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Abstract 
The aim of this work is to investigate the effect of BaFe12O19 nanoparticles on the microstructure, phase formation 
and mechanical properties of (Bi,Pb)-2223 superconducting phase. Co-precipitation and solid-state reaction 
techniques were used to synthesize BaFe12O19 nanoparticles and (BaFe12O19)x(Bi,Pb)-2223 superconducting 
samples with 0.00 ≤ x(wt%) ≤ 1.5 , respectively. BaFe12O19 nanoparticles and (BaFe12O19)x(Bi,Pb)-2223 
structures were performed using X-ray diffraction. The morphology of BaFe12O19 nanoparticles and 
(BaFe12O19)x(Bi,Pb)-2223 were observed by means of transmission electron microscope (TEM) and scanning 
electron microscope (SEM), respectively. The experimental results reveal the composition of Bi-2223 phase and 
traces of Bi-2212 as a secondary phase when compared to the undadded sample. Lattice parameters are not altered 
with BaFe12O19 addition which indicate that nanoparticles do not enter the host crystal of (Bi,Pb)-2223. Vickers 
microhardness Hv is measured as function of indentation load and time. It was found that microhardness has a non-
linear trend with applied load and time. The experimental results were analyzed using different models. The 
analysis revealed that the HK model was more suitable than the other approaches in estimating the load 
independent hardness of the samples.  
Keywords: BaFe12O19 nanoparticles, (Bi,Pb)-2223 superconductor, creep indentation, Vickers microhardness  
1. Introduction 
Bi2Sr2Can-1CunO2n+4+y ceramic superconductor (n=1,2 and 3) BSCCO, being characterized by its high 
superconducting transition temperature Tc and high critical current density Jc, is considered as an interesting 
material for technological applications (Celebi, Karaca, Ozturk, & Nezir, 1998) (Khalil, 2006). On the other hand, 
BSCCO is often characterized by its poor mechanical performance; low ductility and elevated brittleness (voids, 
microcraks, grain and twin boundaries, nonstoichiometric oxygen content) (Karaca, Uzun, Kolemen, Yilmaz, & 
Sahin, 2009). 
For most applications, such materials take the form of wires and tapes. When making coils, materials are subjected 
to mechanical stresses; Lorentz force generates cracks, which cause the destruction of the material under high 
currents. Therefore, the investigation and the improvement of the mechanical properties of these materials is a 
critical issue for their practical applications. Ishizuka et al [Ishizuka, & Sakabura 2006] investigated the mechanical 
strength of bulk Bi-2223 phase. It was found that, Bi-2223 is suitable for cryocooler-cooled superconducting 
magnets. Konishi et al (Konishi, Takamura, Kaga, & Katsuse, 1989) proposed the alginate method for the 
fabrication of superconducting oxide ceramic fibers. Y-Ba-Cu-O superconducting fibers have shown a tensile 
strength of 192 MPa and an end-point Tc of 85 K. Li et al (Li, Gao, Cooper, Liu, & Dou, 2001) investigated the 
effects of mechanical deformation on the kinetics of the Bi-2212 to Bi-2223 phase transformation. It was shown 
that the increase in the mechanical deformation provides high internal energy, which enhances the formation of 
Bi-2223 phase.  
Microhardness is the mechanical property describing the material’s resistance to deformation upon indentation. It 
is considered to be an effective tool to get into the material composition and structure (Kolemen, Uzun, Yilmazlar, 
Guclu, & Yanmaz 2006)(Guilmeau, Andrzejewski, & Noudem, 2003)(Yilmazlar, Centinkara, Nursoy, Ozturk, & 
Terzioglu, 2006)(Jia et al, 2000)(Haugan et al, 2000)(Sengupta et al, 1996) (Kazin, Jansen, Larrea, De la funette, 
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& Tretyakov, 1995). One of the most practical technique for enhancing the microhardness of superconducting 
phases is the filling of voids by addition/substitution of nanoparticles. (Karara, Uzun, Kolemen, Yilmaz, & Sahin 
2009)(Abdeen, et al, 2016)(Awad, 2008)(Mohammed, Abou Aly, Ibrahim, Awad , & Rekaby, 2011)(Aydin, 
Cakiroglu, Nursoy, & Terzioglu, 2009)(Terzioglu, 2011). The introducing of ZnO in 
Bi1.84Pb0.34Sr1.91Ca2.03Cu3.06O10 superconductors increased the indentation hardness and the elastic modulus values 
as observed by Karaca et al (Karaca, Uzun, Kolemen, Yilmaz, & Sahin, 2009). Abdeen et al (Abdeen et al, 2016) 
