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investigated by AC susceptibility measurements performed 
at ac fields of 1 Oe with f = 1000 Hz. The results revealed 
that critical temperature (Tc) decreases with increasing 
nano Mg addition down to 99.16 K.

1  Introduction

Since the discovery of high temperature superconductors 
(HTSCs), many studies have been done in Bi-2223 system 
in order to understand the structural, physical, and mechani-
cal properties [1, 2]. Substitution or addition in the Bi-2223 
system may lead to change in orientation of grains, oxygen 
amounts and crystal structures, which significantly affect Jc 
values of Bi-2223 ceramics [3]. Doping studies have dem-
onstrated that substitution or addition of micro and nano-
sized dopants is an efficient method to improve the inter-
grain connectivity and flux pinning capability in Bi-2223 
[4–6]. Recently, the effect of nano addition has been exten-
sively studied to improve the superconducting properties 
such as nano elements (Ag, Au, etc.), nano oxides (SnO2, 
ZrO2, MgO, etc.) [7]. When nano particles are added to the 
Bi-2223 system, they can settle easier among the grains of 
these superconductors due to the small size of nanoparti-
cles. Moreover, the addition of nano particles (10–60 nm) 
to the high-temperature superconductors plays an important 
role in enhancing the flux pinning and critical current den-
sity [8, 9]. On the other hand, substitution of nano particles 
significantly enhances the intergranular interaction. Nano-
sized addition for Bi-2223 system, etc. MgO [10], Al2O3 
[11], ZnO [12], Eu2O3 [13], SnO2 [14], NiFe2O4 [15] and 
Fe2O3 [16] have been reported as showing improvement in 
the transport properties.

In many studies, the effects of nanosized particles 
addition on Bi-2223 system have been investigated. 

Abstract  In this study, the effects of addition of 
magnesium oxide powders with average particle size 
<100  nm to Bi-2223 superconducting system were 
investigated. Bulk samples with general formula of 
Bi1.7Pb0.3Sr2Ca2Cu3Oy + (MgO)x nominal composition 
(x = 0.00, 0.05, 0.10, 0.15 and 0.20 wt%) were prepared 
by conventional solid state reaction method. The criti-
cal temperature (Tc) and hole concentration (p) of nano 
MgO added samples were determined by AC susceptibil-
ity measurements. X-ray powder diffraction measurement 
(XRD) was used to examine phase formation, volume frac-
tion and lattice parameters. The microstructure and surface 
morphology analyses of the samples were determined by 
scanning electron microscope. As Nano Mg addition was 
increased, surface morphology and grain connectivity of 
the samples were observed to degrade. XRD results showed 
that the lattice parameters do not change with increasing 
nano Mg addition. It was also observed from XRD meas-
urements that volume fraction of Bi-2223 phase decreases 
with increasing nano Mg addition. The volume fraction of 
Bi-2223 phase for the non-added sample showed the high-
est value as 62.7% and further increasing nano MgO, the 
volume fraction of Bi-2223 phase decreases while Bi-2212 
phase increases. The sample with 0.20  wt% MgO addi-
tion showed the highest volume fraction of Bi-2223 phase 
(~56%) and the highest superconducting transition tem-
perature, Tc (~106  K) compared to added samples with 
nano MgO. The effect of nano Mg addition on magnetic 
properties of Bi1.7Pb0.3Sr2Ca2Cu3Oy superconductors were 

 *	 Özlem Bilgili 
	 ozlem.bilgili@deu.edu.tr

1	 Department of Physics, Faculty of Science, Dokuz Eylül 
University, Izmir, Turkey

http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-017-7336-1&domain=pdf


14690	 J Mater Sci: Mater Electron (2017) 28:14689–14695

1 3

Yahya et  al. [10] has reported the effects of different 
nanosized MgO on the transport critical current density 
of Bi-2223 phase. In their study, volume fraction was 
found to increas significantly with 20  nm MgO addi-
tion compared to pure sample and 40 nm MgO addition 
and high volume fraction were obtained for sample with 
x = 0.15 wt%. Suazlina et al. [17] reported the effects of 
Y2O3 nano particle addition in Bi-2212 superconductors. 
It was found that critical temperature and critical cur-
rent density increased up to x = 0.7 wt%. Zelati et al. [18] 
have reported the effects of Dy2O3 nano particle addition 
on structural and superconducting properties of Bi-2223 
system. According to their results, the best intergrain 
connectivity, the highest hole concentration and the best 
ac susceptibility measurements were obtained for sam-
ple with x = 0.5 wt% and Tc

