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Abstract

The main purpose of this article is to show an easier and more accurate method
for analyzing high-field pinning centers. Previous methods did not allow for precise
analysis and research on high-field pinning centers, they studied only the dominant
pinning mechanism, and they required a maximum of pinning force (Fpmax) to analyze
pinning centers. The main advantage of this method can be used in samples without the
maximum pinning force required by other methods to analyze the pinning mechanism.
In addition, this method allows us to observe even small changes in the density of
individual pinning centers. This method is based on analysis of critical current density
values in different ranges of reduced magnetic field. The method of analysis of high-
field pinning centers allows primarily to develop methods and directions for creation
of high-field pinning centers. The surface pinning centers are strong pinning centers
in low magnetic fields and very weak pinning centers in middle and high magnetic
fields. Additionally, the analysis of pinning centers shows that dislocations, strains,
substitutions in the crystal lattice, and precipitation inside the grains create strong
pinning centers in high magnetic fields and very weak pinning centers in low and
middle magnetic fields. Research indicates that strains, substitutions in the crystal
lattice, and precipitates inside grains form pinning centers that operate in the high
magnetic field range.
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1 Introduction

In type II superconducting materials, pinning of vortices (magnetic flux) occurs [1].
The transport current and the magnetic flux in the superconductor material introduce
the Lorentz force which acts on the vortex. Movement of the vortices generates a
voltage. In a superconducting material without defects, the critical current density
is zero. The movement of the vortex can be stopped, however, by means of pinning
centers. Vortex cores with a diameter of 2£ (where £ is the coherence length) in the
normal state will increase the energy of the system. This energy can be reduced by
the change in Gibbs free energy, AG (where AG =nU, — BH, with n the number of
vortices and U, the energy of the vortex magnetic field), when the core of the vortex
is placed at a normal area (pinning center) [1]. Pinning centers can be defects in the
form of voids, precipitates, grain boundaries, and dislocations [2].

Currently, we have several models which describe the anchorage of vortex lattice
on different types of pinning centers. The first models describing the interaction of flux
line lattice with pinning centers were presented by Kramer [3, 4]. Next, a model was
presented by Dew-Hughes in 1974 [5]. Dew-Hughes [5] proposed several patterns for
determining the dominant types of pinning centers in superconducting material. These
formulas describe changes of the dominant pinning mechanism in the magnetic field.
A similar model was also presented by Higuchi et al. [6]. It also describes changes in
the dominant pinning mechanism in a magnetic field. Studies on the pinning model
were also conducted by Evetts and Plummer [7], Fietz and Webb [8], Hampshire and
Taylor [9], Key and Hampshire [10], and Ekin [11]. The pinning mechanism can also be
examined by analyzing 8/ and §7 .. The 8/ pinning mechanism is connected with charge
carrier mean free path variations, and the 67, pinning mechanism is associated with
randomly distributed spatial variations in the transition temperature [12, 13]. Ghorbani
et al. [13] showed that the 8/ pinning mechanism is dominant at low temperature and
the § T pinning mechanism is dominant at high temperature. Matsushita indicates that
based on the analysis Kramer can be concluded that there are two types of high-field
pinning centers dependent on the strength of pinning [14]. Blatter et al. [1], Kwok
et al. [15], and Thomann et al. [16] also conducted research and theoretical analysis
on strong pinning centers in high-temperature superconductor materials. Blatter et al.
[1] suggested that the most prominent type of strong pinning to date is pinning by
columnar defects. Kwok et al. [15] indicated that irradiation defects only improve
pinning at high magnetic fields and not at very high temperatures. Thomann et al. [16]
showed that strong pinning is dependent on dynamics of the vortex lattice. Klaassen
et al. [17] also indicated linear defects create strong pinning centers.