showed that the substitution of 0.025 of holmium increased the Vickers microhardness of (Bi,Pb)-2223 
superconducting phase and it had a normal indentation behavior. Awad (Awad, 2008) found that 0.6 wt% of MgO 
addition enhanced Vickers microhardness of (Cu0.25Tl0.75)-1234. Mohammed et al (Mohammed, Abou Aly, 
Ibrahim, Awad, & Rekaby, 2011) showed that the mechanical parameters depend on SnO2 and In2O3’s additions.  
The aim of this work is the enhancement of the mechanical properties, through Vickers microhardness 
meassurements, by the addition (x) of BaFe12O19 nanoparticles to (Bi,Pb)-2223 superconducting ceramics. 
Additionally, the effect of BaFe12O19 on the structure and composition of the main phase was investigated by means 
of X-ray diffraction (XRD) and scanning electron microscope (SEM) analysis used to characterize the 
microstructures of the sample phases. 
2. Method 
2.1 Synthesis and Preparation 
2.1.1 Synthesis of BaFe12O19 Nanoparticles by Co-Precipitation Technique 
An aqueous solution of PVP (MW=29000) was prepared by dissolving 4g of this polymer in 100 mL distilled 
water and heating at 80ºC for 15 minutes. Iron (III) Chloride Hexahydrate (FeCl3.6H2O) and Barium Chloride 
Dehydrate (BaCl2.2H2O) solutions were prepared in distilled water and mixed together with the PVP solution. 4M 
of NaOH solution was added dropwise to the solution to adjust its pH to 12. After fixing the pH at a highly basic 
condition (pH≈12) which is convenient for the direct preparation of BaFe12O19 crystals, the reaction was stirred 
for 2 h at 60℃ . The resultant brown precipitate was washed continuously with distilled water to remove the 
residues, until the pH is 7. After drying the sample at 100 ºC for 18 hours, the ingots were then calcinated at 950 
ºC for 2 hours.  
2.1.2 Synthesis of (BaFe12O19)x(Bi,Pb)-2223superconducting Samples by Co-Precipitation Technique 
Solid-state reaction technique was used to synthesize bismuth-based superconducting samples with chemical 
formula (BaFe12O19)x(Bi1.6Pb0.4)Sr2Ca2Cu3O10-δ, (BaFe12O19)x(Bi,Pb)-2223 , 0.00 ≤ x (wt%) ≤ 1.5. High purity 
of Bi2O3, PbO, PbO2, SrCO2, CuO and CaO with stoichiometric amounts were mixed and grinded in an agate 
mortar to get an homogenous mixture and then sifted using 50 μm sieve. The obtained mixture was heated at 
820℃ for 48 hours with an intermediate grinding process. After that, the obtained black powder is pressed under 
a hydraulic press to 5 tons/cm2 into pellets of diameter 1.5 cm. The pellets are then heated with a heating rate of 4 
ºC/min at 845ºC for 96 hours and then cooled at a rate of 2 ºC/min. BaFe12O19 nanoparticles were added at the final 
step and the mixture which was pressed and heated again with a rate of 2 ºC/min at 845 ºC for 48 hours and then 
cooled at a rate of 1 ºC/min .  
2.2 Characterization of the Samples 
2.2.1 Structure and Morphology  
The structural features of BaFe12O19 nanoparticles and (BaFe12O19)x(Bi,Pb)-2223 superconducting samples were 
investigated using X-ray diffraction (XRD) analysis using the Bruker D8 advance powder diffractometer. The 
XRD technique has been used to estimate the phase composition of the superconducting system. The relative 
volume fractions of the main phase (Bi,Pb)-2223 was determined from the obtained peak intensities, using the 
following well-known expressions (Halim, Khawaldeh, Mohammed, & Azhan, 1999): 
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Transmission electron microscope (TEM) (JEOL JEM 100Cx microscope) and scanning electron microscope 
(JEOL JSM), were used for the analysis of the microstructure morphologies of BaFe12O19 nanoparticles and 
(BaFe12O19)x(Bi,Pb)-2223 superconducting samples, respectively. 
2.2.2 Vickers Microhardness 
Room temperature Vickers microhardness of (BaFe12O19)x(Bi,Pb)-2223 superconducting samples was performed 
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by means of digital microhardness tester (MHVD-1000IS). The pyramidal indentation loads varied from 0.49 N 
up to 9.8 N with dwell indentation time varying from 5 up to 60 sec. Indentations were made at different parts of 
the samples’ surface. An average of 5 readings at different locations of the specimen surfaces was taken to obtain 
reasonable mean values for each load. The apparent value of Vickers microhardness was estimated from the 
following equation: 

