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Abstract

A series of YBa2Cu3Oy (YBCO, Y-123) samples with small amounts (0–1 wt%) of nanosized SiO2 particles (30 nm) are synthesized in air
using a solid-state reaction route. The microstructure has been characterized by transmission and scanning electron microscopy (TEM and SEM)
techniques and the magnetic field and temperature dependences of the critical current density (Jc) was calculated from the magnetization
measurements and by the standard four-probe method at various temperatures. Flux pinning force density (Fp) is calculated and possibility of the
pinning mechanisms prevalent in type II superconductors are investigated. X-ray diffraction analysis shows that the orthorhombic structure of
YBCO is maintained. Morphology examination by SEM revealed decreases of grain size with SiO2 addition. High zero resistance temperature
Tco value of about 90 K was maintained in YBCO with SiO2 concentration r0:2 wt%. Compared to free added-sample, higher critical current
densities were obtained for the YBCO sintered with low concentration SiO2 (r0.1 wt%) in applied magnetic field. TEM observations show the
presence of columnar defects (2–3 nm in diameter) along the c-axis of YBCO and Si-rich nanophase embedded in the superconducting matrix.
These defects are responsible for critical current densities improvement in the magnetic field of YBCO.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Following the discovery of type-II high-temperature super-
conductors, work has proceeded to develop these materials for
power applications. One of the problems, however, has been
that magnetic flux is not completely expelled, but rather is
contained within magnetic fluxions, whose motion prevents
larger supercurrents. For polycrystalline samples, the inter-
granular critical current density is limited by weak links caused
by grains boundaries and the intra-granular critical current is
impeded principally by the thermally activated flux flow at
high temperatures and applied magnetic fields. For applied
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magnetic fields higher than Bc1 (Bc1, the lower critical field),
the flux motion in granular high temperature superconductors
(HTS) samples cannot be completely understood by consider-
ing the vortices in the inter-grain and intra-grain indepen-
dently. To prevent the vortex motions and enhance the flux
pinning strength it is necessary to introduce artificial pinning
centers (APCs) in a superconductor apart from those which
occur naturally [1–8]. These APCs can be described as one-
dimensional (1D) such as dislocations, two-dimensional (2D)
such as grain boundaries and three-dimensional (3D) such as
fine precipitates. Various techniques such as high energy ion
irradiation [9], high energy ball milling [10], chemical doping
and additives [11,12] have been reported in the literature to act
as artificial pinning centers. The route of artificially introdu-
cing inhomogeneities or secondary phase materials as flux
pinning sites in HTC is an effective method and more practical
ghts reserved.
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compared to physical techniques. Various kinds of oxide
doping and additives, including metal [13] nonmetal nano-
particles [4,5,14] and carbon nano-tubes [12] have shown
positive effects on critical current densities in HTC. Presently,
oxide perevoskites (BaZrO3, BaSnO3, BaNb2O3, etc.) nano-
additives have garnered the most interest as a class of materials
for incorporation into YBCO. These additives improve the
pinning ability by forming composites or acting as column
defects comprised of self-alighted nanostructure such as
nanodots and nanorods [15–17]. In the present study we
demonstrate that nanosized SiO2 particles addition can gen-
erate also columnar defects in YBCO.

The impact of Si-based nanomaterials addition on the
superconducting properties of HTC has already been studied
in earlier years but most of them are focused on the MgB2