Pinning centers can be categorized in terms of the interaction between the vortex
and the defect, e.g., attractive or repulsive, and their location in the structure [18].
Livingston [2] indicates that there are different types of pinning centers volume, sur-
face, and point centers (e.g., precipitates and voids close to the coherence length).
These pinning centers are most effective for increasing critical current density in low
and medium magnetic fields [18-20]. In addition, Gajda et al. [21] showed that these
pinning centers in MgB5 increase the critical current density (/) above 30 K, whereas
pinning centers created by dislocations (line pinning centers) [2], substitution of C for
B (lattice substitution pinning centers) [22], and precipitates inside the grain (inside
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grains pinning centers) [23] very effectively increase the J. in high magnetic fields
[18]. These pinning centers also significantly increase J from 4.2 to 30 K and decrease
Jc above 30 Kin MgB» [21]. Gajda et al. [ 18] suggested that precipitates inside grains
in NbTi do not reduce the critical parameters: the superconducting critical temperature
(T), the irreversible magnetic field (Bjr), and the upper critical field (B,) of NbTi
grains, and they effectively increase J. in magnetic fields above 9.5 T. Previous results
suggest that the dislocations and substitution into the lattice (e.g., in MgB, material,
the substitution of C for B) create pinning centers, which operate in the same high
magnetic fields. Gajda et al. [18] showed for the first time that dislocations effectively
increase J in magnetic fields from 6 to 8 T in NbTi. There are several methods that
allow us to obtain high-field pinning centers and more connections between the grains
in superconducting wires, tapes, bulks, and thin layers, e.g., cold drawing (CD) [20,
24-26], equal-channel multi-angle pressing (ECMAP) [27, 28], cold rolling (CR) [25,
29], cold pressure (CP) [30], hot isostatic pressure (HIP) [25, 31, 32], and C doping
[33-36].

2 Physical Properties and Pinning Centers in NbTi Wires

The values of critical parameters in NbTi wires depend on the microstructure of the
superconducting material. The NbTi material creates two stable phases: the 8 (NbTi)
phase and the o phase (Ti precipitates between grains), and three metastable phases:
the o phase (Ti precipitates inside grains), the a” phase (Ti precipitates between
grains), and the w phase [37]. The temperature at which the stable 8 phase is formed
is dependent on the ratio of Nb to Ti. The small difference in size 2% between the
atoms of Ti and Nb causes the formation of a crystal lattice with the body-centered
cubic (BCC) structure with a lattice constant of about 0.3285 nm [37-39]. The Ti
precipitates between the grains are created during the heating of the NbTi material in
the temperature [37]. The stable a-Ti phase has a hexagonal close-packed structure
[37] and lattice constants a =0.2956 nm and ¢ =0.4716 nm. The a-Ti phase also
contains a small amount of Nb from 1 to 2% [37]. The low content of Nb causes the Ti
precipitates between the grains to have a very low critical temperature of about 0.39 K
[40].

The formation rate of Ti precipitates between grains is dependent on the Ti content
in the NbTi material [41], the density of crystal dislocations [4, 42, 43], size and
number of the voids [40, 44], the shapes of the NbTi grains, the heating temperature,
and amount of the metastable phases [45]. After annealing, the Ti precipitates between
grains have thickness of 100-200 nm [41-48]. Lee suggests that a large number of Ti
precipitates between grains (about 10%) are produced during the first heating process
[37]. The thickness of these precipitates is decreased by using cold working for NbTi
wires. The cold drawing allows us to obtain Ti precipitates between grains with a
thickness of 1-5 nm [41-43, 46—49]. Additionally, the cold drawing increases the
length of the Ti precipitates between grains from 50-100 nm to 1-10 pm [38]. The
shapes, locations, and directions of Ti precipitates between grains also affect the critical
current density of the wires [50]. The highest critical current density in NbTi wires
was obtained for a content of Ti precipitates between grains in the range from 25 to
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33% [41, 51]. Currently, at the temperature of liquid helium and magnetic field of
5 T, the highest critical current density that has been obtained is 5400 A/mm? [51].
Theoretical calculations show that in NbTi wires it might be possible to obtain the
critical current density of 18,000 A/mm? (5 T and 4.2 K) [52]. Lee and Larbalestier
[44] demonstrated that the highest pinning force can be obtained for Ti precipitates
between grains with a thickness of about 1 nm and a separation distance of about 4 nm.
Cold drawing in NbTi wires creates dislocations. Panek et al. [19] and Matsushita and
Kupfer [20] demonstrated that dislocations form high-field pinning centers.

