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ABSTRACT

RE3(Nd, Sm, Gd)Ba5Cu8Oy (RE358) superconducting ceramics were prepared by

a modified Melt-Powder-Melt-Growth (MPMG) technique. The structural

properties of samples were examined with bulk density, an X-Ray Diffrac-

tometer (XRD), a Polarized Optical Microscope (POM); their electrical properties

were investigated with a four-point probe method; their levitation properties

were measured with a closed-cycle cryostat levitation system. In the XRD

measurement, minor phases such as RE211 were detected along with the

superconductor phase. In the POM micrograph, it was observed that the Gd358

MPMG sample had fewer weak-link, bigger superconductor grains, smaller

RE211 particles, and lower pore. The best Tc
onset, Tc

offset, and DTc transition

temperatures under applied magnetic field were found in the Gd358 MPMG

sample from the electrical resistance measurement. The lowest b value obtained

from the activation energy was calculated as 0.23 for the Gd358 MPMG sample;

that is, this value is quite well compared to the literature. It was concluded from

the levitation measurement that the Gd358 MPMG sample had the maximum

Fz,R value at all temperatures. A strong correlation was determined between

temperature and a value estimated from Fz,R equation. It is hoped that the

Gd358 sample would be used in superconducting devices from the point of

view of technique and economics.
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GRAPHICAL ABSTRACT

Introduction

(RE: Nd, Sm, Gd)BCO ceramic family has been

studied intensively in science and technology since

the discovery of the high-temperature superconduc-

tor (HTSC) in 1987, and thus, it is demanded in the

industry as well. (RE)BCO family has a high carrying

capacity of electrical current in the strong magnetic

field due to large flux pinning [1]. Because the

microstructure of this family includes large grain,

both the levitation force (Fz) and the trapped field (Bp)

are high [2]. Applications such as magnetic separa-

tion, a magnetic drug delivery system, a desktop MRI

system, a wind turbine generator, and a motor for

ship propulsion make bulk (RE)BCO superconduc-

tors desirable owing to lower volume, less weight,

and lower running cost [3]. Furthermore, high Fz
values of these superconductors open up an oppor-

tunity for a wide range of applications: MagLev train,

frictionless magnetic bearing, hysteresis motor, gen-

erator, a flywheel energy storage system, permanent

magnet, and so on [4].

The fabrication of Y-based HTSC is easier in com-

parison with Bi-, Tl-, and Hg-based HTSC. In addi-

tion, a distinguishable advantage of Y-based HTSC is

that large domain crystals can be grown by melt-

texturing techniques providing good microstructural

and electrical properties [5]. Critical (transition)

temperature (Tc) is a significant superconductivity

property in terms of technology. Up to the present, Tc

values determined for the YBCO family are approx-

imately 92 K for Y123 compound/sample [6], 80 K

for Y124 sample [7], 40 K for Y247 sample [8], and

102 K for Y358 sample [9]. Here, the Y358 sample

which is above liquid nitrogen temperature (77 K)

and has the highest Tc value draws attention in

practice from the point of view of economics.

Topal et al. [10] published that the resistivity ver-

sus temperature (q–T) measurements showed the

Tc
onset as 97.5, 97, and 95 K for the Y358, Sm358, and

Nd358 samples, respectively. The first two Tc
onset

values are larger than the largest value measured for

the (RE)BCO family. In addition, Tc
offset value is *

70 K for Y358 sample, * 80 K for Sm358 sample,

and\ 50 K for Nd358 sample under loHa = 1000 mT

of the applied magnetic field. More clearly, Sm358

sample is more durable against the magnetic field.

Aliabadi et al. [11] reported that Tc
onset value for

Gd358 sample was 97 K and this value was higher

than the value of Gd123 sample. Besides, b value

(power factor in activation energy (U0)) under the

magnetic field applied between Ha = 1–15 kOe was

calculated as 0.41 for the Gd358 sample and 0.60 for
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the Y358 sample. In other words, the sensitivity of the

Gd358 sample to the magnetic field is less than the

Y358 sample.

Rekaby et al. [12] determined that the Tc values of

Y3-xNdxBa5-xCaxCu8O18 sample deteriorated by

substituting from x = 0.0 to 0.4, but the critical cur-

rent density at the zero temperature (Jc (0)) calculated

from U0 for loHa = 0.00–4.44 kG improved with the

increase of x. This improvement was attributed to the

lattice defects which intensify the flux pinning.

Kutuk et al. [13] declared that Y358 sample reveals

a rise of 10 K for Tc
offset and a narrowing of 41 K for

DTc (broadening of the resistance transition) at loHa-

= 5 T in comparison with the Y123 sample. Fur-

thermore, the temperature equivalent to the

irreversibility field of the Y358 sample (loHirr (T)) and

also the temperature equivalent to the upper critical

field (loHc2 (T)) are 41 K and 2 K higher than the

Y123 sample, in turn.

Bolat and Kutuk [14] investigated that under the

zero-field-cooled (ZFC) regime at 77 K, the repulsive

levitation force (Fz,R) of the Y358 sample was 71%

more than Y123 sample and also the attractive levi-

tation force (Fz,A) was 51% higher than the Y123

sample. Similarly, under the field-cooled (FC) regime,

the Fz,A value of the Y358 sample was 45% more than

the Y123 sample and the Fz,R value was 64% better

than the Y123 sample.

