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ABSTRACT

Two different nanoparticles with different weight percentages (where x = 0.0,
0.2, 0.4, 0.8, and 1.0 wt%) have been added to the superconducting system with
the general formula Bi; gPbg 35r,Ca,CuzOy + x(A/B) (A = Y05 and B = Sb,03).
The samples have been prepared with solid state reaction method. The aim of
the study was to investigate and compare the effects of nano-Sb,O; and nano-
Y,0O3 addition on the superconductivity, structural, magnetic, and mechanical
properties of the system. X-ray diffraction (XRD), scanning electron microscope
(SEM), energy-dispersive spectroscopy (EDX), vibrating sample measurement
(VSM), DC resistivity—temperature measurement, and Vickers microhardness
measurement (VHM) have been made for samples structural characterizations.
XRD analysis presented that samples have orthorhombic crystal structure and
both Bi-2223 and Bi-2212 phases coexist in the samples. In SEM photographs,
granular structure is plate-like and particles are randomly oriented. M—H mea-
surements have been performed at T = 15 K. Using Bean model, critical current
densities have been calculated. Calculated J(0) values are 396 kA/cm? and 232
kA /cm? for nano-Sb,05 and nano-Y,0s, respectively. Nano-Sb,0O; additive has
been created stronger artificial needling center and higher critical current den-
sity than nano-Y,O;. R-T results has showed that nano-Sb,O; addition increased
critical temperature value (range of 109.92 and 112.48 K ), while nano-Y,0;
addition decreased (range of 90.53 and 110.68 K). VHM results showed that
nano-Y,O; addition samples have bigger hardness values than nano-Sb,O;
addition samples. Both doping materials increased the mechanical hardness of
the system.
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1 Introduction

BiySr,Ca,,_1Cu, Oy, with formula has three differ-
ent phases depending on the number of CuO, layers
(n) in the unit cell [(n =1, Tc = 20 K) Bi-2201 has
single CuO, layer; Bi-2212 (n =2, Tc = 80 K) has
double CuO; layers, and Bi-2223 (n = 3, Tc = 110 K)
have triple CuO; layers]. Although Tl and Hg-based
high-temperature superconductors with higher criti-
cal temperatures are produced, BiSrCaCuO (BSCCO)
systems are used widely in a lot of commercial
applications. Because it has advantages such as lower
toxicity of its constituent powders and including
phases with high thermodynamic stability [1, 2]. Also
it has large critical current J. and high upper critical
magnetic fields He,. The presence of secondary pha-
ses (Bi-2212, Ca,PbO,) in the synthesized Bi-2223
superconductor, intergrain weak links, and other
impurity phases adversely affect critical current-car-
rying capacity under applied high magnetic field.
Improvement in the critical current-carrying capacity
of BSSCO system is important for applications.
Recently, different nano-sized materials have been
added to the BSCCO system and their effects on the
structural and transport properties of system have
been investigated. The dimensions of the nano-sized
particles were chosen because they are close to the
coherent length, which is related to the size of char-
acteristic Cooper pair [3]. Addition of nanoparticles
to these systems can create stronger pinning force in
fixing magnetic eddies. Addition of nanoparticles to
Bi-2223 has played an important role in flux pinnig
and increasing critical current density. This is
because nanoparticles are trapped inside the super-
conductor grains, revealing secondary phase defects
and producing crystal defects within the supercon-
ducting particles [4].

BSSCO superconducting materials have poor
mechanical properties such as less flexibility and high
brittleness. These features limit their technological
applications. Therefore, one of the important prob-
lems is to improve the mechanical properties without
disturbing the critical current-carrying capacity and
superconductivity parameters [5]. At the same time,
nanoparticle addition to various alloys and ceramics
has recently attracted great attention due to the effect
of increasing mechanical strength of materials and
toughening materials [3, 6-9]. With the addition of
nano-sized particles, it will be possible to increase
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both critical current density and mechanical strength
of Bi-2223 superconductor system at the same time.

