 4. It is observed that all
the samples show metallic behavior above the 72" tem-
perature (T > 100 K). The room temperature (at 300 K)
resistivity of the samples is listed in Table 1. As seen from
the table, the resistivity systematically increases to a
maximum (27.2 m€ cm) as against 4.2 mQ cm for the pure
sample with the increase in Pr-content because of the
shrink of the grains. Furthermore, the 72" values (start-
ing-point criterion) estimated from the p — T plots are
plotted against Pr content (see Fig. 7). It is visible that the
To™* value enhances considerably with the increase in the
Pr content and reaches a maximum for the Pr1.0 sample.
The T2"**' is found to be about 87 K for the pure sample
whereas the maximum 72™° of 97 K is obtained for the
Pr1.0 sample.

3.5 Vickers microhardness measurements
We measure the diagonal length as a function of test load

to understand the role of Pr addition on the mechanical
properties of the samples produced in this work. As it is
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Table 1 XRD and resistivity measurement results for the samples

Samples a (A) c (A) Volume fraction (%) 2" (K) Resistivity at Hole
300 K (Q.mm) concentration p
2212-2201
Pure 5.40 30.80 90.0 10.0 87 0.0047 0.125
Pr0.1 541 30.78 89.0 11.0 94 0.0060 0.122
Pr0.3 5.44 30.76 87.6 124 95 0.0074 0.116
Pr0.5 5.45 30.75 86.2 13.8 95.5 0.0075 0.115
Pr0.7 5.48 30.71 82.1 17.9 96 0.0076 0.115
Prl.0 5.49 30.70 80.8 19.2 97 0.0079 0.113

Fig. 5 SEM micrograph of
Pure and Pr1.0 samples

20kv  X5000 5pm

well known, conventional Vickers microhardness mea-
surements are composed of applying a load F on the test
material by means of a geometrically defined indenter and
after the indenter is removed, measuring the characteristic
dimension, d, of the resultant impression.

The Vickers microhardness values of different applied

loads in the range of 0.245-2.940 N are calculated using
the following equation,
Hy = 1854.4 (%) (GPa) 2)
where H, is the Vickers hardness in GPa, F is the applied
load in Newton, and d (in pum unit) is the diagonal length of
the indentation. The Vickers hardness (H,), elastic modulus
(E), yield strength (Y) and fracture toughness (Kic)
computed by means of Eqs. 2-5 are listed in Table 2.

E = 81.9635Hy (3)
Kic = \/2Ey (y, surface energy) (5)

Figure 8 illustrates the variation of microhardness as a
function of the applied load for all the samples produced. It
is apparent from the figure that the microhardness values
are dependence of the Indentation load (ISE, Indentation

Size Effect) and Pr addition. In other words; there is a
decrease in the values of microhardness with the increase

0000 AIBU

20kV  X5000 Spym 0000 AIBU m

in the applied load and Pr content, confirming the weak
grain boundaries, impurity phases and irregular grain ori-
entation distribution [32].

The load dependence can be explained by two dif-
ferent methods: the elastic portion and energy dissipa-
tive processes. In the first method, the indentation
contains an elastic portion. The elastic part of the
deformation is relaxed upon unloading, accounted for
by adding an elastic component, d., to the measured
plastic indentation semidiagonal, d,. Therefore the true
hardness value, Hy, can be found using the following
formula [33]:

(GPa)

Hy= 1854.4[ (6)

F
(dp +de)*
As seen from the equation, the measured indentation
diagonals should be linear with the square root of the
applied load and the slope of such a curve is proportional to
(Hp)"? and the elastic part of the indentation semidiagonal
(d.) can be estimated from the vertical intercept of the
curve obtained. Moreover, the applied load dependence of
the indentation diagonals for all the samples is reinvesti-
gated with the aid of F"? versus d, plots (Fig. 9). Fur-
thermore,H), d. and the estimated linear regression
coefficients (LRC) values calculated for the samples are
given in Table 3 in detail.
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In this study, true microhardness of the undoped sample
(0.977 GPa) is obtained to be lower than the hardness
results (1.018-1.038 GPa) in the plateau region (saturated
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(b) Pr1.0

region). This behaviour is observed in other samples pro-
duced. According to the results, the true value of hardness
is lower than that of the traditionally calculated ones.
Although the experimental data are truly fitted with the
theoretical data (Fig. 9), this model is not suitable for our
results because of the difference between the calculated
results and true hardness values [34].

