J Mater Sci: Mater Electron (2016) 27:8670-8681
DOI 10.1007/s10854-016-4888-4

CrossMark

@

Effects of Sb substitution on structural and superconducting
properties of Bi in Bi; 75_,Pb 255b,Sr,Ca,;Cuz;0, superconductor

Ebru Kis Cam' - Kemal Kocabas'

Received: 4 March 2016/ Accepted: 22 April 2016/ Published online: 27 April 2016

© Springer Science+Business Media New York 2016

Abstract In this work, we investigate the effects of Sb
substitution on structural and superconducting properties of
Bi; 75_xPbg 25SbsSr,Ca,Cuz0y  superconductor for x =
0.00-0.20. Powder X-ray diffraction analysis showed that
the samples consist of the Bi-2212 phase is dominant in all
samples and the impurity phases was observed to increase
with increasing the substitution ratio. Moreover, the
intensity of the (115) peak for the low phase and the (117)
peak of the high temperature phase decrease with
increasing Sb substitution. The grain size, grain connec-
tivity and surface morphology of the samples are identified
from SEM microphotographs. Temperature dependence of
resistivity revealed the highest Tc value at 110 K for
x = 0.1 Sb substitution ratio. The density of all prepared
samples were determined and was found to decrease with
increasing Sb substitution, while porosity found to increase
with increasing the substitution ratio.

1 Introduction

Bi-Sr-Cu—O a novel family of superconducting oxides was
investigated by Mitchel et al. [1]. BSCCO(Bi—Sr—Ca—Cu—
0O) was discovered as a new class of superconductor by
adding Ca in Bi—Sr—Cu-O system [2]. Then after discovery
of high-temperature superconductors of BSCCO general
formula of this system was obtained as Bi,Sr,Ca,
Cu, 04 2n4x (n = 1,2 and 3). These three phases (Bi-2201,
Bi-2212 and Bi-2223) have one, two and three Cu—O layers
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hence different T. can be formed as 20, 85 and 110 K
respectively [3, 4]. It is very difficult to obtain the pure
monophasic Bi,Sr,Ca,Cuz0¢ (2223) material with the
highest T, because of the existence of three or more phases
having a similar layered structure. Defects occur during
synthesis and it becomes difficult to isolate a single
superconducting phase.

In high-Tc superconductors, understanding the role of
substitutes and dopants is of great importance for scientific
and applied purposes. Properties of Bi-based supercon-
ductors can be controlled by substitution with elements that
have different ionic radius and binding characteristics.
Since Maeda et.al. [2] discovered superconductivity in the
Bi-2223 system, a large number of researchers have been
focused on the synthesis and the use of various dopants to
increase the T, of these ceramics in addition to increasing
the volume fraction of the high-T. phase in multiphase
ceramics.

Pb has been found to be one of the most effective ele-
ments for the 110 K phase formation [5—11]. For example,
partial substitution of Pb in Bi-based system raised the
critical temperature [12, 13]. Pb addition results showed
the optimal Pb amount lies 0.3 and 0.4 [14, 15]. So when
discussing Bi-system there are two different composing
referred as BSCCO and BPSCCO. The new phase of
monoclinic system known as 4441 phase with the highest
T. in Bi-based system was found at 140 K [16]. Substitu-
tion of BPSCCO system with different elements has been
studied to be useful and productive in improving the
properties of high-Tc superconductors [17-27]. In a recent
work, the effect of YBCO addition on the BPSCCO system
was investigated [28].

The effect of Sb substitution on critical temperatures
with or without Pb of Bi-based superconductors has not
been understood yet or clarified. Many studies of Sb
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substitution into Bi-based superconductor have been made
to understand the effects on their superconducting, mag-
netic and mechanical properties [29-40]. Partial substitu-
tions of bismuth by Sb and Pb have been reported to cause
improvements in the superconducting properties [34].
Hangbao et al. [29] determined a T..nser of 120 K and
Teoftser 0f 92 K when doped Sb alone in the Bi,_,Sb,Sr,
CayCu30, ceramics and a T, of 132 K for Bi; oPb,Sby
Ca,Cu30y ceramics prepared by the conventional ceramic
method [30]. The partial replacement of Sb in Bi site has
increased the T, onset up to 135 K [31]. Studies indicate
that ceramics which are a mixture of low and high Tc
phases are formed by substitution with Pb or Pb and Sb
together. Partial replacement of Bi by Pb and Sb produces
materials of extremely high phase purity, and antimony
plays an important role in accelerating the formation of the
phase with higher superconductive transition in the Bi-
2223 system. The existence of Sb is thought to make the
system more reactive, promotes the kinetics of the reaction
and therefore elevates the high T. phase and Sb has been
stated to be effective in preventing Pb from evaporating
during calcinations in BSCCO system [21]. It is well
known that the length of c-parameter plays an important
role in order to enhance the superconducting properties was
found to decrease and hence contract the volume of unit
cell as the content of Sb increased [39]. The ionic radii of
Bi, Pb and Sb are 1.03, 1.19 and 0.76 10\, respectively.