When we examine the studies in literature with
micro-scale Sb,O3; or Y,O; doping, it draws our
attention that Bi-based superconductor system
improves superconductivity and mechanical proper-
ties in a positive way [10-12]. The presence of Sb
plays an effective role in preventing the evaporation
of Pb during the calcination process in especially
BSSCO system [13]. It was noted that replacement of
Sb instead of Pb, Bi, or Sr increased the critical tem-
perature of Bi-2223 systems, from 110 to 132 K (de-
pending on amount of additive) [14-16]. It has also
been reported that adding Sb to system not only
increases the critical temperature value, but also
increases the formation of high-T¢ phase (Bi-2223).

In addition, Y,O5; nanoparticles were added to Bi-
based superconductor systems at different rates.
Suazlina et al. [17], reported the effects of Y,O;
nanoparticle addition in Bi-2212 superconductors. It
was found that critical temperature and critical cur-
rent density increased up to x = 0.7 wt%. Again, in a
study conducted by Oboudi in 2017 [18], nano-Y,O3
was added to Bi;gPbg4Sr2CayCuzOqp,,, supercon-
ductor samples with different weight percentages. As
the additive ratio increased, the current density
increased by 200% and the superconductivity transi-
tion temperature increased by 3%. In both studies, it
is seen that both the critical temperature and critical
current density values of BSCCO system with nano-
Y,0; addition increased. In our study, we aimed to
investigate the effects of nano-sized Y,O5; and nano-
sized Sb,O3; addition in order to improve the electri-
cal, magnetic, and mechanical properties of BSSCO
system. Y,O3 nanoparticles were chosen considering
the positive effects of BSCCO samples on critical
temperature and critical current density values, while
Sb,05; nanoparticles were selected considering the
improvement of critical temperature values of system
by micro-scale Sb,O; additive. The effects of nano-
Y,0; particles on magnetic, electrical, and structural
properties of BSCCO bulk samples have been stud-
ied. Moreover, to the best of our knowledge, there
has not been any study about nano-Sb,O; particles
effect. The aim of this study is to add both nano-Y,O3
and nano-Sb,0O3 to Bi; gPby3Sr,CaCuzOy system at
the same rate and under the same preparation con-
ditions and to compare effects of both additives on
superconductivity, magnetic, and mechanical prop-
erties of this system.
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2 Materials and methods

Bi; gPbg 35r2CaxCuzOy that has nominal composition
was synthesized using a solid-state reaction method.
Y,03 and Sb,O; nanoparticles were added by small
weight percentages (0.2, 0.4, 0.6, 0.8, and 1.0 wt%) in
the first step of the synthesis process. SrCO;, CuO,
CaCQO;, Bi,O;, PbO (Aldrich Chem. Co, USA), and
nano-sized Sb,O; and nano-sized Y,O; (Nanografi,
Turkey) powders with a purity of 99.99% were
measured according to their calculated stoichiometric
amounts, mixed, and ground. Then mixed powders
were calcinated at 820 °C in air for 24 h. The resulting
powder was regrounded and then pressed into pel-
lets. Sintering conditions such as temperature and
time are very important in producing a good high-T
superconducting material. For this reason, long sin-
tering times (120 h-150 h) and high sintering tem-
peratures (845 °C-855 °C) are generally preferred
when producing BSSCO systems [19]. So the pressed
samples were sintered in air at 845 °C for 120 h and
cooled down to room temperature. According to their
contribution rates (x = 0.0, 0.2, 0.4, 0.8, and 1.0 wt%),
nano-Y203 addition samples were named as YO, Y2,
Y4, Y8, and Y10 and nano-Sb,O; addition samples
were named as Sb0, Sb2, Sb4, Sb8, and Sb10, respec-
tively. Samples prepared by addition nano-Sb,0O; and
nano-Y,O; were prepared under the same prepara-
tion conditions at different time periods.

