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Abstract

In the present work, Tungsten trioxide (WO5) nanoparticles are added (up to 5 wt%) to Bi,Sr, 14Cay ¢cCu,0O, (Bi 2212)
compound using a sol-casting method that facilitates their uniform distribution in the Bi 2212 matrix. Sintering at 870 °C,
close to the melting point, has led to the formation of nearly spherical particles of WSr,CaO, (W-alloy) phase (20-80 nm)
by local reaction of distributed nano WO; particles with Bi 2212 grains. These particles are well dispersed and located
preferentially at the platelet-like grain boundaries in the superconducting Bi 2212 composites. This is of interest in anal-
ogy to the widely studied YBa,Cu;0, (Y123) superconductor with two-phase microstructure with Y,BaCuOs (Y211) pre-
cipitates, which is known to provide flux pinning and considerable enhancement of the critical current densities (J,). The
superconducting properties of the present Bi 2212 composites with varying amounts of second phase content are assessed
by recording M-H loops at different temperatures 5 to 77 K. Critical current densities are found to be non-zero at 5 K in all
the samples up to 9 T applied field, suggesting irreversibility fields to be above 9T. A considerable enhancement of J, and
flux pinning force are observed at temperatures 15-50 K, compared to pure 2212 phase at low concentrations (0.1 wt%)
of nano WOj; addition in the composites. A minor drop in the superconducting transition temperature 7, (onset) from 90 to
80 K observed in the sample with higher WO, addition (5 wt%) caused a lowering of flux pinning force at temperatures
50 K and above. Scaling laws of flux pinning show that normal surface pinning is the dominant mechanism in all the
samples, which can be attributed to the structural defects at the 2212 platelet boundaries. Flux pinning is observed to be
sustained in a broader field range and up to 50 K in all the samples with WO, addition. This provides evidence that the
interfacial defects associated with the second phase (W-alloy) particles, created at the platelet boundaries, are effective in
providing flux pinning.
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1 Introduction

Bi 2212 is one of the important compounds of the
Bi,Sr,Ca, _Cu,0,,,4,5 (BSCCO) family; Bi 2212 phase
forms with a transition temperature (7,,) around 85 K at
n=2, and at n=3, it is the Bi 2223 compound having 7,
around 110 K [1]. Bi 2212 is the established high-temper-
ature superconductor (HTSc¢), preferred for making super-
conducting wires/tapes having high critical density (J,.) for
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The high transition temperature is an advantage for HTSc,
when compared to conventional superconductors, but when
it comes to practical applications, their performance dete-
riorates considerably even when a weak field is applied.
The critical current density (J,) decreases drastically due to
the motion of flux lines and is referred to as flux creep [5,
6]. Introduction of defects of dimensions in the order of the
coherence length ( a few nm) of the superconductor works
in providing pinning centres that pin the flux, thus improv-
ing superconducting properties, specially J...

Lattice defects like stacking faults [7, 8], dislocations [9],
twin boundaries [10], etc., can pin the flux lines but are not
easy to control as they depend on the processing conditions
of superconductors. On the other hand, nanometer-sized
pinning centres introduced by second-phase additions, if
they can be controlled, can help in improving the physical
properties of superconductors.

Many studies on introducing nano-sized secondary
phases to BSCCO superconductors were reported that aim
at improving the flux pinning properties. Various groups
reported nano MgO addition to Bi 2212 bulk and supercon-
ductor tapes [11-13]. Wei et al. reported that, in comparison
to the undoped sample, the addition of MgO enhanced flux
pinning and effectively increased the irreversible field (B,,,)
at 27 K [11].

Zhang et al. reported that Ag nanoparticle addition
changed the thermodynamic properties of Bi 2212 super-
conductor; the intergrain coupling is strengthened, and J, is
improved. The addition of Ag nanoparticles with an average
size of 5 nm were found to be embedded in the Bi 2212
matrix, improving J, (to 4 kA/cm? till 6 T) at 4.2 K. The pin-
ning mechanism operative was found to be surface pinning
associated with the formation of highly crystalline grain
boundaries caused by nano-Ag addition [14].

Nano ZrO, particle addition to Bi 2212 superconductor
tape has led to the formation of (Ca,Sr)ZrO; precipitates
of small size that are proposed to be effective pinning cen-
tres that caused improvement in flux pinning. However, J,
decreased with nano ZrO, addition at high fields, and the
J, for the undoped sample was better or comparable at all
fields [15].