Although there have been many studies since 2009

on the structural, electrical, and levitation properties

of Y358 samples, there are few studies on Nd358,

Sm358, and Gd358 (RE358) samples. Therefore, the

aim of this study was to analyze the levitation

properties of RE358 samples in addition to the

structural and electrical properties.

Materials and methods

Production of materials

Nd2O3 (99.9%, Aldrich), Sm2O3 (99.99%, Sigma-

Aldrich), Gd2O3 (99.99%, Alfa-Aesar), BaCO3

(99.999%, Aldrich) and CuO (99.99%, Aldrich) pow-

ders with high purity weighed in an atomic ratio of

3:5:8 on an electronic balance of 0.1 mg precision.

These powders were first mixed by hand in agate and

then by a high-energy planetary ball mill (Retsch,

PM100). The milling process was carried out simply

using a 250 ml zirconia vial, three zirconia balls of

20 mm size and 25 g mass, a rotation speed of

400 rpm, a milling time of 30 min, a break of 3 min

after every 15 min, and a ball-to-powder weight ratio

(BPR) of * 2:1. The mixed powders were placed in

an alumina crucible and calcined in a chamber fur-

nace (Lenton, Eurotherm 818 Controller / Program-

mer) for 12 h at 840 8C. The powders were

thoroughly mixed again in the mill for homogeneity

and then calcined a second time.

Quenching procedure was performed on the cal-

cined powders as given in another study [15]. The

quenched powder/the molten material was pulver-

ized by grinding in the ball mill to obtain both a

smaller-sized powder and a more homogeneous

powder (Melt-Powder stage). The milling process

was fulfilled simply by a 250 ml zirconia vial, three

zirconia balls of 20 mm size and 25 g mass, a rotation

speed of 400 rpm, a milling time of 90 min, a break of

3 min after every 15 min, and a BPR of * 3:1. Then

milled powder was pressed into 4 g under a pressure

of 300 MPa using a 13 mm cylinder geometry mold

[13].

Pellet samples were sintered for the Melt-Growth

stage in air atmosphere in a tube furnace (Lenton,

Eurotherm 818 Controller/Programmer) as seen in

Figure 1 after onset values of peritectic temperature

(Tp
onset) were determined from the Differential

Thermal Analysis (DTA) measurement in order to

obtain a better crystal.

All sintered samples were annealed simultane-

ously in the oxygen atmosphere as represented in

another study [13]. Finally, bulk RE3(Nd, Sm,

Gd)Ba5Cu8Oy ceramic samples were produced using

the modified Melt-Powder-Melt-Growth (MPMG)

technique. This technique was preferred in the

melting techniques for the purpose of identification

the typical characteristics of RE358 samples, which

are not well known, because of fact that the produc-

tion cost is low and production time is short.

Measurements

The thermal phase transitions of the quenched pow-

ders before the sintering process were deduced from

a DTA device (SII (Seiko Inst. Inc.), Exstar 6300). The

20 mg powder was placed in the device in a platinum

crucible. The mass precision was 0.01 lg and the

reference powder was Al2O3. Measurements were

taken in dry air at a speed of 10 �C/min and a tem-

perature range from 20 to 1300 �C.
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The bulk densities (qs) of all samples/HTSCs were

obtained from a densitometer based on Archimedes’

principle. The test apparatus consists of a low vis-

cosity diethyl phthalate (C12H14O4) liquid with a

density (ql) of 1.122 g/cm3 at 20 �C and a digitally

controlled microbalance (Sartorius, BP 110 S) with a

precision of 0.1 mg. The cylindrical samples in the

original volume of about p62 9 6 mm3 were first

weighed in the air environment (ma) and then

weighed in the liquid environment (ml) at 30 s after

being thrown into the liquid. The density of the

sample was estimated from Eq. (1).

qs ¼ qlma= ma �mlð Þ ð1Þ

Phase compositions (main phase, secondary pha-

ses) and crystal structures ((hkl) planes, lattice

parameters) of the samples were analyzed by a

powder X-Ray Diffractometer (XRD; Rikagu, D/Max

III). The samples in the original volume were placed

vertically in the diffractometer and the operating

conditions were adjusted to a voltage of 40 kV, a

current of 30 mA, scanning range of 208 B 2h B 808, a
step width of 0.058, and a speed of 38/min. In addi-

tion, measurements were fulfilled from the top sur-

face of the samples under air atmosphere at room

temperature using CuKa X-ray with a wavelength of

1.5418 Å.

The morphological properties of the samples in the

original volume such as grain size, distribution, and

orientation, grain boundary, secondary phases, pore,

and macro-crack were observed via Polarized Optical

Microscope (POM; Nikon, ECLIPSE ME600). After

the sanding process was performed to correct the

smoothness on the top surface of the samples,

polishing was carried out with diamond powders of

23, 10 and 1 lm, respectively. After this process,

micrographs were taken from the top surface of the

sample at magnifications of 9 320 and 9 640.

The low-temperature DC electrical properties of

the samples under the external magnetic field such as

Tc, DTc, U0, loHirr, loHc2 values were examined by a

computer-controlled closed-cycle cryostat system.

This system contains a liquid helium superconduct-

ing coil magnet device (CRYO Industries of America),

a programmable current source (Keithley, model

220), and a nano voltmeter (Keithley, model 2182A).