NbTi material has the critical temperature of about 9.6 K and an irreversible mag-
netic field of about 11.5 T [37, 38, 47]. The resistivity of the NbTi material in the
normal state is dependent on the content of Ti in the NbTi material [52].

The NbTi material has three martensitic phases, e.g., o, «”, and w [53]. These
phases are formed during fast cooling of NbTi material. The o” (C-face centered
orthorhombic) and w [hexagonal close-packed (HCP)] phases are precipitates between
grains [53-56]. These precipitations can create surface and point pinning centers. The
NbTi material also has Ti precipitates inside the grains (o«/—Widmanstitten Ti). This
phase has needle-shaped grains and structure of the HCP type [53]. This phase is
created in NbTi compounds with 13 wt% Nb [53] and NbTi compounds with Nb + 53
wt% Ti [23, 37]. The results suggest that these Ti precipitates act as pinning centers
in very high magnetic fields (near Bj;;) [18]. This is very important because it allows
us to understand why the critical current density is low near Bj;;. The magnetic and
non-magnetic particles decrease J in NbTi wires in high magnetic fields [57-60].

3 Physical Properties and Pinning Centers in MgB; Wires

The superconductivity of MgB, was discovered at 2001 by the research group of Prof.
Akimitsu [61]. It is an intermetallic compound with hexagonal structure of p6/mmm
and lattice constants a =3.086 A and ¢ =3.524 A [61]. MgB; has low density of
2.6 g/em?® [62], low anisotropy in the range of 1.5-5 [62, 63], and high critical tem-
perature of 39 K [61]. This superconductor has coherence length of £ =5 nm [62, 63]
and very low resistivity [33, 62]. Penetration depth is in the range from 100 to 140 nm
[64], and the Ginzburg—Landau parameter is about 26 [62]. The irreversible magnetic
field (Bjy) is about 22 T, and the lower critical field (Hp) is in the range from 27 to
48 mT [64]. This material possesses two superconducting gaps [65].

The annealing temperature for in situ MgB, wires is determined on the basis of
the phase diagram [66]. The phase diagram indicates that there is a large difference
in melting point between Mg (650 °C) and B (2100 °C). Liu et al. [66] showed that
too high annealing temperature and high boron content lead to creation of MgB4 and
MgB7 phases, which are not superconducting. The large number and big size of the
grains of MgB4 and MgB7 phases diminish the quantity of superconducting phase
and decrease the critical current density (J.) of the MgB, wires. It was shown that
annealing Mg and B in the solid state (below 650 °C) allows us to obtain small grains.
Mustapic et al. [67] showed that the largest amount of MgB, phase is obtained at
an annealing temperature of 570 °C. The small grains allow abundant connections
between grains in MgB, wires. MgB, material has a significant disadvantage due
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to shrinkage. This effect creates large voids that reduce the number of connections
between the grains in in situ MgB; wires. Jung et al. [68] showed that the volume of
the MgB», material can be reduced by up to 25% in in situ MgB, wires.

In superconducting wires, the critical current density (/) depends on the number
of pinning centers and the number of connections between the grains. Undoped MgB,
wires have very small values of critical parameters (J., Hirr, and H2) in high magnetic
fields, because this material has only a small amount of high-field pinning centers.
Research has shown that high-field pinning centers in MgB, wires can result from
substitution of C for B and dislocations [32, 33, 68, 69]. Hot isostatic pressing (HIP)
significantly increases the number of high-field pinning centers, e.g., increase in the
density of dislocations, and accelerates the substitution of C for B, allowing to obtain a
uniform distribution of pinning centers [27,31, 35, 36]. In addition, results indicate that
using boron grains with nanosizes makes it possible to obtain more high-field pinning
centers than usage of large particles of boron [70, 71]. Studies also showed that high
isostatic pressure increases the number of connections between the grains densifying
material [31, 36]. Transport and magnetic measurements have demonstrated that high-
field pinning centers (dislocations and strains) significantly increase J. from 4.2 to
30 K and decrease J. above 30 K [21, 36, 72].