There are also reports of effective flux pinning by intro-
ducing nano ZrO, [16] and nano SiC [17] in the higher T,
phase Bi 2223. Adding 1 mass% nano MgO [18] into Bi
2223/Ag tapes was reported to enhance J,. Excessive MgO
(>3 mass %) doping was found to damnify the transport
properties due to agglomeration of MgO particles and
increase of secondary phase fraction [18].

Berdan Ozkurt reported that adding nano WO; (40 nm)
to Bi, sSr,W,Ca, ;Cu, ,0,, x=0, 0.05, 0.1, and 0.25 ceram-
ics by solid-state synthesis route had adverse effects. 7, J,,
and grain connectivity decreased with W content [19].
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The addition of WO, to Bi 2223 by solid-state reaction
[20] was found to react with the matrix phase, resulting in
lowering of T, and deterioration of superconducting proper-
ties, whereas recently Verma et al. reported that the addition
of nano WO; to Bi 2223 in low concentrations (0.1 wt%) led
to effective pinning and enhancement of J, to higher fields
[21].

We note from the above that the addition of secondary
phases to the BSCCO superconductors does not always
enhance the superconducting properties, especially at
higher applied fields. Hence, the identification of suitable
pinning centres and the methods to distribute them uni-
formly in the superconducting matrix without reaction is
essential. A study of the role of different defects that are
introduced by doping or those that form during process-
ing, which can cause effective flux pinning at different field
regimes, would be of immense importance. Such a study
would help in designing superconducting composites with
microstructures that would result in higher J, sustained to
high applied fields.

In this direction, we have studied the effect of uniformly
distributed nano WO;, enabled by a sol-casting [22] pro-
cess, into the Bi 2212 matrix. For the current study, we have
added nano WOj; particles in the size range of 2 to 12 nm to
Bi 2212. Superconducting samples with different amounts
of nano WO; addition were processed at temperatures close
to melting point to facilitate a reaction and were character-
ized using various techniques. The current densities and flux
pinning observed in samples with varying WO; content are
analysed in the light of their microstructural details, as dis-
cussed below.

1.1 Experimental

In the present work, we synthesized composites of Bi 2212
with Bi,Sr; 14,Ca 44Cu,0, composition [23-26], chosen
from a superconducting Bi,Sr,(Cay g6S1( 14),-1Cu, O, series
by adding varying amounts of nano WO;. The stoichiomet-
ric powders were prepared by nitrate route [27, 28]. For this,
high-purity Bi,O5, SrCO;, CaCO;, and CuO were weighed
out in stoichiometric ratios of the metal atoms, to synthesize
the composition Bi,Sr; 1,Ca gsCu,0y, and were dissolved
individually in concentrated Nitric acid and were mixed
under continuous stirring. The solution was heated while
stirring till it was converted to a blue color solid which was
ground into a fine powder and calcined at 500 °C. The cal-
cined powder was ground again and annealed thrice at 800
°C, with intermediate grinding to get precursor powder of
Bi2212.

WOj; nanoparticles were synthesized by reacting Tung-
sten (W) metal powder with H,O, [29]. Tungsten metal
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Fig. 1 Stepwise flow chart for sample preparation
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powder was dispersed in a pre-cooled solution of distilled
water and Hydrogen peroxide (MERCK, 30%). H,O, reacts
with W to give a solution of light-yellow color with sus-
pended WO; nanoparticles. This solution was maintained
for several hours at 273 K, using an ice bath to control the
exothermic reaction. The solution was vacuum-dried to get
WO, nanoparticles.

WO, nanoparticles thus obtained were added in differ-
ent mass ratios to the fine powders of Bi 2212 by employ-
ing dispersive sol-casting method [22] that enables their
uniform distribution in the matrix. In Sol-casting process a
powder mix of Bi 2212 matrix phase and the WO, nanopar-
ticles are suspended in a liquid medium consisting of a
dispersant (Darvan 821), monomer (Methylacrylamlide),
and cross-linker (N, N’ methylenebisacrylamide) [19]. The
resultant free-flowing slurry is tumbled for several hours
and is polymerized by adding initiator (ammonium per-
sulphate) and catalyst (Tetramethylethylenediamine) and
then is dried. The dried powders were de-bindered by heat-
ing to 800°C. This process prevents agglomeration of WO,
nanoparticles in the Bi 2212 matrix.

