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Critical current density of high-temperature
superconducting ceramics BSCCO Bi-2223

In the paper the results of the study on the synthesis of high-temperature superconducting ceramics of nomi-
nal composition Bi, ¢Pbg 4Sr,Ca,Cu30, by various methods were presented based on amorphous phases using
glass-ceramic technology and solid-phase method. For comparison, amorphous phases were obtained in two
ways. In the first case, a heating furnace of a special design was developed to obtain an amorphous phase,
which provides melting without using a crucible. The heating of the initial samples for melting is carried out
due to the combined effect of the convection heat flux and the radiation of heating elements, which consists
of the IR region of the spectrum at a melting temperature in the spectral range of 1300-1350 nm. In the se-
cond case, melting is carried out under the influence of broadband optical radiation, including UV, visible and
IR spectral regions. The production of glassy precursors is carried out by draining the melt onto a quenching
device in the form of a propeller made of stainless steel. Studies of the formation rate of the superconducting
high-temperature phase Bi-2223 were carried out in the same temperature conditions at 848-850 °C with in-
termediate grinding every 24 hours and the study of the phase composition by X-ray diffraction method.
Studies showed that the glass phase-based method ensures the completeness of the formation of the high-
temperature phase Bi-2223 and the rate of its formation is significantly higher than by the solid-phase method
(2.5-3 times). Studies of the critical density of the transport current have shown that the current value is
7.05x10° mA/cm?, (measured by the criterion of 1 pV/cm), which is significantly higher compared to other
methods.

Keywords: superconductivity, glass phase, microstructure, ceramics, IR radiation, diffractogram, melt, crys-
tallization.

Introduction

High-temperature superconductors (HTS) are one of the promising materials used in various advanced
areas of industry, science and technology. Their field of application covers such diverse areas as energy,
electronics and communications, space technology, medicine, metallurgy, instrument engineering and many
others. To date, a small group of HTS systems was developed, in which metal cuprates are the basis [1-3].
Among them, the following superconducting compounds are actively used in practice — compounds based
on bismuth (Bi, Pb),Sr,CaCu,0g (Bi-2212) and (Bi, Pb),Sr,Ca,Cuz0, (Bi-2223), as well as yttrium
YBa,Cus07_ (Y123). It is known that the main parameters of HTS materials are critical temperature, critical
current and critical magnetic field. The main factors determining the parameters of these HTSPS are: the cre-
ation of the necessary phase composition, increased textures, densities, the presence of pinning centers and
others, which depend on the methods and technological conditions for their production.

Currently, various methods are used for the synthesis of HTSP — they are widespread: solid-phase syn-
thesis, chemical and cryochemical, as well as various melt methods, etc [4—7]. The results of numerous stud-
ies show that obtaining the required critical parameters is not an easy task. A definite solution to the problem
of creating HTS materials of a given phase composition with the necessary critical parameters (especially
current ones) is the use of a glass-ceramic method. This method has certain advantages over others and al-
lows you to obtain high-density ceramics with the required morphology (texture) and controlled grain size.
In [8-11], the authors obtained, using the glass-ceramics method based on amorphous precursors, HTSC
samples with increased density (the density value reached closer to the theoretical 99.5 % and higher), as
well as with a high crystallite texture (97-98 %) according to direction of the crystal plane [00I].

The glass-ceramic method can only be used for compositions having glass-forming properties during
melt quenching, which is characteristic of the bismuth system. The method was first developed in the 1990s,
but we were unable to evaluate its advantages over the solid-phase method due to the not fully elucidated
processes during crystallization from the amorphous state of the phase with high Tc (Bi-2223). The synthesis
of bismuth-based HTSP has been carried out by many researchers [12—-18]. The analysis of these studies
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showed that if the synthesis of the low-temperature superconductor Bi-2212 using glass-ceramic technology
is not very difficult, then the synthesis of the high-temperature single-phase Bi-2223 based on glass phase is
not an easy task. Traditionally, to obtain glassy precursors, the melting of the initial charge is carried out in a
crucible made of corundum or platinum. During melting, there is a violation of the stoichiometric composi-
tion, especially significantly in oxygen (oxygen vacancy), as a result, oxygen deficiency negatively affects
the Kkinetics and dynamics, as well as the completeness of the formation of a superconducting high-
temperature phase 2223. The generalized results of the work on glass-ceramic technology were discussed in
detail in the work of Abe [19], which is also noted about the lack of oxygen. In this case, cations of variable
valence are reduced to a low-valent state, especially copper Cu™—Cu" [20, 21]. Compensation of oxygen
deficiency during thermal annealing during the formation of HTS is difficult, since the rate of oxygen diffu-
sion in dense structures of glassy precursors is very low, therefore long annealing (150-400 hours) is re-
quired. In this regard, the use of a method for producing bismuth-containing superconductors based on a
glass phase that does not lead to a significant violation of the component composition (especially oxygen)
could positively affect the completeness of the formation of the high-temperature superconducting phase Bi-
2223, as well as a significant increase in the critical current density and shorten the synthesis time.

