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Abstract In this work, the effects of Pr doping on the
superconducting, structural and mechanical properties of
the samples are analyzed. Pr doped Bi-2212 superconduc-
tors are obtained using solid state reaction method. Dc
resistivity measurements are made to investigate the
superconducting properties, microhardness measurements
are made to analyze the mechanical properties, XRD and
SEM measurements are done for crystal structure deter-
mination and calculation of the lattice parameters. Using
EDS measurements, the change in the elemental compo-
sition with doping is analyzed. The Vickers microhardness
is calculated for undoped and doped samples. The experi-
mental results of the microhardness measurements are
analyzed using Kick’s Law, PSR (proportional specimen
resistance), modified PRS (MPSR) and Hays—Kendall
(HK) approach. The microhardness values of the samples
decrease with Pr addition. The results can be successfully
explained by HK approach.

1 Introduction

As is well known, chemical doping, addition and diffusion
are important for copper based high temperature super-
conductors. Numerous studies are done about doping of
cuprates aiming to enhance their superconducting and
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mechanical properties [1-3]. In literature, the effect of the
addition of various elements instead of Cu, Ca, and Sr on
the superconducting and mechanical properties of Bi-2212
high temperature superconductors are analyzed [4-6] and
increase in 72" and decrease of room temperature resis-
tivities are observed. The studies on Pr addition showed an
increase in room temperature resistivity and decrease in the
critical temperature (7¢™") with increasing amount of
addition [7-10].

The mechanical properties of superconductors are
important for industrial applications. Generally, supercon-
ducting applications require superconductors in the form of
wires or tapes. Useful superconductors need to be strong,
flexible, and ductile as well as having good superconduc-
ting properties. Indentation microhardness is a convenient
method to investigate the mechanical properties. In this
study, Praseodymium (Pr) added Bi-2212 samples are
prepared using solid state reaction method. XRD, SEM,
EDS, electrical resistivity (R-T) and Vickers microhard-
ness measurements are made to investigate the effect of Pr
addition on the superconducting and mechanical properties
of the samples.

2 Experimental techniques

To produce Pr added Bi-2212 samples, Pr,0; powder was
added at 0.1, 0.2, 0.3, 0.5, 0.7, and 1% ratios. The resultant
powder was ground for 4 h to obtain a homogeneous
sample and then pressed at 10 tons to obtain pellets 13 mm
in diameter and 1-1.5 mm in thickness. The pellets were
put into a tube furnace and heated to an optimum tem-
perature of 840 °C with 10 °C/min. They are kept at this
temperature for 50 h and cooled down to room temperature
with 3 °C/min.
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For transport measurements, four-point contacts are
made with silver paste. The resistivities of the samples as a
function of temperature are measured in a cryostat using
5 mA direct current in the temperature range 25-120 K
with 5 K/min cooling and heating rates. The transition
temperature (72"°') is decided as the critical temperature
where the resistance decreased and superconductivity
started. To investigate the surface structure, possible
accumulation at the grain boundaries and the grain sizes,
SEM analyses were made. XRD measurements are made to
calculate the crystal structure and crystal parameters.
Moreover, EDS (Energy dispersive spectrometer) is used to
all samples investigate the change in ion quantity with
addition. Vickers microhardness measurements are made
on the sample surfaces at room temperature to investigate
the effect of Pr addition on the mechanical properties using
a digital microhardness tester (SHIMADZU). The load was
applied for 10 s and changed in the range 0.245-2.940 N.
The indentations were made at different regions of the
sample surfaces making sure that the indentations do not
overlap.

3 Results and discussion
3.1 XRD analyses

The undoped Bi-2212 sample is called Pure, and Pr added
samples are called Pr0.1, Pr0.3, Pr0.5, Pr0.7 and Prl.0,
respectively. In Fig. 1, the XRD graphs of the samples are
shown. The crytal parameters are calculated using least
squres method from XRD graph and are tabulated in
Table 1. Increasing the amount of Pr decreases the volume
fraction of 2212 phase and increases that of 2201 phase.
The dominant phase is the 2212 phase. With Pr addition,
the a parameter icreases and the ¢ parameter decreases.
This result shows the majority of the resultant phase is
Bi-2212 and Pr ions enter into the crystal structure of
Bi-2212 superconductor [7, 11].

The XRD peak belonging to (008) plane is shown in
Fig. 2. The peaks shift to higher angles with Pr addition.
This shift shows that the ¢ parameter decreases with
increasing Pr addition. The change in ¢ parameter is due to
the insertion of the majority of the dopant rare earth ele-
ments into the crystal structure [6, 11, 12].

