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In this work, pure and with 1, 3, 5, 10, and 15 wt% multi-walled carbon nanotube addition
BiaSroCaCu2Osys glass—ceramic materials have been investigated in terms of thermal, structural, mi-
crostructural, electrical, and magnetic properties. Multi-walled carbon nanotubes with a purity of 96%
were used to enhance electrical transport properties. Thermal properties have been examined using
differential thermal analysis. According to the differential thermal analysis, the multi-walled carbon
nanotube addition reduced the melting temperature and slightly increased the crystallization acti-
vation energy of the BiSrCaCuO material. X-ray analyses showed that all samples have tetragonal
symmetry and did not change with addition, but a small change in the c-axis is observed. Scanning
electron microscope analyses showed no significant morphological change. The effect of the additive on
the resistivity measurements was found to be limited, and zero resistance temperature increased up to
a level of 5 wt% addition and then decreased drastically for higher addition cases. The hole concen-
tration of the samples was calculated, and it was found that there was a shift towards the over-doped
region with the addition. For the transport critical current density measurements, the highest increase
of about 30% was obtained for the sample with 5 wt% multi-walled carbon nanotube addition, but in
high addition cases, significant losses were obtained. A similar situation occurred in magnetization ver-
sus magnetic field measurements, and the highest magnetization critical current density value obtained
Was 4.1 x 10° A/cm? at 4.2 K in the 5 wt% multi-wall carbon nanotube added sample.
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1. Introduction

Many new superconductor systems have been
discovered over the past 30 years, some of which
have been thoroughly studied and found to be in-
sufficient for technological applications, but some
of them were found important in terms of their
properties and technological applications. The BiS-
rCaCuO (BSCCO) superconductor family is one of
them, and scientific and technological studies are
still being carried out on it [1]. The BSCCO ma-
terials can be easily prepared with several differ-
ent production methods, and forms such as bulk,
thin/thick film, cable, and ribbon can be easily
made. In addition, its toxicity is lower than that
of other high-temperature superconductors (HTS),
such as Hg- or Tl-based systems. Considering the
high critical current density (.J,) reaching ~ 105—
105 A /ecm? |2], and especially the high upper critical
field (H.2), the BSCCO material is technologically
useful and applicable [3].

In principle, in HTS materials, high J. values are
required for technological applications. But J. is
limited by the weak intergranular connections or
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formation of impurity phases at the atomic scale
at the grain boundaries due to the granular struc-
ture of these materials. Therefore, to increase J.,
the connection between the grains needs to be im-
proved. The anisotropy, particularly in the H., and
J. characteristics of HT'S materials, is also an im-
portant matter. Recently, it was found that the pref-
erential orientation of grains and good texturing
can reduce anisotropy by strengthening intergranu-
lar connections, causing a significant increase in J,
and H of the HTS materials [4, 5].

Up to now, various attempts to improve BSCCO
HTS materials have been made, such as using dif-
ferent production methods, including single-crystal
fabrications and well-known solid-state preparation
methods [6-9]. Besides these, the glass—ceramic
method can also show significant results if the final
heat treatment is performed in a controlled man-
ner [10-12]. In addition, the creation of artificial de-
fects by substitution or doping of magnetic or non-
magnetic oxides and ion irradiation, as a columnar
defect, is another known suitable methods to at-
tempt to increase particularly the J.’s of thin/thick
films [13-17].
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Together with this, the layered structure, as well
as the weakly coupled peculiarity of BSCCO sam-
ples, enable substitution, doping, and/or addition
of various elements [18-29]. However, according to
recent literature, the doping and/or substitution ef-
fect did not give a positive result except for a few ox-
ide compounds such as PbO, SbO, and AgO, which
act as flux agents in the structure and reduce the
impurity phase formation, especially at the grain
boundaries. The scattering effect appeared to be im-
portant due to the imbalances in the carrier concen-
tration level, which caused negative results on both
T. and J. [30-33]. Theoretically, this situation is ex-
plained by the research groups by the pair-breaking
mechanism [34]. In addition, doping/substitution
instead of the copper site gives more drastic results,
especially if a magnetic ion is added. This situation
can be explained by a change in vacancy position
(for oxygen), electronic limitation, and band filling,
as explained in earlier works [35, 36].