21854.4 ?( )                                               (2)v
FH GPa
d

= ×
             where F is the applied load in N and d is the diagonal length of the indentation in micrometers. 

3. Results 
3.1 Sample Investigation 
Figure 1 shows room temperature XRD patterns for BaFe12O19 nanoparticles. The observed peaks are well indexed 
by the hexagonal indices BaFe12O19 with space group P63/mmc. Similar results were obtained by Ding et. al. 
reported from Mössbauer spectra (Ding, Yang, Miao, McCormick, & Street, 1995). The morphology of BaFe12O19 

nanoparticles was examined using TEM technique in Figure 2. It is clear from the micrograph that the sample is 
mainly composed of rod-like nanoparticles together with a hexagonal shape oriented particles. Similar rod-like 
particles were observed for Barium hexaferrite by Ohlan et. al. (Ohlan, Singh, Chandra, & Dhawan, 2008).  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. XRD patterns of BaFe12O19 nanoparticles 
 

Crystallite size (D) is calculated from XRD by using Scherrer’s equation: 

kλ
β cosθ

D =
 
                                 (3)               

where λ is the X-ray wavelength, β is the full width at half maxima (in radian), θ is the Bragg angle and k is 
the hexagonal structure’s shape factor equals to 1. The lattice parameters a and c as well as the crystallite size (D) 
are listed in Table (1). 
 
Table 1. Lattice parameters and crystal size for BaFe12O19 nanoparticles 

BaFe12O19 nanoparticles  

Lattice parameters  
XRD 

TEM 

a  (Å) c (Å) D (nm) D( nm) 
5.879 3.130 67.723 62.60 
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Figure 2. TEM micrograph of BaFe12O19 
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XRD pattern for (BaFe12O19)x(Bi,Pb)-2223 samples is shown in Figure 3. The tetragonal structure of (Bi,Pb)-2223 
superconducting phase with space group P4/mmm is dominant for all samples. Minor peaks of (Bi,Pb)-2212 and 
Ca2PbO4 appear as secondary phases. Lattice parameters a and c as well as the volume fraction of the host (Bi,Pb)-
2223 were determined and listed in Table 2. It is clear that the lattice parameters have no significant change with 
the addition of BaFe12O19 nanoparticles. Therefore, nanoparticles do not enter the crystal; they are settled at the 
grain boundaries. 
 
. 
 
 
 
 
 
 
 
 
 

Figure 3. XRD patterns for (BaFe12O19)x(Bi,Pb)-2223 superconducting samples 
 

The volume fraction of the main (Bi,Pb)-2223 phase increases up to an addition of 0.5 wt% of BaFe12O19 above 
which it starts to decrease. Similar results were observed by Kong et. al. [Kong, & Abd-Shukor, 2010] for studying 
the effect of NiFe2O4 nanoparticles addition into Bi1.8Pb0.4Sr2Ca2Cu3O10+δ phase. 
 
Table 2. Lattice parameters and volume fraction for (BaFe12O19)x(Bi,Pb)-2223 superconducting samples 

 
The surface morphology of (BaFe12O19)x(Bi,Pb)-2223 samples, for x=0.00 (a), x=0.5% (b) and 1.5% (c), are 
shown in Figure 4. It is clear that, with the addition of nanoparticles, the pure sample changes its morphology from 
flaky layers of large randomly distributed platelet into better texturing and growth in Figure 4(b). A degradation 
of the grain connectivity is observed with an increase in the grain and the appearance of voids with further increase 
of nanoparticles addition as it is clear in Figure 4(c). 
 
 
 
 
 
 
 
   

Figure 4. SEM micrographs of (BaFe12O19)x(Bi,Pb)-2223 samples, for x=0.00 (a), x=0.5% (b) and 1.5% (c). 
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3.2 Vickers Microhardness Measurements 
The experimental Vickers microhardness values Hv are calculated using Equation (2) and listed in Table 3. The 
variation of Hv as function of the applied load F at t=30 sec is shown in Figure 5. It is obvious that, Hv decreases 
with a non-linear behavior with the increase of the applied load up to 2.96 N, above which it reaches a saturation 
region and it becomes invariant with the load. This behavior is explained in terms of the penetration depth by 
Forester et al (Foerester et al, 2008); for small applied loads, surface layers are only affected, while for higher 
loads, the penetration reaches the inner layers where the response becomes ultimate.  
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Variation of Vickers microhardness with the applied load at dwell time t=30 sec. 
 