The lattice parameters, phase purity, crystal struc-
ture, and grain size of samples were obtained from
X-ray diffraction (XRD, Thermo Scientific ARL
X'TRA) with CuK, radiation at wavelength
/ = 0.15406 nm over the range from 3° to 70°. Phase
analyses of the samples were determined with the
X-powder program. XRD refinements have been
made with FullProf Suite ToolBar program (Win-
PLOTR). The grain structure and surface morphology
of the samples were examined with 10000x magnifi-
cation by scanning electron microscope (SEM, Philips
XL 30S) photographs. Energy-dispersive spectrome-
try (EDS, Philips XL 30S) was applied for the ele-
mental analysis of the samples. Magnetization curves
of the samples depending on the magnetic field
strength were taken with Vibrating Sample Magne-
tometer (VSM, LakeShore 747 Vibrating Sample
Magnetometer) measurements. Critical current den-
sity calculations of samples were made with the data
obtained from the M-H curves and Bean Model.
Resistance-temperature measurements were made
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with standard four-probe method between 10 and
300 K (Keithly 6221 DC-AC Current Source and
Keithly2182A nanovoltmeter). Microhardness mea-
surements of the samples were made with the
Mitutoyo digital microhardness tester of the HM-200
series.

3 Result and discussion

In Fig. la and b, XRD patterns showed that the
majority phase consisted of Bi-2223 and Bi-2212
phases in all samples [20]. The presence of CuSr,O
peaks was shown in all nano-Y,0O3 addition samples.
The presence of Ca,PbO, phase at 20 = 17.8° has been
seen in all samples except YO and Y2. Secondary
phases are an indication that the material could not
crystallize completely during heat treatment. Sec-
ondary phase defects can occur as a result of modu-
lated displacements of oxygens in the CuO; planes in
the Bi,O, and CaO layers. The CaPb,O; phase plays
an important role in accelerating the formation of the
Bi-2223 phase [21]. A adequate amount of reactive
secondary phases (Bi-2212, CaPb,0O,) formed during
the calcination of the powders is necessary for the
proper synthesis of Bi-2223 during the sintering step.
Secondary phases that cannot participate in the for-
mation of the Bi-2223 phase cause weak intergrain
link and weak the flux pinning capacity and the
degradation of the orientation of the Bi-2223 platelets
[22]. No peaks of Sb,O5; and Y,O3 nanoparticles were
found in the XRD model. The peak intensities of the
high-Tc phases have been increased slightly with
increasing of nano-Sb,O; addition. As nano-Y,O3
addition increased, peak widths have been increased.
Except YO sample, H115 peak disappeared in all
nano-Y,0O; addition samples. The peak intensities of
low-T¢ phase increased slightly with increasing of
nano-Y,0s3 addition.

The volume fraction and the lattice parameters of
all samples are listed in Table 1. The volume fraction
of Bi-2223 and Bi-2212 phases was calculated
according to the equations below using the intensities
of the peaks [23]:

. - S 1(2223)
B2223) (%) = s~ 1o s~ ppiyy X 100 (1)
Bi-[2212] (%) = — 2= 1(2212) <100 (2)

T S1(2223) + 5 1(2212)
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Fig. 1 a XRD patterns of
Bi; gPbp 45r2Ca;Cu301045
+ x(Sb,03) system and

b XRD patterns of
Bil.ngOASrzCa
2CU30y + X(Yzog,) with (x,
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where [(2223) and 1(2212) are the intensities of the
XRD peaks for Bi-2223 and Bi-2212 phases, respec-
tively. It was observed that the percentage of Bi-2212
phase increased and the percentage of Bi-2223 phase
decreased with increasing nano-Y,O;. We observed
that the decrease in the volume fraction of the Bi-2223
phase in all nano-Sb,O3 addition samples was quite
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small [24]. These results showed that small amounts
of nano-Sb,O; addition effectively contribute to the
phase stability of BSCCO systems. Both doping
materials slightly affected the low -T, phase (Bi-2212)
and high-T phase (Bi-2223) ratios [25]. The lattice
parameters (a, b, ¢) are calculated from Miller indices
(hkl) and interplanar distances (d;x) by least squares
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Table 1 Calculated lattice parameters (4, b, and c) and volume fraction of pure and nano-additive Bi, gPbg3Sr,CayCuzO, + x(A/

B) (A = Y,03 and B = Sb,05) samples

Nano- ad) bA) c@A) Volume fraction (Bi-2223/ Nano- ad) bA) c@A) Volume fraction (Bi-
Sb,04 Bi-2212) Y,0, 2223/Bi-2212)