onset was observed at 109.5 K. 
Zouaoui et al. [19] have studied effect of nano-size ZrO2 
addition on the flux pinning properties of (Bi–Pb)-2223 
superconductor. Critical current density Jc behavior in 
applied magnetic field and volume pinning force density 
Fp are enhanced by the addition of 0.1 wt% ZrO2, accord-
ing to their study. Saad et  al. [20] have studied the syn-
thesized and characterization of Ag nano particles addi-
tion on Bi-2223 superconducting thin films. It was found 
that the highest volume fraction 66.15% of the Bi-2223 
phase and the best critical temperature 103.5 K compared 
to other samples. As a result, Tc and volume fraction 
improved with increasing Ag nano particles to 1.0 wt%. 
Zelati et al. [13] reported the effects of Eu2O3 nano par-
ticles addition on structural and superconducting proper-
ties of Bi-2223 system. The results indicated that addi-
tion of Eu nano particle of the sample with x = 0.5 wt% 
improved the superconducting properties such as inter-
gain connectivity and critical current density. These stud-
ies revealed that various nano particle addition increase 
the critical temperature (Tc) and intergrain connectivity 
which results in improvement of superconducting proper-
ties of Bi-2223 system.

With nanotechnology developments, a wide range of 
nanostructure materials have been synthesized [13]. In 
the nanosize range, the particles have a high proportion of 
atoms located at their surface as compared to bulk materi-
als, giving rise to unique physical and chemical properties 
that are very different from their bulk counterparts [21]. 
Nanosized addition to Bi-2223 system has enhanced con-
nectivity between the grains due to small sizes [13]. On 
the other hand, nanosized particles shed light the intergrain 
weak links in terms of intergranular critical current [22]. 
Furthermore, many efforts connected with adding or dop-
ing nano particles have been performed on the improve-
ment of physical and magnetic properties of Bi-2223 
system. It is obvious from these works that Jc values are 
positively affected when various nanosize particles such as 

ZrO2, SiC, MgO and Al2O3 into high temperature super-
conductors enter into BSCCO structure [22, 23].

In previous works, effects of superconducting parame-
ters of nano-SnO2 addition on Bi-2223 system and effect of 
Nb2O5 addition on superconducting properties of Bi-2223 
system were reported [14, 24]. Additionally, Kocabas et al. 
[25] have investigated the effects of microsize Mg substi-
tution in Bi-2223 superconductor and the highest critical 
temperature was reported as 112 K up to 0.10 content.

In this work, samples with different nano-MgO con-
centration (x = 0.00–0.20 wt%) were prepared using con-
ventional solid state reaction method and the effects of 
nano-MgO particles on structural and superconducting 
properties of Bi-2223 based superconductor ceramics were 
investigated.

2 � Experimental details

Superconducting samples with nominal composition 
Bi1.7Pb0.3Sr2Ca2Cu3Oy + (MgO)x (x = 0.00, 0.05, 0.10, 
0.15 and 0.20  wt%) were prepared by solid state reac-
tion method, using Bi2O3, PbO, SrCO3, CaCO3 and CuO 
powders with high purity about 99.99% and nano-MgO. 
The samples were labeled as Mg0 (x = 0.00  wt%), Mg1 
(x = 0.05  wt%), Mg2 (x = 0.10  wt%), Mg3 (x = 0.15  wt%) 
and Mg4 (x = 0.20 wt%), respectively. They were calcined 
at 800 °C for 15 h and then the powder mixture was again 
calcined at 820 °C for 15 h with intermediate grinding. The 
calcined samples were ground again and pressed into pel-
lets 13  mm diameter and approximately 1.5-2  mm thick 
at 450–500  MPa pressure via a press machine. Finally, 
these pellets were sintered at 845 °C for 80  h and then 
cooled down to room temperature in air. The structure and 
phase of the samples were obtained by X-ray diffraction 
method (XRD) in 2θ = 3°–60° range with CuKα radiation 
(λ = 0.15406  nm). Scanning electron microscopy (SEM) 
images were identified by using a SEM microscope. The ac 
susceptibility measurements were obtained using a home-
made susceptometer and a lock-in amplifier (MODEL 
SR830 DSP Lock-in Amplifier). The density of the samples 
were calculated with the Archimedes method.

