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Abstract 

 

The effect of addition of ultra-fine MgO particles, obtained by Mg combustion, in Bi-

2212/Ag tapes was investigated. Bi-2212/Ag tapes were prepared by coating and 

partial melt processing. Four different methods of MgO particles embedment were 

applied in green tape preparation; settlement of MgO in Bi-2212, pre-mixing of MgO 

in the solvent, deposition of the MgO into the solvent, and deposition of MgO onto 

the surface of Bi-2212. Microstructural studies of processed tapes show that 

uniformity of MgO particles distribution in Bi-2212 matrix depends on the methods of 

tape preparation.  

MgO particles, introduced in Bi-2212 matrix by all applied methods, 

significantly enhanced transport properties of the tapes. The Jc degradation with the 

increase of magnetic field and/or temperature in all doped samples was significantly 

lower compared to un-doped Bi-2212 samples. The best improvement was achieved 

when MgO particles were introduced into Bi-2212 matrix by settlement method of the 

tape coating. The improvement also depends on a magnitude of the magnetic field and 

operating temperatures.  

 

 

 

 

1. Introduction 

Bi2Sr2CaCu2Oy (Bi-2212) high temperature superconductor is one of the good 

candidates for the power application, because of the high critical current density at 

low temperatures and high magnetic fields and relatively easy fabrication [1,2]. 

However, critical current densities of Bi-2212 bulk and tapes decrease with increasing 



temperature and applied field due to weak flux pinning. The current density can be 

enhanced by the addition of pinning centers [3,4]. One of the possible solutions to 

introduce flux-pinning centers in superconductors is by an addition of MgO particles, 

which are incorporated into the Bi-2212 matrix [4,5]. It was also found that MgO 

addition into Bi-2212 bulk can improve texturing [6], and reduce amount of the 

secondary phases in Bi-2212 thick films [4]. 

The improvement of the critical current densities of Bi-2212/Ni and Bi-2212 

/Ag composite tapes has been demonstrated with the addition of MgO nanoparticles 

[7-10]. The particle size of MgO may play a significant role in the efficiency of the 

flux pinning centers. If the size of particles is much greater than the coherence length 

of high-temperature superconductors, it is believed [4] that the extra pinning centers 

must be the interface between the MgO particles and the superconductor matrix. 

In our previous work, we investigated the effect of the addition of ultra-fine 

MgO particles on the microstructure and superconducting properties of Bi-2212/Ag 

tapes, prepared by dip-coating and partial melting process [11]. Ultra-fine MgO 

particles with cubic morphology and average particle size of 40nm were obtained by 

burning out a single Mg particle in air as described elsewhere [12].  

It was found that the significant enhancement in magnetization hysteresis 

below the transition temperature could be achieved only if MgO ultra-fine particles 

are individually dispersed in the Bi-2212 matrix [11]. In order to prevent MgO 

particle agglomeration in the Bi-2212/Ag tapes, an alternative method of MgO 

particle introduction into the Bi-2212 matrix was applied, namely the direct 

deposition of MgO during the Mg particle combustion; and the influence of the 

distribution of the MgO particles on the transport properties of B-2212/Ag tapes was 

investigated. However, the above method does not provide a uniform distribution of 



the MgO concentration across the tape thickness. It allows one to speculate that the 

MgO doping effect on the critical current density of Bi-2212 tapes could be improved 

further if the MgO concentration could be made constant in the Bi-2212 matrix.  

The focus of the present work is to develop methods for the introduction of 

MgO into a Bi-2212 matrix in order to obtain uniform distribution of the ultra-fine 

particles in the Bi-2212 matrix and conserve their appearance as individual particles. 