The samples were cut into a rectangular prism,

approximately 3 9 8 9 2 mm3 for measurement in

the cryostat. The measurement was carried out with a

four-point probe method and here, a silver paste was

used in order to minimize the resistance. Further-

more, the data were transferred into a computer

environment at a temperature range from 5 to 150 K

under the ZFC regime, a stable DC of 5 mA, and a

stable DC magnetic field of 0; 0.25; 0.50; 1; 5 T.

The levitation properties of the samples in the

original volume were investigated by a computer-

controlled device consisting of a combination of

closed-cycle cryostat and levitation force systems.

Detailed information is available in another study

[16]. After the samples were cooled to 33 K, 50 K, and

77 K, their levitation forces were measured in the

ZFC regime.

Figure 1 Schematic diagram

of the sintering process. M, G,

and Tp
onset indicate Melt,

Growth, and onset of peritectic

temperature, in turn.
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Results and discussion

Thermal analysis

Figure 2a, b, and c, respectively, show the DTA

curves of Nd358 MP (Melt-Powder), Sm358 MP, and

Gd358 MP quenched powders. Exothermic peaks in

the range of 200 8C to 550 8C indicate the oxygen

absorption temperature. Also, endothermic peaks in

the range of 650 8C to 1200 8C refer to decomposition

and/or formation temperatures. From these results,

the melting temperature and crystal growth temper-

ature values in the sintering process, as well as the

temperature values in the oxygenation process were

determined. The Tp
onset values of DTA curves were

found out as 1069 8C for Nd358 MP, 1058 8C for

Sm358 MP, and 10268C for Gd358 MP. These values

coincided well with Tp values of 1090 8C for Nd, 1060

8C for Sm, and 1030 8C for Gd in another study [17].

In the sintering process, the constant temperature

of Tp
onset ? 75 8C (RE2BaCuO5 (RE211) solid

phase ? Liquid phase, based on the phase diagram

reported in the first MPMG technique [18]) for melt-

ing and the temperature range from Tp
onset to Tp

onset

- 30 �C (RE358 solid phase ? Liquid phase) for

crystal growth were chosen for systematicity. In

addition, a similar sintering process was previously

carried out at 1130 �C for melting and 990 �C for

crystal growth to produce the modified Y358 MPMG

sample, which has large superconducting grains and

high levitation force [14].

Structural analysis

Figure 3 demonstrates the bulk density and porosity

of all samples. Bulk densities for Nd358, Sm358, and

Gd358 MPMG samples were measured as 6.06, 6.16,

and 6.44 g.cm-3, in turn. Since the theoretical densi-

ties of Nd123, Sm123, and Gd123 compounds are,

(a)

(b)

(c)

Figure 2 DTA curves of a Nd358 MP, b Sm358 MP, and

c Gd358 MP quenched powders. MP, O, and P denote Melt-

Powder, Oxygen, and Peritectic, respectively.

Figure 3 Buk densities (left side) and porosities (right side) of all

samples.
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respectively, 6.96 [19], 6.87 [20], and 6.92 [21] g.cm-3,

the porosity values were calculated as 13.00%,

10.34%, and 6.87% (right side of Figure 3). These

results comply with the porous structure of bulk

superconductor and denote that the sample with the

minimum amount of pore in the structure is Gd358

MPMG.

The XRD patterns of all samples are shown in

Figure 4. It was determined that the main phase

indicated by Miller indices/(hkl) planes was the

superconducting phase. The peaks of the highest

intensity for the samples are (110) and (018), and also

these peaks accord with the literature [9, 22]. The

twin peaks (218) and (128) observed in the Gd358

MPMG sample at 58� are in agreement with the peaks

determined by Aliabadi et al. [9]. The crystal struc-

ture of the Gd358 MPMG sample is orthorhombic

because this is similar to twin peaks (123) and (213) of

the RE123 orthorhombic structure observed at 58�
[23]. Furthermore, the RE211, Ba–Cu–O, Cu–O

impurity phases, and unknown phase demonstrated

with different symbols were identified. Although the

impurity phases appeared in all samples, their ratios

were found to be different. In other words, the Ba–

Cu–O phase was mostly in the Nd358 and SmMPMG

samples (Figure 4a, b), whereas the RE211 phase was

mainly in the Gd358 MPMG sample (Figure 4c).

However, since the impurity phases are not domi-

nant compared to the superconducting phase, it can

be understood that the superconducting forming

ratio is quite large [24]. The XRD patterns obtained by

Rekaby et al. [12], Ghahramani et al. [25], and

Shoushtari et al. [26] are similar to the XRD patterns

in Figure 4. Rekaby et al. [12] calculated the relative

volume fraction percentages of the Y358 supercon-

ducting phase as high (from 92 to 84%) and the rel-

ative volume fraction percentages of the other phases

as low (from 8 to 16%). As a result, they found that as

the percentages of the other phases increased, the

Tc
offset value decreased, whereas both U0 and calcu-

lated Jc (0) values improved. Ghahramani et al. [25]

determined that with a small increase in the intensity

of the minor Y211 phase, the Tc
offset value was

reduced, while the differentiation of resistivity value

increased. Shoushtari et al. [26] made Ag additives (1

and 2 wt.%) with different particle sizes (30, 700, and

1000 nm) to the Y358 sample with minor secondary

phases, and they estimated that the relative volume

(c)

(b)

(a)

Figure 4 XRD patterns for

a Nd358, b Sm358, and

c Gd358 MPMG samples.