In this regard, this paper considers a method for obtaining amorphous precursors without using a cruci-
ble and synthesizing high-temperature superconducting ceramics based on them and studying their critical
parameters.

The purpose of this work was to study the formation of a superconducting high-temperature phase Bi-
2223 and the critical parameters of superconducting ceramics of nominal composition Bi; gPbg 4Sr,Ca,Cus0,
synthesized on the basis of a glass phase using an optical light flux and the study of their critical parameters.

Experimental

For the synthesis of HTSP, reagents of the “extra clean” brand with a content of the main component of
at least 99.9 % were used: Bi,O3, PbO,, SrCO;, CaO and CuO. Before preparing the mixture of components,
the reagents were calcined at a temperature of 120 °C for 2 hours.

The phase compositions of superconductor samples were determined using Bruker DBADVANCEECO
and XPertPRO X-ray diffractometers (Netherlands). Microstructural and elemental analyses of the samples
were carried out on scanning electron microscopes JEOL-6490LA (Japan) with an energy dispersion analyz-
er system “OXFORD Instruments Analytikal Limited” (Great Britain) and JSM-6390LV (Japan) with an in-
tegrated energy dispersion X-ray analyzer (EDS) (acc. voltage — 20 kV, probe current — 1.0 nA). The criti-
cal temperature and the density of the critical transport current of the sulfur-conducting samples were meas-
ured by a four-point probe method using a Cryolndustry REF-1808-ACS cryocamera cooled with helium
gas, a LakeShoreModel 340 temperature meter and a microvoltmeter. The density of the critical transport
current (Jc) was determined by the criterion of 1 pV/cm. The critical temperature was measured, also by a
non-contact method, by studying the temperature dependence of magnetic susceptibility. This method is
highly sensitive and can detect traces of HTS phases with higher Tc in superconducting samples.

Results and discussions

The synthesis of HTSP composition Bi; sPb,4Sr,Ca,CuzO, was carried out in three ways. Synthesis
based on glassy precursors obtained in a specially designed resistive furnace, which provides melting of a
mixture of samples in the form of tablets without using a crucible and simultaneous quenching of the melt by
gradually draining the melt into a quenching device. The general diagram of the device for producing glassy
precursors from a melt is shown in Figure 1.

A platinum substrate was used as a support for the initial samples. The melting of the samples was car-
ried out due to the influence of a thermal convection flow and under the influence of an IR radiant flux in the
wavelength range of 1300-1350 nm, which is emitted from heating elements at a temperature of 1200-
1250 °C. The distance of the sample from the heating elements is 10-15 mm (the method of melting by resis-
tive heating).

For comparison, there is also a synthesis based on glassy precursors obtained by melting the initial mix-
ture under the influence of a radiant flux (electric arc lamp) and simultaneous quenching of the melt by flow-
ing onto the rotating propeller of the quenching device. The spectral composition of the radiant flux consists
of intense continuous radiation from the ultraviolet, visible and infrared regions of the spectrum. In addition,
the IR region of the spectrum, along with continuous radiation, contains intense linear radiation in the wave-
length range from 800 to 1000 nm (a method of melting by a radiant flux).
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a) sectional melting devices: 1 — insulating housing; 2 and 3 — heaters; 4 — initial workpiece;
5 — substrate (platinum) with workpiece; 6 — substrate holder; 7 — ceramic rod for hanging the substrate;
8 — convection air flow; b) top view of the melting device

Figure 1. A device for producing initial glassy precursors by melt quenching

Also, the synthesis of HTSP was carried out according to the traditional solid-phase method by heat
treatment of samples in the form of tablets in an isothermal mode at a temperature of 850 °C with intermedi-
ate grinding in a planetary mill every 24 hours.

