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ABSTRACT
Synthesis of the magnesium diboride doped by microparticles of barium oxide (MgB2@BaO) com-
posites using a solid-state reaction method has been described. The proposed method gives the
possibility to enhance the critical current density of the investigated samples at low temperature
in the inert atmosphere. The superconducting parameters (Tc and Jc) have been measured. The
influence of the doping agents on superconducting parameters of MgB2 has been analyzed.
Obtained results revealed that the best optimal parameters are for 0.7MgB2@BaO sample that
shows the highest critical transition temperature 39.3 K and critical current density 1.7�106 A/cm2.
It was found that an increasing BaO content leads to the formation of a useful phase of BaB6,
which demonstrates positive effects on the superconducting properties, acting as the effective
pinning centers.
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Introduction

According to the Bardeen-Cooper-Schrieffer theory,[1] the
highest critical transition temperature (Tc) limits in metallic
superconductors at �30K. However, such intermetallic
superconductors as MgB2 have changed the previous
approaches. Magnesium diboride has been synthesized and
investigated in 1953,[2] but its superconducting properties
were discovered by Japanese scientists only in 2001.[3] Its Tc
is 39K that is the highest among phonon-mediated super-
conductors. For the synthesis of the MgB2 several routes are
used, such as high-temperature solid-state reaction; the pow-
der-in-tube ex-situ and in-situ modes; infiltration and
growth processing method; hybrid physical-chemical vapor
deposition.[3] Extensive research has been undertaken to
improve the flux pinning in MgB2, which could enhance its
electromagnetic performance.[4] Nowadays, the techniques
used to improve critical current density (Jc) and the flux
pinning in MgB2 include chemical doping, irradiation and
thermomechanical processing.[4,5] Such processes as hot iso-
static pressure (HIP), cold drawing (CD), cold rolling (CR),
cold pressure (CP), and doping have been shown to improve
these properties for MgB2. HIP process increases density
and homogeneity of MgB2, number of connections between
grains, and dislocation density while it reduces the size of
voids.[6,7,8] It has been showed that CR also improves the
homogeneity of MgB2 material and leads to an increase in-
situ MgB2 density of �37% and ex-situ MgB2 density –
19%.[9–11] The CD process leads to the rising of the length
and outer surface of MgB2 grains, reducing their thickness
and improving Jc wires.[12,13]

To increase the values of the two parameters Tc and Jc,
the introduction of controlled amounts of doping agents is
widely used.[14] Different types of pinning centers can be
introduced, e.g., grain boundaries, point defects as well as
impurities and lattice variations brought on by doping.[15–20]

In order to make the formation of pinning centers that
could effectively increase of Jc, they should exhibit sizes as
large as the coherence length that in the MgB2 is in the
range of 2-10 nm. Chemical doping also influences on Tc of
MgB2. Some additives lead to the decrease of Tc and the loss
of superconductivity, such as doping by Al, Li. Other ele-
ments, such as Be, don’t dope the MgB2 in the lattice and
does not affect Tc at all. However, some dopants may work
as pinning centers if a proper microstructure of the second
phase can be formed in MgB2.

[21] For example, the authors
[22,23] studied the effect of Y2O3 addition on the supercon-
ducting properties of bulk MgB2 and could improve the crit-
ical current density of bulk MgB2 sample at high field
without decreasing of superconducting transition tempera-
ture due to the forming of useful phase YB4 in MgB2 sam-
ple. Also, carbon doping is considered as one of the most
effective ways to improve the Jc of superconductors based
on MgB2, especially at high field.[24–27]

Besides the unusually high Tc, MgB2 has a large coher-
ence length, low anisotropy, and transparent grain bounda-
ries. The most important difference between MgB2 and
other practical superconductors is that it has two supercon-
ducting gaps originating from two different bands. Tuning
the scattering rates between the two bands improves the
superconducting properties and the practical applicability of
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MgB2. The different methods of fabrication of MgB2 con-
ductors are described and compared. Fabrication of long
length MgB2 conductors is relatively easy and non-expensive
method that allows the use of a variety of sheath materials
with suitable barriers or reinforcement. The conductors have
much better mechanical properties for practical applications.
The critical issues and the challenges are to be addressed for
realization of MgB2 superconductors as the first choice for
high field magnet applications. At present MgB2 is most suited
for 20–25K operation in fields of 1–2 T. However, some inves-
tigation indicates that oxide additions based on the rare earth
or metalloid elements show improvement of the MgB2 Jc and
the irreversible magnetic field (Hirr) without significantly
affecting the Tc.