(hkl) and symbols represent,

respectively, superconducting

and non-superconducting

phases. The inset figure is for

low intensity.
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fraction percentage of the Y358 phase in the super-

conducting phases (from 62% to 78%) increased with

the 700 nm Ag additives. Thus, they decided that the

pores in the microstructure diminished and also both

Tc
offset and transport Jc (0) values enhanced.

The (hkl) value and the interplanar spacing

obtained from the diffraction pattern were estimated

using a computer program including the least square

method, and besides the lattice parameters, volumes

and orthorhombicities of the samples were calculated

as listed in Table 1. All samples have orthorhombic

lattice system. The c-parameter gradually decreased

for Nd358, Sm358, and Gd358 MPMG samples, in

turn. This can be attributed to the ionic radii of the

samples rNdþ3 ¼ 1:109 Å; rSmþ3 ¼ 1:079 Å; rGdþ3 ¼
1:053 Å (coordination number: 8) [17]. Orthorhom-

bicity was estimated from the D ¼ a� bj j= aþ bð Þ �
100 formula. The orthorhombicity is the best in the

Gd358 MPMG sample with 1.20% and the worst in

the Nd358 MPMG sample with 0.56%. From this data,

it was concluded that the Nd358 MPMG sample was

closer to the tetragonal structure and its value of

0.56% was less than the value of 0.85% estimated by

Aliabadi et al. [9].

A relationship between the c-parameter and the

oxygen content (y) [27] was developed as the formula

y=3 ¼ 75:250� 5:856c=2:663 for RE358 samples. The

coefficient of 2.663 here is the ratio of c-parameters

calculated by Bolat and Kutuk [14] from the XRD

pattern for Y358 and Y123 MPMG samples; that is, it

is 31.089 Å/11.675 Å. As can be seen from Table 1,

the y/3 values of Nd358, Sm358, and Gd358 MPMG

samples are accordant with the literature [28]. The y/3

of the Gd358 MPMG sample is 6.74 higher than the

others. It is well known that the crystal structure is

orthorhombic if y/3 is equivalent to 6.5–7.0, and also

the orthorhombicity increases as the y/3 value

approaches to 7.0, thus increasing the Tc
offset value

[27].

Figure 5a, b, and c, respectively, display the POM

micrographs of Nd358, Sm358, and Gd358 MPMG

samples. Superconducting grains (crystals) were

generally larger than 100 lm in all samples.

Nevertheless, the Sm358 MPMG sample (Figure 5b)

demonstrated locally large grains and small grains.

While weak-link between the grains was the most in

the Nd358 MPMG sample (Figure 5a), large grains

were the highest in the Gd358 MPMG sample (Fig-

ure 5c). In light of this data, it is realized that the

superconductivity of Gd358 MPMG sample is good

[29]. Additionally, the presence of superconducting

grains in different colors arises from the different

crystal orientations [24]; that is, the sample is

polycrystalline.

In the structure, non-superconducting (secondary)

green phase (RE211), barium-rich phase (Ba–r), pore

(P), and macro-crack (MAC) were observed. Gd358

MPMG sample has the most RE211 phase. The Gd211

phase is homogeneously distributed throughout the

sample, with a size of less than 5 lm, particularly

agglomerated in grain boundaries and pores (the

inset of Figure 5c). It is clear that such RE211

phase/particles increase not only the Jc value [30] but

also the Fz value [31].

The Nd358 MPMG sample has the most Ba-r phase,

P, and the weak-link, whereas the Gd358 MPMG

sample has the least. The Ba-r phase observed in the

Nd358 MPMG sample and the Gd211 phase observed

in the Gd358 MPMG sample confirm XRD measure-

ments. If the weak-link, P, and MAC are low, bulk

density becomes high. Therefore, this result complies

with bulk density and porosity results. According to

a previous study [32], these findings point out that

the Jc and Tc values of the Gd358 MPMG sample

would be high.

Electrical analysis

Electrical resistance measurements (R-T) of the sam-

ples under the applied magnetic field (loHa) are given

in Figure 6 and also their Tc values are given in

Table 2.

When the samples were examined, the highest

Tc
onset = 97.98 K, the largest Tc

offset = 90.44 K, and

the narrowest DTc (Tc
onset–Tc

offset) = 7.54 K in the

absence of magnetic field (0 T) were in the Gd358

Table 1 Lattice parameters of

the samples Sample a (Å) b (Å) c (Å) V (Å3) Orthorhombicity (%) Oxygen content

Nd358 MPMG 3.8683 3.8250 31.1917 461.52 0.56 6.66

Sm358 MPMG 3.9208 3.8512 31.1665 470.61 0.90 6.71

Gd358 MPMG 3.9263 3.8334 31.1548 468.91 1.20 6.74
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MPMG sample. On the other hand, the highest

Tc
onset = 97.19 K, the largest Tc

offset = 86.34 K, and

the narrowest DTc = 10.85 K in the presence of the

maximum magnetic field (5 T) were again in the

Gd358 MPMG sample. In contrast, the lowest

Tc
onset = 96.16 K, the smallest Tc

offset = 29.05 K, and

the widest DTc = 67.11 K at 0 T were in the sample

(c)

(b)

(a)

Figure 5 POM micrographs under 9 320 magnification for

a Nd358, b Sm358, and c Gd358 MPMG samples. The inset

figures are 9 640 magnification. RE211, Ba-r, P, and MAC

express green phase, barium-rich phase, pore, and macro-crack, in

turn.

