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Effects of conditions on the synthesis and properties of Bi-2234 HTSC ceramic
produced from the melt

The article presents the results of a study aimed at obtaining the formation of superconducting phases and the
formation of a high texture of particles that affect the current-carrying characteristics in ceramics of the
composition Bil.6Pb0.4Sr2Ca3Cud4Oy and the study of their properties. For the synthesis. of ceramics,
precursors from the glass phase were used, which were obtained by melting the starting material under the
influence of radiant flux (IR radiation) and quenching the melt in a facility rotating at a speed of 3000 rpm.
Platinum wire was used as a substrate. During the heat treatment of samples in the temperature range of 845
— 850 °C and a holding time of 72 hours (with intermediate grinding every 24 hours), the superconducting
high-temperature phase Bi-2223 crystallized in the studied samples. Critical temperatures and resistances of
superconducting samples were measured by the four-probe method by measuring the dependence of
resistance on the temperature in the range from 300 K to 60 K.
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Introduction

Superconductors are among the promising materials with special electrical properties for use in various
industries. The superconductors developed to date have made it possible to create prototypes of various
electronic devices — SQUID magnetometers [1], microwave generators [2], protective devices for sensitive
semiconductor elements [3], elements of quantum computers [4, 5], optical sensors [6] and elements of high-
speed electronics [7], etc. Due to their high current carrying capacity, they occupy a special place in the
power industry for the creation of various high-current elements and devices such as motors and electric
generators [8], power cables [9-11], transformers [12, 13], motors [14, 15], current limiters for short
circuits [16-18].

With the establishment of superconductivity in the La-Ba-Cu-O oxide system [19], the science of
superconductivity moved to a new stage of development, which developed families of a number of
superconducting cuprate systems with.a critical temperature exceeding the temperatures of cheap liquid
nitrogen — yttrium [20], bismuth [21], mercury [22], thallium [23], etc.

Among these superconducting systems, bismuth-containing superconductors can be attributed to one of
the most promising.

It is known that in the Bi—Sr—Ca—Cu—O bismuth system, three stable superconducting compounds of the
homologous series BisSr>Can.iCu,Oy (n = 1, 2, 3) are established with a transition temperature to the
superconducting states of'30-35 K, 80-90 K and 107 — 110 K, respectively. With an increase in the number
of Ca and Cu layers, the critical temperature also increases. But on the other hand, with an increase in the
critical temperature, the requirements for the condition for obtaining (if phase 2201 crystallizes from the
melt, then the temperature interval for the formation of phase 2212 lies in the region of 750-850 C and the
synthesis time is 80-1100 hours, and for the phase, the existence interval lies in a narrow temperature region
of 848-850 C and long annealing from 150-400 hours). If phase 2201 crystallizes from the melt, then the
synthesis of phase 2212 requires several tens of hours of heat treatment at a temperature of 800 — 850 hours.
And for the synthesis of phase 2223, more stringent conditions are required — heat treatment in a narrow
temperature range with intermediate grinding involving the liquid phase with a time of 100-350 hours of
exposure, depending on the approach and method. In [24], when synthesizing HTS of the composition
Bi1.65Pbo35S12CasCusOyby the solid-phase method using the matrix method (Bij.¢5Pbo35Sr2CarCuzOyand
Ca,PbO4 were used as a matrix), along with phase 2223, a low-temperature superconducting phase 2212 and
Ca,Pb0O4 were present. In [25], during the synthesis of HTSP compositions Bii 7Pbg3Sr2xCasxCusOy (x =
0.2; 0.4; 0.6) with partial substitution of calcium for strontium during heat treatment for 150 h at a
temperature of 840-850 °C, a superconducting 2223 phase with Tc =107 K was obtained. In [26], when
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synthesizing the composition Bij 9Pbg 4Sr2Cas.1Cus Oy by ceramic technology, the dominant phase was 2223
(about 80 %). Pb(Sr, Ca),04, Ca,CuOs, CuO oxides and superconducting phases 2201 and 2212 were also
present. In [27], the synthesis of compositions (Bi, Pb)4Sr;CazCusmFemOx (m = 0 — 0.06) was carried out
from the glass phase. Melting was carried out in a platinum crucible and tempered by flapping between two
massive plates. After annealing at 840 °C for 40 hours, the presence of a low-temperature superconducting
phase 2212 (the main phase was 2223) was found in the samples. In [28], superconducting ceramics of the
composition Bi;PbosSrCa;CusOy were synthesized by casting from a melt. As a result of prolonged
annealing (150 hours), the samples consisted of phases 2212 and 2223. In [29-31], the synthesis of HTS was
carried out using laser radiation. In [29], new layered bismuth cuprates were obtained by laser ablation in the
form of films of the compositions Biy(La, Ca)>Can1CusO-(n = 3, 4, 5, 6, and 7). Measurements of the lattice
constant showed that “c” is 3.66 nm; 4.31 nm; 4.94 nm; 5.60 nm and 6.25 nm corresponding to phases 2223,
2234, 2245, 2256 and 2267. But in all samples, the effect of superconductivity was not detected above 4.2 K,
which may be related to the defects of crystal structures. In [30, 31], a textured superconductor with.a critical
current of 5000 A/cm? was synthesized by zone melting under the influence of laser radiation.