In the literature, it is seen that detailed studies
on the carbon nanotube (CNT) or multi-wall car-
bon nanotube (MWCNT) doping/substitution, par-
ticularly for the BSCCO HTS system, are limited.
At the same time, it is thought that CNT and/or
MWCNTs, in nano size with cylindrical structure,
are some of the candidates that can increase .J. of
BSCCO superconductors by improving the flux pin-
ning ability if added in an appropriate ratio with
suitable preparation method.

Recently, Galvan et al. [37] showed experimen-
tal evidence of a minor improvement in J. by
irradiation-generated CNT intercalation in BSCCO
polycrystalline samples. Other studies have shown
that since, from a geometric point of view, carbon
nanotubes have a comparable form and dimension
to the columnar defects induced in BSCCO by irra-
diation, it will be possible to improve the intergran-
ular critical current density if CNTs and/or MWC-
NTs can be embedded into a BSCCO matrix prop-
erly [37-41]. However, these studies also found that
the reaction between oxygen and carbon is impor-
tant, and in most cases, it emerges as a significant
problem for the concordance of the results. It was
also stated by many researchers that the wetting of
CNTs by the BSCCO structure, to improve the flux
pinning mechanism is an important issue [38-41]. In
this context, the aim was to add various concentra-
tions of MWCNTs to BiaSroCaCusOgy s supercon-
ductors to improve their electrical transport prop-
erties, especially for J. peculiarity, and the samples
were prepared for the first time in the literature by
the conventional glass—ceramic route.

2. Experimental methods

For the preparation of glass—ceramic MWCNT-
added superconducting BisSroCaCusOgys mate-
rials, high purity (Sigma-Aldrich, 99.5%) BizOs,
SrCO3, CaCOg3, and CuO oxide powder materials
were used. After weighing the raw materials in the
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appropriate ratio to obtain BisSroCaCuy0Og s nom-
inal composition, they were mixed for 60 min. Then,
the raw material was calcined twice in the Al,O3
pot at 750 and 810°C for 24 h.

Multi-walled carbon nanotubes, with an outer di-
ameter of < 2 nm and inner diameter of < 1 nm,
having 96% purity and 2.4 g/cm® bulk density
(Nanografi), were added to the raw material with
the ratio of 1, 3, 5, 10, and 15 wt% and mixed
for 60 min at room temperature. Then raw ma-
terial was placed into an Al;Oj3 pot and sintered
in an argon environment at 775°C for 24 h. The
mixed material was grained and heated in an ar-
gon environment at 985°C for 100 min for melt-
ing. The reason for using an argon atmosphere dur-
ing the processes is to prevent destructive reactions
of MWCNT with BSCCO material. We know from
previous experience that BSCCO melts in an argon
atmosphere at lower temperatures than in the air,
completely melting at 970°C instead of at about
1100°C. Accordingly, in this study, the maximum
temperature of 985°C was chosen for melting, and
after 100 min, completely melted material was ob-
tained. The melted material was then removed from
the furnace and poured onto a 1 cm thick copper
plate to obtain a glass phase.

The obtained glass pieces of different sizes were
then heated at 840°C for 120 h in an oxygen gas
atmosphere with 10°C/min heating/cooling ramps
to convert them into the glass—ceramic form.

First, the differential thermal analysis (DTA)
was performed to analyze samples to understand
whether MWCNT affects the crystallization of
BisSroCaCusOg s material or not. Analyses were
performed between 30°C and 1000°C at a heating
rate of 5, 10, 20, and 30°C/min with non-sintered
glass samples using the PerkinElmer DTA system
and a-Al,O3 reference powder with platinum cru-
cibles. The crystallization activation energies were
then calculated using the Kissinger method.

X-ray diffraction (XRD) technique and pole fig-
ure analysis were performed for crystal structure
and texture analysis. Analyses were done on the
Malvern Panalytical EMPYREAN XRD system in
the range of 260 = 3-80° using a Cu K, (A
1.5405 A) radiation.