Sb0 54090 5.3636 37.1964 53.27/46.72 YO 53394 5.3995 37.0740 53.92/46.07

Sb2 5.4036 5.3689 37.1700 54.57/45.42 Y2 5.3488 5.3858 36.9768 50.19/49.80

Sb4 5.4096 5.3608 37.1004 51.85/48.14 Y4 5.3550 5.4081 36.8568 51.55/49.44

Sb8 54138 5.3624 37.0308 52.11/47.88 Y8 5.3488 5.3642 36.7716 47.64/52.35

Sb10 54096 5.3623 37.0140 52.07/47.92 Y10 53412 5.3764 36.7596 48.83/51.16

method for all prepared samples. According to the
calculated lattice parameters, crystal lattice of all
samples was found to be orthorhombic. The lattice
parameters remained almost the same in nano-Sb,O3
addition samples. This means that nano-Sb,O3; dop-
ing did not effect the crystal structure of the system.
However, it is thought to play a role as an impurity at
the grain boundaries. Similar results were encoun-
tered in the study in which our study group previ-
ously added nano-SnO, to the (Bi)-2223 system [26].
We have seen that while a lattice parameter
increased, c lattice parameter decreased in nano-Y,O3
addition samples. This behavior can be explained
according to two reasons. The first reason may be the
replacement of one of the Bi**, Ca®* or Sr** ions by
Y®* ion. The ionic radius of the Y** ion (1.02 A) is
smaller than the radius of the Ca?" (1.12 A),
Bi**(1.17 A), and Sr** (1.32 A) ions in the BSSCO
structure. We think that replacement of Y** of other
ions in the structure may cause a decrease in the ¢
parameter. The decrease in c-axis values with
increasing nano-Y,O3; addition is compatible with
Vegard’s law [27, 28]. The second reason is thought to
be the entry of excess oxygen into the BiO layer.
Electrons in the CuO layer, known as the conduc-
tivity layer of the BSSCO system, are transferred from
the CuO to the BiO layer and lead to the formation of
holes in the Cu layers and electrons in the Bi layers
according to the following reaction (3) [29]:

Bi** 4+ Cu*" — Bi®* ¥ 4 Cu®™ (3)

So the change of c-axis in the nano-Y-added Bi-2223
system is associated with the excess oxygen arising
Y>035 molecule. Excess oxygen taken up by the BiO
planes results in tighter bonding. Therefore, it
decreases the lattice parameter along the c-axis and
consequently causes the suppression of supercon-
ductivity [30, 31].

Grain size of samples can be estimated using
Scherrer formula as shown in Eq. (4) [32].
K2

"B cos(0)’ “)

where D is the mean size of grain, B is the line
broadening at half the maximum intensity (FWHM)
in radians, Z = 0.15406 nm is the X-ray wavelength,
and 0 is the Bragg angle. K is Scherrer constant which
depends on the crystallite shape and size distribution
and indices of the diffraction line [33]. The value of
the K constant, which ranges from 0.62 to 2.08, can be
affected by microstrain in the crystal. In our study,
we assumed K = 0.9, which is generally used to cal-
culate the grain size of BSCCO samples with plate-
like particle structure, and the calculated D values
represent estimates [34, 35]. Grain size of all samples
is given in Table 2. The grain size calculation of the
samples was calculated by taking average value of
the major peaks between 20° and 35°. The grain sizes
calculated from XRD patterns lie between 31.63 and
47.23 nm for nano-Sb,O; addition samples. The par-
ticle size of the nano-Sb,O; addition samples is
smaller than undoped sample. The particle size of
nano-Sb,O; addition samples increased with
increasing nano-Sb,O; addition. This result was
indicated that addition of Sb,O5; nanoparticles acts as
a bridge and improves the grain growth. It has been
seen that nano-Sb,O3; makes a positive contribution to
improving superconductivity properties of the sys-
tem by improving intergranular bond. The calculated
grain sizes lie between 30.39 and 53.64 nm for nano-
Y,0; addition samples. The particle size decreased in
Y2 and Y4 samples. After the additive ratio of
X =0.8%, the particle size increased and it was
observed that the interparticle bonding began to
weaken. It has been seen that nano-Y,Os-added
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Table 2 Dislocation density, crystallite size, critical current density, and critical temperature values of Bi; gPbg 3Sr,Ca,Cusz0, + x(A/