3 � Results and discussion

Figure  1 shows X-ray diffraction patterns of all samples, 
where filled circle, open circle and filled diamond indicate the 
peaks due to Bi-(2223), Bi-(2212) and Ca2PO4 phases, respec-
tively. XRD patterns of Bi1.7Pb0.3Sr2Ca2Cu3Oy + (MgO)x 
(x = 0.00, 0.05, 0.10, 0.15 and 0.20 wt%) samples indicated 
that the majority of the peaks for all samples correspond to 
Bi-(2223), Bi-(2212) and the minority belongs to Ca2PO4 in 
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samples Mg2 and Mg3 at 2θ = 17.88°. According to XRD 
measurements, the first peak which is important for Bi-2223 
phase has been observed at 2θ = 4.7° whereas the second 
peak at 2θ = 5.7° corresponds to Bi-2212 phase. As seen 
2θ = 4.7°, the first peak intensity decreases while the second 
peak intensity increases with nano-MgO addition. The most 
distinctive phases have been observed at 2θ = 23°–36°.

In order to determine the volume fraction of phases, all 
peak intensities of Bi-2223 and Bi-2212 phases and following 
formulas were used [26, 27];

Bi − (2223)% =

∑

I(2223)
∑

I(2223) + I(2212)
× 100

Bi − (2212)% =

∑

I(2212)
∑

I(2223) + I(2212)
× 100

In equations, I(2212) and I(2223) are the intensities 
of XRD peaks for Bi-2212 and Bi-2223 phases, respec-
tively [28]. The volume fractions of the phases for all 
samples are given in Table 1. As seen in the table, sam-
ples with x = 0.00, 0.05, 0.10, 0.15 and 0.20 wt% con-
tained 62.70, 56.04, 51.60, 55.70% and 56.10 of the 2223 
phase, respectively. It was observed that the percentage 
of 2223 phase decreases and the percentage of 2212 
phase increases with increasing substitution of nano MgO 
(Fig.  2). Additionally, the intensity of the peaks corre-
sponding to the Bi-2223 phase decreases and the inten-
sities of peaks corresponding to Bi-2212 phase increase 
with further increase in nano MgO.

The values of grain size of all samples were calculated 
by using Scherrer Formula. Scherrer’s formula;

L is the crystalline size in nm, λ is the wavelenght 
of X-ray in nm, t is the FWHM (full width at half max-
imum) of the highest intensity peak and θ is the corre-
sponding angle of the peak [29]. The grain sizes were 
calculated from XRD patterns and determined as 21.24, 
21.40, 24.00, 24.82 and 21.30 nm for sample Mg0, Mg1, 
Mg2, Mg3 and Mg4, respectively. The results are pre-
sented in Table 1. According to table, the highest value of 
grain size was found as 24.82 nm for sample Mg3.

The lattice parameters a, b and c were calculated from 
Miller indices (hkl) and interplanar distances (dhkl) by 
least squares method. The crystal system of non-added 
sample was found to be orthorhombic with the lattice 
parameters a = b = 5.406  Å and c = 37.120  Å. The nano 

L =
0.9�

t cos �
Fig. 1   XRD patterns of Bi1.7Pb0.3Sr2Ca2Cu3Oy + (MgO)x samples 
(Mg0) x = 0.00, (Mg1) x = 0.05, (Mg2) x = 0.10, (Mg3) x = 0.15 and 
(Mg4) x = 0.20 wt%. Peaks of Bi-2223, Bi-2212 and Ca2PO4 phases 
are filled circle, open circle and filled diamond, respectively

Table 1   The percentage volume fraction and grain size of Bi-2223 
and Bi-2212 phases in Bi1.7Pb0.3Sr2Ca2Cu3Oy + (MgO)x (x = 0.00–
0.20 wt%) samples

Sample (wt%) Volume fraction (±2) % Grain size 
(±1) (nm)

Bi-2223 Bi-2212

0.00 62.70 37.30 21.24
0.05 56.04 43.96 21.40
0.10 51.60 48.40 24.00
0.15 55.70 44.30 24.82
0.20 56.10 43.90 21.30 Fig. 2   Volume fraction of Bi-2223 and Bi-2212 phases versus addi-

tion of nano MgO
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MgO added samples showed almost no change in the lat-
tice parameters. These results indicated that MgO does 
not enter Bi1.7Pb0.3Sr2Ca2Cu3Oy crystal structure and are 
given in Table 2.