The analysis of numerous studies shows that in the synthesis of HTS with increased content of calcium
and copper by various methods, obtaining a high-temperature monophase sample with 2223 is a difficult
task, because low-temperature superconducting phase 2212 is always present in the samples. In many cases,
the samples also contain non-superconducting intermediate phases. And in the synthesis of HTS using
radiant energy, it can be assumed that the formation of superconducting phases with an increased content of
calcium and copper, also obtain superconducting materials with high critical parameters. In this regard, the
synthesis of HTS phases in the Bi(Pb)—Sr—Ca—Cu—Os system using IR radiation was of interest.

Materials and methods

The following components were used for the synthesis-of HTSP composition Bii¢PbosSr.CazCusOy:
Bi,03, Bi(NO3)3* 5H,0, PbO, PbO,, SrCO;, CaO, CuObrands no worse than “PA”. The initial precursors and
HSTP samples were annealed in a muffle furnace SNOL —8.2/1100. The phase compositions of amorphous
precursors and superconducting samples were controlled by X-ray diffraction using Bruker
DSADVANCEECO and XPertPRO diffractometers (Netherlands). Microstructural and elemental analyses of
samples were carried out on scanning electron microscopes JEOL-6490LA (Japan) with an energy dispersive
analyzer system “OXFORD Instruments Amnalytical Limited” (UK) and JSM-6390LV (Japan) with an
integrated energy dispersive X-ray analyzer (EDS). The critical temperature was determined by measuring
the temperature dependence of the resistance in the temperature range from 300 K to 60 K by a four-probe
method using a closed cryo-camera/ “Cryolndustry REF-1808-ACS”, cryo-camera cooled by helium gas, a
LakeShoreModel 340 temperature meter and a microvoltmeter. As a contact between the sample and the
electrodes, a contractor of the SCP brand based on a silver paste was used.

Results and discussion

This paper presents the results of the synthesis of Bi-HTS composition Bi sPbo4Sr2Ca3;CusOy based on
glass phase, which is. a kind of melt technique. When obtaining HTSC ceramics from a glass phase, the
synthesis of superconducting phases is strongly influenced by the method and conditions for obtaining
precursors, since in the bismuth system there are elements of variable valence Cu, Bi, Pb.

Depending on the receiving condition, they may be in different charge states.

And peculiarities of the influence of radiation, such as the electromagnetic field, which can affect the
fine structure of the material (defect). Features of the influence of radiation, such as an electromagnetic field,
which can affect the fine structure of the material (defect). To obtain precursors, a non-melting method was
developed for obtaining a glass phase from a melt under the influence of IR radiation. For comparative
analysis, the results obtained using dense optical radiation and glass phase obtained in a muffle furnace by
melting in a crucible were also used.

By synthesizing HTSC ceramics with the composition Bi>Sr2Ca3;CusOy, it was found that the diffraction
patterns of bulk HTSC precursors (glass-crystalline) obtained in a muffle furnace contain low-valence oxide
CUQO.

On the contrary, Cu,O oxides are absent in precursors obtained by heating with radiant energy (optical
and IR radiation). Studies of the formed superconducting phases have shown that the superconducting phase
2223¢ Tsn = 107-110 K crystallizes in the composition of Bi>Sr,Ca;CusOy (Fig. 1, 2).
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Fig. 1. X-ray diffraction pattern of an HTSC sample of composition Bil.6Pb0.4Sr2Ca3Cu4Oy synthesized from
amorphous precursors obtained by IR heating

The results of the X-ray phase analysis show that all X-ray reflexes are related to the high-temperature

superconducting phase Bi-2223.
It follows from the X-ray data (hkl [0010], [0012], and [0014]) that the ceramic sample has a texture

along the 001 crystallographic plane.
The results of the study of the electron microscopic analysis of HTSC ceramics show that the

crystallites have a lamellar shape (Fig. 2)
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Fig. 2. Microstructure of HTSC ceramics of composition Bij sPbo4Sr2CazCusOy synthesized from amorphous precursors
obtained by IR heatinga) — x 7000, b) — x16000

The crystallite size is in the range of 2—8 um (Fig. 2a), and the thickness is in the range of 0.2—0.25 pm.
By analyzing the results of studying the content of elements in a sample of superconducting ceramics, it was
found that metal cations do not undergo noticeable changes in their content (Fig. 3).
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Fig. 3. Elemental analysis of Bi ¢Pbg4Sr2Ca;CusOy HTS ceramics synthesized from amorphous precursors obtained by
IR heating: a) microstructure; b) elemental composition.