Moreover, it is observed that Hv increases with increasing BaFe12O19 addition up to x = 0.75 wt.% and then 
decreases for higher addition (x=1.5 wt.%). Thus, nanoparticles addition has a significant effect in improving the 
microhardness of (Bi,Pb)-2223 superconducting samples. This improvement is attributed to the reduction of 
porosity, enhancement of resistance and the increase in grain connectivity. This result is found to be consistent 
with SEM micrographs.   
The ISE behavior is described by Meyer’s law representing a relation between the applied load 𝐹  and the 
indentation diagonal: 

nF Ad=                                       (4)               
where A is the standard microhardness constant and n is Meyer’s index indicating the trend of the indentation size 
effect (ISE); for normal ISE, n < 2 and Hv decreases as the applied load increases. Whereas for a reverse ISE, n > 
2 and Hv increases with the increase of the applied load. By plotting ln F against ln d in Figure 6, it is found that n 
< 2 for all samples as listed in Table 3, verifying the observed normal ISE in Figure 5. Note that, the ceramic 
materials are characterized by their high microhardness, so, the values of A1 are not acceptable to investigate the 
true microhardness of the samples. Thus, Meyer’s law can only explain the ISE behavior of the data. Similar 
behavior was observed in Bi- Pb- Sr- Ca-Cu- O phases [Murakami et al, 2002].   

 
 
 
 
 
 
 
 
 

 
 

Figure 6. Variation of ln F against ln d at dwell time t=30 sec 
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In order to investigate the true microhardness of such materials, several models between the applied load and the 
indentation diagonal were considered to analyze the normal ISE.  
Hays and Kendal’s model (HK) (Hays, & Kendall, 1975) proposed that plastic deformation is produced by a 
minimum applied load W, so that: 

2
1F A d W= +                                   (5)               

where 𝐴  is the HK load-independent microhardness constant, from which the corresponding load independent 
microhardness  𝐻  is determined:  

11854.4HKH A= ×                                (6)   
                                                                                                         
In Figure 7, 𝐹 is plotted against 𝑑  from which 𝑊, 𝐴  and 𝐻  are determined and listed in Table 3. The 
positive values of  𝑊 indicates that both elastic and plastic deformations are created by the load. 

 
 
 
 

 

 

 

 

  
Figure 7. The variation of the applied load against d2 at t=30 sec. 

Elastic-plastic deformation model (EPD) assumes that the indentation has an elastic deformation which tends to 
relax upon the removal of the load. So that, an elastic component 𝑑’ is added to the indentation 𝑑(Leenders, 
Ullrich, & Freyhardt, 1997)(Li, Ghosh, & Kobayashi, 1989):  

' 2
2 ( )F A d d= +                                     (7)               

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. The variation of F0.5 against d at dwell time t=30 sec. 
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By plotting 𝐹 .  versus d as seen in Figure 8, the constant 𝐴  and 𝑑’ are determined and listed in Table 3.  
The elastic/plastic deformation load-independent microhardness, 𝐻 , is calculated by the following relation:  

21?854.4EPDH A= ×                                 (8)               

The positive values of d’ indicates that the elastic as well as the plastic deformations are present with an elastic 
relaxation for all samples. 
By comparing the data in Table 3, it is clear that the results obtained from Hays and Kendal model are consistent 
with the experimental microhardness Hv for our samples, with a relative error < 10%. So, this model is suitable for 
describing the true microhardness of (BaFe12O19)x(Bi,Pb)-2223 samples in the observed plateau region.  
 
