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The present paper reports on the impact of boron carbide (B4C) additive on phase formation and
physical properties of Bi(Pb)-2223 high-temperature superconductor (HTS). Refe-rence and B4C-
added Bi(Pb)-2223 samples with nominal composition Bii.7Pbo.3Sr2Ca:Cuz;Oy(B4C)x, x=0, 0.040 and
0.075 were prepared by solid-state reaction method. Precursor powders were manually grinded in
agate mortar and sintered at 850°C for 30 hours with intermediate grindings; obtained materials
were pressed into pellets and annealed at 845°C for 40 hours, then cooled to room temperature in the
furnace. The evolution of Bi(Pb)-2223 phase in prepared samples was investigated by X-ray
diffraction (XRD) analysis and volume fraction of Bi(Pb)-2223 phase was estimated from XRD data.
The lattice parameters for Bi(Pb)-2223 phase were calculated from XRD patterns. The temperature
dependence of electrical resistivity p(T) was measured by four-probe method. Transmission electron
microscope (TEM) and scanning transmission electron Microscope (STEM) were used for
microstructural and elemental analysis of synthesized samples. The p(T) dependences show a two-
step superconducting transition with Tc>100 K, indicating the coexistence of high-Tc 2223 and low-
Tc 2212 phases in prepared materials. XRD analysis confirms that BsC-doping leads to the marked
enhancement of Bi(Pb)-2223 phase volume fraction from 56% for un-doped sample up to 88% at
x=0.04. Gradual decrease of lattice parameters with increasing doping level can be attributed to the
partial substitution of B>* ions for Cu** ions. The areas with completely formed, partly formed and
unformed Bi(Pb)-2223 phase have been visually revealed by the TEM/STEM imaging and elemental
analysis. © 2020 Bull. Georg. Natl. Acad. Sci.
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Since the discovery of BixSr,Ca,Cu3Oy (Bi(Pb)-
2223) high-temperature superconductor (HTS) [1],
it has been considered to be one of the most
promising materials for large scale applications in
superconducting industry, especially for the
producing of superconducting wires due to its best
texturing ability. However, due to a very slow

formation rate, fabrication of the nearly pure

Bi(Pb)-2223 phase is a time-consuming process
and hundreds of hours are needed to synthesize an
appropriate fraction of Bi(Pb)-2223 HTS in the
final product [2]. Partial substitution of Bi by Pb is
the most practical method of enhancing the Bi(Pb)-
2223 fraction [3]. Micro, sub-micro and nano-sized
dopants have been widely used in order to
accelerate Bi(Pb)-2223 phase formation and
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increase the critical current density (J¢). In our
previous investigations we have shown that the
boron-containing additives, such as B;Os;, BN, B,
Pb(BO,),, B4C and Sr(BO,), lead to a significant
acceleration of Bi(Pb)-2223 phase formation and
enhancement of transport critical current density
[4-10]. In this work, we focus on the structural role
of boron carbide additive in Bi(Pb)-2223 along
with the transmission electron microscopy (TEM)
imaging and elemental analysis of prepared Bi(Pb)-

2223 ceramics.

Materials and Methods

Samples with nominal composition
Bi; 7Pbo3Sr:CarCuzOy(B4sC)x, x=0, 0.040 and
0.075, were prepared from the appropriate amounts
of highly pure Bi,Os, PbO, SrCO;, CaCO;, CuO
and B4C (Sigma-Aldrich product) precursors by
conventional solid-state reaction method. A mix of
precursor powders was manually grinded in agate
mortar and sintered at 850°C for 30 hours with
intermediate manual grindings; obtained materials
were pressed into pellets with 10 mm in diameter
and up to 2 mm thickness under pressure of 300
MPa. Pellets were annealed at 845°C for 40 hours,

then cooled to room temperature in the furnace.
Prepared samples were characterized by x-ray
diffraction (XRD) analysis using the Bruker D8
Discover diffractometer. Evolution of Bi(Pb)-2223,
Bi-2212, Bi-2201 and other phases with increasing
doping level were revealed and lattice parameters
(a, b, c¢) of Bi(Pb)-2223 were calculated from XRD
data for all the prepared samples. The resistivity as
a function of temperature, p(7), was measured by a
standard four-probe method. The TEM/STEM
analysis was performed using the Thermo Fisher
Scientific S/TEM with 4 Si drift EDS detectors and
sample morphology and elemental analysis were
performed in order to reveal completed solid-state
reaction (wide-scale regions of Bi(Pb)-2223 phase),
non-reacted or poorly formed superconducting

areas.

