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Abstract—Doping of a high-temperature Bi(Pb)-2223 superconductor with various additives, which
can act as pinning centers and / or accelerate the formation of a superconducting phase, is an effec-
tive tool for obtaining Bi(Pb)-2223 samples with improved characteristics. In this paper, we studied
the effect of the addition of hexagonal boron nitride (2-BN) on the phase formation and critical
transport current density of ceramic samples Bi(Pb)-2223. Samples with a nominal composition of
Bi, ;Pb, 3Sr,Ca,Cu;0,, [BN],, x = 0—0.25 were prepared by the solid-phase reaction method. Two
different doping methods were used: the introduction of hand-ground BN powder at the initial stage
of synthesis and the addition of BN powder subjected to high-energy grinding in a ball mill before
pelletizing. The phase composition of the obtained samples was studied by X-ray diffraction. The
microstructure and elemental composition of the samples were studied using a scanning electron
microscope with an X-ray microanalyzer. The resistivity and critical current density were measured
using the standard four-probe method. The results show that boron nitride is a suitable additive to
increase the rate of formation and critical transport current density Bi(Pb)-2223.

Keywords: Bi(Pb)-2223 phase, doping, high energy ball milling, phase formation, critical current density
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1. INTRODUCTION

Undoubtedly, the discovery of high-temperature superconductivity (HTSC) at 7, = 38 K in LSCO
cuprates was one of the most significant achievements of 20th-century science [1]. Thanks to efforts of
different research groups, the critical temperature of a new class of superconductors increased rapidly.
Superconductivity was found in YBCO (7, = 93 K) [2], T1-2201 (7, =95 K) and T1-2223 (T, = 125 K) [3, 4],
Bi-2212 (T, = 95 K) and Bi-2223 (T, = 110 K) [5, 6]. Among the first researchers in this new direction
were also representatives of the Institute for Physical Research of the NAS of Armenia and the Institute of
Cybernetics of Technical University of Georgia. In particular, the effect of more than fifteen impurities
on the superconducting properties of the Bi-2223 phase and the formation of unstable magnetic anomalies
in Bi-containing cuprates were studied in detail [7—16]. Among the high-temperature superconducting
materials, the compound Bi(Pb)-2223 is one of the most promising for applications in science and tech-
nology. The synthesis of single-phase Bi-2223 is a difficult problem since the kinetics of phase formation
is very slow. To obtain a material with a high volume fraction of the Bi(Pb)-2223 phase, heat treatment is
required for a duration of 150—200 h [17, 18]. In addition, the extremely narrow temperature stability range
of Bi(Pb)-2223 leads to the formation of secondary phases (Bi-2201, Bi-2212, Ca,PbO,, etc.) [19, 20]. Many
applications of cuprate superconductors are due to an increase in their manufacturability and resistance
to external influences. This task is still relevant today. Modification of the structural and superconducting
properties of the Bi(Pb)-2223 phase using various micron and nanoscale dopants, which can act as effec-
tive pinning centers and/or accelerate the formation of the HTSC phase, is an effective tool for the syn-
thesis of Bi(Pb)-2223 samples with improved characteristics [21—23]. The correlation between synthesis
conditions, structural, microstructural and superconducting properties is not well understood. Based on
the foregoing, obtaining samples with a maximum Bi(Pb)-2223 phase content is still considered a difficult
task requiring further research [20, 22, 24, 25].
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Our previous results show that the addition of boron nitride (BN) promotes the formation of the Bi-2223
phase and leads to an increase in the critical transport current density (J.) as compared to the undoped (con-
trol) sample [26]. In this article, we report on the further study of two sets of ceramic samples Bi(Pb)-2223,
doped with different amounts of hand-ground boron nitride powder and subjected to high-energy grind-
ing in a planetary mill.

2. THE EXPERIMENTAL TECHNIQUE

Samples of the nominal composition Bi, ;Pb,;Ca,Sr,Cu;0,(BN), (x = 0.10, 0.15, 0.20, and 0.25)
undoped and doped with BN were obtained by solid-phase synthesis from Bi,O5;, PbO, SrCO;, CaCO;,
CuO, and hexagonal BN powders (purity 98%). Two different doping methods were used: the introduc-
tion of manual grinding BN additive at the initial stage of synthesis (samples of series A), the addition of
powdered BN powder in a ball mill before tabletting (samples of series B). The starting powders were thor-
oughly ground, mixed, and calcined at 800—820°C for 12 hours; the synthesis was carried out at 850°C for
40 hours on alundum boats with intermediate grinding. Additive BN was subjected to high-energy grind-
ing in a ball planetary mill (Fritsch Pulverisette 7 Premium Line) for 10 hours at a speed of 350 rpm.
Eighty ZrO, balls with a diameter of 5 mm were used as the grinding medium. The mass ratio of the balls
and powder was approximately 15 : 1. After grinding, the corresponding amounts of BN were mixed with
the Bi(Pb)-2223 precursor. Then, two series of Bi(Pb)-2223 powders were pressed into pellets with a
diameter of 10 mm at a hydrostatic pressure of 500 MPa. The pellets were annealed at 850°C for 30 h in
air, followed by cooling of the furnace to room temperature. As a result of synthesis, 9 samples were
obtained: a general control sample without BN impurity (marking R), four samples of series A doped with
hand-boron boron nitride (markings A1—A4) and four samples of series B doped with boron nitride sub-
jected to high-energy grinding in ball mill (marking B1—B4) with the content of the additive (BN) x at
x=0.10, 0.15, 0.20 and 0.25, respectively.