[28] It was found, that the characteristics of the
additions and the technological approaches show a strong
influence in controlling superconducting properties. For
example, dense bulk samples (relative density of 88-99%) of
MgB2 with Ge2C6H10O7 as dopants were obtained by ex-situ
spark plasma sintering.[29] The Jc of the elaborated samples
was improved at high magnetic fields. The optimum compos-
ition was found for MgB2 (Ge2C6H10O7)0.0014, where Jc (20 K)
is 102 A/cm2 at 5.8 T, versus 3.9 T for the reference sample.[30]

However, there is no evidence for Jc improving.
In this work, we proposed to use the self-propagating

high-temperature synthesis (SHS) technique that allows dop-
ing MgB2 by additives spontaneously due to the exothermic
heat of reaction. We used the cheap and widely distributed
BaO microparticles as a dopant during the synthesis of the
MgB2@BaO superconductor by SHS under high gas pres-
sure. This work aims to identify the effect of doping on
superconducting parameters of MgB2 enhancing its Jc.

Materials and methods

The solid-state technique has been used to obtain MgB2@BaO
samples. The samples were prepared as follow: magnesium
(100-200mm), boron (1-5 mm) powders and BaO (50 mm) in
the composition Mg 55.3wt% þ B 44.7wt% þ XBaO (where
X¼ 0.3, 0.7, 1 and 5wt. %; denote as 0.3MgB2@BaO,
0.7MgB2@BaO, 1.0MgB2@BaO, 5.0MgB2@BaO respectively)
have been ignited under Ar at 2.5MPa in a high pressure
chamber (Figure 1).[27,31] The mixture of the starting materials
was loaded into a cylindrical mold and compacted in the form
of a pellet at a pressure of 570MPa to obtain dense material.
Self-sustainable combustion was initiated at temperature
T¼ 327 – 377K. After combustion, the samples were structur-
ally characterized by X-ray diffraction (XRD) using Dron – 4
diffractometer (operating with a Cu-Ka radiation source) and
Scanning electron microscope Quanta 200i 3D. The measure-
ments were carried out on a Physical Property Measurement
System of Quantum Design.

The Jc [A/cm
2] parameter was calculated according to the

formula Jc ¼ 30�DM/d (Bean’s Formula), where DM – the
difference between the bottom and top of the magnetization
of the magnetic hysteresis, d – the average grain size. The
real density of samples was measured by the Archimedes
principle. Current work is devoted to the “pilot” experi-
ments; therefore, all experiments were carried out in 100Oe.

Results

As is known, during SHS synthesis incorporated BaO par-
ticles interact with Mg that leads to the generation of the
new boron-containing phases. This statement confirms
obtained XRD patterns of elaborated samples (Table 1).
Clearly, all the peaks inherent to MgB2 in all samples and
some MgO, MgB4, BaB4, BaB6, as well as unreacted Mg
impurity phases, were detected. According to the SEM ana-
lysis (Figure 2), the average grain sizes of the samples are
ranging from 140 to 400 nm. It should be noted that MgO
phase is always forming during the synthesis of supercon-
ductors based on MgB2 by any technique. This indicates
that most MgO phase may be coming from the starting
material. Therefore, it is crucial to use high purity initial
components. Also, it is well known that decreasing the MgO
phase leads to the improvement of the Jc value and different
techniques were explored for the obtaining of such
effect.[32–34] Our results are in good agreement with the pre-
vious ones.

Figure 1. Synthesis of the MgB2@BaO samples: 1 – vacuum pump; 2 – trans-
former; 3 – ammeter; 4 – the top cover of the reactor; 5 – the bottom cover of
the reactor; 6 – tubular heating furnace; 7 – thermocouple; 8 – sample; 9 – the
case of the reactor; 10 – gauge; 11 – intake and exhaust valves; 12 – nitrogen
cylinder; 13 – the data acquisition system LTR-U-1, 14 – computer.[25,26]

Table 1. MgB2@BaOcomposition (wt%) according to the XRD data.

Sample MgB2 MgB4 MgO Mg BaB2 BaB6
MgB2 94.2 – 5.8 – – –
0.3MgB2@BaO 85.6 3.2 6.8 1.9 2.1 0.3
0.7MgB2@BaO 91.7 2.3 5.4 – – 0.7
1.0MgB2@BaO 88.4 2.2 7.7 – – 1.7
5.0MgB2@BaO 88.1 1.9 8.1 – – 2.0

Figure 2. Scanning electron microscope image of 0.7MgB2@BaO sample.
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Figure 3. Magnetic hysteresis at 5K and temperature dependence of the magnetization for the system 0.3MgB2@BaO.