The synthesis of HTSP based on glassy precursors was carried out, subsequently, according to the solid-
phase synthesis mode, which is described above according to the scheme: grinding — pressing — thermal an-
nealing.

For the synthesis of HTS ceramics based on glass phase, glassy precursors were previously obtained us-
ing the two methods described above. Visually, the precursors did not differ in appearance. Basically, they
consisted of plates with a glassy luster (Fig. 2).

30kV ~ X6,500 2um 0000 11 55 SEI

Figure 2. Microstructure of precursors of plates of the composition Bi; ¢Pbg 4Sr,Ca,Cu30,
obtained by quenching the melt by melting by resistive heating without using a crucible

The glassy appearance of the precursors was confirmed by X-ray studies, the absence of peaks on
diffractograms. The study of the elemental composition of glassy precursor samples showed a slight
deviation from the stoichiometric composition, i.e., a decrease in the content of calcium and lead was
observed (Fig. 3, Table).
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a — spectrum of a plate obtained in a furnace; b — spectrum of a plate obtained by a radiant flow

Figure 3. Energy-dispersive spectral electron microscopy studies of plate samples
obtained by ultra-fast quenching of the melt

Table
Elemental composition of precursors
Name of the samples o] Ca Cu Sr Pb Bi Sum
Melted in the oven, wt.% 22.72 5.25 17.22 16.43 5.15 33.23 100
Fused by a radiant stream, wt.% 24.34 3.96 16.88 16.51 4.08 34.23 100

In the samples obtained by melting with a radiant flux, the deviation is slightly greater. The large
decrease in the calcium and lead content in the samples obtained using the radiant flux is apparently related
to the increased melt temperature associated with the anisotropic, one-sided effect of the radiant flux.
Visually, it can be observed that the surface of the molten sample reaches the boiling point and above. The
temperature of the boiling melt (sample surface), as measured by a pyrometer, exceeds 1500-1600 °C. The
melting time of the surface of the initial samples under the action of a radiant flux is no more than 5 seconds.
As for the melting temperature mode of the initial samples in a device with resistive melting, it can be
strictly controlled with a difference of up to 2-3 degrees. At a melting temperature of 1250 °C, the melt
begins to drip off in the form of droplets about 10 seconds after loading the initial samples inside the melting
device onto a platinum substrate. Therefore, no significant change in the cationic composition was observed.
An increase in oxygen content was observed in all precursor plates, since in both methods the melting
processes are carried out in an oxidizing atmosphere.

The synthesis of superconducting phases was carried out according to the above technological regime.
Previously, the precursors of the plate were annealed at a temperature of 750-800 °C for 10-12 hours for
recrystallization. After that, they were crushed in a planetary mill and prepared samples in the form of tablets
with a diameter of 15 mm and a thickness of 2.0-2.5 mm by pressing at a pressure of 6000 kgf/cm?,

The synthesis of HTSP samples of all three types (using a radiant flux, resistive heating and solid-phase
synthesis) was carried out in the same temperature regime and technological conditions. The dynamics of the
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formation of the superconducting high-temperature phase Bi-2223 was traced by studying the phase
composition of the samples in every 24 hours of heat treatment. Analysis of diffraction patterns revealed the
presence of superconducting phases by comparison with data from the international ASTM database. The
quantitative assessment of the superconducting high-temperature phase Bi-2223 (Ky) was determined by the
ratio of the intensities of X-ray peaks [0010] (H[0010]) and the superconducting low-temperature phase Bi-
2212 [008] (L[008]) according to the formula

Ky = (H[0010]/(H[0010]+L[008])-100 %.

After 24 hours of heat treatment, no peaks of the high-temperature phase Bi-2223 were observed in the
solid-phase synthesis sample. And after 48 hours of heat treatment, all samples consisted of superconducting
phases.

After 48 hours of heat treatment, X-ray reflections of the high-temperature phase Bi-2223 and traces of
the low-temperature phase Bi-2212 were observed on the diffractogram of the sample obtained by melting in
the furnace. In the samples obtained by the radiant method, the content of the Bi-2212 phase was about
20 %. After 72 hours of heat treatment, only reflexes related to the high-temperature phase of Bi-2223 were
present in the samples obtained in the furnace. In the samples obtained by the radiant flux, the complete
formation of the high-temperature phase occurred after 96 hours of heat treatment. Whereas in the samples
obtained by the solid-phase method, the content of the low-temperature phase was about 25-30 %.
Diffractograms of the samples after 96 hours of annealing are shown in Figure 4.
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Figure 4. Diffractograms of HTSP samples of composition Bi; Pbg 4Sr,Ca,Cuz0y
after heat treatment at 850 °C, 96 hours
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The study of the microstructure showed that the crystallites have a lamellar shape with a plate thickness

of up to 350 microns (Fig. 5).