The obtained samples were investigated by the following methods. The phase composition was studied
by powder diffractometry using CuKo radiation on a Dron-3M diffractometer (XRD). The microstruc-
ture and elemental composition were studied using a VEGA TS5130MM scanning electron microscope
(SEM) and the INCA Energy 300 (EDX) energy dispersive X-ray microanalysis system. The resistivity
p(T) in the temperature range 300—77 K and the critical density of the transport current J, at 77 K were

measured by the standard four-probe method on rod-shaped samples with sizes of ~10 x 0.5 x 0.5 mm?.

3. RESULTS AND DISCUSSION
3.1. X-Ray Analysis (XRD) and Transport Measurements

Figure 1 shows the diffraction patterns of two sets of ceramic Bi(Pb)-2223 samples doped with various
amounts of boron nitride. In the undoped sample, the main ones are Bi(Pb)-2223 and Bi(Pb)-2212
phases. Both doping methods lead to an increase in the Bi(Pb)-2223 phase peaks with a simultaneous
decrease in the intensities of the Bi(Pb)-2212 peaks in the range of the dopant content x = 0.10—0.20. At
the same time, the diffraction patterns of doped samples of series A show the appearance of a weak peak
of the impurity Bi-2201 phase, the intensity of which increases with increasing BN content. In the same
series, at x > 0.15, a low-intensity peak of the Ca,PbO, impurity phase is seen.

The content of Bi(Pb)-2223 phase in the synthesized samples was estimated using the formula [22]:

V(2223)% =

ZH 100
Z:H+2:L+Z:(others)>< ’

where 2H, 2L, and X(others) represent the sum of the intensities of the observed peaks of the high-tem-
perature 2223 phase, low-temperature 2212, and other impurity phases, respectively. Figure 2 shows the
dependence of the volume fraction of the Bi(Pb)-2223 phase on the concentration of BN.

The content of Bi(Pb)-2223 phase in the standard sample is 60%. Doping with boron nitride at x = 0.20
leads to an increase in the proportion of the Bi(Pb)-2223 phase to 76 and 82% in series A and B, respectively.
With a further increase in the additive concentration, a decrease in the volume fraction of Bi(Pb)-2223 is
observed in both series. Figure 3 shows the temperature dependences of the resistivity of samples of series A
and B. All samples are characterized by a metallic type of conductivity above the onset of the superconduct-
ing transition 7,(on). The temperature of zero resistance, 7 (off), of the standard sample R is 104.5 K. For
samples of series A in the interval of the dopant content x = 0.10—0.20, the value of 7 (off) remains prac-
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Fig. 1. X-ray diffraction patterns of Bi; 7Pbg 3Ca,Sr,Cu3O,(BN), series A—(a) and B—(b). /—x =0, 2—x = 0.10, 3—x =
0.15, 4—x=0.20 and 5—x = 0.25. H: Bi(Pb)-2223, L: Bi(Pb)-2212, S: Bi(Pb)-2201, +: Ca,PbOy,.
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Fig. 2. Volume fraction of Bi(Pb)-2223 phase depending on the BN content in Bi; 7Pb, 3Ca,Sr,Cu30,(BN), samples of
series A and B.
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Fig. 3. Temperature dependence of the resistivity of Bij ;Pby 3Ca,Sr,Cu30,(BN), samples of series A—(a) and B—(b).
I—x=0,2—x=0.10, 3—x =0.15, 4—x = 0.20 and 5—x = 0.25.
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Fig. 4. Dependence of the critical current density on the BN content in Bi; 7Pbg 3Ca,Sr,Cu30,(BN), samples of series A
and B.

tically unchanged and amounts to 102 K. A further increase in the concentration of BN to x = 0.25 leads
to a decrease in the temperature of zero resistance to 99 K.

Unlike series A, doped samples of series B are characterized by a pronounced two-stage superconduct-
ing transition, which indicates a deterioration in the quality of intergranular contacts as a result of the
addition of high-energy grinding dopant. The value of T (off) of series B samples decreases monotonically
with an increase in the concentration of BN additive and amounts to 97.5 K at x = 0.25.