Compositional and morphological analyses were
performed at 20 kV using Thermo Fisher Scientific
(FEI) Apreo S LoVac Scanning Electron Microscope
(SEM) and Thermo Scientific UltraDry energy dis-
persive X-ray detector (EDS).

The zero-field cooling (ZFC) procedure was ap-
plied for electrical, magnetization, and -V mea-
surements. At the heating stage, different fields,
parallel to the sample surface, were systematically
applied in the range of £8 T, and data were col-
lected. Measurements were carried out with the
Quantum Design PPMS-9 T and vibrating sam-
ple magnetometer (VSM) attachment. We used
rectangular bar-shaped samples with dimensions
of 6 x 4 x 2 mm? for electrical and magnetic
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The DTA data and calculated F, and Avrami parameters of glass samples at a different heating rate. TABLET
SWONE L A | T O | oo O | Ty, € | B a/mol) | A
addition [wt%)] parameter n
Heating rate = 5°C/min

0.0 430 496 840 885 331 2.11
1 430 495 840 886 332 2.11
3 429 493 842 887 336 2.12
5 428 489 844 888 340 2.18
10 426 487 848 890 344 2.23
15 424 485 850 895 350 2.25

Heating rate o = 10°C/min
0.0 431 497 841 886 331 2.14
1 431 496 841 886 332 2.14
3 430 494 842 887 336 2.15
5 427 491 843 889 341 2.21
10 425 489 849 891 345 2.24
15 422 486 851 897 351 2.26

Heating rate o = 20°C/min
0.0 437 503 847 893 333 2.17
1 436 502 847 894 335 2.18
3 435 499 848 897 338 2.19
5 432 497 849 899 344 2.25
10 430 494 855 902 349 2.28
15 428 491 858 908 355 2.31

Heating rate a = 30°C/min
0.0 444 510 853 904 336 2.19
1 442 508 854 906 339 2.19
3 440 505 856 909 342 2.20
5 437 503 857 914 347 2.26
10 434 500 861 918 352 2.35
15 431 498 866 921 359 2.39

measurements. We also used rectangular bar- In general, a small endothermic activity appeared

shaped samples with a dimension of 1 x 0.65 X
0.25 mm? for I-V measurements. For transport crit-
ical current calculations (J"%"), the cross-sectional
area of the samples and the 1 pV criterion were
taken into account.

3. Results and discussions

3.1. DTA analysis

In Fig. 1, the DTA results of glass samples, ob-
tained with a 10°C/min heating rate, are given
as an example. It has been observed that differ-
ent levels of MWCNT addition show no signif-
icant change in the crystallization peculiarity of
glass samples and that all of the samples pro-
duced had a similar exothermic and /or endothermic
trend, with the exception of an increase in the ther-
mal activity temperatures, i.e., samples that shifted
to higher temperatures slightly changed compared
to the pure BSCCO (see Fig. 1 and Table I).
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between 422°C and 444°C, depending on the heat-
ing ramp, before the first exotherm, representing
the glass transition (7). Then the first crystalliza-
tion temperatures (7,1 ), obtained between 485 and
510°C, and the second exothermic activity (Ter2),
obtained between 525 and 553°C, indicated crys-
tallization of metastable phases, e.g., the forma-
tion of CaO, CuO, or Cay;CuOg3 phases. The third
exothermic activity (Tr3) obtained between 775
and 810°C is believed to be due to crystallization or
phase transformation into the first (BaSroCuOg4y)
and/or second (BizSroCaCuy0s4,) members of the
BSCCO superconductor family. The endothermic
dips that started to appear at around 840°C were
evaluated to be due to partial melting, and the sec-
ond dip, obtained at over 870°C, is believed to be
due to the complete melting of the samples. These
results reveal that all produced samples have ini-
tially been in the glass phase and then converted
into the glass—ceramic form by applying an appro-
priate heat treatment cycle.
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Fig. DTA curves of the samples prepared.

As is known in crystallization theory, crystal
growth is generally based on the formation of two-
dimensional surface nucleation. Here in this study,
the calculated activation energy (E,) represents the
crystallization that occurs by ionic migration along
the nucleus-melt interface, where the first crystal-
lization begins around the nucleation centers. It is,
therefore, important to obtain the initial crystalliza-
tion temperature, which gives the first crystalliza-
tion activation energy for glass—ceramic BSCCO,
because at higher temperatures, crystal growth oc-
curs in initiated crystals rather than initiation of
crystallization.