Table 3. Microhardness analysis results of different models for (BaFe12O19)x(Bi,Pb)-2223 superconducting 
samples  

 Meyer HK EPD 
x 

(wt%) 
Hv 

(GPa) n A1.10-4 

(N/𝜇𝑚 ) 
W 
(N) 

HHK 

(GPa)
Error
(%) 

A2.10-3
 

(N/𝜇𝑚 ) d’ 
(𝜇𝑚) 

HEPD 

(GPa) 
Error
(%) 

0.00 0.255 1.44 1.25 0.719 0.231 9.41  0.10 40.2 0.189    25.9 
0.25 0.673 1.59 3.60 0.564 0.667 0.85  0.32 17.8 0.574    14.6 
0.50 0.688 1.52 3.62 0.694 0.683 0.68  0.30 20.9 0.561    15.7   
0.75 0.893 1.50 4.78 0.718 0.886 1.32  0.40 19.5 0.741    17.4 
1.50 0.472 1.38 2.56 0.955 0.474 0.577  0.20 35.6 0.379    19.6   
 
The Vickers indentation can be used to evaluate some mechanical parameters such as elastic modulus (E=81.96 x 
Hv) and yield strength (Y=Hv/3). The obtained values of E and Y according to HK model, for (BaFe12O19)x(Bi,Pb)-
2223, are listed in Table 4. It is observed that the elastic modulus and yield strength for (Bi,Pb)-2223 added by 
BaFe12O19 show an apparent increase with increasing x up to 0.75 wt.%. Knowing that the elastic modulus is 
inversely proportional to the ductility, thus, higher nanoparticle concentration’s samples have a higher ductility 
Terzioglu et al (Terzioglu, Varilci, & Belenli, 2009) studied the effect of annealing temperature on mechanical 
properties of MgB2. They found that mechanical of the samples are improved with increasing annealing 
temperature from 650 to 850 oC and they worsen at 950 oC.  
 
Table 4. Elastic modulus and yield strength of (BaFe12O19)x(Bi,Pb)-2223 superconducting samples. 

 
By evaluating the effect of dwell time in Figure 9, it is clear that Hv decreases with the increase of dwell time for 
x=0.00, 0.75 and 1.5% samples. It is clear that, at low dwell time the sharp time is transformed into linearity with 
increasing time. Such behavior is related to the bearing creep indentation (Zaki, et al, 2011). The power law 
indentation creep behavior is explained in term of indentation creep experiment at 0.49 N and 9.8 N. Sargent and 
Ashby (Sargent & Ashby, 1992) proposed an indentation creep’s dimensional analysis: 

0
1

0

( ) ?
( )

H t
nc t η

σ

σ
=                                       (9)              

where 𝐻(𝑡) is the time dependent vickers microhardness, ε0 is the strain rate at reference stress r0 and c is the 
constant. The slope of the ln (Hv) against ln t, shown in Figure 10, is (-1/η), from which the value of the stress 

x (wt.%) E (GPa) Y(GPa) 

0.00 18.93 0.077 
0.25 54.66 0.227 
0.50 55.97 0.227 
0.75 72.61 0.295 
1.50 38.84 0.158 
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exponent η is determined and listed in Table 5. The obtained lines are almost parallel indicating that (Bi,Pb)-2223 
superconductors are not affected by the addition of BaFe12O19 . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. The variation of Vickers microhardness with dwell time at F=0.49 N and F=9.8 N. 
 
Table 5. Stress exponents for (BaFe12O19)x(Bi,Pb)-2223 superconducting  at constant loads of F=0.49 N, F = 2.49 
and 9.8 N 

 
It was reported by Goetze and Brace (Goetze & Brace, 1972) and Kohlstedt and Goetze (Kohlstedt & Goetze, 
1974) that the dislocation creep dominates in the sample for a  stress component lying between 3 and 10. From 
Table 5, it is clear that the dislocation creep is the major mechanism operating in the samples with 3.65 ≤ 𝜂 ≤6.07.  
 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 10. The variation of lnHv against ln t at F=0.49 N. 

 
4. Conclusion 
As a summary, the addition of BaFe12O19 nanoparticles did not affect the structure of (Bi,Pb)-2223 
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superconducting samples. They were settled at the boundaries where there was no change in the lattice parameters. 
Room temperature Vickers microhardness was studied as function of applied load, dwell time and BaFe12O19 
addition. Vickers microhardness decreased with the applied load and time, whereas it increased with the 
nanoparticles addition up to 0.75% above which it decreased. This behavior was analyzed according to different 
models to investigate the true microhardness of the samples. Hays and Kendal model was the best in explaining 
the behavior of our studied samples in the plateau region with a relative error less than 10% rather than the 
elastic/plastic deformation. Stress exponent was calculated from the variation of Vickers microhardness as function 
of dwell time. The discolation creep is the operating creep in our samples, denoted by the calculated values of the 
stress exponent 𝜂. 
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