The dependences of the critical current density, J., on the BN content in the samples under study are
given in Fig. 4. The addition of BN to the Bi, ;Pb, ;Ca,Sr,Cu;0, precursor at the initial stage of the syn-
thesis leads to a sharp increase in J,. The critical current density for an undoped sample is 165 A/cm?.
J. increases with increasing BN content in series A samples and at x = 0.20 reaches 342 A/cm?. A further
increase in the dopant concentration tox = 0.25 leads to a decrease in the critical current density as a result

of an increase in the content of impurities 2212 and 2201 phases observed in the diffraction pattern of sam-
ple A4.

Doping Bi(Pb)-2223 before pelletizing samples of series B leads to a decrease in J, in the entire studied
range of BN content, especially sharp at x = 0.25. This result is consistent with the appearance of a pro-
nounced two-stage superconducting transition in samples of this series (Fig. 3). Figure 5 shows the depen-
dence of the density of the synthesized samples on the content of the BN additive. In series A, doping leads
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Fig. 5. Dependence of the density of Bi ;Pb, 3Ca,Sr,Cu30,(BN), samples of series A and B on the content of BN.

to a monotonic increase in the density of samples (from 4.42 g/cm? for sample R to 5.04 g/cm? for sam-
ple A4 with a dopant content x = 0.25), which contributes to an increase in the critical current density
in this series.

The introduction of the additive before pelletizing, on the contrary, leads to a sharp decrease in density,
which for sample B4 is 3.74 g/cm’, i.e. the density at x = 0.25 decreases by 26% compared with the
undoped sample. An increase in the porosity of series B samples with increasing dopant concentration
favors J, degradation.

3.2. Scanning Electron Microscopy (SEM)

The density of the critical transport current depends both on the density of the superconducting mate-
rial and on the degree of texturing [27]. The microstructure of the samples was studied using an electron
microscope at an accelerating voltage of 20 kV and an electron probe current of 10—100 pA in a vacuum
of 5 x 103 Torr. Samples were mounted inside the vacuum chamber of the microscope on an aluminum
holder. No further purification or metallization of the samples was carried out. Images of the surface of
the samples in secondary electrons with an increase of 1000x...30000% were obtained.

Figure 6 shows micrographs of the surface of BN powder subjected to high-energy grinding in a ball
mill with a magnification of 2000%, a control sample, and samples of two series A3, A4 and B3, B4 with
a magnification of 3000x.

As can be seen from Fig. 6, as a result of high-energy grinding, micron and submicron agglomerates
are formed in boron nitride powder. In the control sample R, both acicular and lamellar crystallites char-
acteristic of Bi-2212 and Bi-2223 phases, respectively, are observed [28]. Doped Bi(Pb)-2223 samples
consist mainly of lamellar crystallites with sizes of 5—15 wum. Small inclusions of spherical granules with a
diameter of ~0.2—1 pum are noticeable. There is a noticeable difference between the samples of series A
and samples of series B. With approximately the same granule shape, the samples of series A have a much
lower grain misorientation compared to samples of series B and the crystallites have a predominant orien-
tation parallel to the flat surface of the tablets. With an increase in the amount of BN additive to x = 0.25,
a simultaneous increase in the average disorientation of crystallites and the degree of porosity is clearly
observed in sample B4.

3.3. Energy Dispersive X-ray Microanalysis (EDX)

Energy dispersive X-ray microanalysis of the samples was carried out on surface areas with an area of
about 40 % 40 um? at an accelerating voltage of 20 kV. The statistical error in determining the content of
Bi, Pb, Sr, Ca, Cu, and O elements in the samples was 0.18, 0.19, 0.24, 0.26, 0.39, and 1.54 at %, respec-
tively. To determine the homogeneity of the composition, some samples were studied at various surface
sites. The research results are presented in the Table 1, which shows the number of the sample and the

JOURNAL OF CONTEMPORARY PHYSICS (ARMENIAN ACADEMY OF SCIENCES) Vol. 55 No.3 2020



IMPACT OF BORON NITRIDE ADDITIVE ON THE PHASE FORMATION

245

Fig. 6. Microphotographs of high-energy milled BN powder, control sample (R), and samples of the two series A3, A4

and B3, B4.

