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Abstract

In this study, we have examined the structural, superconducting and mechanical properties of Y;BasCug_,Co,05_5 Sys-
tem (x=0, 0.05, 0.1, 0.15, 0.2 and 0.5), which is produced by conventional solid-state reaction method. Produced samples
have been examined using X-ray diffraction (XRD), Scanning electron microscopy (SEM), Energy dispersive X-ray spec-
troscopy (EDS), Vicker’s hardness (H,) and electrical resistance measurement (R-T). According to the XRD patterns, we
have obtained that the Co nanopowder doping has been caused some changes on the average grain size, characteristic peak
intensities and lattice parameters of the Y;BasCugO,g_ crystal system. Furthermore, according to the electrical resistance
measurements, the critical temperature (T,) values of all the samples have tended to decrease constantly with the increment
in the doping ratio in the Y358 crystal structure. As for the variation in the microhardness parameters of superconducting
materials, the H, parameters and other related computations (Young’s modulus and yield strengths) have been found to
increase regularly with the Co/Cu substitution level. Besides, the characteristic H, curves have confirmed that the whole

bulk of Bi-2212 samples showed untypical reverse indentation size effect (RISE) behavior.

1 Introduction

Numerous researches have been conducted on the techno-
logical applications of high-T, superconductors (HTCs) such
as Maglev train, trapped flux magnet, flywheel energy stor-
age and magnetic bearing [1-4], since the high temperature
superconductor YBaCuO (YBCO) has been discovered.
Therefore, many techniques have been used to improve
the physical, electrical, microstructural, superconduct-
ing and mechanical properties of the HTCs to make them
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appropriate for applications. In recent years, chemical dop-
ing or substitution and changing the production parameters
such as the atmosphere, duration, temperature which affect-
ing the result has been studied frequently [5, 6]. As it is well
known, the critical temperature of YBCO is one of the most
substantial superconducting features in terms of technologi-
cal applications [7].

With the discovery of YBa,Cu;0;_5 (Y123) bulk super-
conductor with critical temperature of 92 K, many scientists
have started to work on material due to its wide-scale appli-
cations [8—10].

In 2009, Aliabadi et al. [11]. reported a new member of
YBCO family, which is synthesized by solid state reaction
method and has T, value above 100 K. Higher T, values of
YBCO system have excited the attention of many research-
ers. The Y;BasCug_,Co,0,5_5 (Y358) phase discovered
contains the CuO chains and CuO, planes as in the other
members of YBCO family.

In high temperature superconductors, the number of CuO
layers and CuO chains plays an important role in critical
temperature and superconductivity mechanism. While Y123
phase has two CuO, planes and one CuO chain, there are
five CuO, planes which are separated from two BaO layers
and three CuO chains in Y358 phase [12]. According to
the previous works, it can be said that the number of CuO,
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layers and the positions of CuO chains have favorable effect
on the critical temperature values of YBCO systems [13]. In
addition to these, many groups have been published many
papers about Y358 phase [14-20].

In the Cu-doped Y358 system which is studied by T.
Metin et al. [21], the critical temperature of the pure sample
has been found as 95.6 K. There are some other groups that
have studied on Y358 and they have reported the critical
temperature value as 94 K [22] and 92.7 K [23] for Y358
phase produced by solid state reaction method. Ekicibil et al.
[24]. have been investigated the superconducting proper-
ties of Y358 with and without Ca doping. They have been
reported that zero resistivity temperature of the undoped
Y358 and Ca doped is 87.6 K and 79.4 K respectively. Also
in their study Akyol et al. [25]. have been reported the offset
temperature of the Y358 as 87.6 K.

In different studies, despite similar critical temperature
values were obtained, these results remained below the
values obtained by Aliabadi et al. [11]. Also it has been
reported that, a and b crystal lattice parameters of Y358
are close to Y123 but ¢ parameter is nearly 3 times bigger
than Y123 [11, 12, 26-28]. The crystal structure of Y358
is similar to Y123, except c lattice parameter which is three
times bigger than Y123.