Figure 4. Magnetic hysteresis at 5K and temperature dependence of the magnetization for the system 0.7MgB2@BaO.

Figure 5. Magnetic hysteresis at 5 K and temperature dependence of the magnetization for the system 1.0MgB2@BaO.
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The superconducting characteristics of MgB2@BaO samples
were determined by magnetometric measurements. All samples
demonstrate a decrease in the magnetic moment at temperature
in the range 38K<T< 50K, which is preceded by a sharp
response of the magnetic moment in the diamagnetic state at T
� 39.1K (Figures 3–6). The calculated Jc is presented in Table
2. The best result has been obtained for the system of
0.7MgB2@BaO – Tc is 39.3K and Jc is 1.7� 106 A/cm2.

It is well known, that the SHS method has several advan-
tages, such as very high reaction rates and low external tem-
perature (due to self-generation of heat). However, its major
limitation is the high porosity of combustion products.
Therefore, we used external pressure of Ar gas, which
allowed us to keep all necessary components (gaseous atoms
of magnesium at high T) in the reaction zone during the
synthesis formation of MgB2 phase. We could synthesize a
dense sample of MgB2@BaO is about 2.1 g/cm3 which is
about 90% of the theoretical density (2.33 g/cm3), measured
by the Archimedes principle. The denser material demon-
strates higher Jc, because of the small amount of the cavities
that could act as barriers to flow electrical charge. The pres-
ence of secondary phase BaB6 (an effective pinning centers)
and the higher density of material allow us to obtain the
second types superconductor with high Jc and Tc.

Conclusion

The positive effect of the pressure of Ar and doping with BaO
during the solid-state synthesis of MgB2 powders on its critical
current density Jc has been confirmed. It was found that MgB2
phase responsible for the increase of critical current.

Simultaneously, an increase in the content of barium oxide in
the initial mixture leads to the formation of a useful phase of
BaB6, which in turn positively affects the superconducting
properties of the composite based on magnesium diboride,
acting as effective pinning centers. It is obviously the content
of barium oxide significantly influence on the crystallite size
(Table 2) in the final product of the synthesis where the grain
size of all samples decreases monotonically. It is most likely,
that BaB6 impurity plays a key role in enhancing of Jc param-
eter of MgB2 samples. Simultaneously, this question needs
further investigations (as theoretical as well as empirical meas-
urements), especially how the BaB6 phase affects the nature of
grain connectivity of the sintered MgB2 sample.

The best optimal result obtained to the system
0.7MgB2@BaO was Tc 39.3K and Jc 1.7� 106 A/cm2, due to
the formation of BaB6 phase in enough content and size. The
value of the critical current density of the doped samples is
higher than the undoped ones. The easy and quick creation of
the material, together with the low cost of production, makes
the method very promising for future engineering applications.

Declaration of interest statement

We have no conflict of interest to declare.

Funding

This research was funded by the Science Committee of the Ministry of
education and Science of the Republic of Kazakhstan (Grant
No. AP05134808).

ORCID

S. Tolendiuly http://orcid.org/0000-0002-1539-4415

References

1. Bardeen, J.; Cooper, L. N.; Schrieffer, J. R. Theory of
Superconductivity. Phys. Rev. 1957, 108, 1175–1204. DOI: 10.
1103/PhysRev.108.1175.

Figure 6. Magnetic hysteresis at 5 K and temperature dependence of the magnetization for the system 5.0MgB2@BaO.

Table 2. The calculated values of Tc and Jc for the systems MgB2@BaO.

Name
Critical temperature,

Tc (K)

Critical current
density Jc (A/cm

2)
at 5 K, H¼ 100Oe

MgB2 39.1 0.21� 106

0.3MgB2@BaO 39.2 1.3� 106

0.7MgB2@BaO 39.3 1.7� 106

1.0MgB2@BaO 39.3 1.3� 106

5.0MgB2@BaO 39.3 1.1� 105

4 S. TOLENDIULY ET AL.

https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRev.108.1175


2. Akimitsu, J. Superconductivity at 39 K in Magnesium Diboride.
Nature 2001, 410, 63–64. DOI: 10.1038/35065039.

3. Braccini, V.; Nardelli, D.; Penco, R.; Grasso, G. Development of
Ex Situ Processed MgB2Wires and Their Applications to
Magnets. Phys. C: Supercond. Appl. 2007, 456, 209–217. DOI: 10.
1016/j.physc.2007.01.030.