The calculations of the crystallization kinetics of
the prepared samples were made using the Kissinger
model to understand if there is any change with the
MWCNT addition. The Kissinger model is given
as [29, 42, 43|

d[m(o/72)]| g,

EETAR =z + constant. (1)
In (1), T, is the peak of the first crystallization tem-
perature and is used for the calculation of F,, « is
the heating rate used in the experiment, R is the
gas constant, and FE, is the activation energy for
crystal growth. According to the model, if the form
of crystallization does not change with the heating
rate, F, is then attained from the plot of (a/T?2)
vs 1/T, (see Fig. 2). Table I lists the calculated E,
values for MWCNT-added glass—ceramic samples.
By taking into account the MWCNT addition and
the heating ramp rate, the E, values were found be-
tween 331 and 359 kJ/mol. Previously obtained re-
sults for BSCCO materials, including different sub-
stitution and/or doping levels by different research
groups, showed that the value of E, could be be-
tween 75 and 355 kJ/mol [44-46]. In this study, the
E, value was found between 331 and 359 kJ/mol,
and it was determined that F, slightly increased as
the MWCNT addition increased.

This shows that adding even a small amount of
MWCNT makes a contribution to the crystalliza-
tion kinetics of the BSCCO system and suggests
that this fast-cooled system, from higher viscosity,
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Fig. 2. Kissinger plots, the plot of (a/T2) vs 1/T

for crystal growth of the samples prepared for cal-
culations of the F, values.

In(-In(1-¢))

Fig. 3. Plots of In(— In(1—¢))—In(«) for computa-
tion of the parameter n in pure and MWCNT-added
samples.

exhibits more stable nucleation and crystal growth.
Moreover, AT = T, — T, was found broad enough
to work even in higher MWCN additions. Further-
more, we calculated the Avrami parameter using the
Ozawa equation to have detailed information on the
crystal formation of the MWCN-added sample. The
Ozawa equation is given as [47, 48]

d[ln(—ln(l—(p))}
d(lna) @)
In (2), « is the heating rate, ¢ value is a tem-
perature determined as the maximum points of
the exothermic peaks of the first crystallization
temperature obtained at different heating ramps,
and n is the Avrami parameter. Accordingly, the
slope of the straight line, obtained from the plot of
In(—In(1 — ¢)) vs In(a), gives the n parameter.
Figure 3 shows the In(—In(1 — ¢)) vs the In(«)
plot of the pure and MWCNT-added samples. Ac-
cording to information in the literature, the n value
for diffusion-controlled growth in BSCCO glass—
ceramics is expected to be 1.5 < n < 2.5 [45, 49].

—n.
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TABLE II

Crystallographic parameters, hole concentrations, and EDS result of carbon in the samples prepared. Error in

EDS analysis is +0.01.

MWCNT Crystal parameter Crystalline Hole EDS result
addition [wt%)] a [A] c [A] size [A] content p for C [%]

0.0 5.402(5) 30.599(5) 232 0.201 0.0

1 5.402(5) 30.599(5) 233 0.205 >1

3 5.402(6) 30.600(5) 234 0.213 2.6

5 5.403(5) 30.605(5) 247 0.221 4.7

10 5.405(6) 30.609(5) 255 0.235 9.6

15 5.406(5) 30.614(5) 264 0.247 13.9
P pure However, starting from the addition level of 5 wt%,
5 —1% the carbon peaks began to appear at 20 = 25, 43,
= % and 53°, and their intensity increased with the ad-
E - 10% dition. However, the absence of any impurity phases
= T % —15% other than MWCNT, such as (SrCa)CuO or CuO,
2 e indicates that the produced glass—ceramic samples
E are single-phase BisSroCaCusOgys. Moreover, it is
g seen that samples produced have a uniform orien-
= tation along the c-axis, and it reaches its highest
A — value at the addition level of 5 wt%, but for higher
| addition levels such as 10 and 15 wt%, orientation
L 002) 006) hoos) Nwm) i"om oo 018 becomes weaker, the peak intensities started to de-

15 20 25 30 35

20[deg]

40 60 65

Fig. 4. XRD patterns of samples prepared. Insert
show 5 wt% MWCNT-added Glass material just af-
ter melting.

