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ARTICLE INFO ABSTRACT

Using a sol-gel route, we produced (Bi,Pb),SraCaxCusOip 4o (Bi-2223) specimens with the addition of titanium
dioxide nanorods (TiO,-NR) additive, with the aim of understanding the role of one-dimensional (1D) additives
on the magnetic properties, flux pinning ability and microstructure of Bi-2223. TiO,-NR was hydrothermally
prepared through the two-step process. The Isocyanatopropyltrimethoxysilane (IPTMS) was employed as a
surface modifier of TiO,-NR. Based on FTIR spectra, successful connection between the surface of TiO,-NR with
IPTMS was approved. XRD patterns revealed that the structure of Bi-2223 as the main phase was maintained
with the increase of TiO,-NR. An enhancement in the vortex pinning and superconducting properties was ob-
tained in the specimen with the 0.2 wt%. TiO,-NR. The microstructure of the samples showed enough contact
between the plate-shape BSCCO grains. By increase of TiO»-NR content, grain connectivity and grain alignment
slightly diminished. Among the samples, the one containing 0.2 TiO,-NR showed the largest magnetic hysteresis
curves and the highest critical current density (J.) equal to 2,01 x 10° A/em?, comparable to the considerable
results reported for Bi-2223. The possible flux pinning mechanisms predominant in this compound were eval-
uated, indicating that TiO,-NR improved the pinning performance in Bi-2223.
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1. Introduction

Superconducting behavior, the appearance of diamagnetic proper-
ties and zero resistance simultaneously, has rapidly been developed for
a range of innovative technology applications in industrial areas [1,2
Superconductor-based products are zero resistance, reliable, efficient,
environment-friendly and power quality materials compared to their
conventional counterparts [3,4]. Nowadays, scientists focus on further
implementation of Bi-based ceramics materials capabilities in heavy-
industrial [5].

Superconducting materials are categorized into two main groups.
The type-II superconductors (high-temperature cuprates), discussed in
the present research, exhibit desirable properties due to smaller mag-
nitude of energy losses, lower power consumption and large magnetic
field-current capacity. Moreover, high temperature superconducting
(HTS) materials are good candidates for many industrial applications
such as underground tapes, generators, filters, magnets, detectors,
transformers, energy storage, fault current limiter and magnetic se-
paration due to cost-effective and easier attainability of the starting
ceramic materials [6-8].

Considering the Cu-O planes species, BSCCO superconductors with

" Corresponding author.
E-mail address: baghshahi@eng.ikiu.ac.ir (S. Baghshahi).
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(BiPb),Sr,Cay,_1Cu,O0p 4 4+ o general formula have two HTS phases with
critical temperature values of Tc = 110-100K (Bi-2223, n = 3) and
Te = 95-90K (Bi-2212, n = 2) [9,10]. It should be noted that Bi-2223 is
preferable to other kinds of BSCCO system for the fabrication of tapes
and cables for industrial applications. The high purity synthesis of Bi-
2223 phase is somehow challenging because of generation of other side
products and the occurrence of highly complex reaction mechanisms.
Bi-2223 phase requires a long synthesis time to form an suitable frac-
tion of Bi-2223 in the final product because the formation kinetics of
the this phase is slow [11,12].

Various methods. have been used for the fabrication of BSCCO su-
perconductors samples [13,14]. The widely used method is the con-
ventional solid state reaction. However, some wet method like sol-gel
has several advantages over the solid state method, as follows: cap-
ability to generate complex inorganic materials, lower synthesis tem-
peratures, shorter processing times, greater mixing of precursors at
atomic scale and better control of particle size. Recent investigations
have revealed that the drying condition, heat treatment status, con-
centration of mixture solution, the chelating groups, the pH value of sol
and the addition of nano materials are significant parameters in the
improvement of the microstructure and superconducting parameters of
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BSCCO system [15-17].