(c)

(b)

(a)

Figure 6 Temperature dependence of resistance at different

magnetic fields for a Nd358, b Sm358, and c Gd358 MPMG

samples.
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Nd358 MPMG. On the other hand, the lowest

Tc
onset = 95.55 K, the smallest Tc

offset = 15.11 K, and

the widest DTc = 80.44 K at 5 T were again in the

Nd358 MPMG sample. Based on these findings, the

best quality sample was Gd358 MPMG, while the

worst sample was Nd358 MPMG. The results

obtained from the electrical measurements and the

structural properties comply with very well each

other. Therefore, it can be inferred that the use of

Gd358 MPMG superconducting material is remark-

able in engineering applications.

The poor Tc values of the Nd358 MPMG sample

were due to the fact that the production technique of

all samples was chosen the same for comparison.

However, if a reduced oxygen atmosphere was used

in the sintering process, the Nd and Ba elements

would be present in the sites where they should be,

so that it would be possible to obtain high Tc
offset [33].

Topal et al. [10] declared that the transport temper-

atures of the Nd358 sample prepared by the solid-

state reaction (SSR) technique are Tc
onset = 95 K and

Tc
offset\ 50 K at 1 T. Besides, Rekaby et al. [12]

reported that the Tc (the maximum of dq(T)/dT) of

the Y3-xNdxBa5-xCaxCu8O18 sample prepared by the

SSR technique decreased to 85 K for x = 0.4. Thus, the

literature results agree with the results of this study.

The two-step state, where the first step was

attributed to the intra-grain region and the second

step was ascribed to the inter-grain region [34],

observed in the transition from the normal state to the

superconducting state when the field was applied

was not ascertained in these samples. This is because

the MPMG technique is more resistant to the mag-

netic field than the conventional SSR technique

[13, 15]. Since larger textured RE123 grains, smaller

size and homogeneously distributed RE211 particles,

and fewer weak-links can be attained thanks to the

peritectic reaction described as the RE211 ? Liq-

uid ? RE123 of the MPMG technique, the flux pin-

ning force (FP) get stronger [18]. Furthermore, these

interpretations also explain that the Gd358 MPMG

sample has better Tc values than the other two sam-

ples. Aliabadi et al. stated that the Tc
onset is 97 K and

DTc is 3 K for a Gd358 compound, and these values

are better than those of the Gd123 compound. Their

findings support the findings of this study. The Tc-
offset value found by Aliabadi et al. [11] was approx-

imately 77 K at 2 kOe and about 73 K at 15 kOe,

whereas the Tc
offset value measured in this study was

approximately 90 K at 0.25 T (&2.5 kOe) and about

86 K at 5 T. In other words, it was concluded that the

Tc
offset value of this study was less sensitive to the

magnetic field owing to the production process.

The increment difference between DTc and DTc
mid

with increasing magnetic field means that the inter-

granular region (Josephson junctions) is affected

more by the field. Likewise, it was determined that

Tc
onset value diminished slightly but Tc

offset value

decreased significantly by increasing the field. In this

way, DTc was found to be expanding. This situation is

clarified by the Thermally-Activated Flux-Creep

(TAFC) model [11, 35].

Table 2 Critical temperatures

of the samples under varying

magnetic fields

Sample Temperature (K) Applied magnetic field (l0Ha)

0 T 0.25 T 0.5 T 1 T 5 T

Nd358 MPMG Tc
onset 96.16 95.90 95.86 95.71 95.55

Tc
mid (50% R) 66.94 66.52 66.16 65.65 62.21

Tc
offset 29.05 27.01 25.72 23.02 15.11

DTc
mid 29.22 29.38 29.70 30.06 33.34

DTc 67.11 68.89 70.14 72.69 80.44

Sm358 MPMG Tc
onset 97.51 97.30 96.98 96.70 96.26

Tc
mid (50% R) 92.79 92.20 91.85 91.09 88.01

Tc
offset 80.89 79.79 79.24 78.40 72.42

DTc
mid 4.72 5.10 5.13 5.61 8.25

DTc 16.62 17.51 17.74 18.30 23.84

Gd358 MPMG Tc
onset 97.98 97.79 97.66 97.43 97.19

Tc
mid (50% R) 96.90 96.42 96.07 95.39 94.53

Tc
offset 90.44 90.02 89.71 88.91 86.34

DTc
mid 1.08 1.37 1.59 2.04 2.66

DTc 7.54 7.77 7.95 8.52 10.85
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The temperatures corresponding to the loHirr and

loHc2 fields were calculated by the R-T graph under

loHa taking into account Eqs. (2 and 3) [36–38].

R l0Hirrð Þ ¼ 0:1Rn; for the l0Hirr Tð Þ ð2Þ

R l0Hc2ð Þ ¼ 0:9Rn; for the l0Hc2 Tð Þ ð3Þ

Here, l0 represents the permeability of free space

and Rn represents the normal state resistance.

The temperatures corresponding to the irreversible

and upper critical fields of all samples are listed in

Table 3. When Hirr values are compared, the Gd358

MPMG sample has the highest temperatures which

are 93.20 K at 0 T and 89.33 K at 5 T; on the other

hand, the Nd358 MPMG sample has the lowest

temperatures which are 41.92 K at 0 T and 32.14 K at

5 T. These findings imply that pinning ability in the

inter-grain region of Gd358 MPMG sample is supe-

rior to the others [38]. In addition, the Hirr value at

5 T calculated for the Gd358 MPMG sample is 8.92 K

better than the Hirr value calculated by Kutuk et al.