4. Collings, E. W.; Sumption, M. D.; Bhatia, M.; Susner, M. A.;
Bohnenstiehl, S. D. Prospects for Improving the Intrinsic and
Extrinsic Properties of Magnesium Diboride Superconducting
Strands. Supercond. Sci. Technol. 2008, 21, 103001. DOI: 10.
1088/0953-2048/21/10/103001.

5. Yeoh, W. K.; Horvat, J.; Kim, J. H.; Dou, S. X. Improvement of
Vortex Pinning in MgB2 by Doping; Hauppauge, NY: Nova
Science Publishers, 2008.

6. Gajda, D.; Morawski, A.; Zaleski, A. J.; H€aßler, W.; Nenkov, K.;
Rindfleisch, M. A.; _Zuchowska, E.; Gajda, G.; Czujko, T.; Cetner,
T.; et al. The Critical Parameters in In-Situ MgB2 Wires and
Tapes with Ex-Situ MgB2 Barrier after Hot Isostatic Pressure,
Cold Drawing, Cold Rolling and Doping. J. Appl. Phys. 2015,
117, 173908. DOI: 10.1063/1.4919364.

7. Serquis, A.; Civale, L.; Hammon, D. L.; Liao, X. Z. Role of
Excess Mg and Heat Treatments on Microstructure and Critical
Current of MgB2 Wires. Appl. Phys. Lett. 2003, 94, 4024–4031.
DOI: 10.1063/1.1603347.

8. Liao, X. Z.; Serquis, A.; Zhu, Y. T.; Civale, L.; Hammon, D. L.;
Peterson, D. E.; Mueller, F. M.; Nesterenko, V. F.; Gu, Y. Defect
Structures in MgB2 Wires Introduced by Hot Isostatic Pressing.
Supercond. Sci. Technol. 2003, 16, 799–803. DOI: 10.1088/0953-
2048/16/7/310.

9. Hancock, M. H.; Bay, N. The Influence of the Roll Diameter in
Flat Rolling of Superconducting In Situ and Ex Situ MgB2 Tape.
Supercond. Sci. Technol. 2007, 20, 886–890. DOI: 10.1088/0953-
2048/20/8/028.

10. Jiang, C. H.; Kumakura, H.; Dou, S. X. Enhancement of the
Low-Field Jc Properties of MgB2/Fe Tapes by a Modified in Situ
Process. Supercond. Sci. Technol. 2007, 20, 1015–1020. DOI: 10.
1088/0953-2048/20/10/021.

11. Heabler, W.; Herrmann, M.; Rodig, C.; Schubert, M.; Nenkov,
K.; Holzapfel, B. Further Increase of the Critical Current Density
of MgB2 Tapes with Nanocarbon-Doped Mechanically Alloyed
Precursor. Supercond. Sci. Technol. 2008, 21, 062001. DOI: 10.
1088/0953-2048/21/6/062001.

12. Uchiyama, D.; Mizuno, K.; Akao, T.; Maeda, M.; Kawakami, T.;
Kobayashi, H.; Kubota, Y.; Yasohama, K. Fibrous Structure and
Critical Current Density of MgB2 Superconducting Wire. Cryogenics
2007, 47, 282–286. DOI: 10.1016/j.cryogenics.2007.03.003.

13. Susner, M. A.; Daniels, T. W.; Sumption, M. D.; Rindfleisch, M. A.;
Thong, C. J.; Collings, E. W. Drawing Induced Texture and the
Evolution of Superconductive Properties with Heat Treatment Time
in Powder-In-Tube In Situ Processed MgB2 Strands. Supercond. Sci.
Technol. 2012, 25, 065002. DOI: 10.1088/0953-2048/25/6/065002.

14. Hirsch, J. E.; Marsiglio, F. Electron-Phonon or Hole
Superconductivity in MgB2. Phys. Rev. 2001, B64, 144532. DOI:
10.1103/PhysRevB.64.144523.

15. Hirsch, J. E. Hole Superconductivity in MgB2: A High Tc
Cuprate without Cu. Phys. Lett. A 2001, 282, 392–398. DOI: 10.
1016/S0375-9601(01)00213-4.

16. Przybylski, K.; Stobierski, L.; Chmist, J.; Kołodziejczyk, A.
Synthesis and Properties of MgB2. Obtained by SHS Method.
Phys. C: Supercond. 2003, 387, 148–152. DOI: 10.1016/S0921-
4534(03)00661-0.