superconductor materials [18–23]. The effects of Si-based
nanomaterials in HTC ceramics other than MgB2 remain
inconclusive and opposite results were reported. Therefore
for an accurate validation of the impact of those materials
further studies would be required. Nanoparticles of SiC and
SiO2 imparted modifications in the microstructural and an
enhancement of pinning properties for MgB2. The above
nanoadditives do not affect the MgB2 phase formation for
suitable concentration levels. The zero resistance temperature
(Tco) decreases slightly, and the critical current density under
applied magnetic field (Jc(H)), the irreversibility magnetic field
(Hirr) characteristics have been significantly improved. Guo
et al. [20] reported on the effect of nanosized SiC addition on
polycrystalline Bi-2223 and they found that a small amount of
SiC (0.15 wt%) improved the critical current Ic and its
behavior in magnetic field as a result of the enhancement in
density, grain alignment, grain connectivity and flux pinning of
samples. However, larger Si-based nanoadditive concentra-
tions inhibit the formation of the high-Tc phase and decrease
Jc. Nanosized SiO2 addition shows a negative effect on Tco and
Jc of SmBa2Cu3O7 materials due to the reaction between SiO2

and matrix. [22]. Moreover, the substitution of small amounts
of Si at Cu sites in CuO2 planes has been found to suppress the
superconductivity in cuprate systems such as (Cu0.5,Tl0.5)
Ba2Ca2Cu3O10�d [23]. Although research has been performed
on the effect of nanosized Si-based materials on some HTC
superconductors, no data have been published regarding this
effect in YBCO. For YBCO, SiO2 generally used as a substrate
to synthesize YBCO film, which leads to a significant
degradation of superconducting properties caused by the
interdiffusion of Si due to high substrate temperature during
the deposition [24]. However, experimental results of ageing
tests showed that SiO2 layer forms an excellent passivation
material for preventing YBCO from corrosion by water [25].
To our knowledge there is only one work devoted to the
YBCO reporting the effect of SiO2 powder addition during the
initial sintering cycles on the superconducting properties of
YBCO [26]. Structural analyses show that SiO2 addition
leaving the Y-123 structure practically intact but influences
the inter-grain regions of the (YBa2Cu3O7�d)1�x/(SiO2)x
composite samples. The magnetoresistivity and isothermal
magnetization (M–H) measurements were explored and
demonstrate that SiO2 degrades the width of the M–H loops
and the Hirr and strongly affects the flux dynamics determined
by the inter-grain regions of the samples. Accordingly, based
on scanning electron microscopy observations, they have
assumed that small particles of SiO2 are sticking on the
surface of the YBCO grains. In the present work we
demonstrate that nanosized SiO2 particles addition effectively
controlled the micro-structure development in YBCO and
hence the superconducting properties like Jc(H), Jc(T), Fp.
Moreover, the common point between different cited reports

is that a suitable amount of nanosized SiO2 particles does not
affect the formation of superconducting phase and not alter
Tco. So this additive satisfies useful criteria to design a
composite superconductor-nonsuperconductor with better phy-
sical and mechanical properties. With this objective in mind,
we performed SiO2 nanometer sized particle doping experi-
ments, investigating the influence of the SiO2 addition during
the final sintering cycles of YBCO on the microstructural
features and the superconducting properties like Jc, pinning
force density Fp, which are useful in practical applications of
these materials. Nano-material additives may thus be more
efficient during the final sintering cycles of YBCO super-
conductor, which adjust the local microstructure by generating
defects such as twin boundaries, inhomogeneous microdefects,
dislocations, columnar defects, stacking faults, oxygen vacan-
cies, impurity phases, precipitates, and poor superconducting
phase etc. As a consequence of both the unavoidability and
desirability of defects in the oxide superconductors, investiga-
tion by TEM is required to determine the local microstructure;
i.e., to detect deviations from the average microstructure,
determined by SEM.
The investigation of the pinning properties in superconduc-

tors is usually accomplished by the determination of the flux
pinning force densities, Fp ¼ Jc � μoH. The pinning force of
superconductors is a function of temperature and magnetic
field and is determined by the micro and nanostructure of the
sample. Fp is mainly depends on the pinning center size, which
determines the total length of interacting flux lines, and the
geometrical nature of the interaction. Because of the complex-
ity of defects in polycrystalline superconductors, more than
one type of pinning mechanism may exist in high-Tc super-
conductors and the effects of the different types of mechanisms
may be additive. It is an important task to find the
dominant ones.
To provide more evidence concerning the effect of SiO2