[13] for the Y358 SSR sample. This remarkable

improvement stems from probably two cases. The

first case is the formation of larger superconducting

grains and smaller RE211 particles in samples pro-

duced by Melt-Growth techniques [15, 29]. The sec-

ond case is bigger Bp depending on stronger FP in the

GdBCO sample [3, 39].

When the Hc2 values are analyzed, the maximum

and minimum temperatures at 0 T are Gd358 MPMG

sample with 97.44 K and Nd358 MPMG sample with

85.58 K, respectively. Similarly, the maximum and

minimum temperatures at 5 T are Gd358 MPMG

sample with 96.40 K and Nd358 MPMG sample with

83.94 K, in turn. In light of these findings, it was

concluded that the Nd358 MPMG sample not only

had poor pinning ability but also poor supercon-

ductivity in the intra-grain region. Furthermore, the

Hc2 value at 5 T calculated for the Gd358 MPMG

sample is 2.05 K higher than the Hc2 value calculated

by Kutuk et al. [13] for the Y358 SSR sample.

Flux pinning activation energy (U0) was estimated

from the R-T graph. Resistance data were normalized

to 0 T, 100 K (q0), and its natural logarithm was cal-

culated (ln(q/q0)). Using the graph of ln(q/q0) versus
the reverse of temperature (T-1), the U0 value was

estimated from Eq. (4), the Arrhenius law [35, 40].

q T;Hð Þ ¼ q0 exp �U0 Hað Þ=kBTð Þ ð4Þ

Here, U0(Ha) is the activation energy required for

TAFC and kB is the Boltzmann constant.

Arrhenius plots of the samples under different

magnetic fields are shown in Figure 7. The descend-

ing linear part for the low resistivity region on this

plot represents TAFC. As Ha increased for all sam-

ples, the slope of these linear plots decreased.

Besides, the sample with the highest slope was Sm358

MPMG (Figure 7b), whereas the sample with the least

slope was Nd358 MPMG (Figure 7a).

The variation of the activation energy of the sam-

ples to the magnetic field is depicted in Figure 8 and

their values are tabulated in Table 4. Firstly, it was

determined that activation energy diminished expo-

nentially with increasing magnetic field (Figure 8a),

namely it diminished linearly for the log–log graph

(Figure 8b). Secondly, the activation energy of the

Nd358 MPMG sample was found to be smaller than

the others. The possible reason for this is that the

TAFC of the Nd358 MPMG sample was easier and

therefore the FP value was lower [35]. It is obvious

that excess porosity, misorientation of the grains, and

weak-links reduce flux pinning energy [41]. More-

over, results of bulk density, XRD, and POM in this

study support these evaluations.

After the fitted curve was drawn according to the

experimental data (Figure 8b), the minimum value of

b was obtained as 0.23 for the Gd358 MPMG sample

(Table 4). Consequentially, the b value in this study

Table 3 Temperature values

corresponding to irreversibility

and upper magnetic fields of

the samples

Sample l0Ha

0 T 0.25 T 0.5 T 1 T 5 T

T(K), l0Hirr Nd358 MPMG 41.92 41.09 40.47 39.52 32.14

Sm358 MPMG 84.87 84.12 83.72 82.92 78.76

Gd358 MPMG 93.20 92.61 92.13 91.29 89.33

T(K), l0Hc2 Nd358 MPMG 85.58 85.33 84.96 84.53 83.94

Sm358 MPMG 96.25 95.92 95.66 94.99 92.94

Gd358 MPMG 97.44 97.28 97.11 96.64 96.40
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was better than 0.60 for a Gd123 SSR sample and 0.41

for a Gd358 SSR sample in a previous study [11].

Considering the power-law relation U0 ? H-b, the

small b value means that the pinning energy is

higher, or a sample has less sensitivity to the

magnetic field. The reason for the low b value in this

study is most likely due to the production process.

Levitation analysis

The shape of the calibrated Nd-Fe-B permanent

magnet (PM) used in the apparatus and the axial

magnetic field (Bz) as a function of the vertical dis-

tance (z) are illustrated in Figure 9. For this study, the

minimum distance (zmin) between the bottom surface

of the HTSC and the top surface of the PM was 6 mm,

and the corresponding magnetic field (Bz=6 mm) was

3392 G.

In order to make a better comparison between the

measurements, the mathematical relationship

between Fz and z should be scrutinized. In this con-

text, it is possible to divide Fz into two parts, Fz,R and

(a)

(b)

(c)

Figure 7 The Arrhenius plots of the normalized resistivity at

different magnetic fields for a Nd358, b Sm358, and c Gd358

MPMG samples. The activation energy was estimated from the

slopes of the linear parts of the low resistivity region.

(a)

(b)

Figure 8 Changes of activation energy with the applied field of

the samples: a linear graph and b logarithmic graph.
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Fz,A. In the levitation force, the empirical equation of

Fz,R (Eq. 5) was used to find the exact value of the

maximum [42], and the force at zmin = 6 mm was

calculated by a program.

Fz;R ¼ F0 exp �azð Þ ð5Þ

Here, F0 symbolizes the force at z = 0 mm and a is

a constant representing the measure of the interaction

between HTSC and PM.