17. Muralidhar, M.; Kenta, N.; Koblischka, M. R.; Murakami, M.
High Critical Current Densities in Bulk MgB2 Fabricated Using
Amorphous Boron. Phys. Stat. Solidi A 2015, 212, 2141–2145.
DOI: 10.1002/pssa.201532108.

18. Rowell, J. M.; Xu, S. Y.; Zeng, X. Y.; Pogrebnyakov, A. V.; Li, Q.;
Xi, X. X.; Redwing, J. M.; Tian, W.; Pan, X. Critical Current
Density and Resistivity of MgB2 Films. Appl. Phys. Lett. 2003,
83, 102–104. DOI: 10.1063/1.1590734.

19. Karpov, I. V.; Ushakov, A. V.; Lepeshev, A. A.; Fedorov, L.; Yu
Dorozhkina, E. A.; Karpova, O. N.; Shaikhadinov, A. A.; Demin,
V. G. Device for Increasing the Magnetic Flux Pinning in
Granular Nanocomposites Based on the High-Temperature
Superconducting Ceramic. Tech. Phys. 2018, 63, 230–234. DOI:
10.1134/S1063784218020196.

20. Kruglov, S. L.; Shutova, D. I.; Shcherbakov, V. I. Effect of Heat
Capacity and Conductivity of NbTi Normal Matrix of a Composite
Superconductor on the Stability to Magnetic Flux Jumps. Tech. Phys.
2017, 62, 237–242. DOI: 10.1134/S1063784217020165.

21. Zhao, Y.; Feng, Y.; Cheng, C. H.; Zhou, L.; Wu, Y.; Machi, T.;
Fudamoto, Y.; Koshizuka, N.; Murakami, M. High Critical
Current Density of MgB2 Bulk Superconductor Doped with Ti
and Sintered at Ambient Pressure. Appl. Phys. Lett. 2001, 79,
1154–1156. DOI: 10.1063/1.1396629.

22. Cai, Q.; Liu, Y.; Ma, Z.; Dong, Z. Superconducting Properties of
Y2O3/SiC Co-Doped Bulk MgB2. J. Supercond. Nov. Magn. 2012,
25, 357–361. DOI: 10.1007/s10948-011-1316-0.

23. Tolendiuly, S.; Fomenko, S. M.; Wisniewski, A. Solid-State
Synthesis of Yttrium Oxide - Doped Magnesium Diboride
Superconductor. The Proceedings of International Scientific and
Practical Conference “Innovative Development of Mining and
Metallurgical Complex, Almaty, Kazakhstan, 2017, p. 133–138.

24. Zhou, S.; Pan, A.V.; Wexler, D.; Dou, S. X. Sugar Coating of
Boron Powder for Efficient Carbon Doping of MgB2 with
Enhanced Current-Carrying Performance. Adv. Mater. 2007, 19,
1373–1376. DOI: 10.1002/adma.200601659.

25. Liu, Y.; Lan, F.; Ma, Z.; Chen, N.; Li, H.; Barua, S.; Patel, D.; Shahriar,
M.; Hossain, A.; Acar, S.; et al. Significantly Enhanced Critical
Current Density in Nano-MgB2 Grains Rapidly Formed at Low
Temperature with Homogeneous Carbon Doping. Supercond. Sci.
Technol. 2015, 28, 055005. DOI: 10.1088/0953-2048/28/5/055005.

26. Tolendiuly, S.; Fomenko, S. M.; Mansurov, Z. A. Superconducting
Characteristics of SWCNT Doped MgB2 Obtained by Combustion
Synthesis. The Proceedings of XIV International Symposium on Self-
Propagating High Temperature Synthesis (SHS), Tbilisi, Georgia,
September 25–28, 2017, p. 38.

27. Tolendiuly, S.; Fomenko, S. M.; Abdulkarimova, R. G.;
Mansurov, Z. A.; Dannangoda, G. C.; Martirosyan, K. S. The
Effect of MWCNT Addition on Superconducting Properties of
MgB2. Int. J. Self-Propag. High-Temp. Synth. 2016, 25, 97–101.
DOI: 10.3103/S1061386216020138.

28. Batalu, D.; Aldica, G.; Burdusel, M.; Badica, P. Short Review on
Rare Earth and Metalloid Oxide Additions to MgB2 as a
Candidate Superconducting Material for Medical Applications.
KEM. 2015, 638, 357–362. www.scientific.net/KEM.638.357.