Pellets of 20 mm diameter and nearly 5 mm thick were
made using a uniaxial press at 12-Ton pressure. Pellets thus
made were melted partially by heating at 870 °C for 30 min
and then were sintered at 830 °C for 24 h to obtain Bi 2212
composites with nano WO; addition. The resultant samples
were subjected to a second stage of pressing and sintering
(referred to as press-sintering) for densification. A stepwise
flow chart of sample preparation is given in Fig. 1. Bi 2212
composites thus synthesized with different amounts of nano
WO; were coded as follows: Sample without WO; addition
as WB 0, and with 0.1, 1, and 5 wt% nano WO, addition as
WB 1, WB 2, and WB 3, respectively.

All the samples were characterized for phase formation
by analyzing their X-ray diffraction patterns recorded (on
Malvern Panalytical diffractometer) using Cu K, radiation.
Magnetic field (H) dependence of Magnetization (M) was
recorded using PPMS (Quantum Design, Dynacool) at vari-
ous Temperatures (T). The onset temperatures 7, (onset)
of superconducting transitions were measured from M-T
curves recorded for each sample, and the critical current
density (J,) was calculated at varying magnetic fields from
the M-H loops recorded at various temperatures.

2 Results and Discussion
2.1 Characterization of WO; Nanoparticles
WO; nanoparticles were analyzed prior to adding to Bi

2212, using TEM and XRD. The TEM image in Fig. 2(a
& b) of WO; nanoparticles shows that the particles were in
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the 2—12 nm size range. Analysis of XRD pattern confirms
the formation of WO; with an orthorhombic structure. The
lattice parameters are a=7.320(9) A, b=7.704(9) A, and
c=7.535(6) A. The indexed XRD pattern of WO; particles
is shown in Fig. 2(c).

2.2 XRD Analysis of Bi 2212 Composites

Indexed X-Ray Diffraction (XRD) patterns for all the Bi
2212 composite samples are given in Fig. 3. Majority of the
peaks in the XRD patterns could be indexed to Bi 2212 as
the main phase. X’pert Highscore Plus software was used
for phase identification and lattice parameter analysis.

Small amounts of the low 7, phase Bi,Sr,CuOg (Bi 2201)
and traces of other oxide phases, are seen as indicated in
Fig. 3.

For sample WB 2 having 1 wt% or more of nano WO,
addition, the formation of a second phase was detected,
which could be indexed to WSr,CaO4 compound. The
diffraction peaks observed at 2 theta values 18.83, 36.48,
44.2, and 55.04 represent the presence of this phase. Using
Highscore software it was estimated that the amount of
WSr,CaOg4 phase increased from 6.6% for sample WB 2 to
~20% in sample WB 3 with 5 wt% of WO; addition.

The amount of the WSr,CaO¢ phase has increased with
the rise in WO; content, confirming that nano WOj; reacted
with matrix phase elements during the heating process to
form this phase. A slight shift in the lattice parameters was
also observed with nano WO; addition, compared to sample
WB 0, which suggests that a small amount of W enters the
unit cell, probably substituting for Cu, due to their com-
parable ionic radii [30]. Lattice parameters and the phases
present in all the samples are given in Table 1.

2.3 Microstructural Analysis

Figure 4 shows the FESEM images of microstructures
of fractured surfaces in all the samples. All samples have
closely packed platelet-like grains. In samples with addi-
tion of nano WO; (mostly of size 2—6 nm), spherical par-
ticles (20-80 nm size) of a second phase have formed and
are found located systematically at the platelet boundaries.
Number of the spherical particles was observed to
increase with increasing WO, addition. Energy dispersive
X-ray (EDAX) analysis in the region of the particles in
WB 2 and WB 3 showed a composition containing W-Sr-
Ca-O phase. It was difficult to assess the exact composi-
tion of the particles due to their small size. Combining the
results from XRD analysis, we identify the particles to be
of WSr,CaOg phase. It is interesting to note that the nano
WO, particles have reacted locally with the elements of the
matrix phase and formed a two-phase microstructure akin to
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Fig.2 (a) TEM image showing WO; nanoparticles dispersed in liquid medium, (b) Histogram shows that most particles are in the 2—-6 nm range,