In our case, the n value for the produced samples
was found to be between 2.11 and 2.39 (Table I)
and agrees with the values obtained for various
BSCCO glass—ceramic samples prepared in previ-
ous studies done by different research groups [10-
13, 50]. Moreover, the result presented in this work
indicates that homogeneous nucleation is domi-
nant in the matrix, and, accordingly, the growth
of the crystal is diffusion-controlled, and most im-
portantly, nucleation and crystal growth occurred
simultaneously on the surface of the glass samples
produced.

3.2. Structural analysis

The X-ray diffraction patterns of the samples
prepared, including the BSCCO glass sample with
5 wt% MWCNT addition are shown in Fig. 4. As
seen in the insert in Fig. 4, a halo — the general
property of the glasses — was obtained at 26 ~ 30°.

This clearly shows that there is no 3-dimensional
arrangement in the matrix. For the crystalline ma-
terial, no trace of carbon peaks was obtained up to
the 5 wt% addition level. Also, no other impurity
peaks, such as Al;O3 due to the crucible used dur-
ing melting, were observed for all samples produced.
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crease, and more flattened peak structure was ob-
tained.

It was determined that the crystal symmetry of
the produced samples was tetragonal. For the pure
sample, the unit cell parameters were calculated as
a(= b) = 5.4022 A and ¢ = 30.5998 A. But as
seen in Table II, in the MWCNT-added samples,
the a(= b)-axis was almost remaining unaffected,
while the c-axis increased slightly with the addition
of MWCNT.

The appearance of carbon peaks as the MWCNT
concentration increases suggests that a certain por-
tion of MWCNTs remains unreacted in the BSCCO
matrix. However, it is thought that some of them
may react with Ca, Sr,or O atoms to form new
phases. Phases formed in this way, at the atomic
scale, cannot be detected by XRD and SEM, and
detailed transmission electron microscopy analysis
is required. However, it is thought that the limited
binding ability of C with Ca, Sr, and O atoms may
result in a distortion in the BSCCO structure, which
may result in a change along the c-axis.

We calculated the crystalline size of samples us-
ing the Scherrer method [51], which is given as

0.98
zcos(6)’ ®)
where S, is crystalline size, A the wavelengths of the
X-ray used, 6 the peak angle, and z is the broad-
ening of the XRD peaks. Calculations according to
(3) showed that the crystalline sizes increased from
232 to 264 A with the MWCN addition rate (see
Table IT). This means that the addition of MWC-
NTs can change the thermodynamic properties of

AS, =
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Fig. 5. (a) Pole position intensity of a) pure sam-

ple, (b) 5 wt% MWCNT-added sample as an exam-
ple, (c) ¢-scan curves of (0010) reflection lines of
pure sample, and (d) ¢-scan curves of (0010) reflec-
tion lines of 5 wt% MWCNT-added glass—ceramic
sample.

the structure and therefore has a positive effect on
crystal growth. Thus slightly larger crystals were
formed by the addition of MWCNTs.

We also determined the grain alignment of the
samples using X-ray pole figure data and ¢-scan
curves of (0010) reflection lines. Figure 5a and b
shows the pole position intensities of pure and
5 wt% MWCNT-added samples, respectively, and
Fig. 5¢ and d shows p-angles of the same samples as
an example. For both samples, four symmetrically
distributed poles around the center, which is charac-
teristic of tetragonal symmetry, have been obtained.

However, it was found that the pole density was
more pronounced in the 5 wt% MWCNT-added
sample than in the pure and/or other MWCNT-
added samples. At the addition of 10 wt%, it was
found that the pole density started to be distributed
randomly rather than in a regular way, and the ori-
entation was weakened accordingly. In the 15 wt%
MWCNT-added sample the pole density almost dis-
appeared. This indicates that the 5 wt% MWCNT-
added sample is highly textured, the c-axis is largely
perpendicular to the sample surface, and therefore
grain disorientations are very low.