nanoparticles inclusion on the superconducting properties of
YBCO ceramics, a series of specimens with different amounts
of SiO2 (0–1.0 wt%) addition were prepared by two steps
solid-state reaction method. In this paper, we present our
experiments and results on the superconducting properties and
the changes in microstructure correlated with nanosized SiO2

addition and the pinning mechanisms. The magnetic field and
the temperature dependences of the critical current have been
studied with a central objective to determine the dominant
source and mechanism of vortex pinning. The pinning force
densities were analyzed using the Dew–Hughes model [27]
and the microstructure was examined using TEM technique.



Fig. 1. TEM micrograph of SiO2 nanoparticles.

Fig. 2. X-ray powder diffraction patterns of samples added with various
amounts of SiO2 nanoparticles. *: Y2BaCuO5.
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We establish that nanosized SiO2 addition particles effectively
controlled the micro-structure development in YBCO and
hence the superconducting properties.

2. Experimental

The pure and SiO2 nanoparticles added YBCO samples
were prepared by the conventional solid-state reaction method
under identical conditions. The single phase YBCO was
synthesized by thoroughly mixing high purity Y2O3 (99.9%),
Ba2CO3 (99.9%) and CuO (99.9%) according to the chemical
formula of Y:Ba:Cu¼1:2:3. This mixture of powders was
pelletized and then calcined at 950 1C for 12 h in air in order to
produce an oxide precursor without remainder of any carbo-
nates. X-ray diffraction revealed that YBCO powder was thus
elaborated with a main phase composition of Y-123. SiO2

nanoparticles were added to the precursor powder Y-123 in the
final processing stage, by mixing and hand grinding both
powders in an agate mortar. Fig. 1 shows transmission electron
microscopy image of the SiO2 which was used as an additif.
The average size of the SiO2 nanoparticles was about 30 nm in
diameter. The additional amount of SiO2, varied from x¼0 to
x¼1 wt% of the total mass of sample. The mixed powders
were pressed into pellets at 750 MPa in the form of circular
disks having 13 mm in diameter. The pellets were sintered at
950 1C for 8 h in air and, then, cooled to room temperature at a
rate of 4 1C/min. The heat treatment processes of all samples
were performed in alumina crucibles. The non added powder
(0 wt%) was used as a reference, then it is hand ground as the
SiO2 added samples to ensure identical physical conditions for
all the samples.

The structure and phase identification of the powder sample
ground from sintered pellets were examined by powder X-ray
diffraction (XRD) using a Philips 1710 diffractometer with
CuKα radiation. The diffraction data were collected over the
diffraction angle range of 2θ¼101–1001 by step scanning with
a width of 0.0151 and a scanning step time of 10 s. The
microstructure of samples was characterized using FEI Nano
Lab 200 scanning microscopy and FEI Tecnai G2 transmission
electron microscopy operating at 200 kV with a LaB6 filament.
Local chemical analysis was performed using the energy
dispersive X-ray spectroscopy (EDXS) system attached to
the TEM. The transport properties of the samples were studied
by measuring the electrical resistivity-temperature ρ(T) and
current–voltage (I–V) characteristics using the four-probe
technique. For electrical measurements the pellets were care-
fully cut into rectangular bar shaped samples with almost
similar dimensions and with active cross-sections for current
flow of 0.6 mm2. Electrical contacts were made using silver
paint and the contact resistance value was approximately
0:5 Ω. The temperature dependence of the electrical resistiv-
ity ρ(T) was measured using DMX-19 SCC cryostat system.
The magnitude of the excitation current of density J¼40 μA/
cm2 was used to measure resistivity of the samples. The
transport critical current density (Jct) values were determined at
various temperatures using a 5 μV/cm criterion and the
excitation current was injected along the length of the samples.
The isothermal magnetization (M–H) of the samples was
measured by using a Quantum Design Physical Properties
Measurement System (PPMS9) at various temperatures in
magnetic fields up to 6 T. The sample was mounted such as
that its wide surface was along the direction of the magnetic
field. The intragrain critical current density (Jcm) was deter-
mined from the hysteresis width of the magnetization mea-
surement using the extended Bean model [28].