In high temperature superconductors, the exchange of
+3 valency rare earths with 42 valency Sr or Ca results in
an increase in the oxygen content due to the added electron
in the system. The excess oxygen is taken by oxygen
deficient Bi—O double planes. This results in a decrease in
the positive charge in Bi—O planes so the repelling force
between positive charges decreases and the connections
will be tighter. As a result, the sizes of Bi—O planes and the
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Fig. 1 XRD patterns of the Pure, Pr0.3, Pr0.7 and Prl1.0 samples

length of the ¢ parameter decrease. Moreover, when the
radius of the added ion is smaller than that of Sr (1.12 A)
the ¢ parameter is expected to decrease. Systematic
increase in the a parameter is observed with Pr (1.013 10\)
addition. This is an expected result due to extra electrons
arising with Pr addition. The effective valency of Cu
decreases which results in an increase in Cu—O bond length
and thus the a parameter also increases [13—15].

3.2 Carrier concentration calculation

It is known that the transition temperature in high tem-
perature superconductors depends on the density of mobile
holes in the CuO, planes. As stated above, replacement of
Sr*™ or Ca®" with Pr’" is expected to decrease the hole
concentration in the system.

The carrier concentration, p, is calculated by using the
relation,

T.)T™™ =1 — 82.6(p — 0.16) (1)

where T¢™* is taken as 85 K for Bi-2212 system [16]. The
calculated carrier concentrations of the samples are sum-
marized in Table 1. It is observed that the hole carrier
concentration decreases with increasing Pr doping level.

3.3 Grain size calculation

One of the important calculations based on XRD analyses
is the calculation of grain sizes. This can be made using the
FWHM (full width at half maximum) of the peaks and the
relation;

D =10.94./fcos0 (2)
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Table 1 Some characteristics of superconducting samples
Samples aA) c A Volume fraction (%) Tttt (K) Resistivity at Hole Grain
2212-2201 300 K (© mm) concentration size (A)
p
Pure 5.40 30.80 90.0-10.0 87.0-76.0 0.0047 0.125 4.643
Pr0.1 5.41 30.78 89.0-11.0 94.0-75.0 0.0060 0.122 4.594
Pr0.3 5.44 30.76 87.6-12.4 95.0-72.0 0.0074 0.116 3.960
Pr0.5 5.45 30.75 86.2-13.8 95.5-71.0 0.0075 0.115 3.334
Pr0.7 5.48 30.71 82.1-17.9 96.0-71.0 0.0076 0.115 3.292
Pr1.0 5.49 30.70 80.8-19.2 97.0-70.0 0.0079 0.113 3.280
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Fig. 2 XRD peaks for the (008) plane

where f is FWHM value for a characteristic peak. The
calculated grain sizes are tabulated in Table 1. As can be
seen from the table, the grain sizes decrease with Pr
addition a result which is supported by the SEM results.

3.4 SEM and EDS analyses

Flaky grains which are common in Bi-2212 high temper-
ature superconductors are seen both for pure and Pr added
samples. Figure 3 shows that the grain sizes decrease and
porosity increases with doping. When Pure and Prl.0
samples are compared, the grains of the Pr1.0 sample are
smaller and the surface is more porous. As a result, there is
no enhancement in the surface structure due to Pr addition.

For all samples with and without addition, energy dis-
persive spectrometer is used to analyze the ion amount due
to addition. In Fig. 4, the change in ion amounts due to
addition is shown. The density of Sr decreases associated
with an increase in Pr density. A small decrease is also seen
in Ca groups. But the decrease in Sr is more pronounced.
These results show that Sr atoms are replaced by Pr atoms
in Bi-2212 structure [4].

sample as shown in Fig. 5. This is due to the higher
impurity levels and lattice defects of the doped samples [5].

3.6 Microhardness and modelling

The load dependent (Vickers) microhardness values of the
samples are calculated using the relation;

H, = 1854.4(F /d*) (3)

where F is the applied load in N and d is the diagonal
length of the indentation mark in pum. From the microh-
ardness measurement results, it is observed that the load
dependent microhardness values decrease with applied
load for all samples as shown in Fig. 6. The variation of
load dependent microhardness has a similar shape for all
samples. Quinn and Quinn (1997) [17] analyzed the load
dependent Vickers microhardness of various ceramic
samples and they observed a smooth convergence of the
hardness- load curves to a plateau of constant hardness
value. They claimed that the value of the hardness at the
plateau region gives the real hardness value. For higher
values of applied load, the microhardness values saturate in
the plateu region. In this region the dependence of mi-
crohardness to the applied load is weak. In the proceeding
sections, the values of microhardness in this plateu region
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Fig. 3 SEM micrograph of
Pure and Pr1.0 samples
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Fig. 4 EDS patterns of a Pure,

b Pr1.0 samples
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are used for comparison with several proposed models to
calculate load independent microhardness. The undoped
(pure) sample has the highest microhardness values for all
values of applied load. With increasing amount of doping
level the microhardness values decrease monotically. The
decrease of microhardness with doping can be explained by
the formation of impurities and irregularities and to the
increase in porosity as observed in SEM measurements.
The nonlinear relation between applied load and microh-
ardness is observed in similar studies [18-24]. In literature,

@ Springer

several models are proposed to calculate the load inde-
pendent microhardness and to explain ISE (indentation size
effect). These models are used in this study to calculate
load independent microhardness values for all samples

[18, 19].