To analyze the levitation force measurement,

Eq. (6) is important:

Fz ¼ MV dB=dzð Þ; M ¼ rJcA ð6Þ

Here, M is the magnetization, V is the volume of

HTSC, dB/dz is the gradient of PM, r is the radius of

the shielding current loop formed in the HTSC, and

A is a constant dependent on the geometry of the

HTSC [18, 43].

Figure 10a shows the variation of the levitation

force against the vertical distance at 33 K of all sam-

ples. Among the samples, the largest Fz,R value

belongs to Gd358 MPMG with 3449 mN, while the

smallest Fz,R value belongs to Nd358 MPMG with 274

mN (Table 5). The high Fz,R value can be attributed to

the large superconducting grains of the Gd358

sample, and almost no weak-link taking into account

the structural property results. Because in such a

case, the value of r is large, and therefore Fz,R value

ascends according to Eq. (6) [31]. Similarly, the

highest Fz,A value belongs to Nd358 MPMG with -277

mN, whereas the lowest Fz,A value belongs to Sm358

MPMG with - 29 mN. It is known that the greater

Table 4 Activation energy

and b values of the samples

under varying magnetic fields

Sample U0 (eV), l0Ha b

0 T 0.25 T 0.5 T 1 T 5 T

Nd358 MPMG 0.0124 0.0064 0.0035 0.0014 0.0003 0.99

Sm358 MPMG 0.3540 0.2783 0.2420 0.1965 0.1291 0.27

Gd358 MPMG 0.2042 0.1848 0.1670 0.1410 0.1020 0.23

Figure 9 The curve of a calibrated Nd–Fe–B magnet having an

axial magnetic field.

(a)

(b)

(c)

Figure 10 Variations of levitation force versus vertical distance at

a 33 K, b 50 K, and c 77 K. 1 and 2 symbolize moving toward

HTSC and moving away from HTSC, in turn.
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the magnetic field entrapped by a superconducting

sample is, the greater the Fz,A value is [29]. Based on

this finding, it can be said that the magnetic field

trapped by the Nd358 sample is greater. Moreover, in

another study [12] it was stated that Jc improved by

substituting Nd for Y for a RE358 SSR, and that the

possible reason for this was lattice defects that

enhance the flux pinning. Accordingly, it was

believed that the Fz,A value of Nd358 MPMG sample

was high since it had the defects such as weak-link,

porosity, and impurity phases observed in the POM

micrograph (Figure 5a) and also the defects such as

oxygen deficiency that causes low orthorhombicity

(Table 1) calculated from the XRD pattern.

The variation of the levitation force of the samples

versus the vertical distance at 50 K is displayed in

Figure 10b. Although the maximum Fz,R value

belongs to the Gd358 MPMG sample with 2301 mN,

the minimum Fz,R value belongs to the Nd358 MPMG

sample with 51 mN (Table 5). Likewise, while the

largest Fz,A value belongs to the samples of Nd358

and Sm358 MPMG with -85 mN, the smallest Fz,A
value belongs to the Gd358 MPMG sample with -63

mN.

The variation of the levitation force of the samples

with the vertical distance at 77 K is pictured in Fig-

ure 10c. Levitation force of the Nd358 MPMG sample

was determined to be absent. This can be because the

Tc
offset value (Figure 6a) obtained from the R-T graph

is less than 77 K. Apart from the sample Nd358

MPMG, the sample with a maximum Fz,R value of 596

mN is Gd358 MPMG, whereas the sample with a

minimum Fz,R value of 48 mN is Sm358 MPMG

(Table 5). The Fz,R of the Gd358 MPMG sample in this

study is bigger than 170 mN measured for the Y358

MPMG sample in another study [14]. One reason for

this is the presence of Gd211 particles detected in the

POM micrograph as shown in the inset of Figure 5c

[44]. Similarly, the sample with the highest Fz,A value

was Gd358 MPMG with -109 mN, while the sample

with the lowest Fz,A value was - 25 mN and Sm358

MPMG.

It was deduced that the maximum value of Fz,R
increased gradually with 77 K, 50 K, and 33 K tem-

peratures, and besides the sample with the best val-

ues was Gd358 MPMG. By virtue of the fact that the a
value given in Table 5 increased with reducing tem-

perature, it was concluded that there was an expo-

nentially proportional relationship between Fz,R and

temperature. It is obvious that the Jc of a supercon-

ducting sample enhances exponentially as the tem-

perature decreases [45]. Hence, Fz,R which is

proportional to Jc, is expected to ascend with regard

to Eq. (6).

It was comprehended that the relationship between

the maximum value of Fz,A and 77 K, 50 K, 33 K

temperatures differed in accordance with sample.

With reducing temperature, the Fz,A value increases

for Nd358 MPMG, decreases gradually for the Gd358

MPMG, and fluctuates for Sm358 MPMG. Usually,

Fz,A is known to be caused by flux pinning, in other

words, by trapping of the applied magnetic field

[46–48]. Based on this, it can be stated that the

effective mechanisms for flux pinning might be in

different types in accordance with the sample or

production technique and might also have a different

attitude in terms of the measurement temperature.

The attitude for Gd358 MPMG can be originated in

both the increase of Jc and the decrease of Bean

penetration depth d = H/Jc (H, the tangential com-

ponent of the magnetic field on the HTSC surface)

[49].