Hardness, elastic modulus and yield strength properties
of the samples are important as well as the superconducting
properties of ceramic superconductors for industrial applica-
tions such as fabrication of superconducting wires [29-31].
Microhardness is a mechanical property that measures
material resistance by applying deformation technique in a
controlled manner. The most common procedure of micro-
hardness determination is Vickers microhardness method
[32, 33]. Many papers have been published by researches
for investigating Vickers microhardness values of HTCs
[34-36].

In this study, Y;BasCug_,Co,0,5_5 system (x=0, 0.05,
0.1, 0.15, 0.2 and 0.5) were produced by solid state reaction
method and the superconducting, structural and mechanical
properties of the samples were investigated by XRD, SEM,
EDS, microhardness and resistance (R-T) measurements.

2 Experimental procedure

All the samples synthesized successfully by using solid-state
reaction method. In order to reach intended stoichiometries,
required amounts of Y,O; (Yttrium (III) oxide %99.99, Alfa
Aesar), BaCO; (Barium carbonate %99.95, Alfa Aesar),
CuO (Copper (IT) oxide %99.9995, Alfa Aesar) and Co-
nanopowder (Cobalt powder-325 mesh %99.5, Alfa Aesar)
are weighed depending on the Y;BasCug_,Co,0,5_5 Sys-
tem (0 <x <0.5). The calculated and weighed amounts of
powders are grinded in an agate mortar for 1 h. Obtained

powders are calcined in furnace with alumina crucible for
24 h at 850 °C, in air atmosphere. After first calcination,
powders are grinded again for 1 h and this cycle repeated
two times more (in total three calcination processes were
applied). Once the third calcination process has been fin-
ished, the powders are pressed at 8 tones for 10 min by
hydraulics press to obtain bulk samples which have 13 mm
diameter and ~2 mm thickness. Samples in the bulk form
are annealed in tube furnace at 930 °C for 24 h in air and
cooled down to 500 °C (5 "C/min heating and cooling rates)
and sintered for 5 h in O, atmosphere. Sintering is one of
the most important process for superconductors to obtain
denser samples with reduced pore size. Produced samples
are named as Y358-0, Y358-5, Y358-10, Y358-15, Y358-20
and Y358-50 according to doping ratios of x =0.00, 0.05,
0.10, 0.15, 0.20 and 0.50, respectively.

XRD measurements are performed by Bruker D8 advance
X-Ray diffractometer with CuKa target with wavelength
1.5418 A. The Rietveld refinement have used to calculate
the impurity phase structure and lattice parameters. SEM
and EDS measurements are conducted by FEI Quanta Feg
250 scanning electron microscope to identify grains and
surface morphology. Vicker’s Microhardness measurements
are performed by Shimadzu HMV-2 Vicker’s Microhard-
ness Tester and electrical resistance (R—T) measurements are
done by standard four probe method by using Janis CCS450
cryostat, Keithley 6221 current source and Keithley 2182A
nanovoltmeter.

3 Results and discussion
3.1 XRD measurements

XRD patterns of the samples are obtained between 3—90°
at room temperature (Fig. 1). The diffraction patterns of the
superconducting systems are used to determine the phase
analysis, crystalline size, interplanar distance, cell param-
eters and texture analyses.

Characteristic peaks in related with the Y358 phase are
marked on the patterns and (108) and (018) peaks are given
in Fig. 2. Except for the Y358-50 compound, the charac-
teristic peak intensities generally decreased with increas-
ing the doping ratio of Co nanoparticle. The increment in
the Co concentration leads to distort Y358 crystal structure.
Increased particle growth and the orienting of the particles
in the entity of Co ions may be the reason for the decrease
in peak intensity. Extra peak related to the Co has not been
observed in XRD results. This result can be explained by
successful substitution of Co ions with Cu ions of host
YBCO superconductor without altering crystal structure.
Crystal lattice parameters g, b and c are calculated by using
the XRD data (Eq. 1). The obtained a and b values are
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Fig.2 (108) and (018) peaks that are distinctive for Y358 phase

found to be close to each other, but an enlargement in the
c-axis length with increasing Co ratio. The change in the a,
b, c lattice constant parameters did not completely disrupt
the orthorhombic structure but little shifts from the ideal
orthorhombic structure were observed. While the a and b
lattice cell parameters are nearly the same with Y123 super-
conducting phase, the c-axis values of Y358 are noted to be
nearly 3 times of Y123 [12, 13, 37].