Figure 5. Microstructure of the HTSP sample of the composition Bi; ¢Pbg 4Sr,Ca,Cus0y

obtained on the basis of the glass phase

The study of the critical temperature showed that the temperature of the beginning of the transition to
the superconducting state corresponds to 115-117 K. The critical temperature of the T, corresponds to
103 K and 105 K for samples, respectively, obtained by melting in a furnace and radiant flux (Fig. 6).
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Figure 6. Curves of temperature dependence of resistance of HTSP samples
of composition Biy gPbg 4Sr,Ca,CuzOy obtained on the basis of glass phase
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Studies of the critical temperature by the method of measuring the temperature dependence of the mag-

netic susceptibility of samples obtained by a radiant flux showed that microphases with higher T. up to
150 K are present in the samples.
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Figure 7. Curves of the temperature dependence of the magnetic susceptibility of the HTSP sample
of the composition Biy Pbg 4Sr,Ca,Cus0, obtained by a radiant flux
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Figure 8. Critical density of the transport current of samples of the composition Bi; ¢Pbg 4Sr.Ca,Cus0,
obtained on the basis of the glass phase

Analysis of the results of a study on the synthesis of HTS ceramics of the composition
Biy.6Pbo.4Sr,Ca,Cuz0y, obtained on the basis of amorphous precursors by quenching the melt during melting
in a furnace without using a crucible and using a concentrated radiant flux, as well as by the traditional solid-
phase method, show that the formation rate of the superconducting high-temperature phase Bi-2223 differs
significantly. The completeness of the formation of the high-temperature phase Bi-2223 and the increased
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rate of formation when using the glass phase can be explained by the following: firstly, the homogeneous
distribution of the components; secondly, during melting and quenching of the melt, bonds between atoms
are formed during the melting process and ultrafast quenching stabilizes the amorphous phase (presence of a
short-range order), which has increased internal energy, which ensures increased reactivity; thirdly, melting
and quenching of the melt is carried out in an oxidizing atmosphere, precursors contain excessive oxygen
content, cations of variable valence (Cu. Bi, Pb) of which are oxidized to a highly valent state; Fourth, it is
necessary to take into account the effects of high-density light flux, which can contribute to the formation of
defects, changes in the energy state of atoms, etc. During crystallization of the glass phase, depending on the
temperature, the formation of the Bi-2212 or Bi-2223 structure occurs due to the ordering of atoms. At tem-
peratures below 840 °C, the Bi-2212 phase stabilizes. At a temperature of 850 °C, the Bi-2223 phase is
formed, which means that the temperature range of phase formation is narrow. A slight difference in the rate
of formation of the Bi-2223 phase based on the glass phase obtained by various methods can be explained by
the fact that the melting temperature in the furnace can be strictly controlled. When melting by a radiant flux,
the initial samples are significantly overheated (above the boiling point), which can lead to a violation of the
composition due to evaporation. In this case, cations can replace each other. In the synthesis of HTSP based
on the glass phase obtained by the above methods, the distribution of components in precursors is more ho-
mogeneous.

If we compare the glass-ceramic method, when the melt is obtained in crucibles, then melting occurs
under equilibrium conditions and the homogeneity of the components is not ensured due to the difference in
the mass of atoms, there is a significant decrease in the oxygen content. This has a negative effect on the rate
of formation of the Bi-2223 phase.

As for solid-phase synthesis, the bond between atoms is formed during heat treatment, the distribution
of components is heterogeneous, phase formation will occur due to the diffusion of atoms and the formation
of a superconducting structure, the processes are relatively slow compared to glass-ceramic methods using
the above methods.