The analysis of ¢-scan showed that the intensity
of the peaks of the 5 wt% MWCNT-added sample
was slightly higher than that of the other samples.
The full width at half maximum (FWHM) value is
2.82 for 5 wt% MWCNT-added and 3.14 for the
pure sample. FWHMs of other samples were found
to vary between 3.57 and 5.19, which clearly shows
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Fig. 6.

SEM images of (a) pure sample and (b)
1 wt% MWCNT-added, (c) 5 wt% MWCNT-added
and (d) 15 wt% MWCNT-added samples.

that the 5 wt% MWCNT-added sample has a good
in-plane alignment. This confirms the patterns ob-
tained from XRD results in Fig. 4.

3.3. Microstructural analysis

In Fig. 6a—d, SEM images of the pure and with
5, 10, and 15 wt% MWOCNT addition samples are
given as an example; a similar morphology was ob-
tained in other samples. In general, the surface mor-
phologies represent the classical BSCCO structure,
and it was observed that there was no significant
change with MWCNT addition. Also, no impuri-
ties and/or agglomerated MWCNT were observed
on the surface. This showed that MWCNTs are em-
bedded in the main BSCCO matrix and incorpo-
rated with the BSCCO material. However, a trans-
mission electron microscopy (TEM) study would be
essential to properly elucidate this issue.

The results of the EDS analyses of the samples
for MWCNT are given in Table II. In the analyses
made on the surface of the samples, after the sur-
face roughness was removed and polished, it was ob-
served that the carbon ratio in the matrix increased
as the MWCNT addition increased. This confirms
the result of the XRD analysis. In addition, analy-
ses performed at different locations for each sample
yield similar results, indicating that MWCNT is ho-
mogeneously dispersed in the matrix. In addition,
about 1.1% of Al,O3 contamination was obtained in
the samples due to the AloOgz crucible in the melt-
ing stage. However, this may be desirable because
it is well known that the Al,O3 supports glass for-
mation. These results remain within the error limit
(~2%) of the EDS system.

3.4. Resistivity analysis

Figure 7a—f shows the resistivity measurement re-
sult of samples pure and with 1, 3, 5, 10, and 15 wt%
MWCNT addition between 0 and 8 T applied fields.
The T, and T, values were increasing up to 5 wt%
of MWCNT addition in the sample, and a max-
imum result was obtained, but then started to
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TABLE III
Electrical and magnetic properties of glass—ceramic samples prepared at zero field. Error in measurements is
< 0.02.
MWOCNT additi Jras (A /cm? Jrans (A /cm?
addition Toneer [K] Tyero [K] AT [K] e [A/em®) ;i [A/cm?]
level [wt%)] at 4.2 K at 4.2 K
0.0 93.6 90.0 3.6 2.1 x 10° 1.9 x 10°
1 94.0 91.5 2.5 3.0 x 10° 2.0 x 10°
3 94.2 92.1 2.1 3.8 x 106 2.1 x 10°
5 94.4 92.8 1.6 4.1 x 10° 2.3 x 10°
10 92.7 89.9 2.8 0.9 x 10° 1.7 x 10°
15 91.9 87.8 4.1 0.2 x 10° 1.09 x 10°
45 ©]
4'o'ﬁ—pnre

——1%
39
3.04{——5%
——10%

254 ——15%

p [mQ.cm]
©
>
1

p [mQ.cm]

TIK]

(e)

p [mQ.cm]

(@)

——0T
4 ——2r
——dr

-— 6T
——3T

T
80

TIK]

90

T
95

100

Fig. 7. Resistivity measurement result of (a) all samples at zero field, (b) pure sample, (¢) 1 wt% MWCNT-
added, (d) 3 wt% MWCNT-added, (e) 5 wt% MWCNT-added, (f) 10 wt% MWCNT-added and (g) 15 wt%

MWCNT-added samples up to 8 T applied fields.
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decrease with the 10 and 15 wt% MWCNT ad-
dition. The best result obtained was 94.4 and
92.8 for, respectively, T, and T, for the 5 wt%
MWCNT-added sample. However, with additions
above 5 wt%, normal state resistance also started
to increase (by approximately 5%), and the Tcpo
value decreased significantly. This situation can be
seen clearly in the values AT (AT = Tonset — Tero)
given in Table III. It is thought that this situation is
probably due to the fact that the conduction paths
are significantly affected as a result of the disloca-
tions that occur due to the chemical interactions as
the MWCN ratio increases in the matrix.