On the other hand, the second method considering
energy dissipative processes during the indentation rather
than elastic processes is applied consistently to the mea-
sured data [34, 35]. In this method, a true microhardness
defined by subtracting a dissipative part, Fy, from the
applied load can be calculated as follow:

F —Fy

H, =1854.4 (dz) (GPa) (7)

Figure 10 gives the variation of the applied load as a
function of the square of the impression semidiagonal
length for the samples studied in this work. It is visible
from the figure that a good linear relationship is noticed for
all the samples. While the slope of each line coincides with
the load independent hardness constant (Hy), the vertical
intercept of each line shows the sample resistance pressure
(Fp). The true hardness, F,, Hy and LRC values are
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dT:;:,-l: dzen;n;i’czlf‘;lifs Il((:zdfor Samples Load (N) d (um) H, (GPa) E (GPa) Y (GPa) K, (Pa/m'?)
the samples Pure 0.245 18.90 1.271 104.17 0.423 684.66
0.490 28.16 1.145 93.84 0.381 649.98
0.980 40.65 1.099 90.07 0.366 636.64
1.960 59.16 1.038 85.07 0.346 618.72
2.940 71.91 1.018 83.43 0.339 612.72
Pr0.1 0.245 19.77 1.162 95.24 0.387 897.62
0.490 28.58 1.112 91.14 0.370 878.09
0.980 43.75 0.950 77.86 0.316 811.60
1.960 64.30 0.879 72.04 0.293 780.67
2.940 80.56 0.841 68.93 0.280 763.64
Pr0.3 0.245 20.61 1.069 87.61 0.356 847.58
0.490 30.15 0.999 81.88 0.333 819.39
0.980 45.68 0.870 71.30 0.290 764.63
1.960 67.97 0.786 64.42 0.262 726.80
2.940 87.35 0.715 58.60 0.238 693.19
Pr0.5 0.245 2145 0.987 80.89 0.329 888.53
0.490 31.45 0.918 72.04 0.293 838.51
0.980 47.34 0.810 66.39 0.270 804.96
1.960 69.15 0.760 62.29 0.253 779.71
2.940 89.41 0.682 55.89 0.227 738.57
Pr0.7 0.245 22.99 0.859 70.40 0.286 782.61
0.490 34.38 0.768 62.94 0.256 739.98
0.980 52.25 0.665 54.50 0.221 688.58
1.960 76.97 0.613 50.24 0.204 661.12
2.940 97.56 0.573 46.96 0.191 639.18
Prl.0 0.245 23.55 0.819 67.12 0.273 821.72
0.490 34.54 0.761 62.37 0.253 792.11
0.980 54.95 0.601 49.26 0.200 703.95
1.960 79.08 0.581 47.62 0.193 692.13
2.940 100.72 0.537 44.01 0.179 665.38

deduced by Eq. 7 and are tabulated in Table 4. As seen
from the table, the H, values of the samples are found to
decrease while the F, values are obtained to increase with
the increase in the Pr doping. Moreover, the greatest LRC
value is obtained to be 0.99987 for Pr0.1 sample whereas
the smallest one is observed to be 0.99935 for the Prl1.0
sample. According to the experimental observations, the
diagonal length is found to be strictly dependent on the
applied load, also. This expression can be identified with
the following relation [36]:

F

Figure 11 illustrates the values of F/d versus diagonal
length of indentation, d for all the samples. One can
observe from the figure that there is an excellent linear
relationship for the small applied loads. The slop of the
lines corresponds to the true hardness (Hy) while the
intercept of the lines indicates the surface energy (y) value.

The obtained values for Hy, y and LRC are depicted in
Table 5. It is apparent from the table that whereas the true
hardness values decrease, the surface energies enhance
dramatically with the increase of the Pr addition, indicating
the dissipation energy of the cracks at the interfaces
[37, 38].

Additionally, the load independent values of elastic
modulus (Ey), yield strength (Yy) and fracture toughness
(Kjc) of the samples are calculated by means of the true
microhardness (load independent, H,) and listed in
Table 6. As seen from the table, the load independent
values of E, and Y, are observed to decrease with the
increase in the Pr content [39]. Similar observations in the
elastic modulus, yield strength and fracture toughness are
also reported in the literature [40]. Further, the fracture
toughness is obtained to increase as the Pr addition
increases. According to the results, the load independent
values calculated are found to be lower than the load
dependent values (Table 2).
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Fig. 9 Plots of diagonal length versus square root of applied loads for

the samples

Table 3 Best-fit results of experimental data according to Eq. 6

Samples H, (GPa) d. (um) LRC H, (GPa)