B) (A = Y,03 and B = Sb,05) samples

Nano- Dislocation density ~ Grain size  J(0) (KA/ Tconset Nano- Dislocation density ~ Grain size  J.(0) (KA/ T onset
Sb,0; & (nm™ ?) (nm) cm?) (K) Y,0; & (um?) (nm) cm?) (K)

Sb0 0.000448 47.23 293 109.92 YO 0.000401 49.88 164 109.52
Sb2 0.000999 31.63 309 110.23 Y2 0.001074 30.51 211 110.36
Sb4 0.000860 34.08 299 111.14 Y4 0.001082 30.39 232 110.68
Sb8 0.000733 36.93 289 110.68 Y8 0.000812 35.08 177 98.79
Sb10 0.000589 41.18 396 112.48 Y10 0.000347 53.64 120 90.53

samples began to weaken the intergranular bond of
the system above a certain value and make a negative
contribution to improving the superconductivity
properties of the system. The average particle size of
nano-Sb,Os-doped samples is smaller than nano-
Y,0; addition samples. This may be related to the
grinding step of the samples during the preparation
process. The Y4 sample has the smallest particle size
and the largest dislocation density among nano-Y,O3
addition samples. For both doped samples, the par-
ticle sizes calculated from the XRD results and the
particle development seen from the SEM pho-
tographs are similar. The dislocation density (5) was
calculated using the formula 6 = 1/D” and calculated
data are presented in Table 2. It is known that crys-
talline size and dislocation density vary inversely. As
the 6 value increases, the crystallinity level decreases
[36]. The dislocation density value increased with the
increase in the amount of nano-Sb,O;. Among all
samples, the highest dislocation density belongs to Y2
and Y4 samples. The high hardness value is due to
the high dislocation density [37]. These results are
confirmed by hardness measurements.

When Figs. 2 and 3 are examined, it is clearly seen
that granular structure is plate-like in all samples
[38]. It has been seen that particles randomly ori-
ented. The particle size has increased with increasing
Y,03 nanoparticles addition. It has been seen that the
gaps on the surface of the samples increased and
cracks occurred on sample face especially in Y8 and
Y10 samples. Bi-2223 phase has weak intergranular
links and smaller crystallographic density than Bi-
2212 phase. Therefore, in Fig. 2g and i, the sample
particle density would be expected to be higher. As
can be seen from XRD patterns of the nano-Y,O3
addition samples, Y8 and Y10 samples mostly consist
of Bi-2212 phase. It has seen that the voids were less
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in Y2 and Y4 samples. A small addition amount of
nano-Y,0O; can strengthen the connectivity between
grains. The particle size increased with increasing
Sb,03 nanoparticles addition. The presence of small
point clumps on the surface of nano-Sb,O5; addition
samples draws attention. As nano-Sb,O; addition
increased, the presence of these heaps has been more
visible. This result can be considered that nano-Sb,O3
particles could not enter the crystal structure, but
were trapped in the superconductor grains. Thus, it is
considered that the nano-Sb,O; addition appears as
secondary phase defect and plays a role in the for-
mation of artificial needling centers on the samples
by producing crystal defects in superconducting
particles [39]. According to the results of EDX ele-
mental analysis, It is seen that amount of nano-Sb,0O;
and nano-Y,O; on the samples’ surface increases
with increasing in addition ratio (%) in both nano-
Sb,0O5; and nano-Y,0O3 samples. In addition, there is
no impurity formation in the material.

Figure 4 shows the resistivity curves as a function
of temperature of all samples from 140 K down to
30 K. Tconset (Onset critical temperature) is consid-
ered as deviation from the linear behavior of about
110 K. T onset Values obtained from the resistance-
temperature curves are given in Table 2. The critical
temperature of nano-Sb,O; addition samples is
between 109.92 and 112.48 K. The sample with the
highest critical temperature value of 112.48 K is Sb10.
Nano-Sb,0; addition increased the critical tempera-
ture values of the samples. It is known that micro-
scale Sb doping increases the critical temperature
value of Bi-based superconducting materials [40]. It
has been seen that nano-Sb,O; addition also con-
tributes to the improvement of the critical tempera-
ture of the material. The critical temperature of nano-
Y,03 addition samples is between 90.53 and 110.68 K.
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Fig. 2 a SEM images of