Results and Discussion

XRD patterns of reference and BsC-doped samples
are presented in the Fig.1. Addition of B4C leads to
the increase of 2223 phase peaks (indicated as H),
whereas the intensity of low-Tc 2212 phase
(indicated as L) decreased.
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Fig. 1. The XRD patterns of selected samples: a — reference sample (x=0).
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Fig. 2. The XRD patterns of selected samples: b — doped with B4+C (x=0.04).
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Fig. 3. The XRD patterns of selected samples: ¢ — doped with B4C (x=0.075).

The volume fraction (V) of the Bi(Pb)-2223 phase was estimated from XRD data using the following
equation [11]:

V(2223%) = 2.1(H)

ZI(H) + ZI(L) + Zl(others)
where I(H), I(L) and I(others) are the intensities of  phase increases from 56% for un-doped sample up

the XRD peaks of 2223, 2212 and other phases, to 88% for x=0.04 and then decreases to 78% for
respectively. Volume fraction of Bi(Pb)-2223 HTS  x=0.075. These results agree with those obtained in

100, (1)

Bull. Georg. Natl. Acad. Sci., vol. 14, no. 2, 2020



26 Giorgi Mumladze, lamze Kvartskhava, Nikoloz Margiani

our previous works [4-10]. In Fig. 2 resistivity
versus temperature curves are displayed for
synthesized samples. The p(T) dependences show a
two-step superconducting transition, indicating the
coexistence of 2223 and 2212 phases in prepared
materials. For the un-doped specimen zero resis-
tivity is reached at Tc=102.5K. Critical temperature
decreases slightly to 101.5K at x=0.040 and 100K
at x=0.075.
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Fig. 4. Resistivity vs temperature dependence for
reference and B4C doped samples.

The lattice parameters a, b, ¢ were calculated for
reference and BsC-added samples (Table 1).
Obtained results indicate that doping causes a
decrease of these parameters, suggesting a partial
substitution of B*" ions (ionic radii ~0.23 A) for
Cu*" ions (ionic radii ~0.83 A) in Cu—O layers, as
for the case of B,Os-added TI-2212 and TI-2223

superconductors [12]:

Table 1. Lattice parameters of reference and B4C-
added samples, A

Ref ReftB4C(0.04) | Ref+BaC(0.075)
a | 541784 | 5.40315 5.40248

b | 5.46687 | 5.42127 5.41054

c | 37.21183 | 37.06498 37.05159

For the first time in our researches, TEM/STEM
analysis was employed for imaging in selected
areas and the painstaking elemental analysis was
carried out as well. The results of TEM/STEM

Bull. Georg. Natl. Acad. Sci., vol. 14, no. 2, 2020

analysis are shown in Fig. 3. Areas 1, 2 and 3 were

revealed, indicating the completely formed, partly
and unformed Bi(Pb)-2223 phase,
respectively.

formed

Fig. 5. The TEM image of Bi(Pb)-2223 sample.
a: elemental mapping with Ca and Cu elements.

Area #3

Fig. 6. The TEM image of Bi(Pb)-2223 sample. b:
elemental mapping involving Ca, Cu, Sr, Pb, Bi elements.

The results of the elemental analysis of the 1, 2
and 3 areas are summarized in Tables 2, 3, 4.
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Table 2. Elemental analysis for the area 1
2020-02-14 11:05:33 Analysis of spectrum: Spectra from Area #1
Z | Element | Family | Atomic Fraction | Atomic Error | Mass Fraction Mass Error Fit Error
(%) (%) (%) (%) (%)

8 O K 60.75 4.89 20.70 1.15 242
20 Ca K 8.44 1.29 7.20 1.02 0.17
29 Cu K 13.72 2.11 18.57 2.64 0.06
38 Sr K 8.71 1.30 16.27 2.24 0.37
82 Pb L 1.23 0.17 5.41 0.67 0.32
83 Bi L 7.15 0.98 31.85 3.95 0.17

Table 3. Elemental analysis for the area 2
2020-02-14 11:05:33 Analysis of spectrum: Spectra from Area #2
Z | Element | Family | Atomic Fraction Atomic Error Mass Fraction Mass Error Fit Error
(%) (%) (%) (%) (%)

8 (0] K 57.73 5.61 18.19 1.21 2.85
20 Ca K 23.15 3.76 18.28 2.67 0.14
29 Cu K 2.89 0.47 3.61 0.53 0.74
38 Sr K 2.71 0.43 4.68 0.67 1.66
82 Pb L 11.51 1.69 46.98 6.03 0.31
83 Bi L 2.01 0.29 8.25 1.06 0.86

Table 4. Elemental analysis for the area 3
2020-02-14 11:05:33 Analysis of spectrum: Spectra from Area #3
Z | Element | Family | Atomic Fraction Atomic Error Mass Fraction Mass Error Fit Error
(%) (%) (%) (%) (%)

8 (0] K 57.40 5.13 14.99 0.91 0.26
20 Ca K 4.77 0.76 3.12 0.46 0.45
29 Cu K 10.89 1.75 11.30 1.65 0.51
38 Sr K 10.73 1.68 15.35 2.18 0.48
82 Pb L 2.22 0.32 7.51 0.97 0.80
83 Bi L 13.99 2.02 47.72 6.13 0.24

Atomic fractions of elements for area 1 superconducting areas were revealed by the

correspond fairly well to the chemical composition
of Bi(Pb)-2223 superconductor.