 

2. Methods 

2.1. MgO particle preparation 

The MgO nanosize particles were produced by burning a single Mg particle in 

the air. A 3 mm Mg piece supported by a 250-µm tungsten wire was ignited by a 

small propane-air diffusion flame, which was removed immediately after the 

commencement of the metal combustion. Due to natural convection, the MgO 

nanoparticles formed in the generation zone surrounding the Mg particle travel 

upward. The MgO fume was collected either onto a glass plate or directly onto a Bi-

2212 surface held about 5 mm above the burning Mg.  

2.2 Green tape preparation  

Four different methods have been developed to introduce MgO particles into 

the Bi-2212 matrix. 

2.2.1. Method 1: settlement  

Freshly produced MgO nanoparticles (see Section 2.1) were collected on the 

glass substrate, carefully brushed from it and mixed with the pure ethyl alcohol 

(C2H5OH) with the following treatment for 15 min in an ultrasonic bath to break 

possible agglomerates. Bi-2212 powder, previously sieved through 325 mesh, was 

added into the MgO/C2H5OH suspension and the new mixture was sonicated for 



another 15 minutes. A 3 mm wide and 30 mm long silver strip was placed at the 

bottom of the slot specially designed to accommodate Ag tapes. Then the suspension 

was added into the slot by analytical pipette and left until full evaporation of the 

alcohol and corresponding settlement of the powder mixture on the strip surface. The 

strip was then carefully removed from the slot and placed into the furnace for heat 

treatment. The thickness of the film was controlled by the amount of suspension 

added into the slot.    

2.2.2. Method 2: pre-mixing of MgO nanoparticles in the solvent 

 Freshly made MgO nanoparticles were firstly mixed with the solvent to 

ensure their best possible spread. The sieved Bi-2212 powder was then added to the 

MgO/solvent and mixed for at least 10 min. Such a method alters from the standard 

procedure [11] where the dry MgO was firstly mixed with the dry Bi-2212 with the 

following addition of the solvent, as the effectiveness of deagglomeration of MgO in 

the pure solvent is much higher compared to the case of presence of Bi-2212 in it. The 

green tapes were then prepared by a dip-coating process [11] and heat treated in the 

furnace to produce the final superconducting tape.   

2.2.3. Method 3: direct deposition of MgO particles into the solvent 

 To prepare the paste by this method, solvent was firstly spread along a silicon 

substrate to create a thin film covering the surface to be used for collection of MgO 

nanoparticles during Mg combustion. The Mg particle was ignited and MgO 

nanoparticles were collected directly into the solvent film. After completion of 

collection, the solvent film containing loose MgO particles was gently wiped from the 

surface and used for mixing with the Bi-2212 powder for the subsequent partial 

melting procedure performed in the furnace. The concentration of MgO was 

controlled by the following procedure: a silicon substrate with the solvent film of 



known weight was placed in the nanoparticle stream for a certain measured time 

period. After particle collection, the film was gently wiped and thoroughly mixed. A 

droplet of the MgO/solvent mixture was then placed onto the surface of the 10 × 10 

mm pieces of glass previously weighed on the analytical balance. After placement of 

the droplet, the glass piece was weighed again and located in the oven for treatment at 

500°C for 2 h. On completion of this procedure (ensuring that the whole amount of 

solvent was removed from the glass), the glass piece was weighed again to identify 

the amount of MgO remaining on the surface. As the result of this procedure, the time 

related concentration of MgO in the solvent was obtained and used as a scale factor 

for the rest of experiments.     

2.2.4. Method 4: deposition of MgO nanoparticles onto the surface of Bi-2212  

The last method of green tape preparation was based on the deposition of 

MgO nanoparticles onto the dry surface of the Bi-2212 previously produced on the 

silver tape. The detailed description of this method is provided in our previous 

publication [11] and those green tapes were used for comparison with tapes produced 

by the other methods described above. 

 

2.3. Tapes heat-treatment 

Green tapes (single or laminated) of 30 mm length were placed on a ceramic 

support for heat treatment using a partial melt method in flowing oxygen [13]. Using 

differential thermal analysis (DTA) measurements, partial melting temperatures, Tmax, 

between 890 and 900 oC were chosen to find the optimum processing temperature for 

different green film compositions. 