Conclusion

Based on amorphous precursors, HTSP ceramics of the composition Bi; ¢Pb 4Sr.Ca,CuzO, were synthe-
sized. For comparative analysis, the synthesis of superconducting ceramics was carried out on the basis of
glass phases obtained by melt production without using a crucible in a furnace, melting under the influence
of broadband optical radiation and synthesis of HTSP by a solid-phase method. Studies of the dynamics of
the formation of the Bi-2223 superconducting phase have shown that the rate of its formation is significantly
higher than in solid-phase synthesis. The critical temperature of superconductors is 103 K and 105 K for
samples obtained in a furnace and water under the action of a radiant flux, respectively. It was also found
that the critical density of the transport current is significantly higher than that of superconductors obtained
by co-deposition, solid-phase synthesis, etc.
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BSCCO Bi-2223 :xorapbl TeMIepaTypaJibl aCKbIH 0 TKI3Tilll
KePaMHKAHBIH KPUTHKAJBIK TOK ThIFbI3IbIFbI

Kympicra Bij gPhg 4Sr,Ca,CuzOy HOMMHANAEI KYpaMBIHIAFBl JKOFAphl TEMIIEPATypaabl ACKbIH OTKi3Til
KepaMHKaHBbI IbIHBI KEPAMUKAJIBIK TEXHOJIOTHs OOMbIHIIA aMOP(THI (hazanap HeriziH/e KoHe KaTThl (hazaybIK
dJlicTieH cHHTe3/iey OOWBIHIIA 3epTTey HATIKeNepi KenTipiaren. CanblcThipy yiIiH amopGThl dazanapast amy
eKi JKOJIMEH J>Ky3ere achlpbuiibl. BipiHmi omicte, amop®Tbl (a3zaHbl anxy VIIiH THUTeNnbpAi NaiganaxOait
Oankynpl KaMTaMachl3 €TETiH apHailbl TEXHOJOTHSUIBIK KBUIBITY Melli jkacanabl. baiky yuriH GacTamksl
YJITinepai KbI3AbIpYy KOHBEKIMSUIBIK JKBUTY arblHBIHBIH JkoHe 1300-1350 HM cmekTpiik aiimakra Oajiky
TeMIlepaTypaiblK pexuMi kesiHge cnektpaiy WK aiiMarblHaH TypaThlH KBI3ABIPY 3JIEMEHTTEPiHIH
coyJeNeHyiHiH OipJIeCKeH OCepiHeH jKy3ere achIpbUIafgsl. EKiHIN omicTe OalKy CHEKTpIiH yIbTPaKYITiH,
kepiHeTiH xoHe MK aliMakTapblH KAMTHTBIH KEH YKOJAKThI ONITHKAJIBIK COYJICNIeHYiH dCepiHEeH OPbIHaIaIbL.
HIemHBl TOPi3Ai TpeKypcopiapisl ady TOT OacHmalThIH OOJAaTTaH >KacallfaH BHHT TYPIHIETI COHIIpY
KYPBUIFBICBIHA OaJKbIMAaHBIH aFybl apKbUIbl iCKe achlpbUIafbl. Bi-2223 acKplH OTKI3TilI KOFaphI
TeMmreparypanblk —(a3aHblH TY3ily OKbUIZaMabIFbiH - 3eprrey  848-850°C  temmeparypama  Oipaeit
TEMIIEpaTypajblK pexXuMmaeplae op 24 caraT callblH apajblK YHTaKTayMeH >KoHE (azanblK KypaMblH
PEHTreHIIK NUPaKIHUIBIK 9iCIeH 3epTTeYMEH KYprizunai. 3eprreynep KepceTKeHIel, MbIHbI (azackiHa
HETI3[eNreH 9IiC >KOFaphl Temreparypaisl Bi-2223 ¢a3achlHbIH TOJNBIK KAJIBIITACYBIH KaMTaMachl3 €Teal
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D.E. Uskenbaev, A.S. Nogai et al.

JKOHE OHBIH TY31J1y KbUIIAMIBIFBI KaTThI (ha3ajblK d/1icKe KaparaHia eadyip sxorapsl (2,5-3 ece). Kpurnkanbik
TOTBIHBIH, THIFBI3BIFGIH 3PTTEY KOPCETKEHIEH, TOKTEH Memepi 7,05 10°mA/eM? (1 MkB/cM ermmremiMen
eJmIereHrex), Oy 6acka oficTepMeH CalbICTHIPFaH/Ia alTapIIBIKTal JKOFaphl eKeHAITiH Olaipesni.

Kinm ce30ep: acKplH OTKI3TIIITIK, IUBIHBI (ha3ackl, MUKPOKYpBUIBIM, Kepamuka, WK coynenenyi,
JudpakTorpamma, 6anky, KpUCTaJIIaHy.