The low- and middle-field pinning centers in MgB; wires are formed by surface and
point pinning centers. The surface pinning centers are large precipitates (e.g., MgB4
and MgB7), impurities (MgO), and voids [2, 31, 33, 35, 36]. The point pinning centers
are precipitates, impurities, and voids with thickness close to the coherence length [2,
35, 36].

Currently, MgB, wires and tapes are prepared by several techniques, e.g., powder-
in-tube (PIT) method [73], the internal Mg infiltration process (AIMI) [74], and the
formation of thin layers. The highest J. values in high magnetic fields are obtained
for in situ MgB, wires, e.g., undoped MgB, wires which have J.. of 1000 A/mm? in
4Tat4.2 K and 100 A/mm? in 6.2 T at 4.2 K [75], and C-doped MgB, wire has J,
of 1000 A/mm? in 7 T at 4.2 K [75]. The AIMI process allows to obtain high J in
doped MgB», e.g., 800 A/mm? in 8 T at4.2 K [75].

4 Fabrication of NbTi Wires, MgB, Wires, and Method of J.
Measurements

A bimetallic rod of Nb+60 at.% Ti (Nb+44 wt% Ti) in a copper shield was produced
at the A. A. Galkin Donetsk Institute for Physics and Engineering, National Academy
of Sciences, Ukraine, using the method of hot pressing (HP) at 750 °C [76]. The NbTi
rod had a diameter of 15 mm. One part of the rod 15 mm in diameter was processed by
using equal-channel multi-angle pressing (ECMAP), and the second was made without
the ECMAP method (Table 1). Three cycles of hydroextrusion (HE) reduced the rod
diameter to 3 mm. The next few passes of cold drawing reduced the rod diameter to
0.3 mm [27, 28, 76].

MgB, wires were produced at Hyper Tech Research by using a continuous tube
forming and filling (CTFF) process [77]. These MgB, wires have 6, 18, or 36 filaments
and a Nb barrier.
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Table 1 The NbTi wires with a diameter of 0.3 mm

No. Annealing temperature (°C) Number of ECMAP cycles
A 750 0
B 750 12

Table 2 The MgB, wires with diameter of 0.83 mm

No. Doping Temperature Pressure (Pa) Time (min) Refs.
°0)
C Undoped 700 0.1 M 15 [31]
D Undoped 700 1G 15 [31]
E 10% SiC 700 0.1 M 15 [35]
F 10% SiC 700 1G 15 [35]
G 10% SiC 700 14 15 [35]
H 10% SiC 680 1G 15 [35]
I 2% C 700 0.1M 15 [36]
J 2% C 70 1G 15 [36]

The filaments were composed of nanosized B, pre-doped with 2 at.% C and 10%
SiC, with an Mg-to-B ratio of 1:2 and 1.1:2, respectively. The wires were made to
a diameter of 0.83 mm, with a fill factor of 15%. All MgB, wires were annealed in
isostatic pressure at the Institute of High Pressure Research in Warsaw [78-80]. The
HIP was conducted in a 5 N argon atmosphere in a gas pressure chamber (Table 2).

Critical current (/) measurements were taken with the traditional four-probe resis-
tivity method at 4.2 K in two different setups in the Institute of Low Temperature
and Structure Research PAS. First, the current was swept while keeping the magnetic
field constant. The second setup was the field swept type, where the transport current
is kept constant, and the magnetic field is quickly swept. In both cases, the /. value
was determined using a 1 wV/cm criterion [81, 82]. I at 20 K was measured at the
Institute for Solid State and Materials Research, Dresden [29]. The critical tempera-
ture measurements and the critical magnetic field measurements were taken using the
four-probe resistive method on a physical properties measurement system (PPMS),
operating at 100 mA and 15 Hz at the International Institute of Low Temperature and
Structure Research PAS [35, 36]. Measurements for each sample were taken several
times in different places. The T, Bj;, and B> were determined on the basis of criteria
of 50%, 10%, and 90% of the normal-state resistance.