After heat treatment, tapes were annealed in an inert atmosphere to optimise 

oxygen content in Bi-2212 matrix. It was found that oxygen content in Bi-2212 thick 



films, corresponded to highest critical current densities, can be achieved by post-

annealing in nitrogen atmosphere (pO2 ~ 0.01 atm) at 500 °C for 20 h [14]. Similar 

post-annealing procedure was optimized in our previous studies [11,13]; it was 

determined that for pure Bi-2212/Ag and MgO-doped laminated tapes, post-annealing 

in flowing argon (pO2 ~ 0.01 atm) at 600 °C for 10 h provides highest critical current 

densities in the tapes. 

 

2.4. Sample characterization 

The microstructure, composition and thickness of samples were determined 

using a scanning electron microscope (FEI Quanta 200 SEM) equipped with an 

EDAX energy-dispersive X-ray spectrometry (EDX) system. SEM imaging was 

usually carried out using a backscattered electron detector to distinguish the MgO 

from the much higher atomic number matrix. 

Critical current measurements were carried out at 77 K in self-field using a 

standard four probe method with 1 µV cm-1 criterion. In these measurements, current 

and voltage electrodes were attached using a soldering iron. The voltage contacts 

were placed over the samples at distances of about 10 mm from each other. 

The magnetization critical current density was obtained from magnetization 

hysteresis curves, using the Bean model of the critical state [15]. The magnetic 

characteristics of the samples were measured with a commercial SQUID 

(Superconducting Quantum Interference Device) magnetometer (Quantum Design, 

MPMS 7) at temperatures down to 5 K. In measurements, the magnetic field was 

applied in parallel to the c-axis of the Bi-2212/Ag tapes. The relative error of the 

measured magnetization typically did not exceed 1%. 



A concentration distribution of the MgO along the c-axis in the tapes was 

determined by quantitative EDX analysis (see [11] for details). Every 5 µm of the 

tape’s cross section was scanned in the direction of the c-axis. The net X-ray peak 

intensities were then normalized to the value, obtained from the overall tape cross 

section, which corresponded to the initial concentration of MgO in the tapes.  

 

3. Results and discussion 

3.1 Summary of methods used for MgO particle introduction into the Bi-

2212 matrix  

Each method used for particle introduction has its own benefits and 

“bottlenecks”. The settlement method is the least labor consuming and provides the 

most uniform MgO distribution across the Bi-2212 matrix. However, the film 

produced after settlement is very fragile with the tapes and, especially, laminated 

tapes require very careful handling during transportation to the heat treatment stage. 

Such a problem is fully addressed in both methods utilizing the addition of the MgO 

particles to the solvent with subsequent mixing with the Bi-2212 powder. However 

the distribution of MgO particles measured for these methods is not as uniform as that 

for the settlement method. Moreover, for the method based on the direct deposition of 

the MgO particles into the solvent, the concentration of MgO particles could be 

controlled much less precisely than for the other methods used. The other issue 

relating to this method is the possible alteration of physical properties of the solvent 

after direct deposition of the hot MgO particles into it; such alterations may not be 

beneficial for the tape performance. Finally, the main issues relating to the tapes 

produced by method 4 are discussed in detail in [11].  

 



 

3.2 Microstructure of the processed Bi-2212/Ag tapes and MgO 

distribution 

SEM observation revealed that partially melted tapes consisted of the Bi-2212 

matrix as a major phase together with some secondary phases, which were identified 

by EDX as a Bi-free and a minor Cu-free phase. The amount and size of the Bi-free 

phase in the tapes with MgO addition was significantly lower compared to the un-

doped Bi-2212 tapes. 

Typical surfaces of tapes, prepared by different methods of MgO introduction, 

are shown in Fig. 1. In all methods, the MgO does not react with the Bi-2212 matrix 

and appears as individual (loose) particles which retain their original cubic shape. 