Recently, nano ceramics have been applied in various fields of en-
gineering and science because of their unique properties, encouraging
the researchers to examine the role of nanoparticles additions for ob-
taining more appropriate properties [18-20]. Many investigations are
being conducted and much effort is being devoted to studying the im-
pacts of nano addition into the microstructure of superconductors, in
hope of achieving higher critical current density (Jc) and super-
conducting temperature (Tc) [21-23]. In the recent years, considerable
studies have been focused to the trends concerning the elevation of the
Jc by creating efficient active pinning centers via substitutions and
additions of nano-sized additives such as Co304, Au, Smy03, Al,O3,
Zr0Q,, Ag and etc [24-30]. It has been reported that nano sized particles
can create strong pinning forces because of their sizes are around to the
coherence length. Moreover, defects caused by energetic radiations in
BSCCO system were detected to be effective in increament of pinning
forces [31,32]. In several similar works, the effects of some other nano-
additives were scrutinized [33-36]. However, there are not enough
researches focusing on the effect of one-dimensional nano additives
such as TiO, nanorods (TiO;-NR) on the superconducting properties of
BSCCO. Further defects such as dislocations and columnar defects can
be created with the presence of a 1D addition, contributing to the im-
provement of Jc value. To the best of our knowledge, there is no de-
tailed report about the TiO,-NR as an additive to BSSCO bulk. TiO, as a
ceramic material has high thermal and chemical stability and high
transmittance in the visible spectral range. This material could be
formed in three possible crystallographic phases, that is anatase, rutile,
and brookite [37].

In this research, we aim to investigate the effect of TiO,-NR as a new
pinning center on superconducting, magnetic and electrical features of
Bi-2223 synthesized by sol-gel route. Different parameters such as cri-
tical temperature (Tc), magnetic susceptibility (yq.(T)) and magneti-
zation critical current density J., (H) were evaluated and compared.
The pinning force was determined to illustrate the mechanism of pin-
ning activated in the specimens.

2. Experimental procedure
2.1. Materials

Bi-based bulk samples with the chemical composition of (Bi-
Pb),Sr;CayCuz0g + xTiO;, where x = 0.0,0.2, 0.4 and 0.8 wt%, were
prepared by sol-gel method using high purity powders of Bi
(NO3)3.5H,0, Ga(NO3)2.4H,0, Pb(NOs);, Cu(NOs),.3H,O0 and Sr
(NO3),. Firstly, the proper amounts of metal nitrates were added in
50 ml of HNO4 (0.1 M) and the resulting solution was stirred at 50 °C to
obtain a light blue solution. To prepare stable metal chelate complexes
(EDTA-metal cation), ethylenediaminetetraacetic acid (EDTA) and
ammonium hydroxide were gradually added to the precursor solution
and stirred at 80°C. The polymerizing agent of Ethylene glycol (EG),
with the molar EG/metal ions ratio of 3.5:1, was added to the solution,
so that a dark blue solution was obtained. The concentrated solution
was subsequently heated in an oil bath at about 200°C to totally eva-
porate the solvent, producing a black foam-like mass after 10 h. Further
heating at about 300 °C removed water and organic impurities, con-
verting into the precursor powder. The remaining powder was mixed
with TiO,-NR and ground in an agate mortar for about half an hour.
The obtained powder was calcined at 820 "C for 24 h to decompose the
alkaline-earth carbonates. After cooling to room temperature, the cal-
cined powders were removed from the furnace and was then ground by
an agate mortar. The powders were pressed into pellets under pressure
of 5 ton/cm? and sintered at 850 °C for 100 h in an air atmosphere.

2.2, Synthesis and surface modification of TiO, nanorods

TiO, nanorod was prepared via a two-step hydrothermal route as
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described elsewhere [38]. Briefly, 40 ml NaOH(10 M) was added into
TiO, Degussa P25 nanoparticle (1g) and stirred for 1 h. The homo-
geneous suspension was transferred to autoclave (100 ml) and hydro-
thermaled at 190°C for 72h in an oven. Then, the autoclave was al-
lowed to be air-cooled to room temperature followed by rinsing of
products with dilute HCL. In the next step, the residue was added into
solution of 40 ml ethanol-water (20ml: 20ml) and dimethylamine
(2 ml) accompanied with magnetic stirring for 1 h. The resulted solution
was hydrothermally heated at 180 °C for 10 h. After vacuum filtration,
the residue was finally dried, and the white-color TiO,-NR powder was
gained. The silane agent of 3-Isocyanatopropyltrimethoxysilane
(IPTMS) was used for the surface modification of TiO,. Synthesized
TiO, nanorads were ultrasonically dispersed in distilled water at am-
plitude 30%, and the solution was mixed by IPTMS, followed by re-
fluxing at 80°C for 5h. The centrifugation of finalized solution was
conducted for 10 min at 10000 rpm to separate TiO,-NR from the sol-
vent fallowed by washing two with ethanol to remove excess silane. The
modified nanorods were finally dried at 100 °C for 12 h.