3. Results and discussion

Fig. 2 shows the powder XRD patterns of nanoparticles
SiO2 added YBCO samples. The analysis of the data indicates
a predominantly single phase perovskite structure Y-123 with
orthorhombic Pmmm symmetry. No orthorhombic- tetragonal
phase transition was detected up to x¼1 wt% under the
accuracy of XRD patterns. Thus it seems that SiO2 does not
enter the Y-123 structure. For higher SiO2 amount (1 wt%),



Fig. 3. SEM micrographs of samples added with nano-sized SiO2 particles: (a) non-added, (b) with 0.1 wt%, and (c) with 1 wt%. Insets: high magnification SEM
micrograph showing Si-rich particles embedded in the YBCO grains.
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SiO2 peaks with very low intensity and a small quantities of
Y2BaCuO5 secondary phase were detected. The XRD patterns
were analyzed by the Rietveld structure refinement method.
The Rp and Rwp factors and the goodness of fitting were used
as the numerical criteria of fitting. It may noticed that a, b and
c lattice parameters remain almost constants with SiO2 addi-
tion. The measured lattice parameters are a¼0.3817 nm,
b¼0.3882 nm, c¼1.1674 nm with an estimated 0.0001 nm
precision. The oxygen stoichiometry as deduced from the
oxygen occupancy factor remains almost constant for all
samples. Samples remained orthorhombic, with the distortion
(b�a)/(aþb) very close to the that of pristine sample
(8.510�3). The orthorhombic structure can be visualized with
the help of characteristic orthorhombic splitting of reflections
(0 1 2), (1 0 2) and (0 1 3), (1 0 3). Hence, any phenomenon
that may occur in this study is assumed to be irrelevant to the
structure change of these YBCO samples.

The SEM micrographs of wide surface morphologies of
free, 0.1 and 1 wt% SiO2 nanoparticles added samples are
respectively shown in Fig. 3a–c. The microstructure of samples
exhibits a granular structure with a dominant YBCO phase.
The average grain size decreases for increasing SiO2 content.
The decreasing of grain size has been reported in the case of
Ca doped YBCO system [29]. A closer look with higher
magnification (inset of Fig. 3b and c) for SiO2 nanoparticles
added samples shows the presence of almost regular form of
nanometer scale entities bright in contrast with average size
around 200 nm. These entities take place into grains along with
some segregation in the grain boundaries. The density of these
entities increases with increasing SiO2 concentration. Such
entities were not observed in free added sample. EDXS
analyses performed on areas with nanometer scale particle
entities show the presence of Si element.
In order to obtain more detailed information of the micro-

structure of nanoparticles SiO2 added samples, we performed
transmission electron microscopy. Fig. 4a shows TEM micro-
graph taken along the [1 0 0] axis of YBCO. This figure shows
the presence of nanophases incorporated within the YBCO
matrix. EDXS analyses collected from these nanophases show
the presence of silicon (Fig. 4c). Nanosized entities embedded
in YBCO worked as isotropic pinning centers and enhanced
the critical current density in magnetic fields. Additionally,
uninterrupted columnar defects aligned along the c-axis of the
YBCO are clearly observed. The diameter of this defect is
estimated to be on the order of 2–3 nm (Fig. 4b). Such
columnar defects have been observed in the case of YBCO
irradiated by high energy heavy ion [30]. Columnar defects
were proven to be efficient pinning centers in HTSC com-
pounds [31]. It seems that these columnar defects are caused
by the presence of Si-rich nanophases but the formation
mechanism of these columnar defects is not clear. Interrupted
columnar defects comprised of self-aligned BaZrO3 and
BaSnO3 nanodots of 3–10 nm parallel to the c-axis of the
YBCO layers are reported in the literature [15,16]. It is
expected that columnar defects work as c-axis correlated
pinning centers so the extension of the straight portion is very
important to obtain a large pinning.
Measurements of the resistivity dependence on the tempera-