Such a distribution was already observed in the tapes where the MgO was introduced 

by deposition [11] onto the surface of previously produced Bi-2212. All SEM images 

correspond to the samples containing 4 wt.% of the MgO. A relatively high 

concentration of the MgO on the surface of the samples obtained by the “MgO 

deposition” method is expected because all MgO particles were initially deposited on 

the surface (Fig. 1a). Also, as was shown and discussed before [11], after partial 

melting, the MgO particle concentration on the surface remains higher than in the 

overall cross-section of these tapes.  

The overall uniformity of the MgO particle distribution across the tape was 

found to vary with the preparation methods used. The most homogeneous MgO 

distribution was obtained for the tapes prepared by the settlement method (Fig. 1b). In 

addition, the EDX results obtained for these tapes show that the variation of the MgO 

concentration along the c-axis did not exceed 10%. 



A satisfactory MgO distribution was achieved for the case when deposited 

MgO particles were mixed with organic solvent (Fig. 1c) with the corresponding 

variation of the MgO concentration across the c-axis not exceeding 15%, as measured 

by EDX.  

Some local concentrations of the MgO particles were observed in the samples 

prepared by the solvent deposition method.  In the samples which exhibited these 

concentrations, it was also observed that a Cu-free phase was present in the 

surrounding of MgO-free areas (Fig. 1d). The EDX results were, nevertheless, 

satisfactory with the MgO concentration variation within 25%.  

 

3.3 Transport properties of the tapes in magnetic field 

Based on the DTA results, the processing parameters for the tapes were 

chosen in order to obtain the highest value of the critical current density at 77K and 

self-field. Maximum melting temperature is one of the important parameters, which 

affects Bi-2212 structure and, therefore, superconducting properties [14]. In the 

previous study [11], it was found that highest critical current densities in the Bi-2212 

+ MgO tapes can be achieved when the partial melting temperature is 892-897 °C, 

which is about 10-20 °C higher then the temperature of the Bi-2212 melting point. 

The other processing parameters, such as cooling rates and annealing time, have been 

previously optimized for pure Bi-2212 composition [13]. As was found in this study, 

the MgO addition into the Bi-2212 does not change these parameters in order to 

obtained maximum Jc.  

In present work, Jc of the partially melted tapes vary from 2,500 to 15,000 

A/cm2 at 77K and zero field, depending on the tapes thickness and MgO 

concentration. Fig. 2 shows Jc-thickness dependence for undoped and MgO-doped Bi-



2212 tapes. It is clear, that Jc becomes significantly lower when the thickness of the 

films increases, particularly when films are 30-40 µm and thinner. The results 

obtained by Buhl et al. [14] for Bi-2212 thick films on Ag substrate show exactly the 

same trend. 

The results on the optimization of the MgO concentration will be presented 

separately. Generally, the highest Jc values were achieved in the Bi-2212 tapes with 4 

wt. % of MgO for all methods, except “MgO deposition”, which produced tapes with 

a high gradient of the concentration along the c-axis of the tape. Tapes prepared by 

settlement and solvent mixed methods have similar Jc values, while Jc’s of the 

solvent-deposited tapes are relatively lower. This can be explained by local non-

homogeneities of the MgO distribution, which may partially block current paths. 

Since Jc of the Bi-2212 tapes depends on the thickness of the Bi-2212 ceramic 

layer, to evaluate the effect of MgO additive applied by different methods it is 

preferable to have the tapes with similar thicknesses or normalized Jc values. Absolute 

Jc values are also dependent on the secondary phase content, grain misalignment and 

other defects.   

In this work we present the results of investigation of the Jc behavior of the Bi-

2212 + MgO/Ag tapes in the applied magnetic field at a range of temperatures. The Jc 

values were normalized to the values obtained at 0.1T field (for field dependence) or 

5K (for temperature dependence).  