1 kK P
2 a2 pta M

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. The value can be calculated
by means of the well-known approach, the Warren-Sherrer
equation (Eq. 2 and Eq. 3). The average grain sizes esti-
mated from FWHM (full width half maximum) data in XRD
spectrum are calculated using four peaks in spectrum (018),
(017), (100) and (117) [38]. The average grain size param-
eter has been found to change in a range of 22.46 nm (for
the bulk Y358-0 compound)-31.47 nm (for the Y358-50
superconducting material). Thus, Table 1 guarantees that
the average crystallite size of produced samples increases
constantly with enhancing the doping ratio of Co nanopar-
ticle in the Y358 crystal system. The change in the average
grain size may be related to the bonding states of Cu and Co
elements. In more detail, the difference between the configu-
rations of outer-shell electrons for the Cu and Co elements
can affect the dominant role on the grain size parameters.
The representative configuration for the copper element is
3d10 4s1 when 3d7 4s2 is known the outer-shell electrons
for the cobalt element. In this respect, the cobalt atoms are
much easier to bond with surrounding oxygen atoms by
d—s—p orbital hybridization as compared to the copper atoms
when surrounding the oxygen atoms in the crystal structure.
Thus, the formation of bond between the Cu and oxygen
atoms requires much more energy than that of Co atoms [39,
40]. The more extra energy the formation of bond needs the

Table 1 Orthorhombicity and lattice parameters calculated by XRD and Reitveld refinement data

Sample Grain Size (nm)  Calculated from XRD Reitveld refinement )
Y358 phase Y123 phase G.OF Rw Rwp
ad) bA c@A ald) bA cAd ald) bA c@A)
Y358-0 22.46 388 382 31.04 3.83 3388 3093 347 3.88 11.64 041 9.19 1275 0.843
Y358-5 23.32 388 382 31.01 384 390 31.07 383 388 11.68 0.38 7.67 1148 0.820
Y358-10 23.37 388 382 31.00 384 388 30.88 3.83  3.89 11.62  0.34 7.52 1051 0.810
Y358-15  24.02 389 382 3097 3.85 3.89 31.10 3.83 3.87 11.67 0.34 7.67 1023 0.791
Y358-20 30.41 389 383 3093 3.84 3.89 3097 3.84 3.86 11.66 0.33 6.96 9.54 0.787
Y358-50 31.47 390 386 30.87 3.84 3.89 3096 3.84 3.87 11.68 0.42 9.05 1241 0516
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shorter average grain size the material obtains. Namely, the
impact of bonding formed by the Cu and O atoms presents
the dominant character in the crystal matrix. Consequently,
the grain size tends to increase systematically with the aug-
mentation in the cobalt impurity level in the YBCO-358
superconducting crystal structure.

0.94
D=
Bcos o 2)
B =B -B €)

The calculated, measured XRD patterns of the Y358-0
sample and their difference are given in Fig. 3. These data
were obtained by applying Rietveld refinement with Janna
2006 program. It was observed that the samples produced
had Y358 and Y123 phases respectively in Pmm?2 and
Pmmm space groups. For the Y358 structure, the lattice
parameters obtained from refinement process are given
in Table 1 together with the calculated XRD parameters.
According to the comparisons in Table 1, it is clear that all
samples produced have orthorhombic structure. It is clear
that the values obtained are consistent with the literature
[11, 12]. Additionally, goodness of fit (G.O.F.) and qual-
ity factors (Rp, Rwp) obtained from refinement process are
given in Table 1. From the XRD patterns, the values calcu-
lated with the Warren Sherrer formula are consistent with
the Rietveld refinement values.