2.3. Characterization

X-ray diffraction (XRD) analysis and X'Pert Pro MPD (PANalytical)
diffractometer operated with Cu-Ka radiation were used to explore the
structural and phase composition. Besides, the XRD peaks observed
allow us to calculate the relative volume fractions of the low-Tc and
high-Tc phases (fi2223) and fra212)) using Eqgs. (1) and (2) [39]:

f(2223) = 2 Baza chiy

3 Loasgikny + 2 barz k) + 2 Tothers -
f(2212) = % bz gty

¥ a2y nkny + 2 barz k) + 2 Tothers -

Here l2203 chieny @and o212 (urp relate to the intensity of the Bi-2223 and
Bi-2212 peak, respectively. FTIR spectroscopy (85008 SHIMADZU) was
applied to verify functional groups forming on TiO,-NR surface.
Fractured surface morphology is investigated with the aid of FESEM
(Tescan Mira3). Energy-dispersive X-ray spectroscopy (EDS) analysis
system was performed to study the relative content of the specimen.
Additionally, magnetization measurements were executed using a
SQUID magnetometer to calculate the magnetization critical current
density (J,) values, by using extended Bean's model the (Eq. (3)) [28]:

AM
Jo = 30—
o @)
Here d represents the thickness of the specimens and
AM = AM = M* =M~ is calculated from the hysteresis loop.

3. Results and discussion
3.1. Grafting process

Fig. 1 shows the process of TiO,-NR with IPTMS surface modifier. As
can be seen in Fig. 1, the process of TiO,-NR grafted IPTMS are in-
volved, three stages of hydrolysis, condensation reaction and bond
formation.

As shown in Fig. 2, isocyanate groups (-NCO) react with the silanol
groups (R3SiOH) produced during hydrolysis. It is noticed that the cross
linked polymer structure was formed on the TiO,-NR through a sub-
sequent condensation of IPTMS. It should be noted that -NH, groups
and CO, were formed as a result of the reactivity of water and -NCO.
Therefore, the NH, are only present at the surface of TiO,-NR. The
successive condensation of hydrolyzed IPTMS are interrupted to de-
velop the cross linked network [40,41].
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TiO, Nanorod 1|3 l‘l l‘{ Ti0, Functionalized
OH ) — (y— Q) —
OH— 0—S8i—O0—Si—O0H
ﬁ: OH * ﬁl \1 |
OH OH OH

Reflux (hydrolysis-Condensation-Bond formation) OH — ﬁi O— ﬁi —0— S‘i OH
0 0 0--
R= (CH,),NCO |

Fig. 1. Reaction scheme for TiO,-NR surface modification.

NH, Table 1
\I NH Characteristic bonds in infrared spectra of IPTMS- TiO5.
2
i - \ No.  Wavenumber (em~')  Functionality
4 y
NH H 1 =700 Main characteristic peaks of titania bonds (Ti-O-Ti
N & Ti-0)
0= C 0—Si— OH 2 910-940 Stretching vibration band of Ti-O-Si
/ E " 3 1040 Si-0-Si bond (condensation reaction between
O H H fe) silanol groups)
N L 4 1550 NHCO groups
OH—Si— 0O~ / 5 1560-1610 N-H bending vibration of amines (-NH,)
c =0 6 1640 Characteristic peaks of hydroxyl groups
7 2800 & 2900 Methylene group (C-H symmetrical stretching
H vibration)
3200-3400 Characteristic peaks of hydroxyl groups

N
/

3.2. FTIR spectroscopy

Ve
P W

o= H— Si—O
Q S Fig. 3 shows infrared spectra of IPTMS-TiO; and untreated TiO2-NR.

H
(@] The main FTIR bands of the IPTMS-TiO, are presented in Table 1.

In the spectrum of IPTMS-grafted TiO,, the bands lower 700 ¢cm ™
are assigned to the bonding of titania [41]. Furthermore, the broad
peak at region 3400 and 3200 cm ™! peak and the peak at 1640 cm !
appearing in this spectrum confirms the presence of surface hydroxyl

IPTMS'TiOZ groups (-OH). The bands at 2900 and 2800 em ™! can be attributed to
methylene group and the C-H bond [42].