Substituting of antimony applies a stabilizing effect on
the formation of Bi-2223 high T. phase. However, the
effect of the substitutions on synthesis processes and on
final superconducting characteristics could depend on the
type and phase content of the precursor powders, techno-
logical method and on the type of the substituent. Briefly, it
could depend on when and how the dopant is added to a
certain composition.

In previous works in our group, we interested in sub-
stitution of antimony in Bi-based systems [37, 40]. In [37],
the effect of partial substitution of Cu in Bi;;Pbg;Sr,
Ca,Cu3_,Sb,Oy at x = 0.00, 0.05, 0.10, 0.15, and 0.20
levels on the electrical and structural properties was
investigated and substitution of Cu partially by Sb in
Bi, 7Pbg 3Sr,Ca,Cus_Sb,O, superconductors resulted in
the formation of a phase commonly known as 4441 phase.
In [40], the effect of sintering temperature in Bi; ;Pbg,
Sby.1S1,Ca>Cu30y was investigated and it determined that
845 ' C can be taken as the optimal temperature.

In this study, the effect of Sb addition on both super-
conducting and structural properties of BPSCCO ceramics
has been investigated. In addition, for identification of the
superconducting and non-superconducting phases, X-ray
powder diffraction analysis (XRD) was used. Furthermore,
scanning electron microscopy (SEM) was employed to

investigate the surface microstructure and surface mor-
phology of the samples considered.

2 Experimental details

The ceramic superconducting samples of Bij 75 xPbgas
Sb,Sr,Ca,Cuz0, system were prepared from appropriate
mixtures of high purity (Aldrich Chem. Co. 99.9 %) Bi,03,
PbO, Sb,05, SrCO5;, CaCO; and CuO by standard solid
state reaction method.

The substitution ratios of Bi by Sb are in x = 0.00-0.20
range. First starting component powders have been
weighted in cationic ratios with 0.0001 g sensitivity
Scaltec balance. After weighting, powders were mixed and
well grounded at five different ratios by naming
A(x = 0.00), B(x =0.05), C(x =0.10), D(x = 0.15),
E(x = 0.20). These mixtures heat-treated powders were
grounded twice at 800 * C for 20 h in alumina crucibles in
a furnace (Nabatherm) in air atmosphere initially. The
heat-treated powders were grounded again in a mortar with
a pestle and were uniaxially pressed at 450 MPa pressure.
Prepared pellets were 13 mm in diameter and 1.5-2 mm
thick. The sintering condition such as temperature, time,
atmosphere and cooling rate a very important role in
obtaining good high-T. superconducting materials and
BSCCO system has been found to required a long sintering
time [4]. The sintering temperature is commonly in the
845-855 °C range [41, 42]. In previous work, the effect of
sintering temperature in Bi; 7Pbg»Sbg ;Sr,CayCuzOy was
investigated and it determined that 845 °C can be taken as
the optimal temperature [40]. So the pellets were sintered
in a Protherm tube furnace at 850 °C for 150 h by using
furnace cooled down to room temperature.

Resistances of all samples were measured as a function
of temperature using the dc four-point probe technique in
Oxford Cyropump system. X-ray diffraction (XRD) pat-
terns of Sb substituted samples were obtained by Philips
Xpert Pro Diffractometer in the 20 = 3°-60° range with
CuK,, radiation. In order to calculate the lattice parameters
(a, b, ¢), XRD results were analyzed using Powder
Diffraction Programme (PDP). The grain size, grain con-
nectivity and surface morphology of the samples are
identified SEM microphotographs. Scanning electron
microscopy (SEM) images were taken by using a Philips
XL 30S FEG SEM to understand the microstructure. The
elemental compositions and impurities in different regions
of the samples were analyzed by EDAX using the same
system. Finally, the bulk densities were obtained from an
Archimedes water displacement technique with a density
measurement kit (Sartorius). The porosity was calculated
from these density results.
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3 Results and discussions
3.1 Resistivity measurements