The orthorhombicity (6) of samples has been calculated
by using 6 = 100(a — b)/(a + b) relation and results are
given in Table 1. From the Table 1, orthorhombicity param-
eter of the samples decreases with the doping ratio of Co.

The Y358-0 sample had 0.8435 orthorhombicity, while the
orthorhombicity of Y358-50 sample was 0.5169. This shows
that the structure gradually deteriorated with the increasing
of doping ratio.

3.2 SEM, EDS measurements

SEM images in the different magnifications taken from the
specimen surfaces of undoped and Co doped Y358 bulk
samples are shown in Fig. 4a—f. In the SEM images given in
Fig. 3, the images on the inner corner have a magnification
of 15,000 and a scale of 5 um, while the external images
have a magnification of 5000 and a scale of 20 um.

When the SEM images are examined, it is seen that the
Y358 phase has a layered grain structure known as the
plate-like [41]. In the structures, the particles are observed
to grow randomly in all the directions. This is due to the
fact that two-dimensional growth occurs faster and requires
less energy than the grain refinement [42]. As seen from the
SEM figures, the surface morphology of produced samples is
found to depend extremely on the Co substitution ratio. The
particle sizes and distances between particles are changed
due to the increment in the doping ratio. Also, the surface
porosity is obtained to change by the Co doping level. The
increase in particle sizes (seen clearly in SEM images) is
consistent with XRD data. According to the SEM images,
the homogeneity of the samples prepared is observed to
decrease regularly with increasing the Co substitution ratio.

The elements in the material, possible impurities and con-
tribution element rates can quantitatively be obtained by the
EDS analysis. The experimental results of EDS analysis are

Intensity
150
100
50
]
Phase#2 | ! L I A N A O L S o G G
Phase#1 R S S (o G T AT bl
0.0 _mvw#,.a».m.;iﬂupm,m.‘,wa..a ‘‘‘‘‘ L,ﬁ. LVMLAMJW_MMJJIM,WJ\dwwmw.«.yuu,v.wﬂ,«,»ﬂ‘wumh,.},u,\..mn.)w,I.Lu_.a\.ﬂwa,mwwwm.muuw
10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 2th

Fig. 3 Results of Reitveld refinemet apllied for Y358-0 sample (Phasel and Phase2 are Y358 and Y 123 phases, respectively)
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Fig.4 SEM images of the produced samples a Y358-0, b Y358-5, ¢ Y358-10, d Y358-15, e Y358-20, f Y358-50

given in Fig. 5a—f (In Fig. 5, the X- and Y- axis represents elements (Y, Ba, Cu, Co and O elements) throughout the
the energy and count respectively). According to the figures,  preparation process. However, the cobalt element distribu-
every material prepared in this work consists of the used  tion is not detected for the pure sample. This is attributed
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Fig.5 EDS images and tables of the produced samples a Y358-0, b Y358-5, ¢ Y358-10, d Y358-15, e Y358-20, f Y358-50
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to the fact that the preparation process for the bulk YBCO-
358 superconducting ceramic composites is performed
thoroughly. Moreover, one can see the intensity and related
weight percentage values of Y, Ba, Cu, Co and O elements in
the tables inside Fig. 5a—f. It is obvious from the figure that
the Y, Ba, Cu and O elements exhibit approximately constant
for all the pure and Co/Cu substituted YBCO-358 materials
whereas the weight percentage value founded on the cobalt
element distribution is found to enhance regularly with the
increment in the level of Co-nanopowder dopant material
in the YBCO-358 crystal structure as planned. At the same
time, generally the Cu ratio tends to decrease constantly with
increasing the Co element ratio. It is just this last descrip-
tor that is successfully partial substitution of Cu impurities
by the Co elements (occupation of Cu-sites in part by Co
atoms) in the YBCO-358 superconducting crystal structure
[43]. To sum up, the variation of the element distributions
displays why the structural, superconducting and mechanical
characteristic properties diminish remarkably with the pres-
ence of the cobalt impurity in the YBCO-358 superconduct-
ing crystal structure.