(¢) Indexed XRD pattern for WO; nanoparticles

Y 123 with Y 211 precipitates [10, 31-34]. We believe that
uniform distribution of second phase WSr,CaOy particles in
Bi 2212 observed in Fig. 4, is a result of the local reaction
of uniformly distributed nano WOj; in the matrix without
agglomeration, which was possible through the sol-casting
method used in this work. The fact that the number density
of these precipitates can be controlled by varying the nano

WO; content is significant in optimizing microstructures for
improved properties.

2.4 Temperature Dependence of Magnetization
Figure 5 shows the temperature dependence of magnetiza-

tion (M) recorded for all Bi 2212 samples with nano WO,
addition, in the temperature range 20—120 K under 5 mT
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Fig. 3 : Indexed XRD patterns for all the Bi 2212 samples with nano
(marked B) phase was observed

WO, addition showing Bi 2212 as the main phase present. Minor
amounts of Bi 2201 (marked A) and other oxide phases (marked ®) are

Table 1 Lattice parameters and phase identification for all Bi 2212 samples with nano WO, addition
Traces of Minority phases present

Other impurity phases

Sample Lattice parameters
of 2212 phase
a(A) b(A) c(A)
WB 0 5.405(6) 5.407(7) 30.817(7) Bi 2201 (A), Bi-Sr-O and Sr-Cu-O (®)
WB 1 5.411(6) 5.418(4) 30.905(1) Bi 2201 (A), Bi-Sr-O (®)
WB 2 5.414(7) 5.415(8) 30.916(6) Bi 2201 (A), Bi-Sr-O (@) WSr,CaOg (B) 6.6%
WB 3 5.414(5) 5.414(2) 30.855(5) Bi 2201 (A) WSr,CaOg (B) 20.8%

applied field. The occurrence of diamagnetic transition in
the range 80-90 K confirms the formation of Bi 2212 as
the majority phase in all the samples. For the sample WB
0, with no nano WOj; addition, 7, (Onset) is around 90 K
while 5 wt% nano WO; added sample exhibits the lowest
T, (Onset) of around 80.5 K. We observe that the 7. (onset)
reduced from 90 to 80 K with nano WOj; addition and that
the superconducting fraction decreased gradually. This
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supports the possible substitution of W in the unit cells of
Bi 2212, possibly at Cu site, as discussed in XRD analysis.
Change of 7, owing to the substitution of certain ions of
comparable radii into the lattice is widely reported [35-39].
In the present system, the decrease in 7, is marginal and
hence would affect the properties only close to 7.

The transition widths (47,) were calculated, using the
definition AT = T.°7*- T 1% [40], from the normalized M-T



Journal of Superconductivity and Novel Magnetism

A
1um EHT=12.00 kV
WD= 58mm

Signal A= InLens
Mag= 19.96 KX

Date :2 Feb 2023
Time :11:37:50

.

Tum EHT = 1200 kV
WD= 6.5mm

Signal A = InLens
Mag= 20.00KX

Date :2 Feb 2023
Time :1:58:27

< )

-
Signal A= InLens
Mag= 2017 KX

Date :1 Feb 2023
Time :21:32:30

Z /
EHT= 7.00kV
wD= 7.3mm

Fig. 4 (a-d): FESEM micrographs of fractured surfaces of all Bi 2212 samples with nano WO; addition; W w-containing phase observed are

marked for samples WB 1, WB 2, and WB 3

curves shown in Fig. 5 and are given in Table 2. Here, 7,/%”
and T,°"” are the temperatures at which the diamagnetic sig-
nal strength falls to 10% and 90%, respectively, of the total
drop across the transition. Samples WB 1 and WB 2 have
relatively lower transition widths, A7,. Transition widths of
the order of 20 to 40 K are reported in Bi 2212 superconduc-
tors, for instance with Yb substitutions [41] and Au addition
[42].

2.5 Field Dependence of Magnetization

Magnetic hysteresis (M-H) loops are recorded in all the
samples at temperatures 5, 15, 50, and 77 K. Typical set
of loops recorded at 5 K for all the samples is shown in
Fig. 6. The hysteresis in M (opening of an M-H loop) is
proportional to critical current density (J,). At 5 K, M-H
loops for all the samples are open till 9 T, indicating that all
the samples have J. >0 up to the highest applied fields and
hence have an irreversibility field B;,, of above 9 T.