3.6.1 Analysis according to Meyer’s law

One of the commonly used relations to explain ISE is
Meyer’s law [17].
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Fig. 5 Resistivity as a function of temperature curves for the samples

Fig. 7 Variation of applied load InF with diagonal Ind for the

samples

Table 2 Best-fit results of experimental data according to Meyer’s

law

Samples Meyer InA 1k Regression
number (GPa) coefficient (R)
Ty

Pure 1.856 —6.885 0.99972

Pr0.1 1.753 —6.624 0.99978

Pr0.3 1.718 —6.586 0.99988

Pr0.5 1.745 —6.745 0.99985

Pr0.7 1.718 —6.797 0.99993

Prl1.0 1.698 —6.766 0.99937
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Fig. 6 Variation of load dependent microhardness H, with applied
load F

F=Ad" 4)

where n is Meyer number which is obtained from the fitted
curves of the experimental data. The slope of the In F-In
d graph gives ny, and the vertical intercept is A k. The
linear relation in the graph shows that Meyer’s law is
suitable for the calculation of microhardness values using
PRS model, MPRS model and Hays Kendall approach. The
values of LRC, In Ak and ng obtained from Fig. 7 are
tabulated in Table 2. The value of Meyer number decreases
with Pr addition. This result also shows that microhardness
decreases with Pr addition since for lower values of n, an
applied load F produces longer indentations (d). The value
of Meyer number is less than 2 for the samples which

proves that the load dependent displacement is via ISE
behaviour.

3.6.2 Analysis according to PSR model

An alternative to analyze ISE behaviour is the proportional
sample resistance (PSR) model.

F/d = Wpsr + Aipsrd (5)

The hardness value according to PSR model can be
calculated using

H, = 1854.4A psr (6)

The variation of F/d versus d of the samples are given in
Fig. 8. The calculated values of load independent microh-
ardness values are given in Table 3. The microhardness
values decrease with Pr addition. The load independent
hardness values of the samples calculated using PSR model
are lower than the values of the plateu region. As seen from
the figure, there is prominent divergence from linearity
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Fig. 8 Plots of F/d versus d for the samples

especially for higher concentrations of Pr doping. Moreover,
the calculated load dependent microhardness value is far
from the load independent microhardness value calculated
using PSR model. Therefore, it is clear that PSR model is
not adequate for determination of the real microhardness
value of BSCCO polycrytals.

3.6.3 Analysis according to modified PSR (MPSR) model

According to this model, the physical meaning of Agyprs
and Ajpprs parameters are the same as the ones in PSR
model [17].

F = Wypsr + Aomprsd + A vprsd?

(7)

The values of Agmprs and Ajvprs are obtained from
F—d graph as shown in Fig. 9. Using MPSR model, the
load independent hardness values are calculated as,
Hyipsg = 1854.4AMpsr (8)

The values of Wypsr, Aompsrs Aipsk and LRC and
associated load independent hardness values are given in
Table 4. As seen in the table, the values of load

Table 3 Best-fit results of experimental data according to PSR model

d (um)

Fig. 9 Variation of applied load with the indentation diagonal length
for the samples

independent hardness calculated using MPSR model are
also far from the values of the plateau region.

3.6.4 Analysis using Hays—Kendall approach

Hays—Kendall (1973) suggested that the experimentally
measured indentation size is proportional to an effective
load For = F — Wyk instead of the applied load F [20].

F — Wik = Apxd® 9)

In Fig. 10, the correlation coefficients of the graph of the
samples are very high. As seen from the figure, the Wyg
value (y-intercept of the graph) needed to generate the
initial deformation increases with doping level. For this
model the load independent hardness value is calculated
using;

Hypgk = 1854.4A 13k (10)

The slope of the curve in Fig. 10 gives the value of
Ak In Table 5 the values of load independent hardness
values, Wy, nyk, and LRC are given. The load indepen-
dent microhardness value decreases monotically with Pr

Samples Wpsr X 1073 (V) Apsr X 1073 (N/pm) R Load independent Load dependent hardness
hardness (in plateau region)
Hpsg (GPa) Hy (GPa)