3.3 Electrical measurements

The electrical resistance of samples produced was measured
in the range of 45-300 K. To investigate the effects of Co
content in the Y358 system, the dc electrical resistance as
a function of temperature (R-T) measurements have been
performed and the measurement results were represented in
Fig. 6 in detail. Figure 7 is the electrical resistance graph of
the Y358-50 sample, which does not show superconduct-
ing properties. Standard four probe methods were chosen
to measure electrical resistance and 5 mA DC current was
applied to the sample surface.
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Fig.7 Resistance dependences on the temperature for Y358-50 sam-
ple

The offset (7%*“) and onset (T transition critical
temperature values and broadening degrees (AT) extracted
from the R-T curves are given in Table 2. Above the 72"
value all samples were found to show metallic-insulator
behavior. The room temperature resistance of produced sam-
ples increases in proportion to the contribution of Co nano-
particle. The reason of increment in the room temperature
resistance values could be due to the increased Co doping
ratio in the crystal system.

Itis visible from Table 2 that both the 7°"**' and TP values
decreased consistently with increasing the Co content level in
the system. The highest and lowest 79"**' values were observed
as 92.42 K and 68.55 K for Y358-0 and Y358-20, respectively.
It is clear from the figure that the electrical resistance curves of
the produced samples vary with the Co content. The difference
between 7% and 7% is named as transition temperature
width (AT) and the results are given in Table 2. With the incre-
ment in the doping ratio, the transition temperature decreases
while the AT value enhances. This case is in accordance with
the existence of impurities in the Y358 system, weak links
between the superconducting grains and grain disorientations,
supporting the results of SEM measurements. It can be a result

Table 2 Critical temperature values of superconducting samples

0,00 ==
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® Y3585

Y358-10]
* Y358-15|
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40

Fig.6 Resistance as a function of temperature curves for produced

samples
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Samples T, (K) T.ofet (K) AT, (K)
Y358-0 92.48 86.20 6.28
Y358-5 88.22 78.24 9.98
Y358-10 85.62 72.84 12.78
Y358-15 83.53 69.81 13.72
Y358-20 68.55 49.02 19.53
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of the enhancement in the impurities in the crystal structure

[11].
3.4 Mechanical measurements

Microhardness is a test for measuring the hardness and
defining the mechanical properties of the materials. Vickers
hardness is one of the most common methods used to define
the mechanical properties. Vickers hardness values depend
on measured the diameters of an indentation which left by
a pyramidal indenter tip with different loads. In the present
study, five different loads (F=0.245, 0.490, 0.980, 1.960,
2.940 N) were used to investigate mechanical properties of
Y358 samples at room temperature. Vickers microhardness
values (Hy) are also calculated using Eq. 4:

H, = 18544 —F @)

d\+d,
2

where, d; and d, are the diameters of indentation and F is
the applied load. To make more accurate measurements, the
microhardness values were determined as the average of
measurements taken at 10 different points of sample surface.

The elasticity (E) which named as Young’s module in
the literature, is the elastic deformation that occurs with the
applied force on any material. Young’s module is calculated
as in Eq. 5. Yield strength (Y) expresses the transition point
of elastic deformation to plastic deformation and can be cal-
culated by Eq. 6 [33, 44].

E =381.9635 Hy, )

Table 3 The calculated load dependent Hy, E and Y for the samples

Y ~ Hy/3 ©)

In microhardness characterization, the material behav-
ior can be ISE (indentation size effect) or RISE (reverse
indentation size effect) [45, 46]. RISE behavior is defined as
the decrement in the hardness by increasing the applied test
load, and besides the increment in the hardness by increasing
the applied load defined as ISE. Figure 7 shows the variation
of the microhardness values depending on the applied loads.
Table 3 represents the calculated parameters of the hardness
measurement.