Variation of resistance with the temperature are shown for
all samples in Fig. 1 in T = 50-300 K range. All samples
display a metallic character above onset temperature which
is defined as the temperature where resistance—temperature
plot deviates from linearity. The onset temperature was
measured as 108 K for the undoped sample A and 106 K
for sample B(x = 0.05). It was observed that sample C
(x = 0.10) has the highest onset temperature as 110 K
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among all samples. The onset temperature decreases to
107 K for sample D (x = 0.15) and 104 K for sample E
(x = 0.2). The similar behavior for the onset temperature is
observed for T, is described as the temperature where the
resistance is zero, too. This reduction is related to the
increase of the Bi-2212 phase formation. The critical
temperatures were determined as 87, 75, 87, 86 and 47 K
for samples A, B, C, D and E, respectively. Onset tem-
peratures were plotted versus Sb substitutional ratio(x) in
Fig. 2. Critical temperature was affected negatively by
high increasing of x ratio such as x = 0.20 seen Fig. 2.
This may be an indication of increasing of impurities phase
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Fig. 1 Resistance—temperature plots in all samples [A(x = 0.00), B(x = 0.05), C(x = 0.10), D(x = 0.15), E(x = 0.20)]
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Fig. 2 Variation of onset temperature with x substitutional ratio

or decreasing of the high temperature phase by increasing
the substitutional ratio. This idea is also supported by the
XRD patterns.

Another characteristic of superconductivity is the tran-
sition temperature width, is a parameter of the phase purity,
defined as AT. = Tc.oncet — Tcooffser. The transition tem-
peratures of the samples were 21, 31, 23, 21 and 57 K,
respectively. The variation of AT with x ratio is further
plotted in Fig. 3. As seen in Figs. 2 and 3, AT has mini-
mum value and maximum onset temperature in sample C
(x = 0.10). On the contrary, sample E doped with maxi-
mum antimony has the maximum AT and the minimum
onset temperature. Thus it can be said that optimum Sb
ratio for T, is seen in the sample doped Sb with x = 0.10.
Therefore it may be proven that the onset temperature and
transition temperature are closely related. As shown in
Figs. 2 and 3, an increase of the onset temperature reduces
AT. Table 1 shows these results.
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g. 3 Variation of transition temperature with x substitutional ratio

3.2 XRD measurements

XRD powder patterns of the samples are shown in Fig. 4.
The high-T, and low- T, phase peaks were determined by
using the tables given in [43, 44]. All samples have
multiphase nature with high temperature and low tem-
perature peaks. Patterns obtained from XRD measure-
ments provide a knowledge not only for superconducting
phases but also on undesired impurity phases. It is
observed that Bi-2212 phase is dominant in all samples.
An increase in impurity phases was observed by
increasing substitutional ratio. The number of impurity
phases and intensities of these phases was increased with
Sb substitution. Intensity of high-Tc¢, low-Tc peaks and
peaks of impurity phases were closer in E sample doped
with maximum Sb as seen Fig. 4. This may be reason for
the transition step in the resistance—temperature curve.
The Bi-2223 peaks are presented by H(hkl) Miller indices
while the peaks of Bi-2212 phase are described by L(hkl)
Miller indices in the diagrams. The characteristic L(002)
and H(002) peaks in BSCCO system were observed in all
samples with different intensities. L(002) peak is evident
only A and D samples.

The intensities of the most obvious peak observed in all
samples is the L (115) peak in 20 = 27.5°. Intensity of this
peak with the variation of substitutional ratio is plotted in
Fig. 5. It was observed that this graphic is in harmony with
the Fig. 2. This may be an indication that these peaks have
significant effects on the onset temperature. In addition
reduction in the intensity of peaks L(117) in 20 = 31.1°,
L(200) in 20 = 33.1°, H(1111) in 20 = 35.5° and an
increasing of peak H(119) in 26 = 31.9° were observed by
increasing of substitutional ratio.