4.1 Detection of Damaged Barrier
The Nb [77] and ex situ MgB, [83] barriers in MgB; wires eliminate any reaction

of Mg with the sheathing of the wires. This allows us to obtain high J. in MgB,
wires. Scanning electron microscopy (SEM) analysis showed that the Nb and ex situ
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MgB; barriers sometimes are damaged [81, 84]. Currently, we can detect damage in
the barrier by using two transport methods. In the first method, a jump in the electric
field in low magnetic fields indicates a break in the Nb and ex situ MgB, barriers [85].
In the field sweep method, rapidly increasing magnetic field and constant current are
used [85]. Further research allowed for elaboration of the second method, which is
simpler and easier to use. In this method, a jump appearance in the resistance at low
temperature indicates a break in the Nb and ex situ MgB, barriers in MgB; wires
[81, 84, 86]. In the temperature sweep method, rapidly increasing temperature and
constant current are used [81, 84, 86]. In this method, we can test wires using PPMS.
This makes it more easily available method. It was also demonstrated that magnetic
measurements do not allow detection of damage in the barrier [84]. Further research
has shown that this method can also detect the damages of the barrier of iron-based
superconducting wires [87]. Damage to the Nb barrier significantly reduces J in high
magnetic fields [81]. This greatly limits research on high-field pinning centers. The
solution to this problem has made it possible to better understand the formation of
high-field pinning centers.

5 Analysis of Pinning Centers in NbTi Wires
5.1 At4.2K

Previous studies indicated only the dominant pinning mechanism in superconduc-
tors, e.g., Dew-Hughes [5] and Higuchi et al. [6]. These methods cannot analyze the
other types of pinning centers. In addition, these methods for pinning analysis of the
dominant pinning mechanism need the maximum pinning force (Fpmax), which sig-
nificantly limits their use. The results in Ref. [18] make it possible to analyze different
types of pinning centers in different magnetic fields. This method complements the
methods of Dew-Hughes [5] and Higuchi et al. [6] and allows for better analysis of
high-field pinning centers in undoped and doped MgB, wires. The main advantage
of this method is that we do not need Fpmax for analysis of pinning centers. Another
advantage of this method is the possibility of analyzing all types of pinning centers
that were created in the superconducting material. This is very important because it
allows us to obtain high J. in superconducting wires in selected magnetic fields (in
which the wire will be used).

The study in Ref. [18] shows that in samples A and B we do not have Ti precipitates
(and thus a lack of point pinning centers). From results for sample A (Fig. 1a), in the
range of reduced magnetic field B/B; from 0 to 0.3, we see that J . is decreased by one
order of magnitude. This indicates that the surface pinning is very weak. This rapid
decrease is also due to the lack of point pinning centers. In the range from 0.3 to 0.45,
we see a further decrease in J. by 20%. On the other hand, in the range from 0.45 to
0.5, one can see that J. increases by 15%. The lower J. in the range from 0.3 to 0.5
indicates that surface and line pinning centers poorly anchor the vortex lattice in this
range of operation of point pinning centers.

Beloshenko et al. [27, 28] showed that ECMAP methods significantly increase
density of surface and line pinning centers. This leads to high J. Results for sample B
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Fig. 1 Transport J dependence on the reduced magnetic field (B/Bj;) for NbTi wires (samples A and B):
a without heat treatment and b after heat treatment at 400 °C for 16 h (Color figure online)

(Fig. 1a) show that even so, more surface and line pinning centers do not significantly
increase J in the range from 0.3 to 0.5. These results indicate that surface pinning and
line pinning cannot replace point pinning centers (precipitates with thickness close
to the coherence length) because performance is poor in the magnetic field range of
point pinning centers.