The existence of the 1040 em ™! peak related to the Si-O-Si bond
confirms that the condensation reaction occurred between silanol
groups. Furthermore, the bond of N-H bending of primitive -NH, was
observed at the region 1610-1560cm™'. As seen in Fig. 2, amine
species was only in the outermost layer of IPTMS-TiO,. In infrared
spectra, the intensity of amines was low and overlapped with that of OH
groups. The peak corresponding to NHCO groups was observed at
1550 cm ™! revealing the reaction between -NCO and -OH groups.
Moreover, the absorption from 910 to 940cm ™' was caused by the
vibration of Ti-O-8i, indicating the reaction between -OH group of TiO,
and R5SiOH. Since the washing or centrifugal separation will remove
physical adsorbed and residual (non-reacted) IPTMS agent. It should be
noted, existence of the OH groups on the surface of the TiO,-NR (TiOH)
leads to the formation of active cases for the reaction with silane
groups. The mentioned peaks illustrate that successful surface mod-
ification of TiO,-NR has occurred [40,43].

1

Fig. 2. Cross linked network generated on TiO,-NR.

—— TiO2-NR
—— TiO2-IPTMS

/%

Transmittance

3.3. Phase analysis

Fig. 4 shows the XRD patterns of Bi-2223 specimens sintered with
various TiO,-NR contents. The analyses of XRD patterns indicated that
all samples were composed of Bi-2223 as the principal phase and Bi-
3500 3000 2500 2000 1500 1000 2212 and Bi-2201 as the ordinary phases.

As the mounts of TiO.-NR increased, the Bi-2223 decreased and the
optimum TiO,-NR content for the samples, to achieve a great volume
fraction of Bi-2223 is x = 0.2 wt%. It seems that the addition of a high

i
Wavenumber /cm

Fig. 3. FTIR of (a) untreated TiO, and (b) IPTMS-grafted TiO».
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—— BPSCCO

— BPSCCO-0.2 TiO2-NR

—— BPSCCO0-0.4 TiO2-NR
BPSCCO-0.8 TiO2-NR

= Bi-2223

Intensity (a.u)
«(006)
= (008)
(115

*
e
- %
(11
(0016
#(0!
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J\ LA

10 20 30 40 50
20 (Degree)

Fig. 4. XRD patterns of Bi2223 sintered with varous concentration of TiOy
nanorods.

Table 2
Larttice parameters of the Bi-2223-X (wt%) TiO,-NR unit cell and T¢ values
obtained from susceptibility-temperature for all samples (0-0.8).

Sample Lattice parameters Ty (K) Te (K)
{intergranular (intragranular

X(wt a= b(f\) C(A} transition) transition)
%)TiOz-NR

0.0 3.823(1) 37.074(4) —— 110.9

0.2 3.823(2) 37.074(2) 112.5

0.4 3.823(4) 37.074(1) 99.2 109.1

0.8 3.823(3) 37.074(1) 97.1 107.3

TiO, concentration can affect the rate of reaction, which restricts
slightly the formation of Bi-2223. This fact suggests that the TiO,-NR
addition leads to a change in the homogeneity of the transient liquid
forming, its viscosity and the reaction rate of the Bi- 2223 phase.
According to the XRD spectra, peaks assigned to the TiO, phase ad-
mixture was not detected even with high TiO,-NR amounts. Moreover,
after the Rietveld refinements, the lattice parameters are obtained, as
listed in Table 2. As shown in Table 2, no significant change in lattice
parameters is observed. It is significant to note that for all samples, the
structure of sintered samples did not depend on TiO,-NR addition,
implying TiO,-NR did not fit into the structure of Bi-2223. The lattice
parameter values are in accordance with those reported by other
[13,44].

3.4. Microstructural analysis

Fig. 5 shows the FESEM micrograph of TiO,-NR, which were used as
an additive and the fractured surface of Bi-2223 matrix sintered at
850 °C. The rods appear relatively uniform with micron-sized lengths
and about 70 nm diameter (Fig. 5a). As shown in Fig. 5b, the typical
microstructure of Bi-2223 superconductors, which is flaky layers of
plate-like grains.

The FESEM images of TiO,-NR added samples (x = 0.2 and x = 0.8)
are shown in Fig. 6. From the photographs, we can see that the granular
structure of samples having randomly aligned plate-shape grains and
porous within BSCCO grains.