We observed that the most significant peaks in high-T.
phase is H (117) peak at 20 = 28.8°. Variation of this peak
intensity with substitutional ratio is shown in Fig. 6. Figure 6
has a good agreement with Fig. 5. We can conclude that
increasing substitutional ratio causes the same effect
accordingly, in these two distinct peaks. By using of the
peaks in the XRD patterns in all samples a, b, c lattice
parameters were calculated which given in Table 2. All the
samples remain in tetragonal structure whichisa = b # c.
The results we obtained and theoretical results of Bi-2223
system (@ = b =54 A; ¢ =37 A) are in well agreement.
For 2223 high T. phase, a comparison of these values shows
that an increase in cell parameters in a and b directions while
decrease in c direction occurs in sample C. In [39] the length
of c-lattice that plays an important role of superconducting
properties was found to decrease and hence contract the
volume of unit cell as the content of Sb increased. According
to our study, the XRD pattern of 2212 low- T. phase is
marked. That’s why low-T. must be calculated in the lattice
parameters obtained from the peak. It was calculated and
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Table 1 The critical o . - 3
temperatures, resistivity and X (substitutional ratio) Te onset (K) Te offset AT, (K) R (120 K) mQ p (g/lem’)
density of the samples A (x = 0.00) 108 87 21 8.98 5.8946
Bi}.75_xPbg.25Sb,Sr,Ca;Cuz0,
B (x = 0.05) 106 75 31 20.80 5.6491
C (x =0.10) 110 87 23 9.91 5.4878
D (x = 0.15) 107 86 21 20.33 54171
E (x = 0.20) 108 87 21 8.98 5.5076
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Fig. 4 XRD patterns for Bi; 75_Pbg25Sb,Sr,Ca,Cu30, (0; 00 < x < 0; 20) samples respectively. (¢ show impurity phases)
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Fig. 6 Variation of H(117) peak with x substitutional ratio

given in Table 3. These results ensure compliance with the
theoretical results of the Bi-2212 system.

3.3 SEM and EDAX analysis

The most important reason of high transition temperature
and low critical current density in ceramic superconductors
is granular structures. The microstructures of the top sur-
faces of all samples are shown in SEM photographs taken
at different magnification in Figs. 7, 8, 9, 10 and 11. As it

can be seen from the photos, the most prominent of the
fundamental properties of ceramic superconductors is
granular structure. All particles are randomly oriented and
grain boundaries in the samples appears in contact with
each other to form weak bonds. This is one of the char-
acteristics of high-temperature superconductors.

Sample A and B have fine crystalline and homogeneous
structure. Shape of grains is plate-like for these samples.
The occurence of grains with plate-like structure is a sig-
nature of the Bi-2223 phase formation. Plate-like and
needle-like forms are observed in other samples C, D and E
together. With increasing substitutional ratio, the grain size
decreasing and grain structure was broken down. For
example, the grain size in undoped sample A is approxi-
mately 15 pum and in sample E which has maximum sub-
stitutional ratio is 6 um. In B sample with x = 0.05
substitutional ratio approximately 27 pm needle-like form
was observed as seen Fig. 8.

In addition, from EDAX analysis, we investigate weight
ratios of elements in various regions of samples as seen in
Figs. 12, 13, 14, 15 and 16. According to these results,
weight ratios of all elements are different in various regions
of the same sample. For instance, while ratios of O, Cu, Sr,
Ca, Pb, Bi of a specified region in sample A are 5.01, 1.37,
9.88, 0.28, 25.84, 57.62, the same ratios in another region
in the same sample are determined as 9.06, 4.70, 16.34,
0.22, 0.00, 69.68 respectively. As can be seen from these
results, two-fold ratios in O, Cu and Sr was observed
between the regions and Pb was observed as 25.84 in
specified region whereas there was no Pb in another region.
This shows that different phases was formed in different
regions and general structure is not homogeneous. Among
the doped samples, sample C has maximum oxygen con-
tent. Also sample C has highest critical temperature in
doped sample. It is believed that the relationship oxygen
content and superconductivity in the Bi-2223 compound
can only be correctly established when there is a clear
understanding on the behavior of the lead ion [39].

3.4 Densitiy measurements
Densities of samples prepared with different antimony

concentrations were determined from Archimedes’ princi-
ple by given the following equation.

OT;Z:E; fLr;‘;EC;eg’;‘g ageg% X (substitutional ratio) V (cm?) A=b(A) C (A) a=PB=1y
high-Tc phase in all samples A (x = 0.00) 1082.9390 5.4079 37.0284 90

B (x = 0.05) 1082.7420 5.4074 37.0291 90

C (x = 0.10) 1082.9390 5.4079 37.0284 90

D (x = 0.15) 1082.7420 5.4074 37.0291 90

E (x = 0.20) 1082.7430 5.4074 37.0293 90
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:;';:ge‘z ;;xcgegzageglsz X (substitutional ratio) V (cm?) A=b(A) C (A) a=PB=1y
low-Te phase in all samples A (x = 0.00) 889.1041 5.4079 30.4019 90

B (x = 0.05) 889.0504 5.4079 30.3995 90

C (x = 0.10) 889.0504 5.4079 30.3995 90

D (x = 0.15) 889.1473 5.4079 30.4025 90

E (x = 0.20) 889.0504 5.4079 30.3995 90
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Fig. 8 SEM photographs with different size for sample B