Pure 2.25 52.43 0.99972 0.972 1.018-1.038

Pr0.1 4.23 40.04 0.99987 0.742 0.841-0.879

Pr0.3 4.10 35.29 0.99884 0.654 0.715-0.786

Pr0.5 4.88 32.44 0.99855 0.601 0.682-0.760

Pr0.7 4.35 26.65 0.99832 0.494 0.573-0.613

Pr1.0 5.00 23.82 0.99510 0.441 0.537-0.581
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Table 4 Best-fit results of experimental data according to MPSR model

Samples Wampsr (N) Aompsr X 107° Aimpsr X 1073 R Load independent Load dependent
(N/pm) (N/ umz) hardness hardness
Hypsr (GPa) Hy (GPa)
Pure 0.080 —174.4 57.51 0.99985 1.066 1.018-1.038
Pr0.1 —0.038 746.9 36.65 0.99996 0.679 0.841-0.879
Pr0.3 —0.155 1402.1 24.66 0.99999 0.457 0.715-0.786
Pr0.5 —0.178 1408.3 23.48 0.99966 0.435 0.682-0.760
Pr0.7 —0.070 824.6 23.26 0.99994 0.431 0.573-0.613
Pr1.0 —0.036 674.7 22.78 0.99961 0.422 0.537-0.581
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0 I I I I
0 2000 4000 6000 8000 110*

d?(um?)

1,210°

Fig. 10 Applied load versus the square of the impression semi-
diagonal length for the samples

addition. The value of nyy is higher than 2 which shows
that the load independent microhardness value calculated
from HK model reached to the plateau region where the
hardness becomes load independent. In HK approach, the
graph shows excellent linearity with high regression coef-
ficents implying that it successfully describes the indenta-
tion data of the samples.

The results of the hardness values for PSR, MPSR, and
HK models are given along with Vickers microhardness

Table 5 Best-fit results of experimental data according to HK model

values of the samples in the plateu region in Table 6 for
comparison. The addition of Pr decreases Vickers microh-
ardness values of the samples as seen in Fig. 11, similar
behaviour is observed for all compared models. As a result,
the load independent microhardness value calculated using
HK approach gives closer results to the ones in the plateau
region when compared to the PSR and MPSR models. In
literature it is stated that the load independent microhardness
values should converge to the values of the plateau region
[18—24]. Since the experimental results have high correlation
and the calculated load independent microhardness value
converge to the one in the plateau region, Hays—Kendall
model is the most suitable one for the calculation of mi-
crohardness of the samples used in this study.

4 Conclusions

The effect of Pr doping on the mechanical and supercon-
ducting properties of Bi-2212 is analysed. To determine the
mechanical properties, the results of the microhardness
measuremenets are analyzed using Kick’s law, PSR,
MPRS, and Hays—Kendal approach and the following
results are obtained:

e Room temperature resistivity increased with Pr doping
level.

e The superconducting transition temperature (7"
increased with Pr doping level.

Samples Load independent Wak (N) R NHK LRC Load independent Hy (GPa)
hardness constant hardness
A1nk(GPa) Hyux (GPa)
Pure 55.64 x 107° 0.046 0.99983 1.994 0.99993 1.031 1.018-1.038
Pr0.1 45.06 x 107° 0.093 0.99987 2.048 0.99775 0.835 0.841-0.879
Pr0.3 39.18 x 107° 0.117 0.99945 2.110 0.99588 0.726 0.715-0.786
Pr0.5 37.06 x 107> 0.119 0.99938 2.154 0.99597 0.687 0.682-0.760
Pr0.7 30.52 x 1073 0.121 0.99963 2.133 0.99702 0.565 0.573-0.613
Prl1.0 28.08 x 107° 0.134 0.99919 2.153 0.99625 0.520 0.537-0.581
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Table 6 The results of load dependent Vickers microhardness at the plateu region and load independent hardness values calculated using PSR,

MPSR, and HK models

Samples Load dependent Load independent Load independent Load independent
hardness (in plateau region) hardness hardness hardness
Hy (GPa) Hpsr (GPa) Hypsr (GPa) Hyuk (GPa)
Pure 1.018-1.038 0.972 1.066 1.031
Pr0.1 0.841-0.879 0.742 0.679 0.835
Pr0.3 0.715-0.786 0.654 0.457 0.726
Pr0.5 0.682-0.760 0.601 0.435 0.687
Pr0.7 0.573-0.613 0.494 0.431 0.565
Prl.0 0.537-0.581 0.441 0.422 0.520
151 . . . 34 g 2+ g
® Pure ionic radii between Pr'™ (1.013 A) and Sr*™" (1.120 A)
W Pro.1 .. . . .
. e P03 are significant factors of atomic substitutions.
1 v oS o The experimental results of the microhardness mea-
surements are analysed using Kick’s law, PSR, MPSR
0.9 and Hays—Kendal approach and the acceptable results
—_ obtained with HK approach.
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