The density of pellets were characterized according to 
the Archimedes principle in pure water and air. The den-
sity was calculated by using the formula;

where ρ(h) and ρ(s) are in air and pure water densities 
and W(h) and W(s) are their weights. The densities of all 
samples are given in Table 3 and Fig. 3. The densities are 
5.0370, 5.1493, 5.1237, 5.1598 and 5.2308 g/cm3 for sam-
ples Mg0, Mg1, Mg2, Mg3 and Mg4, respectively. The the-
oretical density of BPSCCO system is found as 6.3 g/cm3 
from the lattice parameters [30, 31]. The density increased 
with increasing nano-MgO addition and the bulk densi-
ties obtained by Archimedes technique is in the range of 
79.95–83.02% of the theoretical values. This result is in 
accordance with the porous structure (porosity) of ceramic 
superconductors. Porosity versus doping ratio graphic are 
given in Fig. 4.

Critical temperature values were determined from AC 
magnetic susceptibility measurements. The variation 
of critical temperature Tc with Mg content is shown in 
Fig.  5. The measurements of susceptibility versus tem-
perature for non-added and nano Mg-added samples have 
been plotted for AC field of 1 Oe with f = 1000 Hz. The 
critical transition temperatures (Tc) of Mg0, Mg1, Mg2, 
Mg3 and Mg4 samples are obtained to be about 109.99, 

� =
W(h)[�(s) − �(h)]

0.99983[W(s) −W(h)]
+ �(h)

105.33, 99.16, 101.71 and 106.68  K, respectively. The 
highest Tc (106.68  K) was observed at x = 0.20 wt% for 
nano MgO added samples. The non-added sample exhib-
ited Tc of 109.99 K. Based on the results, the Tc value is 
found to decrease with the increase of the Mg addition 

Table 2   The lattice parameters 
(a, b and c) of Bi-2223 and 
Bi-2212 phases for samples 
Mg0, Mg1, Mg2, Mg3 and Mg4

Sample Lattice parameters (Bi-2223 phase) Lattice parameters (Bi-2212 phase)

a (Å) b (Å) c (Å) a (Å) b (Å) c (Å)

Mg0 5.406 5.406 37.120 5.401 5.400 30.677
Mg0 5.399 5.413 37.130 5.394 5.398 30.638
Mg2 5.410 5.410 37.129 5.396 5.407 30.622
Mg3 5.399 5.413 37.130 5.398 5.400 30.649
Mg4 5.399 5.413 37.130 5.406 5.408 30.737

Table 3   The density values of 
all samples Mg0, Mg1, Mg2, 
Mg3 and Mg4

Sample (wt%) Density 
(±0.01) g/
cm3

0.00 5.0370
0.05 5.1493
0.10 5.1237
0.15 5.1598
0.20 5.2308

Fig. 3   Density of the samples versus doping ratio

Fig. 4   Doping ratio versus porosity
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(Fig. 6). This decrement is related to the increase of the 
relative percentage of 2212 phase formation.

Superconductivity occurs within the limits, 
0.05 ≤ p ≤ 0.27, which vary slightly in various cuprates 
[32]. Furthermore, the superconducting properties of 
Bi-2223 system are highly related to its hole concentration, 
pinning ability and its phase structure [33–35]. A parabolic 
relationship holds between the superconducting transition 
temperature and the hole concentration. The hole concen-
tration is calculated using the relation given below:

where Tmax

c
 is taken as 110 K for (Bi–Pb)-2223 system [36, 

37]. The hole concentration was observed as 0.158, 0.137, 
0.125, 0.129 and 0.140 in samples Mg0, Mg1, Mg2, Mg3 
and Mg4, respectively. The highest hole concentration is 
observed in sample Mg0 with x = 0.0% (Table 4).

Previous calculations for the unsubstituted Bi-2223 had 
shown that the values of p ranged from 0.116 to 0.160 [38]. 
As seen Fig.  7, the relationship between critical tempera-
ture and hole concentration is almost parabolic. The hole 
concentration decreased with increasing nano-MgO and 
then increased with increasing nano-MgO addition. It is 
well known that decreases in the hole concentration cause 
to degradations in the superconducting properties of the 
system [39–41].