ture (ρ(T)) for different samples with various amounts of SiO2

nanoparticles are shown in Fig. 5. As can be seen from this



Fig. 4. ((a) and (b)) TEM micrographs of SiO2 added sample showing inhomeginities inclusions in the YBCO matrix and columnar defects. (c) EDXS spectrum
taken from the area with nanoscale entities.

Fig. 5. Resistivity dependence on the temperature for samples added with
various amounts of SiO2 nanoparticles. Inset: Evolutions of the zero-resistivity
temperature Tco of samples sintered with different amounts of SiO2.
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figure, all samples show a metallic behavior in the normal state
and a superconducting transition to zero resistance. The
absolute resistivity in the normal state depends on porosity,
grain boundaries scattering etc., and its linearity for longer
temperature interval confirms the idea that the preparation and
synthesis of samples procedure are done correctly, with
optimal value of oxygen content. The 0.05 wt% SiO2 added
sample exhibits the lower normal-state resistivity and residual
resistivity ρo.ρo is obtained from the fitting of resistivity data in
the temperature range 140 ΚrΤr285 Κ by the linear equa-
tion: ρ(T)¼ρoþαT. This implies that the disorder, the porosity
and the impurity scattering in the CuO2-plane in this sample
are the lowest. For lower SiO2 added samples the slope α of
the ρ(T) in the normal state does not show an appreciable
change, however, for higher SiO2 concentration ρ(T)get flatter
in shape. Inset of Fig. 5 reports the zero resistance temperature,
Tco, for YBCO with different amounts of SiO2 nanoparticles.
Tco value of about 91 K was maintained in YBCO bulks with
SiO2 concentration r0.2 wt%. With increasing SiO2 content
no change is observed in the onset temperature of the super-
conducting transition (Tonset

c close to 93 K), whereas, the
temperature at which ρðTÞ goes to zero is found to show a
tail. The observation of an almost constant value of Tonset

c in all
samples suggests that the grains in these samples are not
affected by the presence of SiO2. This is in excellent
agreement with the XRD results which demonstrate no change
in XRD peak positions of Y-123 phase. The zero resistivity
temperature, Tco, is slightly depressed by introducing low
concentration of SiO2 nanoparticles indicating that there are
little effects of SiO2 on the YBCO bulk.
Measurements of the global transport critical current den-

sity, Jct, at 77 K under self magnetic field for samples sintered
with various amounts of SiO2 are shown in Fig. 6a. It is clear
that the addition of a small amount of SiO2 (r0.1 wt%)
enhances the current-carrying capacity of YBCO ceramics,
however, a larger amount of SiO2 decreased the current-



Fig. 6. (a) Transport critical current densities at 77 K under self magnetic field and (b) under various applied magnetic field of samples added with various amounts
of SiO2 nanoparticles. Magnetic field was applied perpendicular to the samples wide surface.
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carrying capacity compared to the free added sample. These Jct
values are interesting for all samples, especially when com-
pared to the values reported in the literature in the case of
YBa2Cu3Oy, doped with Ag nanoparticle [13] with Zr [32] and
Y1�xCaxBa2Cu3Oz [33] polycrystalline samples. There is an
increase in Jct of about 200% for the 0.05 wt% SiO2 added
sample. In order to clarify the effect of SiO2 nanoparticles
addition on the flux pinning properties, we measured Jct of
samples under magnetic field. Based on the results of the Jct
measurements we have chosen samples sintered with SiO2