Table 1. Results of X-ray microanalysis of samples

Atomic percent
Number of samples Chemical formula
Bi Pb Sr Ca Cu (0]
R 10.22 1.12 | 10.62 9.59 15.89 | 52.56 |Bi;goPby oSt 37Ca; 69Cu, 5909 57
1012 | 097] 1021 | 1073 | 15.44 | 52.53 |Bi,g3Pby St 54Ca1 04CUy 7500 47
Al 9.49 1.46| 9.89 | 10.12 16.66 52.37 | Bij73Pbg 751 5;Ca; g5Cus 0409 57
9.75 1421 9.89 | 10.26 | 16.25 | 52.44 | Bi, 75Pbg,5Sr) 77Ca; g4Cu3.9,09 39
A2 9.91 1.26| 9.44 | 10.66 | 16.26 | 52.48 |Bij7Pbg3Sr 69Caj91Cuy 910949
9.60 137 9.56 | 10.87 | 16.19 | 52.40 |Bij5Pbg ;551 74Ca; 95Cuy 9509 55
A3 9.38 1.31] 9.18 | 11.00 16.79 | 52.34 |Bi;75Pb; 551 75Ca; 06Cu3 1409 79
A4 10.09 0.78 | 11.11 10.99 14.51 52.52 | Bi; g¢Pby 14515 04Ca; 43Cu; 6709 66
Bl 9.48 1.60 | 10.08 | 10.04 | 16.43 | 52.37 |Bi, 7 Pbg,9Sr; g,Cay g Cuy 9709 .45
B2 9.32 1.43| 9.87 10.74 16.30 52.33 | Bi;73Pbg 5781 34Ca, 99Cujs 304 74
B3 9.32 1541 9.5 | 10.92 | 16.74 | 52.33 | Bij7,Pby 551 69Cay 1 Cus3,0809 64
984 | 131] 929 | 1072 | 16.38 | 52.46 |Biy77PbySr16:Ca;0,Cl 040041
B4 924 | 127] 9.88 | 1014 | 17.17 | 5231 |Bi,6PbysSt, 55Ca, 35Cu3 270005
9.07 | 121] 995 | 1018 | 1732 | 5227 |Bij76Pbo2Sr104Ca105Ctiz 301019
8.97 1.45| 9.77 | 9.87 | 17.71 | 52.24 |Bij;7,Pbg 2481 33Ca; 39Cu3 49010.03
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Fig. 7. The number of copper atoms in the chemical formula of samples R, as well as A and B with different amounts of
BN additives.

content of elements in atomic percent. The table also shows the chemical formulas based on the assump-
tion that the total number of bismuth and lead atoms in the chemical formula found in the sample corre-
sponds to the number 2.

As can be seen from the Table, the composition of the control sample R is quite uniform. In two ana-
lyzes, the oxygen concentration differs by thousandths of atomic percent, bismuth by 0.1 at %, while the
statistical error for bismuth is almost two times greater. The differences in the concentrations of the
remaining elements with the exception of calcium also do not exceed the statistical error. It can be argued
that the control sample has a uniform composition. A similar pattern is observed for samples Al, A2, and
B3, in which the composition was analyzed in two regions and B4 in three. We conclude that the technol-
ogy used makes it possible to obtain ceramic samples of both series homogeneous in composition.

‘We proceed to a comparison of the compositions of various samples. From the data of the table on oxy-
gen concentration it follows that the maximum content of 52.56 at % has a control R sample, and the min-
imum content of 52.24 at % sample B4, i.e. Sample with maximum BN additive content. However, these
two digits differ slightly, and this difference is much less error. It can be assumed that the same oxygen
content in the samples indicates the same valence composition of cations with variable valency.

The superconducting properties in bismuth superconductors are determined by the phase composi-
tion, and the phases differ in the number of copper layers in the unit cell. In this regard, it is interesting to
compare the concentration of copper in the samples. This is conveniently done using the number of cop-
per atoms in the calculated chemical formulas. The data for the control sample and samples of both syn-
thesized series are shown in Fig. 7.

As can be seen from the Fig. 7, samples with an average content of BN additive (x =0.10, 0.15, 0.20) have
close to the stoichiometric value of 3. It can be assumed that precisely these samples should have higher
superconducting properties. The Cu content in samples with a high content of BN additive (x = 0.25) is
much lower than the stoichiometric in series A, and higher than the stoichiometric in series B. It is diffi-
cult to assume that these samples will have high superconducting properties.

4. CONCLUSION

The features of phase formation, the critical transport current density, and the microstructure of two
series of ceramic samples Bi, ;Pb ;Sr,Ca,Cu;0 [BN], (x = 0—-0.25) with the addition of hexagonal boron
nitride of manual grinding and subjected to high-energy grinding in a planetary mill are studied. Additive
BN accelerates the formation of the high-temperature phase in the samples of both series. The optimal
doping of boron nitride with the manual grinding of the Bi(Pb)-2223 precursor before the start of heat
treatment leads to an increase in the critical density of the transport current in series A samples by about
2 times compared with the control sample. However, the addition of high-energy milled dopant to
Bi(Pb)-2223 at the final synthesis stage (before pelletizing samples of series B) causes a decrease in J,
which is caused by a noticeable decrease in the density of samples and an increase in the degree of disori-
entation of crystallites with an increase in the level of doping.
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