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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 Biw.sPbo.sSr2CasCu4Oy 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 Bi>Sr.Can1CusOy (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
Bi1.65Pbo35Sr.CasCusOyby the solid-phase method using the matrix method (Bi1.esPbo3sSr.Ca,CusOyand
Ca,PbO4 were used as a matrix), along with phase 2223, a low-temperature superconducting phase 2212 and
Ca,PbO4 were present. In [25], during the synthesis of HTSP compositions Bi17Pbo3Sr2+xCas—xCusOy (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 Bi1.gPbo4Sr.Cas 1Cus 20« by ceramic technology, the dominant phase was 2223
(about 80 %). Pb(Sr, Ca).04, Ca2CuOs, CuO oxides and superconducting phases 2201 and 2212 were also
present. In [27], the synthesis of compositions (Bi, Pb)4Sr;CasCus-mFemOx (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 BiigPhoaSr.CasCusOy 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 Bix(La, Ca).Can1CunO,(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—0s system using IR radiation was of interest.

Materials and methods

The following components were used for the synthesis of HTSP composition BiisPbosSr2CasCusOy:
Bi»0s, Bi(NO3)s-5H20, PbO, PbO,, SrCO3, 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 Analytical 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 BisPbosSr.CasCusO, 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»Sr.CasCu4Oy, it was found that the diffraction
patterns of bulk HTSC precursors (glass-crystalline) obtained in a muffle furnace contain low-valence oxide
Cu0.

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
2223c Tsn = 107-110 K crystallizes in the composition of Bi»Sr.CasCusOy (Fig. 1, 2).
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Fig. 1. X-ray diffraction pattern of an HTSC sample of composition Bil.6Pb0.4Sr2Ca3Cu40y 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 00l 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)

N

20kv  X7,000 2um | 0000 1343 SEI 20kV.  X16,000 1um 0000 1343 sef™ .'

a)

Fig. 2. Microstructure of HTSC ceramics of composition Bi1.sPbo.4Sr.CasCusOy 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 um.
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 Bi1.sPho4Sr.CazCusOy 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 Bi1¢Pbo.4Sr.CaszCusOy 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 from amorphous 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 Bi16Pbo.4Sr.CazCusOy 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
Bi16Pbo.4Sr.CasCusOy 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 Bi1sPbo.4Sr.CazCusOy 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 00l.

Conclusions

Thus, based on the above, it can be concluded that in the synthesis of HTS composition
Bi1.6Pbo.4Sr.CasCusOy 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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J.E. ©ckenbaen, A.C. Horaii, A.J[. Ockenbaes, J.A. Horaii

Bbankbimanan enaipinren Bi-2234 pucmytT HTSC kepaMmukacbIHbIH
CHHTe3i MeH KacueTTepi

Maxkanana Bi1sPbo4Sr2CasCusOy kypamipl kepaMuKaarbl TOK OTKI3TILITIK CHMIaTTaMajiapra ocep €TeTiH
aCKbIH OTKI3riI (ha3anmapisl anyra, OeNIIEKTep/iH JKOFapbl KYPHUIGIMBIH KaJIBINTACTHIPYFa XKOHE OJNApIBIH
KaCHETTEepiH 3epTTeyre OarbITTAIFaH 3epITey HOoTwKenepi KenripiareH. Kepamuka cuHTe3i OypbIH
JalbIHOanFaH OacTamKkbl INBIHBL (aszacel yiariiepi Herizinge MK-coyneneHy ocepiHeH OalKpITy XKOHE oTe
JKOFaphl JKbUTIaM coHAIpy apkpuibl (3000 afiHamy/MHH KbUIAAMIBIKICH aifHANAThIH KOHIBIPFBIAA) XKy3ere
aceIppuInbel. CyOcTpaT peTiHae IIaTHHA CHIMBI KOJJAHBUIABL. YJrinep 72 carar ycray yakbITHIMEH (apalibIFbl
opOip 24 carar caiibiH yHTakTayMeH) 845-850 Temmeparypa apanibIFbIHIA TECPMHUSUIBIK OHICY apKBUIBI
CUHTE37IeIIi. bapnbik yiriiepae >koFapbl TEMIEpaTypajibl acKbH OTKi3rimn Bi-2223 ¢a3za kpuctangaHmbl.
ACKBIH OTKI3TilI YITUIepIiH KPUTHKAIBIK TeMIIepaTypaitapbl MEH KeAEpriJiepiH eJey TOpT 30HITH SAiCIeH
300 K-men 60 K-re neitinri anamna3oHmarsl KeAEpriHiH TeMIepaTypara TOYeNAUIITiH eJey apKbUIbI Ky3ere
ACHIPBUIIBL

Kinm ce30ep: acKbIH OTKI3TIIITIK, KPUTHKAIBIK TEMIEpaTypa, dJIEKTp Keaeprici, AudpakTorpaMma, IIBIHBI
(hazacel.

J.E. Ycken6ae, A.C. Horaii, A.Jl. Ycken6aes, D.A. Horait

Cwunre3 u cBoiictBa BucMyToBoii BTCII kepamuku Bi-2234,
NO0JIY4YeHHO U3 paciiaBa

B crartpe npencraBieHsl pe3yIbTaThl HCCIIENOBAHMS, HAIIPaBICHHbBIE HA 00pa30BaHUE CBEPXIPOBOLIIINX (a3
U (hopMHpOBaHHE BBICOKOH TEKCTYPHI YACTHUII, BIMAIOIIMX HAa TOKOHECYIIHE XapaKTEePHCTHKU B KepaMUKe
cocraBa Bi16Pbo4Sr2CasCusOy, u uccnenoBanns ux cBoiicTB. CHHTE3 KEpPaMHK OCYIIECTBISUIM Ha OCHOBE
crexnodassl, momydeHHoH nmox Bo3xekicTBueM VK m3mydeHMs MyTeM IIaBIEHHS U CBEPXOBICTPOW 3aKaJIKU
paciuiaBa (Ha yCTaHOBKE, Bpallaromieicst co ckopocteio 3000 06/MUH) MpeaBapUTENLHO MOATOTOBIEHHBIX
UCXOAHBIX 00pa3noB. B kauecTBe mMOMIOXKKK ObUla WCHONB30BaHA IUIaTHHOBas TpoBosioka. Ilpum
TepMooOpaboTke 00pa3iioB B uUHTepBaie Temmeparyp 845-850 °C u BpeMeHH BbIACPKKH 72 4 (C
MPOMEXYTOYHBIM TIOMOJIOM B Kaxaele 24 1) B HCCIeAyeMbIX O00pas3lax KpHCTaJUIM30Bajach
CBEpXIPOBOJSIIAs BBICOKOTeMIepaTypHas (asza Bi—2223. H3mepeHue KpUTHYECKHX TeMIEpaTyp u
CONPOTHBIEHUH CBEPXIPOBOJSIINX OOPa3OB OCYMIECTBIIOCH UETHIPEX30HIOBBIM METOIOM IyTEM
M3MEpPEHHs 3aBUCUMOCTH COTIPOTUBIIEHUS OT TeMIiepaTypsl B mHTepBae oT 300 K mo 60 K.

Kuiouesble  cnosa:  CBEPXIPOBOAMUMOCTb,  KPUTHYECKas  TEMIICPaTypa,  3JIEKTPOCOIPOTUBICHHE,
nmudpakTorpamMma, ctekinodasa.
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