However, it is clear from the micrographs that no significant var-
iation of microstructure occurs with the presence of TiO2. However, the
average grain size in the samples with lower TiO, content is slightly
larger. Furthermore, orientation and connectivity of superconductors
grains are slightly worsened in x = 0.8 sample. It is significant to em-
phasize that TiO,-NR entities reside in the grain boundaries and fill the

Ceramics International Xxx (XXXX) XXX-XXX

pores inside the grains. It is suggested that such a microstructure may
lead to a variation in connecting region and grain boundary content
because of the existence of effective centers for pinning in the BSCCO
matrix.

Fig. 7 present the elemental mapping of the Bi,Sr,Ca,CuzOy + TiO,
NR sample, indicating that superconductors grains consist of Bi, Ca, Cu,
Pb, Sr, O and Ti element of TiO, nanorods.

3.5. Magnetic features

Fig. 8 depicts the magnetic susceptibility (yq.) against temperature
for various added samples. As shown in Fig. 8, the onset of the transi-
tion temperature values, T,, varied by the addition of TiO2-NR. Initially,
T, raised with the enhancement of TiO,-NR content up to 0.2, and then
further TiO»-NR addition reduced T..

The reduction of Tc can be attributed to strain accumulation at the
interface of TiO,-NR/Bi2223. In other words, distorted regions near the
interface are considered to be responsible for superconductivity de-
gradation due to a substantial change in the carrier density. The 0.2 wt
% nanorods added sample, Compared with Bi2223 sample, possesses
higher T. and larger negative magnetization (Fig. 8), indicating the
existence of small concentrations of TiO,-NR results in an enhancement
in Bi-2223 grains connectivity.

According to the -T graphics observed, a typical single-step tran-
sition peak is seen for x = 0.0 and x = 0.2 specimens. This trend is a
characteristic feature of pure superconductors followed by a continuous
decrement in susceptibility value with temperature. In x = 0.4 and
x = 0.8 samples, a second peak becomes manifest at T.; ~ 97 “C. The
main reason for the appearance of the second peak is the formation of
Bi-2212 or other phases which are detected by XRD measurement. It is
obvious from Table 1 that the minimum Te (107.3 K) and T (97.1K)
values belong to the worst sample (x = 0.8), whereas the maximum
value of Te = 112.5K is observed in the best sample (x = 0.2). Ac-
cording to the obtained results, the TiO,-NR addition affects the weak
links, intergranular connectivity, grain orientations, grain morphology,
local structural distortions, defects and disorders. These findings are in
excellent agreement with FESEM micrographs and XRD patterns ex-
plained previously, which clarified that 0.2 wt% TiO, NR sample pos-
sesses the best grain size and coupling.

To identify the effect of TiO, addition and to determine vortex flux
pinning mechanisms, the intra-granular features of products were in-
vestigated. Fig. 9 presents the hysteresis curves for 0.0-0.8 wt%
TiO,-NR added products, at 10 K.

Obviously, the TiO,-NR addition cause considerable variations in
the size of the magnetic hysteresis. Among all samples, the hysteresis
loop area is the highest for the samples containing a low concentration
of TiO2 -NR (0.2 wt%). As shown in Fig. 9, the magnetization values
and the hysteresis loop width increased as the TiO2 -NR concentration
increased up to 0.2 wt% and then it started to decrease for higher TiO2
-NR concentrations, The enhancement in the width of hysteresis loops
can be attributed to the improvement of grain morphology and creating
pinning centers when appropriate defects form in the matrix. The
mentioned results indicated that the TiO2 -NR have efficiently con-
tributed to the enhancement of flux pinning, creating pinning centers
and causing the improvement of grain morphology when suitable
phases form in the Bi-2223.

Fig. 10a displays intragranular J. (H) for all products, at 10K,
achieved from the magnetic hysteresis curves. It can be seen that TiO;
concentration and the applied magnetic field affect J, values. TiO,-NR
in small amount, compared with the non-added samples, contributes to
the mechanism of vortex pinning, increasing J, values. Note that J. can
be influenced by artificial pinning centers due to the presence of nano-
rods. The highest J values have been obtained in (x = 0.2) TiO,-NR
sample, 2.01 x 10° A/em? at 10K. The reason can be illustrated as the
result of the enhancement of grains connectivity and grain alignment,
which is in accordance with the results obtained from FESEM images.
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Fig. 5. FESEM micrographs of a)TiO, nanorods addition and b) Bi-2223 sintered at 850 °C.