Conclusions

Influence of B4C—doping on  structure,
microstructure and phase evolution of Bi(Pb)-2223
have been investigated. Positive role of B4C
additive for Bi(Pb)-2223 phase formation was
confirmed. Gradual decrease of lattice parameters
with increasing doping level suggests the partial
substitution of boron for copper. Completed solid-

state reaction, non-reacted and poorly formed

Bull. Georg. Natl. Acad. Sci., vol. 14, no. 2, 2020

TEM/STEM analysis.
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fom0mepgbon bs3Mmddo Bgbfisgeromos dmMols 3s@dopol (B4C) @sbsds@ol gsgangbs Bi(Pb)-2223
0505 Gga3gMsB o BgasdGeto BsHol FmOIoMmIPOsLS ©s BEAGMIGMOHME 0309050y
Bi17PbosSr2Ca2CuzOy(B«C)x, x=0, 0.040 o5 0,075 b6mdobsgrmto 8gpgbogrmdols ddmby bsgogbo s
B4C-bs95¢0s60 Bi(Pb)-2223 60ddgdo Lobomgbomgdwmem odbs 8gst-gsbm®o Mgodsools dgmmemoo.
36M93mOLmGo gbgbomgdo bgwom ©soyd3s 9do@ol xsddo @s gsdmofigs 850°C #783gMadmmsby,
30 bon g96053¢mMdsT0, TMoergEMMO ZOEIBIZIO00; FomgdwEo Bdlisgrgdo @sofjbgbs sBgdOL Lsbood
@5 gsdmofjgs 845°C $gd3gmsdmMaty, 40 Lo sbdsgemdsdo. Bi(Pb)-2223 gsHol ggmemmsos
doegdmer 6odmdgddo GgLfagamoer odbs MYb@gbmogmdsommo sbsgobom ©s Bsemobols
0mbs399900L Lagmdzgmbyg 99i35Ls Bi(Pb)-2223 gsBol dmgwmmmdooo fowo. gbdagbma®sdgools
399myobgdom gsdmomgmoer ogbs Bi(Pb)-2223 gs®Bol dg@ols 35Mmsdg@tgdo. Moo Fobsmmdols
$0939MoGOHMmo  ©EIMIOEIdMErgds s0Dmds MmmbzmbEsd@osbo dgmmeom. G®Msbldolowmmo
@5 AB3s6oMmydgmo G®Mbldolommo gangd@®mbmmo dozmmlizmdool dgommom Rsdsts obmg-
Domgdmeo bodmdgdol dogmmlGmmddmemmo ©s gargdgbdummo sbsgrobo. Jmmmo fobsomdols
H0939MoGOmemds  ©YMIOEgOErgdgdds  gsBmagmmobs  mMLsggbmmmgsbo BB mEmo
39003 3MoG03Meo 3gd3gMmed Mmoo Te>100K, Gog 305603698l dsmaendnddgModmmmmo 2223
©5 VMG JI3gMGIOmmo 2212 BsHIdOL 0sbsMIYdMDIBY domgduer dsbiaengddo. Mgbdygbm-
©OgMJ30mds sbsgroHds ssELGM®s Bi(Pb)-2223 8sBol dmEmemdomo ool bsgmdbmdo
390xmdgBgds 56%-sb sMvEM30Mgdwmmo bodmdolsogols 88%-0wg, MmEs x=0,04. dgltol 3s6s-
393M900L 396s0sbmdom Bgd30MmYds EM30MIBOL MbOL BGHEOLSL dommomgdls Cu* ombgdols
Boflocnmd®mog Bsbosgangdsy B ombgdom. @GMsbldolommo @s dsligsbomgdamo @GMabldolowmmo

99ddOmbmemo  doghmligm3ools @s  gwgdgbdm®mo  Bsemobol  dgdzgmdoo  3oBUsEIMGs
390mgmobs LEmMms BMGEIoOHIRMEO, bsfjocrmd®og BmMIOMPMmO ©d BFMMYxmPodIdIEo
Bi(Pb)-2223 350l s69900.
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