J.E. Ycken6aes, A.C. Horaii, A.Jl. YckenOaes,
E.A. Horaii, A.C. Kynycos, b.E. Xam3una

IIJI0THOCTH KPUTHYECKOT0 TOKA BHICOKOTEMIIEPATYPHOM
cBepxnpoBoasimeii kepamukun BSCCO Bi-2223

B pabote mpuBeneHs! pe3ynbTaThl HCCIEI0BAaHUS IO CUHTE3y BBICOKOTEMIIEpATypHON CBEPXIPOBOAAIIEH Ke-
PaMUKH HOMHHaJIbHOTO cocTaBa Bij gPDg4Sr,Ca,CusOy pasnuuusiMu criocobamu, Ha 0CHOBE aMOphHBIX (a3
M0 CTEKJIOKEPaMHUUYECKON TEXHOJIOTHH U 10 TBepAo(hazHOMY criocoOy. CpaBHEHHE NOTy4IeHHS aMOP(HBIX (a3
OCYILIECTBIISUIOCH ABYMs criocobamu. B mepBoM ciyuae juis nomydeHus amopdHoit ¢a3bl paspaboTana Harpe-
BaTeJIbHAS I1eYb CIHEIHaNbHOI KOHCTPYKIUH, KOTOpas oOecreunBaeT IUIaBlIeHne 0e3 MCIOIb30BaHuUs THUIJI.
HarpeB ncxoqHbIX 00pa3LoB Ay IUIABJICHUS OCYIIECTBIISUICS 38 CYET COBMECTHOTO BIMSHUS KOHBEKIIHOHHO-
IO TEIUIOBOTO ITOTOKA W M3Ty4YEeHUs] HarpeBaTeNbHbIX AJIEMEHTOB, KoTopble cocTosT u3 MK-obnactu criekrpa
[IPU TEMIIEPATYpPHOM PEXHUME TUIaBICHHS B ceKTpainbHoit oomactu 1300—1350 am. Bo BTOpOM ciaydae mias-
JICHHE PeaTn30BhIBATIOCH IOJ JEHCTBUEM IIHMPOKONOIOCHOTO ONTHYECKOTO M3TydeHHs, BKIodaromero Y-
BuanMblil 1 UK-o0mactu cniekrpa. [lomydenne cTekioo0pa3HbIX MPEKypCOPOB OCYIIECTBIBIOCH 3@ CUET CTe-
KaHHMS pacIliaBa Ha YCTPOMCTBO 3aKalK{ B BUJE NPOIENIEpa, H3TOTOBISHHOTO U3 Heprkasetomeil cramm. Hc-
CIICZIOBaHUSI CKOPOCTH 00pa3oBaHUs CBEPXIPOBOIAIICH BBICOKOTEMIIEpaTypHoii das3bl Bi-2223 ocymiectsis-
JIMCh B OJJMHAKOBBIX TEMIIEPaTypHBIX pexxumMax rnpu 848—850 °C ¢ mpoMexKyTOYHEIM H3MEIIbUCHUEM KaKJIble
24 4 n uccnenoBanueM (a3oBOro COCTaBa PEHTTEHOBCKUM JU(PaKIMOHHBIM MeTonoM. McciienoBanus moka-
3aJIM, 4TO CHOCOO Ha OCHOBE CTEKJIO(a3bl 00ecIeunBaeT MOJHOTY (OPMHUPOBAHUS BBICOKOTEMIIEPATYPHOI
¢asel Bi-2223 u ckopocTh ee 00pa3oBaHMs CYLIECTBEHHO BBINIE, YeM MO TBepaodazHomy merony (2,5-3
pa3a). MccrnenoBaHnst KpUTUYECKOH TUIOTHOCTH TPAaHCHOPTHOTO TOKA MOKA3allH, YTO BEIMYHMHA TOKa (M3Me-
perHas o kpurepuio 1 pB/em) cocraBmser 7,05-10° MA/cM?, UTO 3HAYMTENBHO MPEBBIMIACT TTOKA3AHHS IO
CPaBHEHHIO C IPYTHMHI METOJaMH.

Kniouesvle croga: cBepXIpoOBOAUMOCTB, cTekinodas3a, MUKPOCTPYKTypa, kepamuka, MK uznyuenue, nudpax-
TOrpaMMa, paciuiaB, KPUCTAIUTH3ALHs.
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