The critical temperature was determined in a cryogenic installation by changing the resistance of the
sample when the sample temperature was cooled from room temperature (300 K) to 70 K. It was found that
the “transition to the superconducting state begins at 107 K. Such a transition is typical for the
superconducting phase of Bi-2223 (Fig. 4).
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Figure 4. Critical temperature of a Bij sPbo.4Sr2Ca3CusOy sample synthesized from amorphous precursors obtained by IR
heating

The complete transition to the superconducting state corresponds to a temperature of 75 K and the
resistance of the HTSP sample is 4,710 ohms. It is assumed that such a large transition width is associated
with Ca and Cu cations, which can be located on the surface of crystallites and in grain boundaries. It is
possible that with the growth of crystallites of the superconducting phase Bi-2223, excess Ca and Cu cations
are displaced onto the surface of the crystallites and grain boundaries, forming a non-superconducting layer,
which can affect the critical temperature of the superconducting sample, i.e. reduce the T..

When synthesizing HTSC samples fromeamorphous precursors using optical radiation with a high flux
density, then single-phase samples 2223 are synthesized at a temperature of 846-848 C with an exposure
time of 70-80 hours. In HTSC ceramics synthesized from a melt in a muffle furnace, even with a heat
treatment time of more than 150 hours, the 2212 phase is present in the samples, which may be due to the
influence of the atmosphere on the valence states of variable valence cations, as well as the peculiarity of the
effect of radiation on precursors. When using amorphous precursors obtained under the influence of IR
radiation, the synthesis time-is reduced to 40-50 hours and the reliability of the formation of single-phase
HTS materials increases (Fig. 5).
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Fig. 5. X-ray diffraction pattern of the HTSC Bi; ¢Pbg4Sr2Ca3;CusOy sample synthesized at 850 °C for 48 h from
amorphous precursors prepared by IR heating
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Analysis of the results of the X-ray diffraction study of the HTS sample composition
Bi;6Pbo.4S12Ca;CusOy shows that all X-ray reflection reflexes belong to the high-temperature
superconducting phase 2223. A particularly important task of the synthesis process is to achieve a high
texture, which can directly affect the current-carrying characteristics of HTS ceramics. To achieve a high
texture, it was necessary to increase the duration of the processes of grinding the charge, pressing under high
pressure, as well as its heat treatment to improve the perfection of the structure and increase the size of the
crystallites. After these successive HTS processes, the ceramics had a high texture with perfect X-ray
reflection reflexes (Fig. 6).
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Fig. 6. X-ray diffraction pattern of the HTSC Bi; Pbo.4Sr2Ca3CusOy sample synthesized at 850 °C for 120 h from
amorphous precursors obtained by IR heating

All X-ray reflection reflexes belong to the superconducting phase 2223. The degree of uniformity of the
texture is about 85-90 % and it.is directed along the crystallographic plane 00..

Conclusions

Thus, based on the above, it can be concluded that in the synthesis of HTS composition
Bi16Pbo4Sr:CazCusOy based on amorphous precursors, the heating method and conditions for obtaining
precursors are important. When precursors are obtained under oxidizing atmospheric conditions and under
the influence of IR radiation, the formation time of the high-temperature superconducting phase Bi-2223 is
reduced compared to samples obtained by melting (in a crucible) in a muffle furnace. The study of the
temperature dependence of the resistance of samples of HTS ceramics found that on samples obtained with
the use of IR radiation, the beginning of the transition to a superconducting state corresponds to a
temperature of 107 K, and the critical temperature T, = 75 K. It is assumed that such a wide transition to the
superconducting state is associated with the formation of excess cations on the surface and in the grain
boundaries, displaced from the volume during the growth of crystallites, having ordinary conductivity (not
superconductor).
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Baakbsimanan enaipisiren Bi-2234 sucmyt HTSC kepaMuKachbIHbIH
CHHTEe3i MeH Kacuerrepi