The large and well oriented grains can be associated with the reduction
in the grain boundaries and a decrement of adjoining grains angle,
resulting in a higher current. By the increasing of TiO»-NR addition, J¢
values decreased, indicating the deterioration of connection between
the grains and mechanism of pinning due to misorientation of the grains
and raise of the local structural distortions, weak-links, lattice strains
and porosity. The J. findings enable us to gain further insight into the
origin of enhanced pinning features and estimate the pinning force
density (Fp) by Fp = Jc x B [45].

Fig. 10b shows the pinning force density all samples at 10K. No-
tably, the flux pinning strength depends on the number of pinning
centers, morphology and size. As shown in Fig. 10b, the maximum field
(Hpmax) and the maximum force (Fp.ma,) is higher in x = 0.2 sample
compared to other ones, as depicted in Fig. 10b. The Hy,,, corresponds
to the magnetic field at which the Fp attains its maximum. It should be
noted that a larger Hp,,, indicates stronger pinning strength and the
better performance in the x = 0.2 sample is partly caused by the en-
hancement of Hy,. In this case, Hyay and Fppna decrease with the
increase of TiO,-NR, indicating a decrease in flux pinning with TiO,-
NR. It is worth mentioning that such an enhancement in the pinning
obtained by the only 0.2 wt% nanorods. Therefore, it is now clear that
the flux pinning strength can be modified by determining the added
material as pinning centers and its appropriate concentration. The re-
sult of this study reveals a high efficiency of flux pinning by nanorods.

-

To determine the pinning mechanisms, normalized magnetic field
(h = H/Hy,,,) dependence of flux pinning strength (f, = Fp/Fp.yax) was
studied. The experimental data of f,-h is often construed according to
Eqgs. (4)-(6) [46,47].
) 9h h?
o 2(-1)

normal point pinning

4
fh) = %ﬂ(l — g) surface pinning &
fh)= 3’12(1 - %) Ax pinning ©

Fig. 11 shows fp versus h plots for all the samples. The plots for the
experimental and theoretical data according to Eqs (4)-(6) are shown in
the figure to examine the flux strength. For fields below and beyond
hmax the position of data are between point and surface pinning and in
near hp,y, the data are scattered between point and Ax pinning. We
cannot conclude the presence of Ax pinning because of the limitation of
data above h,,,x. Whereas, the comparison of theoretical date of fp and
experimental plots in sample with nanorod indicates the activation of
surface and point mechanisms due to crossing between TiO,-NR and
vortices. At low field, the surface of well-aligned superconductor grains
treats as a pinning center. This finding reveals that the existence of
TiO,-NR additive amplifies the contribution of pinning centers in flux

|_BPSCCO-0.2 TiO2-NR_{ |

BPSCCO-0.8 TiO2-NR_|

Fig. 6. FESEM images of specimens sintered with various concentration of TiO, nanorods.
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Fig. 7. Elemental mapping for Bi-2223 TiO,-NR.
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Fig. 8. Variation of susceptibility over temperature curves in 10 Oe. H(D

Fig. 9. Magnetization hysteresis curves (M(H)) at 10K for all TiO,-NR added
pinning features. products.

properties and flux pinning features of Bi-2223 superconductors was
investigated. The XRD result confirmed the formation of the high Tc
phase of Bi-2223 accompanied by the relatively small concentration of

4, Conclusion

In this paper, the impact of TiO,-NR on the superconducting
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Fig. 10. a) Critical current at 10 K and b) Magnetic field dependencies of Fp for 0.0 wt% - 0.8 wt%TiO,-NR added samples.
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Bi-22212 phase at the specimen with 0.2 wt% TiO,-NR content. From
FESEM/EDX observation, it was concluded that no significant variation
of microstructure occurs with the presence of TiO2-NR. However, grain
characteristics such as connectivity and alignment are slightly wor-
sened in x = 0.8 specimen. Based on magnetic measurements, the
highest values of T. and J. corresponded to the 0.2wt% TiO,-NR
samples. The Fp,,, and Hy,,, were higher in the 0.2wt% TiO,-NR
specimen compared to the other ones. In addition, the hysteresis curve
obtained for this specimen had the highest width and magnetization
value, and the width of hysteresis loops decreased with the TiO,-NR
increased. Therefore, the results proved a high efficiency of flux pinning
in Bi-2223 ceramic materials by TiO,-NR
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