The detailed levitation analysis of the Gd358

MPMG, which stands out among the samples, is

shown in Figure 11. As the temperature of the sample

decreases, the Fz,R value enhances, and especially the

enhancement between 77 and 50 K is higher (Fig-

ure 11a). This situation complies with the relationship

Table 5 The maximum repulsive and attractive forces at different temperatures

Sample 33 K 50 K 77 K

Fz,R (mN) a Fz,A (mN) Fz,R (mN) a Fz,A (mN) Fz,R (mN) a Fz,A (mN)

Nd358 MPMG 274 0.137 - 277 51 0.124 - 85 – – –

Sm358 MPMG 2410 0.135 - 29 1015 0.116 - 85 48 0.082 - 25

Gd358 MPMG 3449 0.157 - 32 2301 0.133 - 63 596 0.103 - 109
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Bc2, Bc1?1 - (T/Tc)
2 [50, 51] in the B-T phase dia-

gram. In addition, when taking into consideration the

experimental data, the a of the fitted curve with

regard to Eq. (5) for 77 K, 50 K, and 33 K are,

respectively, 0.103 (R2 = 0.99, the coefficient of

determination), 0.133 (R2 = 0.99) and 0.157 (R2 = 0.99)

(Figure 11b). It was realized that there was a strong

correlation between temperature and the a value; that
is, the lower the temperature was, the higher a value

was. Similarly, as the temperature of the sample

drops, the value of Fz,A decreases and especially the

decrease between 77 and 50 K is greater. This

behavior is contrary to the behavior of Fz,R, and

maybe elucidated as follows: An important feature

for magnetic transportation systems of the sample

prepared by melt technique such as MPMG is its

attractive or suspension-type force; such a force arises

if Bz[Bc1; it is a measure of trapped flux [52]. When

Bc1?1 - (T/Tc)
2 is considered, the value of Fz,A

became smaller since the trapped flux is less in case

of T ? 0 K under the ZFC regime. The maximum

values of Fz,A are - 109 mN at z = 15 mm for 77 K, -

63 mN at z = 26 mm for 50 K, and -32 mN at

z = 34 mm for 33 K (Figure 11c). It was determined

that with the decrease of the temperature, the value

of z corresponding to the maximum of Fz,A enlarged

(i.e., not constant as in Fz,R).

Overall evaluations showed that the Gd358 MPMG

sample for the repulsive force and the Nd358 MPMG

sample for the attractive force gave good results. It

was believed that bulk Gd358 HTSC sample would

be an innovative product considering the application

at 77 K liquid nitrogen temperature especially in

terms of cost.

Conclusions

Bulk RE3(Nd, Sm, Gd)Ba5Cu8Oy high-temperature

superconductors were produced by the modified

Melt-Powder-Melt-Growth technique. For future

researchers of RE358 superconductors, the significant

structural, electrical, and levitation results from the

present study can be summarized as follows:

• The sample with high bulk density and hence low

porosity was found to be Gd358 MPMG.

• The presence of minor phases such as RE211 was

detected from the XRD results, although the major

phase was the superconducting phase. It was

confirmed that the number of minor phases was

slightly higher in the Gd358 MPMG sample than

the others.

• From the polarized optical microscope micro-

graph, it was observed that the sample with less

weak-link, large superconducting grains, small

RE211 particles and their homogeneous distribu-

tion, and low pore was generally the Gd358

MPMG sample. POM results are in good agree-

ment with the bulk density and XRD results.

• It was determined that the best results of the

Tc
onset, Tc

offset, and DTc critical temperatures with/

without applied magnetic field belonged to the

Gd358 MPMG sample. POM results confirm this

finding.

(a)

(b)

(c)

Figure 11 Levitation analysis of Gd358 MPMG sample:

a different temperatures, b repulsive force, and c attractive force.
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• When the irreversibility field and upper critical

field were examined, it was concluded that the

Gd358 MPMG sample had superior pinning abil-

ity in the inter-grain and intra-grain regions. That

is, Hirr and Hc2 values were improved with this

sample.

• The minimum value of b from activation energy

was calculated as 0.23 for the Gd358 MPMG

sample. This value is quite good in comparison

with the literature and indicates that the pinning

energy is high.

• It was ascertained that the repulsive force

increased gradually with measurement tempera-

tures of 77 K, 50 K, and 33 K. After a detailed

analysis, it was decided that there was a strong

correlation between temperature and a value

estimated from the equation Fz,R. The maximum

Fz,R value was obtained in the Gd358 MPMG

sample at all temperatures. Results of structural

and electrical properties verify these findings.

• The relationship between the maximum value of

the attractive force and the temperatures of 77 K,

50 K, and 33 K was deduced to be different than

the sample.

• The highest Fz,A value at 33 K was measured for

the Nd358 MPMG sample. This most likely means

that the magnetic field trapped by the Nd358

MPMG sample is greater. However, the Fz,A value

at 77 K could not be measured for the Nd358

MPMG sample. This situation is consistent with

the electrical property result.

• From an economic point of view, it is thought that

the Gd358 HTSC sample would be an innovative

product.

Further studies on the production of single-phase,

the kinetics of phase formation, the contribution of

secondary phases, the magnetic property, mechanical

property, and levitation property such as field-cooled

regime, loops, stiffness, relaxation of Gd358 super-

conducting material are strongly advised.
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