concentrations r0.2 wt%. Fig. 6b shows the dependence of
critical current densities with magnetic field, Jct(H), applied
along the sample wide surface (SWS). Compared to the pure
YBCO sample, the SiO2 added ones have much slower Jct(H)
drops for applied fields. Throughout the whole range of
applied magnetic field Jct is increased by a factor of 3–4 times
for samples sintered with SiO2 concentration r0.1 wt%. The
characteristic behavior of critical current density under applied
magnetic field may come from the counterbalance of two
effects simultaneously caused by SiO2 addition. One effect is
the formation of the efficient pinning centers which lead to the
enhancement of pinning and the other effect is the decrease of
Tc. In order to compare the relevant SiO2 effect, we examined
the temperature dependences of Jct in applied magnetic field
for free and 0.1 wt% SiO2 added samples for example (Fig. 7).
The 0.1 wt% SiO2 added sample shows higher Jct(H) than the
pure one throughout the considered whole range of tempera-
ture. Fig. 8 displays the Jct(H) of 0 and 0.1 wt% SiO2 added
samples measured at 77 K for applied either parallel (i.e., H//
SWS) and perpendicular (i.e., H?SWS) to the sample wide
surface. For both magnetic field directions, the Jct of 0.1 wt%
SiO2 added sample is the best. When the direction of the
applied field is parallel to SWS, a smoother decrease in Jct is
observed. We note that the difference between the Jct(H//SWS)
and Jct(H?SWS) is less significant in the case of the
SiO2 added sample. The ratio Jct(H//SWS)/Jct(H?SWS) is
estimated and the obtained values are about 1.6 and 1.3 for
free and added samples respectively. As revealed by TEM
columnar defects and uniformly dispersed nanophases and
other generated defects which act as pinning centers result in
an overall enhancement in the flux pinning as well as reduced
Jct(H) anisotropy of SiO2 added sample. It is reported that the
columnar defects (functionalizing as 1-D APCs) aligned along
the c-axis of YBCO films worked as anisotropic pinning
centers and enhanced the critical current density values in the
magnetic fields applied parallel to c-axis of the YBCO films
[34]. Indeed, when the direction of the magnetic field is tilted
from the direction of columnar defects a zigzag state of the
vortex line comes to stabilize in energy and the pinned portion
of vortex is shortened and as consequence the vortex line
comes free from the columnar defects by a small variation of
Lorentz force, leading to the decrease of critical current density
[35]. Moreover, polycrystalline superconductor materials can
be regarded as a distribution of YBCO crystallites with random
orientations, thus at each direction of the applied magnetic
field, it is possible to find columnar defects parallel to the
vortex line.
To obtain further insights of the intragranular pinning we

have estimated the field dependence of critical current density,
Jcm(H), determined from magnetic hysteresis loops measured
at various temperatures for free and 0.05 wt% added samples.
The Jcm values were estimated according to the extended Bean
model [28] by using the following equation:Jcm ¼
20ðΔMÞ=að1�a=3bÞ, ΔM is the magnetization hysteresis, a
and b are the cross-sectional dimensions of the sample
perpendicular to the applied field and a o b. Fig. 9 presents
the magnetic field dependences Jcm(H) of free and 0.05 wt%
SiO2 added samples. The obtained result shows that the SiO2

additive reduces the sensitivity to the magnetic field. SiO2

added sample shows a distinctly higher Jcm for all the
temperature range if compared to the virgin sample. Through-
out the whole range of applied magnetic field, factors of �1.4
to 1.6 in Jcm improvements was observed for SiO2 added
sample compared to that of free one when the temperature
decreases from 77 to 20 K. Earlier works on the chemical
doped bulk samples prepared by solid state reaction method



Fig. 7. Magnetic field dependence of the transport critical current densities measured at various temperature for free and 0.1 wt% added-samples. Magnetic field
was applied perpendicular to the samples wide surface.

Fig. 8. Comparison of critical current densities dependence on magnetic field
at 77 K for free and 0.1 wt% added samples. Magnetic field was applied
parallel and perpendicular to the sample wide surface.