The Critical current density for all the samples was cal-
culated using Bean’s critical state model [43], from the
relation

Jo=20AM/d (1)

AM is the hysteresis in magnetization, in emu/cc, mea-
sured from the curves recorded with increasing and decreas-
ing fields.

Here, d = a(1 — a/3b), a and b (a< b) are dimensions of
the cross-section of the sample.

The field dependence of J, for all the samples is shown in
Fig. 7 (a & b) at 5 and 15 K. At 5 K, samples WB 0 and WB
1 have nearly equal J, at lower fields, but at higher fields,
the J,. for sample WB 0 decreases rapidly compared to that
of WB 1. At 15 K, the sample WB 1 exhibits substantial
enhancement in J, and has the highest value among all the
samples in the entire field range.
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Fig.5 Temperature dependence
of magnetization for all Bi 2212
samples with nano WO, addition,
showing an increased shift in the
onset of diamagnetic transition
to low temperatures with an
increase in WO; content

Fig. 6 Field dependence of mag-
netization for Bi 2212 samples
with nano WO; addition at 5 K,
showing all the samples have J,
> 0, till 9 T applied field
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Table 2 Transition temperatures and transition widths for Bi 2212 samples with nano WO, addition

S. No. Sample T, (K) AT, (K)
1 WB 0 90 23.2
2 WB 1 88.2 16.5
3 WB 2 85 18.2
4 WB 3 80.5 29.2
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It can also be seen from Fig. 7 (c) that the fallinJ, with T
is much more rapid in WB 0 with no nano WO; addition. J,
for sample WB1, with 0.1 wt% WO; is higher than for WB
0, in the temperature range 10 to 50 K. For WB 1 sample
J,(0) value has increased by 60% at 15 K and by 35% at
50 K, with respect to those of WB 0. This suggests that the
pinning centres generated by low concentrations of nano
WO, addition are effective in the intermediate temperature
range. All samples retained superconductivity up to 77 K.

Here, we bring in an analogy to the YBa,Cu;0,_g super-
conductor (called YBCO or Y 123) system in which distri-
bution of 30 mol % of non-superconducting Y 211 particles
in'Y 123 matrix leads to substantial enhancement of J, [44,
45]. This is attributed to flux pinning caused by fine second-
ary defects like stacking faults generated at the interface of
the particles with the matrix phase. The secondary defects
are of size comparable to the coherence length of HTSCs,
as observed from spectroscopic investigations [10, 33, 46].

J, (kAlcm?)

—&—WB 0
-®-WB1
—¥- WB 2
.O- WB 3

Temperature (K)

80

From this, we infer optimum levels of defect density gen-
erated by the W- alloy phase (WSr,CaOy) particles present
in the Bi 2212 matrix in WB 1 sample, which appears to
have provided effective flux pinning retaining higher J, as
observed in Fig. 7(b) to higher fields. The J,(0) values, (i.e.
J, at zero field) are given in Table 3 for all the samples at
different temperatures.

2.6 Analysis of Flux Pinning Force Density (F,)

For an in-depth understanding on pinning of flux occurring
in Bi 2212 composite samples, the flux pinning force den-
sity (F), ) is calculated using the relation, F\,= J.x B and is
analysed in terms of scaling laws.

The field dependences of flux pinning force density
at 5, 15, and 50 K are shown in Fig. 8 (a-c). At 5 K, F),
monotonically increases with field for all the samples with
WO; addition, while it reaches a maximum at about 5 T for

4.5

J. (kAlcm?)
w
(=]

-
(3]

Fig.7 Field dependence of J, at (a) 5 K and (b) 15 K respectively; (c) T dependence of zero field J, in the range 5 to 77 K, for all the samples of

Bi 2212 series with nano WO; addition
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WB 0. This shows that flux lines remain pinned till the 9 T
applied field in the composites, suggesting suppression of
flux creep, compared to WB 0, even at low temperatures.
The F), has the highest value for WB 1 when compared to
other samples at all temperatures. The F), . values for all
the samples are given in Table 3.