b Y0,cY2, eY4, g Y8 and1
Y10 samples. EDX graphs of
b Y0, d Y2, f Y4, h Y8,

and i Y10 samples

-

-

FORS
: ,

KON /o {R

7 z}ag(;‘

o
A

1’,“,}"’4 4 3

S '-\‘\".%

The smallest value of the critical temperature belongs
to Y10 with 90 K. In nano-Y,03 addition samples, the
critical transition temperature of the samples has
been not affected significantly up to x = 0.4%. Nano-
Y,O; addition decreased the critical temperature
values of the samples after x = 0.8% addition. The
decrease in critical temperature can be explained by
weakening in the bond between intergranular, sup-
pression of superconductivity by nano-Y,O; parti-
cles, intergrowth of impurity phases and structural
distortions [41]. It is seen from Fig. 4a and b, two-step
phase transitions have been seen in all samples
except Y10. The double step is an indication of two
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phases present in the samples and is related to a
structural phase transformation [42]. The samples
present two-step features associated with a mixture
of Bi-2212 and Bi-2223 phases [43]. Table 3 presents a
comparison of the present study’s results (Tc and Jc
values) and different nanoparticle-added Bi-2223
system’s results in the literature. From this table,
optimum Jc and T¢ values of nano-Sb,O5 addition Bi-
2223 system are comparable with the good data in the
literature.

Magnetic hysteresis loops of the samples are given
in Fig. 5a and b. Magnetic measurements were made
at field intensity range of H = £ 20,000 Oe at15 K.
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Fig. 3 SEM images of a SbO0,
c Sb2, e Sb4, g Sb8, and 1
Sb10 samples. EDX graphs of
b Sb0, d Sb2, f Sb4, h Sbs,
and i Sb10 samples
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Fig. 4 a Resistivity
temperature graph of Sb0, Sb2,
Sb4, Sb8, and Sb10

samples. b Resistivity
temperature graph of Y0, Y2,
Y4, Y8, and Y10 samples
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Magnetic hysteresis loops of superconducting sam-
ples give information about magnetic properties of
samples and are very useful for analyzing super-
conductivity properties such as flux needling force
and critical current density [44]. When M—-H curves of

@ Springer

0.0 .
30 40

80

T T T T T
90 100 110 120 130 140

70
Temperature (K)

T
120 140 50 60

the samples are examined, it is seen that all samples
exhibit a diamagnetic behaviors. The behaviors
clearly exhibit the second-type superconductors’
features [45]. No break was observed in the curves of
the samples. This means that impurity phases in the
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Table 3 The comparison of T, and |, parameters for nanoaddition Bi-2223 superconductor system

Additive (type) Synthesis method J. (H = 0) (kA/cm?) Tc (K) References
Bi-2223 + (Sb,03) NPs Solid state 3.96 x 10° (15 K) 112.48 Present work
Bi-2223 + (Y,03) NPs Solid state 268 x 10° (15 K) 110.68 Present work
Bi-2223 + (Bi,Tes) NPs Solid state 1 x 107* (5 K) 102.00 [25]
Bi-2223 + (Co304) NPs Sol-gel 15.05 x 10° (30 K) 115.30 [41]
Bi-2223 + (MgO) NPs Solid state 4.63 x 107% (30 K) 109.00 [58]
Bi-2223 + (SiC) NPs Sol-gel 16.15 x 10° (10 K) 107.40 [48]
Bi-2223 + (Y,03) NPs Solid state 33.85 x 1072 (77 K) 113.50 [18]
Bi-2223 + (Y,03) NPs Solid state 4.87 x 107* (30 K) 69.00 [17]
Bi-2223 + (Eu,05) NPs Sol-gel 10.33 x 1073 (77 K) 107.00 [81]
Fig. 5 a M—H hysteresis loop 40
of Sb0, Sb2, Sb4, Sb8 and
Sb10 samples at 15 K. b M- 20+ ]

H hysteresis loop of Y0, Y2,
Y4, Y8, and Y10 samples at
15K

Moment (emu/cm’)
(=]
1

Moment (emu/cm’)

—102)00 l‘)
Field (Oe)

T
-20000

samples are not evident. The result obtained from M-
H curves is in agreement with the results of XRD
measurements. Formation of undesirable phases, the
quality of the microstructure, and the length of
coherence affect the magnetic hysteresis loop size [2].