Pure 0.977 2.33 0.99983 1.018-1.038
Pr0.1 0.765 4.68 0.99996 0.841-0.879
Pr0.3 0.660 5.89 0.99992 0.715-0.786
Pr0.5 0.625 6.06 0.99978 0.682-0.760
Pr0.7 0.508 7.27 0.99988 0.573-0.613
Prl1.0 0.463 8.37 0.99929 0.537-0.581

@ Springer

Fig. 10 Graph of the applied load against the square of the diagonal
length for the samples

Table 4 Best-fit results of experimental data according to Eq. 7

Samples H, (GPa) Fo (N) LRC H, (GPa)
Pure 1.031 0.046 0.99983 1.018-1.038
Pr0.1 0.834 0.093 0.99987 0.841-0.879
Pr0.3 0.723 0.117 0.99945 0.715-0.786
Pr0.5 0.686 0.119 0.99938 0.682-0.760
Pr0.7 0.565 0.121 0.99963 0.573-0.613
Pr1.0 0.519 0.134 0.99935 0.537-0.581
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Fig. 11 Plots of F/d versus d for the samples
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Table 5 Best-fit results of experimental data according to Eq. 8

Samples H, (GPa) 7y x 1073 (N/luym) LRC H, (GPa)

Pure 0.971 2.25 0.99972  1.018-1.038
Pr0.1 0.741 4.23 0.99987  0.841-0.879
Pr0.3 0.652 4.10 0.99884  0.715-0.786
Pr0.5 0.600 4.88 0.99855  0.682-0.760
Pr0.7 0.493 4.35 0.99832  0.573-0.613
Prl.0 0.441 5.00 0.99517  0.537-0.581

Table 6 The calculated load independent Hy, Ey, Y, and Kjc for the
samples

Samples  H E, Yy K H,
(GPa) (GPa)  (GPa) (Pa/m'®)  (GPa)

Pure 0.971 79586 0323 5984 1.018-1.038
Pr0.1 0.741  60.734 0247 7168 0.841-0.879
Pr0.3 0.652 53440 0217 6619 0.715-0.786
Pr0.5 0.600  49.178 0200 6928 0.682-0.760
Pr0.7 0493 40408 0.164 5929 0.573-0.613
Prl.0 0439 35981 0.146  601.6 0.537-0.581

Moreover, this study reports that the Vickers hardness of
the samples prepared in this work exhibits the typical
indentation size effect (ISE) behavior [41-46]. The
microhardness value calculated decreases non-linearly as
the applied load decreases until 2 N, and then it tends to
attain saturation. According to Khalil [47], this phenomenon
is expressed in two parts; (a) at larger indention loads, the
Vickers hardness registers smaller values, this observation
may result from the presence of weak grain boundaries of the
superconducting ceramics; (b) at smaller indention loads,
the Vickers hardness records higher values, this is attributed
to the fact that the measured hardness value is more indic-
ative of the monocrystalline state without interference from
grain boundaries.

4 Conclusion

In this study, it is investigated that how the Pr,O; addition
affects the structural, superconducting and mechanical
properties of Bi-2212 superconductor via the X-ray dif-
fraction analysis, scanning electron microscopy, electron
dispersive X-ray, Vickers microhardness and resistivity
measurements. The results show that the Pr,O3 addition
degrades the mechanical, microstructural and supercon-
ducting properties of the Bi-2212 superconductor and the
following statements are concluded:

e The Pr addition enhances the onset transition temper-
ature (79"

e SEM images point out that the best surface morphol-
ogy, largest grain size and grain connectivity are
observed for the pure sample. Moreover, EDX inves-
tigations illustrate that the elements used for the
preparation of samples distribute homogeneously and
the Pr atoms enter into the crystal structure.

e XRD results indicate that there is no remarkable
evidence for the forming of second phase. According
to this result, the Pr atoms are successfully introduced
to the microstructure of the Bi-2212 phase. Further-
more, the lattice parameter a increases while ¢ param-
eter reduces with the increase in the Pr doping.

e The Load independent microhardness (H,), elastic
modulus (Ey), yield strength (Y,) and fracture toughness
(Kic) are found to be lower than the load dependent
values (H,, E, Y and Kjc). Moreover, the Vickers
microhardness, elastic modulus, yield strength and
fracture toughness values decrease with the increase
in the applied load.

e The Vickers hardness of the samples studied exhibits
the typical indentation size effect (ISE) behavior.
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