At higher temperatures like 15 and 50 K, the F), ., (the
peak value of F), in the F), vs. B (B=u,H) curves) shifts
to lower fields for all the samples, due to flux creep that is
known to be predominant in BSCCO superconductors com-
pared to YBCO [47, 48] superconductors and it increases
with rise in temperature. However, for WB 1 sample, £,
occurs at higher fields at all temperatures, compared to all
other samples. This suggests that at low concentrations of
WO;, effective flux pinning is achieved to higher fields. The
full width at half maximum (FWHM) of F), vs. B curves is a
measure of the range of fields in which pinning is effective
and is found to be 5.45 T at 15 K for WB 1, while it is 2.9
T for WB 0, as can be seen from Fig. 8(b). The fact that the
peak widths of F), vs. B curves for WB 1 sample are larger
till 50 K confirms the effective field range of flux pinning to
have been enhanced by the defects generated by adding 0.1
wt% nano WO; to Bi 2212.

Studies on the pinning mechanism in BSCCO samples in
literature, propose normal surface pinning at grain boundar-
ies (d/ pinning) to be dominant [49, 50] while substitutional
defects and the presence of low T, superconducting phases,
if any, would cause 67, pinning [51]. In the present set of
composites, we find that pinning from the defects generated
by the reaction of nano WOj is also effective, in addition
to the structural defects at platelet/grain boundaries, leading
to additional surface pinning in composites over a broader
field range compared to that of WB 0, as seen in Fig. 8 (a-c).
Small amounts of Bi 2201 phase (with a 7, of 10 K) present
become normal and contribute marginally to flux pinning at
all temperatures above 10 K.

To understand the nature of pinning present in our sam-
ples, we plotted the normalized pinning force (f=F,/F), ,,.)
vs. h (=B/B,) along with the theoretical curve for Normal
surface pinning mechanism as discussed in the literature
[14, 52-54]. For this, field is normalized to peak field B,
(ie. field at 7, , ) such that h=B/B, = u,H/u,H,.

The scaling laws in terms of A [14, 49, 50, 52-55] for
normal point pins and surface pinning are given by Eqns.

Table 3 B" (T) at 15 and S0 K, J,(0) and F,

max

below and are indicated by the continuous curves in Fig. 8(d
& e).
For normal point Pinning.

2
f(h) = Zh(l - g) (2)

For normal surface Pinning.

- 2
rn=2ne(1-2) ®

J

It can be seen from Fig. 8 (d &e), that the experimental
curves are closer to the theoretical curve for normal sur-
face pinning at 15 and 50 K. The deviation from theoreti-
cal curve at fields well above B, is attributed to additional
pinning mechanisms that operative at higher fields. At 5 K,
the maximum in F), is not reached even up to 9 T for the
composites; hence, further analysis in terms of scaling laws
was not considered at this temperature.

From Kramer’s approach, we determined B”, the charac-
teristic field beyond which the rigidity of the flux line lattice
(FLL) effectively vanishes, and B" is <B,, in HTSc due to
flux creep. B” was obtained by linear extrapolation to zero
of the low- J, segment of the Kramer curve [56] in which
Jcl/ B! s plotted vs. field B. This approach of obtaining B
is reported by [14, 57, 58]. Figure 8(f) shows a typical plot
for sample WB 3 from which B" is determined. B” values at
15 and 50 K are shown in Table 3.

Lower transition widths indicative of better grain con-
nectivity would also play a role in the superior supercon-
ducting properties observed for samples WB 1 and WB 2.
Since Sample WB 0 has no nano WO; addition, there is an
inadequacy of pinning centres to provide effective pinning
at higher fields and this explains the rapid fall in J, in WB
0 at higher fields.