The results in Ref. [18] indicate that the vortex lattice in the range of B/Bij; =
0.5-0.74 is anchored by line pinning centers (dislocations) (Fig. 1a). The J. in sample
A is increased by 15% in the reduced field range from 0.5 to 0.74 and the J. in sample
B by 5% in the range from 0.5 to 0.74 compared to J for samples A and B in the
range of 0.3-0.5. Cold drawing and ECMAP method [27, 28, 76] increase density of
dislocation. This leads to an increase in J in the range from 0.5 to 0.74.
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In the range from 0.74 to 0.8, J. decreases by 15% in sample A and by 25% in
sample B, because in these samples we do not have crystal lattice substitution pinning.
Sample A has a dislocation density of about 106 cm—2 [27,28,76], whereas the sample
B has a dislocation density of about 10'! cm? [27, 28, 76]. This suggests that the higher
density of line pinning centers in sample B increases J. in the range of action of lattice
substitution pinning in comparison with sample A. Nevertheless, even a large number
of line pinning centers can only poorly anchor the vortex lattice because in the range
from 0.74 to0 0.8, we see a decrease in J in sample B. Figure 1a shows a large reduction
in J in the range of 0.8—1. Studies in Ref. [18] have shown that pinning centers inside
grains are precipitates inside grains. These results also show that the effectiveness
(anchoring of vortex lattice) of precipitates inside grains depends on their thickness
[18]. On the basis of Ref. [18], it can be deduced that precipitates inside the grains
with thickness close to the coherence length more effectively increase J. in the range
from 0.8 to 1 than precipitates inside the grains with thickness larger or smaller than
the coherence length.

The poor increase in J above 0.8 T in sample B indicates that the ECMAP method
does not affect the pinning centers created by Ti precipitates inside the grains. This
suggests that the higher dislocation density does not affect the properties of precipitates
inside the grains (better anchoring of the vortex lattice).

The Dew-Hughes [5] analysis for sample A after annealing at 400 °C for 16 h
indicates that this sample has a point dominant pinning mechanism. The results show
that annealing significantly increases the J. in the range of 0—0.74 and decreases J.
above 0.74. The analysis in Fig. 1b shows that, in sample A after annealing, the J,
is decreased by 70% in the range from 0O to 0.3, by 42% from 0.3 to 0.5, by 70%
from 0.5 to 0.74, by 55% from 0.74 to 0.8, and by 83% above 0.8. The annealing of
the NbTi wires creates Ti precipitates between grains and removes dislocations and Ti
precipitation inside grains [18]. The Ti precipitates can form point and surface pinning
centers. Therefore, J is strongly increased in the range from O to 0.5. Removal of
dislocations and Ti precipitation inside grains causes a significant decrease in J in the
range from 0.5 to 0.74 and from 0.8 to 1. Comparison of J. for samples before heating
and after heating indicates, however, that J after heating is higher by 20-70% in the
range from 0.5 to 0.74. This implies that the point pinning centers (Ti precipitates) can
effectively increase J in the range of line pinning centers. The significant reduction
in J. above (.74 indicates that point pinning centers are very poor at increasing J in
high magnetic fields.

It was also shown that a higher density of dislocations increases the formation rate
of precipitates between the grains in NbTi wires during heat treatment [85]. Results
indicated that isostatic pressure of 0.5 GPa also increases the formation rate of Ti
precipitates between the grains and slightly increases the density of high-field pinning
centers [85].

These studies indicate that high J. in NbTi wires in low and medium magnetic
fields is obtained after annealing. Unfortunately, heat treatment removes high-field
pinning centers, e.g., dislocations and Ti precipitates inside grains. This leads to low
J¢ in high magnetic fields. The studies in Ref. [18] show that pinning centers created
by substitution in the crystal lattice may be the only method that can increase J in
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Fig. 2 Transport J. dependence on the reduced magnetic field (B/Bj;) for undoped and doped MgB, wires
with a diameter of 0.83 mm at 4.2 K (Color figure online)

NbTi wires in high magnetic fields. These pinning centers are not removed by heat
treatment.