The grain structure and surface morphology of the 
samples were obtained by Scanning Electron Micros-
copy (SEM). Figure  8a–e shows SEM micrographs for 

p = 0.16 − [1 − Tc∕ Tmax

c
∕82.6]

1∕2

Fig. 5   The critical temperature versus (Mg0) x = 0.00, (Mg1) 
x = 0.05, (Mg2) x = 0.10, (Mg3) x = 0.15 and (Mg4) x = 0.20 wt%

Fig. 6   Variation of Tc critical temperature versus doping ratio for 
Bi1.7Pb0.3Sr2Ca2Cu3Oy + (MgO)x samples (Mg0) x = 0.00, (Mg1) 
x = 0.05, (Mg2) x = 0.10, (Mg3) x = 0.15 and (Mg4) x = 0.20 wt%, 
respectively

Table 4   Critical temperature and p (hole concentration) of the sam-
ples Mg0, Mg1, Mg2, Mg3 and Mg4

Sample (wt%) Tc (±1) K p (hole 
concentra-
tion)

Mg0 109.99 0.158
Mg0 105.33 0.137
Mg2 99.16 0.125
Mg3 101.71 0.129
Mg4 106.68 0.140

Fig. 7   The variation of hole concentrations versus nano-MgO con-
tent for the Bi1.7Pb0.3Sr2Ca2Cu3Oy + (MgO)x samples (Mg0) x = 0.00, 
(Mg1) x = 0.05, (Mg2) x = 0.10, (Mg3) x = 0.15 and (Mg4) x = 0.20 
wt%, respectively
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Bi1.7Pb0.3Sr2Ca2Cu3Oy(MgO)x with x = 0.00, 0.05, 0.10, 
0.15 and 0.20 wt%. It is observed that the microstructures 
of samples exhibit a common feature of plate-like grains. 
The grains are randomly distributed. The non-added sam-
ple consists of plate like grains as shown in Fig. 8a. Nano 
Mg added samples (Mg1–Mg4) contain small plate like 
grains while non-added sample (Mg0) consists of larger 
grains. Besides, the figure also shows some voids along the 
grain boundaries. Accordingly, it is seen that grains of the 
non-added sample are poorly connected. Microstructural 

examination revealed that both the number and size of 
the voids decrease with increasing nano MgO substitution 
which may lead to increasing grain connectivity in the sam-
ple. In fact, this observation agrees with the experimen-
tally measured density values of the same BSCCO samples 
(Table  3). It can be easily seen that while the non-added 
sample has the lowest density value, Mg4 sample has the 
highest density (or lowest porosity). The results of SEM 
measurements are consistent with XRD measurements. It 
is well known that grain alignment is related to the grain 

Fig. 8   SEM micrographs of Mg0, Mg1, Mg2, Mg3 and Mg4 samples
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connectivity. Larger grains with different orientation will 
clearly have larger misalignment and then lead to poor grain 
connectivity in microstructure. Additionally, the weak link 
effect of possible small voids may probably be higher at the 
grain boundaries with higher misalignment. Therefore, we 
may suggest that non-added sample has poorer grain con-
nectivity due to large angle grain orientation mismatch as 
compared to other Mg added samples.

4 � Conclusion

In this study, the samples with nominal composition 
Bi1.7Pb0.3Sr2Ca2Cu3Oy + (MgO)x where x = 0.00, 0.05, 
0.10, 0.15 and 0.20 wt% (<100 nm size) were prepared by 
solid state reaction method. The effects of nano MgO addi-
tion on the microstructue, phase formation, critical tem-
perature of (Bi, Pb)-2223 were investigated by using XRD, 
SEM and ac susceptibility measurements.

The critical temperature was found as 109.99 K for the 
non-added sample and the sample with 0.20 wt% Mg addi-
tion had the highest Tc of 106.68 K among added samples. 
AC magnetic susceptibility measurements showed that 
hole concentration of the samples decrease with increas-
ing MgO concentration. According to XRD measurements, 
non-added sample had the highest volume fraction of the 
Bi-2223 high-Tc phase (62.70%). Increasing the amount of 
nano Mg addition decreases the volume fraction of 2223 
phase, while increasing volume fraction of 2212 phase. 
XRD shows that the addition of nano MgO does not change 
the crystallograpic structure of the samples and remained as 
orthorombic with the lattice parameters of a = b = 5.406 Å 
and c = 37.120  Å. Almost, the same lattice parameters 
were obtained for nano MgO added samples. SEM meas-
urements showed that the plate like structure seems to be 
dominating the microstructure for all specimens. The sur-
face morphology was seen to degrade and also the grain 
sizes of the samples are found to decrease with the increase 
of nano Mg addition. The addition of nano MgO increases 
the amount of random orientation plate-like grains and 
decreases its grain size. In our study, it was found that the 
addition of nano Mg has positive effect of decomposing 
the structure of high-Tc phase and enhancing low-Tc phase 
creation. Based on the above measurement results, it can be 
inferred that an non-appropriate amount of nano MgO may 
led to the degradation of the superconductivity of Bi-2223.
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