Fig. 5a and b shows the M—-H hysteresis loops of
nano-Sb,0O; and nano-Y,O; addition samples,
respectively. It has been seen that the surface area of
the samples with Sb,0O3 nanoparticle addition is lar-
ger than the surface area of the samples with Y,O3
addition. One of reasons is that nano-Sb,Oj3 particles
can create a stronger needling center than nano-Y,O3
particles. The other reason is that samples’ sizes were
different which were used in M-H measurement. The
surface of magnetization curves is tightly dependent
on the sample sizes. The surface areas of hysteresis
loops increases with increasing nano-Sb,O; addition
up to x = 1.0%. S10 sample showed the widest hys-
teresis loop. Nano-Sb,O; addition increased the
magnitude of magnetization curves by creating arti-
ficial pinning centers. In Fig. 5b, the surface area of
hysteresis loops of the Y2 sample is the largest. The
decrease in the hysteresis loops with increasing nano-
Y,0; addition indicates that non-superconducting
regions increased in size [46].

T T T T
-10000 o 10000 20000

Field (Oe)

T
-20000

T T
10000 20000

The magnetic field dependence of J. was calculated
by using the experimental Bean model shown in
Eq. (5.

. AM

]C == 20 X ﬁ (5)
a(l—3)

M is the value in the equation. It is the magnetization

value  obtained from the M-H curves.

AM[AM = (M) — (M")] is the width of the magne-
tization curve during the decrease and increase of the
area in emu/cm®. M and M~ are the values of
positive and negative region band of the magnetic
response of samples against the external magnetic
field , respectively. The values of 2 and b (a < b) are
the dimensions of the rectangular cross section of the
sample perpendicular to the applied area in cm [47].

Figure 6a and b shows the J. at 15 K of nano-5b,O3
addition and nano-Y,O; addition samples, respec-
tively. It has been seen in the graphs that J. values of
the samples decreased as the magnetic field increased
[48]. It is thought that reason for the decrease in the
diamagnetic properties of the samples is due to
weakening of interparticle bond [49]. According to
the calculations, the Jc value of the doped samples is
higher than the critical current density of the

@ Springer
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undoped samples. In Table 2, the highest J.(0) value
for sample Sb10 is 396 kA/cm? ]. critical current
density increases with increasing nano-Sb,O; addi-
tion samples, as it supports the M-H curves. The
nano-Sb,O5 particles could act as artificial needling
centers. Nano-Sb,O; particles can act role as flux
fixation centers within the Bi-2223 lattice. And they
can increase effectively the critical current density
[50]. In Table 2, the highest |.(0) value for sample Y4
is 232 kA/cm?. Except for the Y10 sample, the critical
current density value of all samples is higher than
undoped sample. Nano-Y,O3 addition has a positive
contribution to the formation of artificial needling
centers as it is in nano-Sb,0O3 addition [51]. We clearly
see that critical current density values of nano-Sb,O3
addition samples are higher than Y,O3;-doped sam-
ples. The change in the critical current density
depends on the formation of trapping centers in the
structure and intergranular bond. However, since all
of the samples were prepared under the same con-
ditions, considering that the intergranular coupling
would be similar in the samples. This irregular
change in the critical current density values can only
be explained by the increase and decrease in the
trapping centers.

The microhardness values were measured for five
different (0.294, 0.490, 0.980, 1.961, and 2.940 N) loads
values on samples’ surfaces. Measurements were
taken using the Vickers pyramidal indenter, and the
loading time of the force is 10 s. Indentations were
pressed on different parts of the samples’ surfaces.
Microhardness values were determined by taking
average value of all measurements.