In order to understand this situation more clearly,
we tried to calculate the hole numbers in the CuO
planes for all samples. To calculate the hole number
p, we used

T.
T (@
where T7"?* is taken as 90 K, which is a generally ac-
cepted value for the BisSroCaCusO, material, and
p is the number of holes for each Cu [52]. As a re-
sult of the calculations, it has been seen that the p
values were between 0.201 and 0.247 and increased
as the MWCNT addition was increased (see Ta-
ble II). It was previously calculated that the mean
p-value for the BSCCO system was between 0.16
and 0.116 for BipSroCasCusO,, between 0.22 and
0.16 for BiySroCaCus0,, and higher than 0.22 for
BipSroCuy Oy [6, 50, 53, 54]. In this work, for the low
MWCNT additions, such as the 1, 3, and 5 wt% ad-
dition cases, the p-value was found to be close to the
upper limit of the BisSroCaCus0O, system, but as
the addition rate increases, the upper limit of 0.22
is exceeded. Obviously, p is well known to vary with
oxygen content in the structure during the anneal-
ing stage and also with substitutions and/or addi-
tives. It is also known that p varies with the forma-
tion of stacking faults, particularly during the melt-
ing stage, where C atoms dissolve to produce new
atomic-sized impurity phases with Ca, Sr, or oxy-
gen [55]. It is considered that these atomic phases
may remain as staking faults, possibly in Cu—O lay-
ers within the BSCCO structure. Thus this kind of
formation plays an important role in the change of
p and may occur from an optimally doped region
to an over-doped state. This suggests a shift of the
hole concentration range from the optimally doped
region for BisSroCaCus O, to the over-doped region
of BisSroCu; Oy. As aresult, for high addition cases,
such as the 10 and 15 wt% MWOCNT levels, high
hole concentration can be possible in Cu—O planes,
and therefore superconductivity partly deteriorates.

=1-826 (p—0.16)°,

3.5. I-V measurement analysis

In Fig. 8a, the transport -V graph of all samples
prepared, taken at zero fields, and in Fig. 8b, of the
5 wt% MWCNT-added sample, which gives the best
result, examined between 0 and 8 T, are given. It
was found that as MWCNT addition was increased,
Jirans increased and reached the best value in the
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V[uV]

VuV]

Fig. 8. (a) Transport I-V graph of all samples
prepared, taken at zero fields, and (b) I-V graph
of 5% MWCNT added sample, as an example.

5 wt% added sample (see Fig. 8a). However, when
the addition increased further, the J"" value de-
creased significantly (see Table III). Under the mag-
netic field, the -V properties exhibited a behavior
very similar to the classical undoped BSCCO sys-
tem. The J'"S value systematically decreased as
the applied magnetic field increased but did not
drop completely to zero even at 8 T, as shown
in Fig. 8b for the 5 wt% MWCNT-added sample.
This situation is actually similar to the results
obtained in the resistivity-temperature measure-
ments. It is thought that this can be explained by
the damage in the conduction paths due to the
chemical pressure that formed as a result of the in-
crease in MWCNT concentration and also the oc-
currence of some atomic-sized disturbances, proba-
bly the emergence of new non-conductive phases as
a result of the reaction with MWCNT and BSCCO
material at high temperatures within in the matrix.