__ Wn)lp(s) — p(h)]
0.99983[W(s) — W(h)]

+ p(h) p(h) = 0.0012 g/cm’

where p (h), p(s), W(h), W(s) are densities of air and pure
water and their weights in medium, respectively. The
densities of samples were determined by Archimedes water
displacement method. Densities of pellets obtained by
using this method are given in Table 1. The densities of
pellets were calculated to be 4.1947, 3.67212, 3.8082,
3.3670 and 3.7214 g/cm® in A to E samples respectively
from dimensional measurements. The theoretical density of
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Bi,_,Pb,Sr,Ca,Cu30Oy sample was obtained from lattice
parameters as 6.313 g/cm® [45]. Density for Sb and Pb-
doped BSCCO ceramics was calculated as 6.2 g/cm’ [16].
Bulk density of BSCCO pellet with Pb-doped was obtained
using theoretical density of 6.45 g/cm® [46]. The obtained
results by water displacement technique are in the 86-94 %
range of theoretical density, which is calculated from the
lattice parameters to be 6.3 g/cm®. Figure 17 indicates
density varies with the substitutional ratio.
Bi,_Pb,Sr,Ca,Cu3Oy sample was produced in an
another study with similar methods in our study for x = 0.25
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Fig. 11 SEM photographs with different size for sample E

for (in this case with the same formula as in our A sample) the  behavior is due to the increasing of connection between the
onset and critical temperatures obtained as 118, 108 K  superconducting grains. Excess of lead content (0.3 < x)
respectively. In [47], it is clearly observed a decrease in ~ may cause a decrease of contact in the region between this
porosity by increasing of Pb concentrations up to 0.3 when  grains and cavities are formed, as a result. Smaller density
variation of porosity with Pb concentrations examined. This ~ remarks the presence of pores between grains in the structure
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Fig. 12 EDAX analysis results relating to different areas for sample A
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Fig. 13 EDAX analysis results relating to different areas for sample B

C (x=0.10)
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SbL 0,96 078
Cak 368 9,11
PbL 1528 7,33
BiL 30,21
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Fig. 14 EDAX analysis results relating to different areas for sample C

which affects T, values negatively. Most open pore volume
was occupied by water during tests. By taking theoretical
densities taken as 6.3 g/cm?, pellets have 33-46 % porosity.
Figure 18 shows substitutional ratio versus the porosity. It
can be seen that sample C has minimum porosity in doped
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sample. Also sample C has highest critical temperature in
doped sample. This graph is compatible with Fig. 3 which
shows variation of transition temperature with substitutional
ratio. This is an indication that porosity of samples affect on
transition temperature.
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Fig. 15 EDAX analysis results relating to different areas for sample D
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4 Conclusions

In this work, we have studied the influence of substitutional
ratio (Sb) on the superconducting and structural properties
of Bij 75_xPbg 255b,Sr,CarCuz0Oy ceramic superconductor
system.

Samples prepared by applying five different substitu-
tional ratio have been characterized by resistivity-temper-
ature determinations, X-ray diffraction patterns, scanning
electron microscopy photographs and density measure-
ments were carried out by Archimedes water displacements
method. Additional data about properties of the systems
were obtained by determining the unit cell parameters by
using x-ray diffraction data.

The resistivity-temperature curves is linear up to the
onset temperature, in accordance with the metallic char-
acter of the samples. Higher T, value at Sb substitution
ratio 0.1 (sample C), and then decrease for further
increasing of substitution. Onset temperature for undoped
sample was determined as 108 K while for Sb substituted
B, C, D, E samples were found respectively as 106, 110,
107, 104 K. Transition temperatures are obtained as 87, 75,
87, 86, 47 K respectively, for all samples A to E. Transi-
tion width, a sign of the purity of the system, in A, C, D
samples were observed as narrow and in B, E samples as
wide. Furthermore double transition temperature were
observed in E sample with x = 0.20 substitutional ratio.

X-ray diffraction results indicate that the samples have
multiphase structure and contain Bi-2212 phase as main
phase. The most evident peak which was observed in all
samples is L(115) peak. The variation of intensity of this
peak with substitutional ratio was investigated. From the
EDAX analysis, sample C has maximum oxygen content in
the doped samples.

In conclusion, when it was analysed of the results
obtained from critical temperatures measurements, XRD
analysis, SEM microphotographs, calculated unit cell
parameters, it has been shown that the substitution with Sb
affect the structure of samples in different manner. Sub-
stitution of Sb in Bi sites enhanced the superconducting
properties. Sample C has better superconducting properties
than the other samples. After this study detailed examina-
tion of the nano-sized substitution Sb will be important to
understand the contribution of antimony.
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