Fig. 9. Critical current density Jcm calculated by magnetization loops versus
magnetic field at various temperature for free and 0.05 wt% SiO2 added
samples.
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showed a lesser enhancement of critical current density; a
factors of about 1.2 in Jcm improvements was reported at
applied field of 1 T [36].
In order to determine the strength of the pinning centers

involved in each contribution and classify them into weak
pinning (WP) and strong pinning (SP) we have compared the
critical current densities using the theoretical predictions for
weak [37] and strong-correlated [38] vortex pinning given by:

JWP
c ðTÞ ¼ JWP

c ð0Þ expð�T=ToÞ ð1Þ

JSPc ðTÞ ¼ JSPc ð0Þ expð�3ðT=TnÞ2Þ ð2Þ
where JWP

c ð0Þ and JSPc ð0Þ are the critical current densities at
0 K for weak and strong pinning contributions respectively,
and To and Tn are characteristic temperatures which fix the
energy scale of the pinning centers for each contribution. The
weak pinning centers are mainly due to the defects associated
to the nanophase embedded in the YBCO matrix and strong-
correlated disorder where strong pinning occurs are due to the
columnar defects, twins in YBCO single crystals [38] and the
superconducting/nanophase interface [6–39]. The measured
self-field temperature dependence of the critical current density
of SiO2 added YBCO sample should account for the sum of
the weak and strong pinning contributions. Fig. 10, shows a
comparison of the experimental data of the temperature
dependence of the critical current density measured in the
self-field of the free and SiO2 added samples and the fitted
profiles considering the sum of the pinning contributions (solid
lines). First of all, a comparison between samples shows that
the critical current density of the added sample has increased
for all temperatures if compared to the virgin sample. We have
also fitted the experimental data by considering separate
contributions of weak and strong pinning centers. Results are
shown in Fig. 10; dashed and dash-dot curves represent
respectively the fits based on Eqs. (1) and (2). Notice that
weak pinning centers are dominant at low temperatures
(To30 K) and at higher temperatures the strong pinning
centers contribution dominates. It can be noted that JWP

c ð0Þ
and JSPc ð0Þ are modified by the addition of SiO2 nanoparticles



Fig. 10. Temperature dependence of the self-field critical current density Jcm
for free and 0.05 wt% added samples. The lines correspond to the fit of the
experimental data by using Eqs. (1) and (2) in the text.

M.K. Ben Salem et al. / Ceramics International 40 (2014) 4953–49624960
in the YBCO matrix. JWP
c ð0Þ and JSPc ð0Þ increase respectively

by about 430% and 150% in the added sample as compared to
the virgin one. If we correlate the microstructure with the
improvement in the critical density in the added sample, two
possible arguments can be speculated, one due to the Si-rich
nanophase embedded in the superconducting matrix and the
second one would be due to an increased pinning strength
produced by columnar defects. Low content SiO2 addition is
able to introduce effective pinning centers without inducing
any noticeable suppression of Tco, it is an effective way of
enhancing bulks critical current density.

In order to obtain deeper inside into the origin of improved
pinning properties with SiO2 added samples an extended
analysis of pinning force density is carried out. The pinning
force density is calculated as Fp ¼ μoJcm � H from measure-
ments of the magnetic critical current density. Fig. 11a shows
the flux pinning force density for free and 0.05 wt% SiO2

added samples at 77 K. Clearly there is an increase in the
pinning force with a small addition of SiO2. The maximum
values of the pinning force density, Fp max, shifts to higher
magnetic field. This supports our conclusion that the flux
pinning strength of Y-123 increases with the addition of SiO2.