F
H, = 1854.4 (d—2> (GPa) (6)
Vickers microhardness was calculated using Eq. (6)
given above [52, 53]. The applied load is F (N) and

d is the average diagonal length of the indentation
impression (um).
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In Fig. 7a and b, it has been observed that micro-
hardness value of samples increased with increasing
applied load, and these behavior is known as reverse
indentation size effect (RISE) in the literature. RISE
behavior is a result of bond strength between
superconducting grains and is caused by indentation-
induced cracking. These materials show only plastic
deformation [54]. In Meyer’s law given by the equa-
tion F = Ad™, A is a load-independent constant and
1 is the Meyer number, which is a measure of ISE or
RISE behavior. In F-Ind, graphs of all samples and
slope of each graphs are given in Fig. 8a and b. The
values of all samples are greater than 1.6. (According
to Meyer Law: If the value npis 1 < ny < 1.6, material
is hard; if the value 5y is 1, > 1.6, material is soft) [55].
The produced samples are soft material. Y4 sample
has the highest hardness value. As supported by XRD
results, compared to other nano-Y,0Oz-addition sam-
ples, the dislocation density of the Y4 sample is larger
and the particle size is smaller. As the particle size
gets smaller, the bond between the superconducting
particles gets stronger and the mechanical strength is
expected to increase. The hardness value of the
doped samples is decreased after x = 0.4% additive
value. We think that the decrease in microhardness
with increasing additive content may be due to the
weakening of the bond between superconducting
grains and randomly distributed irregularities at
grain boundaries [56]. In the surface, micrographs of
samples showed that grain sizes, porosity, and sur-
face cracks increase as nano-Y,0s-addition increases
(Fig. 2i). When the microhardness of the nano-Sb,O3
addition samples is examined, it is seen that the
hardness values of the doped samples increase
compared to the undoped samples. The hardness
value of the sample with x = 0.1% added, called Sb
10, is the highest. It has seen that the nano-Sb,O;
addition increases the mechanical strength by posi-
tively affecting the hardness value of the structure.
The increased hardness with the addition of nano-
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Fig. 7 a Variation of load-
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Sb,05 to the BSSCO system can be caused by both the
fixation of dislocations in the impurity regions and
defects in the crystal due to impurity atoms. At the
same time, the increase in the H, hardness value can
be attributed to the decrease in porosity, the
strengthening of the intergranular bond, and the
increase in resistance to crack propagation [57].

The hardness values of the undoped samples were
measured very close to each other in both doped
samples. When the hardness values of the samples
with nano-Sb,O3; and nano-Y,O5 are compared with
each other, the hardness values of the samples with
nano-Y,O; addition are higher than the hardness
values of the samples with nano-Sb,O; addition. Both
nano-Sb,O; and nano-Y,O3 doping increased the
hardness values of Bi-based superconductor samples,
which was prepared under the same conditions. It is
seen that both additives made to the BSSCO system
increase the mechanical strength by positively
affecting the hardness value of the structure.

4 Conclusion

Based on the results of measurements, the following
conclusions can be summarized as:

T T
42 44
Ind

To the XRD results, all the samples consisted of
Bi-2212 phases, Bi-2223 phases, and Ca,PbO,
impurity phases. No peaks belong to Sb,O; and
Y,O3; nanoparticles were found in the XRD
patterns.

While a lattice parameter increased, c lattice
parameter decreased in nano-Y,O; addition sam-
ples. The lattice parameters remained almost the
same in nano-Sb,O; addition samples.

To the SEM photographs, it has been seen that the
particle structure was plate-like. The grain sizes of
both systems ranged from 30.39 to 53.64 nm. The
particle size of doped samples increased with
increasing both nan-Y,O; and nano-Sb,0O;
addition.

EDX analysis confirmed that there are no impurity
elements present in the materials. It has been seen
that all elements are included in the structure.
The critical temperature values of nano-Sb,O;
addition samples are between 109.92 and
112.48 K. The critical temperature values of
nano-Y,0; addition samples are between 90.53
and 110.68 K. The critical temperature values of
nano-Sb,0; addition samples increased more than
nano-Y,0O; addition samples.

When the M-H curves of the samples are exam-
ined, all samples showed diamagnetic properties.
The critical current density values of nano-Sb,O;

@ Springer
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addition samples are higher than nano-Y,O;
addition samples.

e The hardness values of nano-Y,O3; addition sam-
ples are higher than nano-Sb,0O; addition samples.
Both nano-sized additives increased the mechan-
ical hardness of the system. It has been seen that
all samples are soft material according to Meyer’s
Law.
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