According to reports based on computer simulations of
the interactions between pinning centres and flux lines, at
high defect densities, the mobility of the flux lines increases
such that the flux lines can jump freely from one defect to
another without being pinned [59, 60]. This might be the
cause as to why the presence of secondary phases is effec-
tive only at low concentrations, and the superconducting
properties start to degrade at higher concentrations.

at 5, 15, and 50 K for the Bi 2212 samples with varying nano WO; addition

Sample 15K 50 K 5K 15K 50 K
B’ B’ J.(0) Alem? Fyax J.(0) Alem? Fyas J.(0) Alem? Fyas
(T) (T) N/em?® N/cm N/cm
WB 0 6.37 0.20 8124.5 870.7 2109.2 113.9 41 1.22
WB 1 8.35 0.32 7908.1 1566.4 3602.5 218.1 570.5 2.1
WB 2 8.55 0.24 4617.7 914.8 1697.3 90.8 260.8 0.77
WB 3 7.0 0.14 4408.1 662.8 1524 68.4 282.8 0.35
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Fig. 8 (a-c): Field dependence of Pinning force density at 5, 15, and
50 K respectively, (d, e) f'vs. B/Bp curves along with theoretical curve
(Eq. (2)) at 15 and 50 K respectively for all the Bi 2212 samples with

nano WOj addition, (f) B* estimation, shown typically, for sample WB
3 at 15 K, using Kramer’s approach

@ Springer



Journal of Superconductivity and Novel Magnetism

Flux pinning from various sources/ mechanisms can thus
simultaneously exist to different extents in high 7, super-
conductors and can be effective at different field and tem-
perature regimes. However, separating the contributions
from each of these sources to flux pinning quantitatively is
a complex problem.

3 Conclusions

With an aim to mimic the two-phase microstructure of YBCO
system that leads to effective flux pinning and enhanced J,
we have investigated the effect of nano WO; addition on the
superconducting properties of Bi,Sr;, 14,Cag gsCu,Oy super-
conductor. Nano WOj; particles that are uniformly distrib-
uted by sol-casting method into Bi 2212 matrix, which, on
heating to 870°C for a short duration, have generated nearly
spherical particles (20-80 nm) of WSr,CaO¢ as a second
phase. These particles are seen to be well dispersed along
the Bi 2212 platelet boundaries, as observed in FESEM
images of fractured samples.

The number of second-phase particles generated
increased with the amount of nano WO; added, confirm-
ing their formation due to the local reaction of nano WO,
with the matrix phase. M-H loops recorded show B, to be
above 9 T at 5 K in the composites, which is higher com-
pared to pure Bi 2212 sample having B,,, around 5 T. Addi-
tion of nano WOj; in low concentrations (0.1 wt%) is found
to enhance the superconducting properties of Bi 2212 in a
broad range of fields at intermediate temperatures of 10 to
50 K. The reason for the superior properties in composite is
attributed to the effective flux pinning caused by the second-
ary defects created at the interface of the WSr,CaO, par-
ticles with the matrix. Lowering of zero-field J. at higher
concentrations of nano WO; addition to Bi 2212 supercon-
ductors has a correlation to the reduction in the supercon-
ducting fraction. Detailed analysis of pinning force density
using scaling laws suggests that more than one pinning
mechanism can be operative at different field and tempera-
ture regimes. Our results show that flux pinning in a broad
range of fields could be sustained to high fields by control-
ling the two-phase microstructure.

The current study reveals that the sol-casting method
outperforms the conventional solid-state synthesis method
for introducing suitable nanoparticles uniformly, without
agglomeration, in Bi 2212 matrix. When the WO; nanopar-
ticles are added by solid-state synthesis method, the J,
value diminished to zero around 5 T applied field at 4.2 K
[19] whereas, for WO; nanoparticles added by sol-casting
method, as in sample WB 1, the J, falls nearly 4 times
the J.(0) value but is sustained to 2 kA/cm? at 5 K till 9 T
applied field. The reports in the literature suggest that the

@ Springer

addition of nano-sized silver to Bi 2212 led to the fall of J,
approximately 100 times the J,(0) value, even at 4.2 K at
6 T applied field [14]. Nanosized Al precipitates added to
Bi 2212 similarly resulted in rapid deterioration of J, by 5
T field at 4.2 K [61]. At 10 K, in nano SiO, added Bi 2212
samples, the J, diminished by around 3 T applied field [62].
Hence, in comparison to existing literature, nano WO; par-
ticles are a better choice as pinning centres to pin the flux
lines at relatively higher fields, compared to peak field in
F,(B) curves, and in 10 to 50 K temperature range.

The fact that the present Bi 2212 composites exhibit a
two-phase microstructure, as in the YBCO system, with
controllable second phase particle density opens up scope to
design suitable microstructures in BSCCO superconductors
with local reaction of suitable nanoparticles for improved
flux pinning.
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