The pinning force density, Fp, is mainly determined by the
pinning center size because the pinning center size determines
the total length of interacting flux lines, and the geometrical
nature of the interaction. Compared to the inter-flux-line
spacing, d, point pins, surface (line) pins and volume pins
were considered. Dew–Hughes [27] proposed a general
expression for the pinning force density for one type of
pinning center i: FpiðhÞ ¼ aih

pið1�hÞqi, where ai is a numerical
parameter independent of the applied field, h is the reduced
magnetic field and (pi,qi) are parameters describing the actual
pinning mechanism. In this model, there are six different
pinning functions describing the core pinning using the general
expression of Fpi: (1)p¼ 0; q¼ 2: normal, volume pinning;
(2)p¼ 1; q¼ 1:Δκ-pinning, volume pins; (3) p¼ 1=2; q¼ 2:
normal surface (line) pins; (4)p¼ 3=2; q¼ 1:Δκ-pinning, sur-
face pins; (5)p¼ 1; q¼ 2: normal point pins; and (6) p¼ 2;
q¼ 1: Δκ-pinning, point pins. The Dew–Hughes model is a
direct summation of elementary pinning forces and the total
pinning force density can be written as Fp ¼ ∑i ¼ 6

i ¼ 1aih
pi

ð1�hÞqi. Normalized pinning force density, f p ¼ Fp=Fp max is
often scaled with h¼H=Hirr, Hirr can be defined as the field at
which JcðΗÞ=Jcð0Þ ¼ 10�3. In Fig. 11b, the plots of the f p
versus h are shown for free and 0.05 wt% added samples. For
both samples, the large curves obtained indicate that the
pinning properties cannot be explained by only one pinning
mechanism over the whole region of h, which implies that
more than one type of pinning source may be present at the
same time. A fitting procedure using the Dew–Hughes model
was performed for both samples. The experimental data
produce a good fit as shown by the solid lines in Fig. 11b.
For the free added sample, flux pinning curves accord with the
surface (line)-like pinning of the normal phase and volume-like
pinning of Δκ. For 0.05 wt% SiO2 added sample, in addition to
the mechanisms obtained in the free sample, volume pinning
center of the normal phase comes to contribute to the total
pinning. Moreover, the above results lead us to conclude that
nanosized SiO2 particles addition widens the normal phase
embedded in superconducting material, and strengthens the
normal pinning centers.

4. Conclusion

The effect of nano-sized SiO2 particles (30 nm) addition on
the superconducting properties of polycrystalline YBa2Cu3Oy

compounds was systematically studied. Samples were synthe-
sized in air using a standard solid state reaction by adding
nanosized particles up to 1 wt%. XRD analysis shows a
predominantly single-phase perovskite structure with orthor-
hombic Pmmm symmetry. Morphology examination with
SEM revealed a decrease of grain size with SiO2 additions
and Si-rich particle agglomerations distributed between YBCO
grains in the samples sintered with higher nano-sized particles
content. High Tcovalue of about 90 K was maintained in
YBCO bulks with SiO2 concentration r0:2 wt%. Critical
current densities were investigated by magnetization (Jcm) and
transport measurements (Jct) under applied magnetic field at
various temperature. Compared to free added-sample high
critical current densities were obtained for the YBCO bulk
sintered with low concentration of SiO2 (r0:1 wt%) in
applied magnetic field. TEM observations show the presence
of columnar defects (2–3 nm in diameter) along the c-axis of
YBCO and Si-rich nanophase embedded in the superconduct-
ing matrix. These defects are believed to be responsible for
critical current densities improvement in the magnetic field of
YBCO bulks at various temperatures. From the temperature
dependence of the critical currents we have separated two
pinning centre contributions: weak and strong pinning centres.
SiO2 addition widens the normal phase embedded in super-
conducting material, and strengthens the normal pinning
centers. The crux of this investigation is that with an addition
nanosized SiO2 particles during the final sintering cycles of



Fig. 11. (a) Magnetic field dependencies of flux pinning force density for free and 0.05 wt% SiO2 added samples, (b) scaling of normalized pinning force versus
reduced magnetic field; solid lines represent the theoretical curve according to the Dew–Hughes model.
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YBCO, there is a significant improvement of superconducting
properties like critical current density, pinning force density
without alteration of zero resistive temperature of YBCO bulk
polycrystalline samples.
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