3.6. M—H measurement analysis

M—H measurement of samples was taken between
+8 T, and results obtained for the pure, 5, 10, and
15% MWCNT-added samples are given in Fig. 9, as
an example. It was observed that the magnetization
trends of the samples were similar and that there
was no large difference in the shape of the hysteresis
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Fig. 9. The M—H curves of pure, 5 wt% MWCNT-
added, 10 wt% MWCNT-added, and 15 wt%
MWCNT-added samples between +8 T applied
fields.
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Fig. 10. Results of J™*& and J*" measurement
vs MWCNT addition of the samples produced.

due to MWCNT addition, which indicates typical
granular HTS materials. However, the magnitude of
the magnetization increased by approximately 20%
in the 5 wt% MWCNT-added sample compared to
the pure one. However, a gradual decrease was ob-
served for the 10 and 15 wt% MWCNT-added sam-
ples. For the calculation of the magnetization criti-
cal current density (J™*8), we used the M—H curves
and the Bean formulation. Bean formulae for the
rectangular sample can be given as [55, 56]

ag 20AM
o=y (®)
a(l-35)
In (5), J™*& gives the critical current density

in ampere per square centimeter [A/cm?], and
AM = M™T — M~ is the difference in magnetiza-
tion in electromagnetic units per cubic centimeter
[emu/cm?], calculated from the positive and nega-
tive magnetization difference in the M—H curves.
In (5), a and b (a < b) are the cross-sectional size
of samples in centimeters. Calculated J?& values
for all samples at 4.2 K are given in Fig. 10 and
Table III. To minimize the error during analysis,

306

we ran 3 different measurements consecutively in
the same series of samples, and the average value
was then taken into account. The maximum value
for Jmae = 4.1 x 10° A/ecm? was calculated for the
5 wt% MWCNT-added sample as in the J**"S mea-
surements. It shows an increase of about 45% com-
pared to the pure sample. However, after a 5 wt%
addition, the J*#¢ value decreased dramatically due
to decreased magnetization in the M—H curves.
As a result, it was seen that even a small amount
of MWCNTs addition to the BSCCO material in-
creased J**® compared to the pure sample. It has
been evaluated that small-sized MWCNTs form
non-superconducting phases in the BSCCO matrix,
possibly in a point form, during heat treatment in
an oxygen atmosphere at high temperatures, and
they act as pinning centers up to a certain concen-
tration of doping, and accordingly, the J. value in-
creases. When the additive concentration increases
further, it is considered that these pinning centers
probably expand excessively and begin to lose their
trapping feature, and also, they take on the impu-
rity phase format, as seen in the XRD analyses, and
produce fractional barriers for superconducting cur-
rent, and then start to have an adverse effect on J..

4. Conclusions

In this study, the 0, 1, 3, 5, 10, and 15 wt%
MWCNT-added BisSroCaCusOgys glass—ceramic
superconductors were prepared. Thermal, physical,
electrical, and magnetic properties were character-
ized. It was found that the F, values slightly in-
creased by increasing the addition level. Also, based
on the DTA data, the Avrami parameter n was cal-
culated and found to be between 2.11 and 2.39.
This indicates that homogeneous nucleation is dom-
inant in the matrix, and accordingly, the growth
of the crystal is diffusion-controlled, and most im-
portantly, nucleation and crystal growth occurred
on the surface of the glass samples. XRD analyses
showed that all samples have tetragonal symmetry
and did not change with MWCNT addition, but
a small change in the c-axis is observed, which ap-
pears to cause an expansion in the cell volume of
the BSCCO structure.

Moreover, according to SEM analyses, no signif-
icant morphological change was obtained with the
addition.

The effect of MWCNT addition on the resistiv-
ity measurements was limited, and only a 2.8 K in-
crease in the T,.,., value was obtained for the best
sample. The hole concentration value of the sam-
ples was also calculated, and it was established that
there was a shift towards the over-doped region with
the increase in MWCNT concentration, which sup-
pressed the superconductivity in samples with high
MWCNT addition. The best J**" and J7% re-
sults were obtained in the 5 wt% MWCNT-added
sample. However, they decrease gradually in high-
addition cases. Consequently, at the beginning of
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this study, we expected that MWCNTs could form
pinning centers in the structure due to their very
small cylindrical structure. However, it has been
seen that this situation can be possible in the case
of non-superconducting cylindrical small dots by re-
acting with the oxygen or other atomic-scale impu-
rities in the BSCCO matrix during the heat treat-
ment at high temperatures up to a certain MWCNT
concentration. However, it is believed that pinpoint
high-resolution TEM imaging is required to confirm
this claim.
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