According to the combination of Fig. 8 and Table 3, the
microhardness values of all samples are found to increase with

8
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—=—Y358-0
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Fig.8 Variation of load dependent microhardness Hy with applied
force F

Samples F(N) d (nm) Hy (GPa) E (GPa) Y (GPa) Samples F (N) d (nm) Hy, (GPa) E (GPa) Y (GPa)
Y358-0 0.245 10.11 4.441 363.964 1.480 Y358-15 0.245 11.48 3.445 282.393 1.148
0.490 12.97 5.400 442.618 1.800 0.490 14.99 4.046 331.597 1.349
0.980 16.35 6.800 557.318 2.267 0.980 19.67 4.695 384.788 1.565
1.960 21.64 7.763 636.256 2.588 1.960 26.11 5.333 437.110 1.778
2.940 26.77 7.607 623.477 2.536 2.940 31.80 5.391 441.832 1.797
Y358-5 0.245 11.68 3.330 272.963 1.110 Y358-20 0.245 10.73 3.947 323.513 1.316
0.490 14.93 4.078 334.253 1.359 0.490 13.77 4.795 393.020 1.598
0.980 18.65 5.226 428.322 1.742 0.980 17.80 5.737 470.253 1.912
1.960 25.39 5.640 462.241 1.880 1.960 23.43 6.619 542.554 2.206
2.940 31.15 5.618 460.490 1.873 2.940 28.72 6.611 541.848 2.204
Y358-10 0.245 14.64 2.119 173.654 0.706 Y358-50 0.245 10.64 4.013 328.891 1.338
0.490 17.58 2.940 240.935 0.980 0.490 14.01 4.632 379.663 1.544
0.980 22.67 3.535 289.777 1.178 0.980 17.43 5.985 490.562 1.995
1.960 29.69 4.123 337.899 1.374 1.960 23.43 6.621 542.713 2.207
2.940 35.59 4.304 352.789 1.435 2.940 28.42 6.751 553.357 2.250
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the enhancement in the applied test load, in short all the sam-
ples produced in this work show RISE behavior. It shows that
the indentation size is related to applied load. The undoped
sample, Y358-0, has the highest microhardness value. The
microhardness values decreased at the doping ratio of Y358-
05 and Y358-10, and then tended to increase. When the elas-
tic modulus and yield strength values given in the table are
examined, Y358-0 sample with the highest fracture toughness
seems to have the highest elastic modulus at the same time.

4 Conclusion

The superconducting Y;BasCug_,Co0,0,5_5 samples (with
x=0, 0.05, 0.1, 0.15, 0.2 and 0.5) were successfully produced
by conventional solid state reaction method. Microstructural,
superconducting, mechanical properties of all the samples
were investigated by XRD, SEM, EDS, R-T, and Vickers
microhardness measurements. The grain size values calculated
from the XRD data were found to increase with increasing
doping ratio. This is also supported by SEM images. Accord-
ing to the XRD results, the extra peak, which related to the Co
impurity is not been observed. This result can be explained
by the successful substitution of Co ions with Cu ions of host
YBCO superconductor without altering crystal structure.
The lattice parameters were calculated from both XRD data
and Reitveld refinement. As a result, the lattice cell constants
obtained in two ways are compatible with each other and with
the literature. In addition, when EDS results are investigated, it
can be said that the Cu ratio decreases with the increament in
the Co substitution ratio. This result displays that the Co ions
are displaced by the Cu ions in the standard crystal structure. It
has been observed that the critical temperature values obtained
from the dc electrical resistance measurements decrease with
increasing the doping ratio. Besides, the values of transition
temperature width (AT) increased with the increasing doping
ratio. The electrical resistance measurements present that the
normal state resistance of samples produced increased regu-
larly with increasing the Co substitution ratio. The change
of Co ratio in these samples resulted in the change of many
parameters; such as room temperature resistance, critical tem-
perature value and critical temperature transition value. It was
determined that the hardness behavior of all samples was the
reverse indentation size effect (RISE), and also the undoped
sample had the highest hardness value, while Y358-10 has the
lowest hardness value.
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