Fig. 3a and b shows the effect of the magnetic field on the normalized Jc at 

temperatures of 5K and 20K, respectively. The graphs represent the results of 

measurements of the tapes produced by four different methods of MgO introduction 

along with the results obtained for the un-doped Bi-2212/Ag tape plotted for 

comparison.  All samples show degradation with increase of the field, however MgO-



doped samples degrade less compared to the un-doped ones. Also, as is seen, at the 

temperature of 5 K, samples obtained by settlement, solvent mixed and solvent 

deposit methods show the best results; their normalized Jc’s are about 1.5 times higher 

compared to the results obtained for the un-doped samples. With the temperature 

increase to 20 K this difference becomes even more significant. In addition, for the 

field region between 2 and 4 T, both samples from the solvents methods have 5-8 

times higher Jc’s, whilst the samples produced by the settlement method have Jc’s 

more than an order of magnitude higher compared to the un-doped samples. 

The Jc – T curves are shown in Fig. 4a and b at magnetic fields of 0.1 and 1 T, 

respectively. At low fields, the Jc performance of the tape with deposited MgO 

particles improved with temperature increasing over those of the tape without MgO 

by a factor of 2.5-10 depending on the methods of the MgO introduction. This 

improvement becomes more dramatic at higher fields and reaches the maximum, the 

highest temperature studied, where the Bi-2212 tapes with deposited MgO, as well as 

tapes prepared by solvent methods and tapes prepared by settlement have about 3, 6 

and 40 times higher Jc values, respectively, compared to the results achieved for the 

tapes without the MgO addition. 

The above results indicate that the uniformity of the MgO nanoparticle 

distribution enhances the transport properties of Bi-2212/Ag tapes and individual 

particles act as effective flux-pinning centers. The highest improvement of flux 

pinning potential occurs in a certain region of temperature and magnetic field. Similar 

behavior was observed for Bi-2212 tapes with 200nm MgO particles [4], where the 

largest enhancement was achieved at 15 K. 

 

 



4. Conclusions 

Bi-2212/Ag tapes with and without nanosize MgO additions were prepared by 

four different methods. The microstructure and superconducting properties of the 

partially melted tapes have been investigated. MgO particles dispersed in the Bi-2212 

matrix retain cubic morphology and no reaction with the Bi-2212 matrix was 

observed. The distribution of MgO nanoparticles in the Bi-2212 matrix depends on 

the methods of tape preparation. The most uniform distribution was achieved for Bi-

2212 tapes prepared by the settlement method.  

It was found that a significant enhancement in magnetization hysteresis can be 

achieved in the tapes produced by all four described methods of MgO embedment. 

However, the best results were obtained for the tapes prepared by the settlement 

method, indicating that the uniformity of the flux pinning centers distribution plays a 

significant role in the tapes performance in the applied magnetic field. 

Within the investigated temperature and magnetic field ranges, the largest 

improvement of Jc over the un-doped Bi-2212 tapes was achieved at the highest 

temperature and magnetic field studied. 
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Fig. 1.  SEM images of the Bi-2212 + MgO on the Ag substrate, prepared by the MgO 

deposition onto the surface of coated tape (a); settlement method (b); by MgO mixed 

in with solvent (c) and MgO deposited onto the solvent (d). 

 



 

 

 

 

 

 

 
 
 
 

Fig. 2.  Dependence of critical current densities (Jc’s) on tape thickness for the un-

doped and MgO-doped Bi-2212 tapes.    
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Fig. 3.  Dependence of critical current densities (Jc’s) on magnetic field  (H) in the 

un-doped and MgO-doped tapes at 5 K (a) and 20 K (b). 
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Fig. 4.  Dependence of critical current densities (Jc’s) on temperature (T) in the un-

doped and MgO-doped tapes at H = 0.1 T (a) and H = 1 T (b).  

 