Makanana Bii.cPbo.4Sr2CazCusOy KypamIpl KepaMuKagarbl TOK OTKI3TIIITIK CHIATTaMalapra. acep eTeTiH
aCKbIH OTKI3ril (azamapiasl amyra, GeNIIEKTepIiH JKOFapbl KYPHUIBIMBIH KaJIBINTACTHIPYFa KOHE ONAPABIH
KAacCHETTEepiH 3epTTeyre OaFbITTANFaH 3€pPTTEY HOTIKenepl KenripiireH. Kepamuka cuHTE31 . OYpBIH
MadsHManFal GacTanmksl MIBIHBL (asacel yaritepi Herizinge WK-coymeneny ocepiHeH OaJIKBITY XOHE eTe
JKOFaphl JKbUIIAaM ceHAipy apkKeiibl (3000 aifHamy/MWH XBUINAMIBIKIIEH aifHAIaThIH KOHIOBIPFBINA) XKY3ere
aceippuiabl. CyOcTpar peTiHje IUIaTHHA ChIMBI KOJIAaHBUIAbL. YJIriiep 72 caraT ycTay.yaKbIThIMEH (apaibIFbl
op6ip 24 carar caiiblH yHTakTaymeHn) 845-850 Ttemmeparypa apanbifblHAa TEPMUSIIBIK OHIACY apKbUIBI
cuHTe3aen . bapiblk yirinepae Korapsl TeMmIlepaTypajibl acKblH eTKi3rim Bis2223. ¢das3a kpucranmaHisbl.
ACKBIH OTKI3III YITIIePAiH KPUTHKAIBIK TEMIepaTypajiapsl MEH KeepriiepiH eNIIey TopT 30HATHI S/iCIeH
300 K-gen 60 K-re neiiinri auama3oHiarsl KeAEpTiHiH TeMIepaTypara TOYSIAUIITIH eJlIley apKbLIbl XKy3ere
ACBIPBLUIIBL.

Kinm ce30ep: acKbIH OTKI3TIIUTIK, KPUTHUKAIGIK TeMIIEpaTypa, JIeKIp KeAeprici, AudpakrorpaMma, IIGIHBI
(azacel.

H.E. Ycken6aes, A.C. Horaii, A.Jl. Ycken0Oaes, D.A. Horait

Cunre3 u cBoiictBa BucMyToBoii BTCII kepamuku Bi—2234, nosrydyeHHoii U3 paciuiaBa

B crartbe npeacTaBiIeHbl pe3ynbTaThl CCISAOBAaHUS, HAIIPABICHHbIE HA 00pa30BaHHEe CBEPXIPOBOIALIINX (a3
n (opmHpoBaHHE BBICOKOW TEKCTYpHl YAacTHIl, BIMAIOIINX HA TOKOHECYIHE XapaKTePHCTHKH B KepaMUKe
cocraBa Bi1.¢Pbo.4Sr2CazCusOy, 1 uccaenoBanus ux cBolcTB. CHHTE3 KepaMHK OCYIIECTBIUIM HAa OCHOBE
crexnodassl, moydeHHOH nox Bo3zeiicTBnemM UK m3mydeHns myTeM IDIaBIeHHS M CBEPXOBICTPOH 3aKalIKH
pacmaBa (Ha yCTaHOBKe, Bpammaromencst co ckopoctsio 3000 06/MHH) NMpeaBapUTENFHO MOATOTOBISHHBIX
UCXOAHBIX 00pasnoB. B. kauecTBe MOMIOKKKM ObUTa HCIONB30BaHA IIIaTHHOBas TpoBoioka. Ilpum
TepMooOpaboTke o00pa3noB B HHTepBane Ttemmeparyp 845-850 °C u BpemeHH BblAEpXKH 72 4 (c
MPOMEXYTOUHBIM TIOMOJIOM B Kaxzaele 24 4Y) B HCCIeIyeMbIX o0paslax KpHCTalIM30Baach
CBEpXIPOBOZALIas BBICOKOTeMIepaTypHass ¢asa Bi—2223. H3mepeHue KpUTHYECKHX TeMIepaTyp H
CONPOTHUBJICHUI CBEPXIPOBOAAIINX OOpPa3lOB OCYIIECTBIAIOCh YETHIPEX30HAOBBIM METOAOM IyTeM
H3MepeHHs 3aBUCUMOCTH. CONPOTUBIEHUS OT TeMmiepaTypsl B uHTepBaie ot 300 K go 60 K.

Kniouesvie  croeéa: - CBEpXIPOBOIUMOCTb,  KpUTHYECKas  TEMIIEparypa,  DIEKTPOCOIPOTHUBIICHUE,
nudpakTorpamma, cTeknodasa.
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