29. Batalu, D.; Aldica, G.; Badica, P. Ge2C6H10O7-Added MgB2
Superconductor Obtained by Ex-Situ Spark Plasma Sintering.
IEEE Trans. Appl. Supercond. 2016, 26, 1–1. DOI: 10.1109/
TASC.2016.2533560.

30. Chen, J.; Wang, J.; Rao, R.; Wang, J.; Zhang, Y.; Li, J.; Tang, Y.; Wang,
H. Research on the Temperature Control of Thermal Properties
Experiment of Superconducting Material. Phys. C: Supercond. 2003,
386, 544–546. DOI: 10.1016/S0921-4534(02)02164-0.

31. Tolendiuly, S.; Fomenko, S. M.; Mansurov, Z. A.; Dannangoda, G.;
Martirosyan, K. S. Self-Propagating High Temperature Synthesis of
MgB2 Superconductor in High-Pressure of Argon Condition. Eur.
Chem. Tech. J. 2017, 19, 177–181. DOI: 10.18321/ectj649.

32. Ma, Z.; Liu, Y.; Shi, Q.; Zhao, Q.; Gao, Z. Effect of Cu Addition
in Reduction of MgO Content for the Synthesis of MgB2 through
Sintering. J. Alloys Comp. 2009, 471, 105–108. DOI: 10.1016/j.
jallcom.2008.03.098.

33. Kim, J. H.; Dou, S. X.; Shi, D. Q.; Rindfleisch, M.; Tomsic, M.
Study of MgO Formation and Structural Defects in in-Situ
Processed MgB2/Fe Wires. Supercond. Sci. Technol. 2007, 20,
1026–1031. DOI: 10.1088/0953-2048/20/10/023.

34. Cai, Q.; Liu, Y.; Ma, Z.; Yu, L. Effects of MgO Evolution on the
Critical Current Density in Bulk MgB2 Containing Histidine.
Phys. C 2014, 496, 53–57. DOI: 10.1016/j.physc.2013.09.009.

INORGANIC AND NANO-METAL CHEMISTRY 5

https://doi.org/10.1038/35065039
https://doi.org/10.1016/j.physc.2007.01.030
https://doi.org/10.1016/j.physc.2007.01.030
https://doi.org/10.1088/0953-2048/21/10/103001
https://doi.org/10.1088/0953-2048/21/10/103001
https://doi.org/10.1063/1.4919364
https://doi.org/10.1063/1.1603347
https://doi.org/10.1088/0953-2048/16/7/310
https://doi.org/10.1088/0953-2048/16/7/310
https://doi.org/10.1088/0953-2048/20/8/028
https://doi.org/10.1088/0953-2048/20/8/028
https://doi.org/10.1088/0953-2048/20/10/021
https://doi.org/10.1088/0953-2048/20/10/021
https://doi.org/10.1088/0953-2048/21/6/062001
https://doi.org/10.1088/0953-2048/21/6/062001
https://doi.org/10.1016/j.cryogenics.2007.03.003
https://doi.org/10.1088/0953-2048/25/6/065002
https://doi.org/10.1103/PhysRevB.64.144523
https://doi.org/10.1016/S0375-9601(01)00213-4
https://doi.org/10.1016/S0375-9601(01)00213-4
https://doi.org/10.1016/S0921-4534(03)00661-0
https://doi.org/10.1016/S0921-4534(03)00661-0
https://doi.org/10.1002/pssa.201532108
https://doi.org/10.1063/1.1590734
https://doi.org/10.1134/S1063784218020196
https://doi.org/10.1134/S1063784217020165
https://doi.org/10.1063/1.1396629
https://doi.org/10.1007/s10948-011-1316-0
https://doi.org/10.1002/adma.200601659
https://doi.org/10.1088/0953-2048/28/5/055005
https://doi.org/10.3103/S1061386216020138
http://www.scientific.net/KEM.638.357
https://doi.org/10.1109/TASC.2016.2533560
https://doi.org/10.1109/TASC.2016.2533560
https://doi.org/10.1016/S0921-4534(02)02164-0
https://doi.org/10.18321/ectj649
https://doi.org/10.1016/j.jallcom.2008.03.098
https://doi.org/10.1016/j.jallcom.2008.03.098
https://doi.org/10.1088/0953-2048/20/10/023
https://doi.org/10.1016/j.physc.2013.09.009

	Abstract
	Introduction
	Materials and methods
	Results
	Conclusion
	Declaration of interest statement
	References