6 Analysis of Pinning Centers in MgB; Wires
6.1 At4.2K

Analyzing the results for undoped MgB, wires (samples C and D) in Fig. 2, we see
that J decreases by 70% in the reduced field range from 0.3 to 0.5, from 0.5 to
0.74, and from 0.74 to 0.8. This indicates that, in undoped MgB,, we have mainly
surface pinning centers and a very small number of point pinning centers. The results
in Fig. 2 indicate that high pressure increases J by 20% in the range from 0.3 to 0.8
and increases J; by 60% below 0.3. This indicates that high pressure mainly increases
the density of the surface pinning centers and the number of connections between the
grains in undoped MgB, wires. This is consistent with the results obtained by Dew-
Hughes [5], which indicates that the undoped MgB, wires have a surface dominant
pinning mechanism [31]. The increase in J. by 20% in sample D (1 GPa) suggests
that high pressure increases density of point and line pinning centers.

A Siadmixture in MgB, material creates point and surface pinning centers (between
the grains) [35]. On the other hand, C admixture creates lattice substitution pinning,
because C substitutes for B [69]. Serquis et al. [32] demonstrated that the HIP pro-
cess creates more dislocations (line pinning centers). The Dew-Hughes [5] method
indicated that in samples E (0.1 MPa) and F (1 GPa) with 10% SiC we have a sur-
face dominant pinning mechanism [35]. This analysis in Fig. 2 allows us to conduct
research on other types of pinning centers. In Fig. 2, we observe that high pressure
decreases J. in sample F in comparison with sample E in the range from 0.1 to 0.3
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(surface pinning). This indicates that high pressure decreases the number of surface
pinning centers. This is related to the higher density of MgB, material after the HIP
process [31, 35]. Figure 2 shows that J. does not change in the range from 0.3 to 0.5
(point pinning) in samples E and F, so high pressure does not increase the density of
point pinning centers after annealing at 700 °C. Figure 2 also shows that pressure of 1
GPa increases J in the range from 0.5 to 0.74 (line pinning), from 0.74 to 0.8 (lattice
substitution pinning), and above 0.82 (pinning inside grains). This indicates that high
pressure creates high-field pinning centers in doped MgB, wires.

InFig. 2, J insample F decreases by 70% in the range from 0.5 to 0.74 and decreases
by 40% in the range from 0.74 to 0.8. This suggests that high pressure creates more
lattice substitution pinning centers and indicates that the HIP process accelerates C
substitution for B. Figure 2 shows that J in sample E (0.1 MPa) decreases by 80%
in the range from 0.1 to 0.8, indicating that this sample has the most surface pinning
centers.

Dew-Hughes analysis of sample G indicated that this sample has a point dominant
pinning mechanism [35]. The results for samples F (1 GPa) and G (1.4 GPa) show that
pressure of 1.4 GPa can significantly increase J. above 0.3 and decreases J. below
0.3 (Fig. 2). In sample G, J is decreased by 17% in the range from 0.1 to 0.3. Results
for MgB, wires (samples C, D, E, and F) and NbTi wires (samples A and B) show
that the surface pinning centers significantly reduce J. in the range from 0.1 to 0.3.
Therefore, the small reduction in J. indicates that sample G has a very small number
of surface pinning centers. Figure 2 shows that point pinning centers cannot replace
surface pinning centers because the J. in sample G is lower than the J in sample F
(surface pinning centers). In the range from 0.3 to 0.5, we see that J. in sample G
decreases by 30%. This suggests that there are a large number of point pinning centers
in sample G. These pinning centers are precipitates between grains with sizes close to
the coherence length. On the other hand, in the range from 0.5 to 0.74 and above 0.74
we observe a decrease in J of 65%. Results for NbTi wires in Fig. 1 show that high
density of dislocations slightly change J in the range from 0.5 to 0.74. In Fig. 1, we
see significantly reduction in J in the range from 0.5 to 0.74 in NbTi wires in which
the dominant pinning mechanism mainly forms Ti precipitation between the grains.
This indicates that, in sample G, only a small number of high-field pinning centers
are formed. This leads to the conclusion that only a small amount of C has substituted
for B, so the extra precipitates between the grains are also C. The large increase in
J¢ in sample G above 0.3 in comparison with the sample F indicates that precipitates
between grains with a similar size to the coherence length can also effectively increase
J¢ in high magnetic fields.

Dew-Hughes analysis for sample H (1 GPa and 680 °C) indicated that this sample
has the point dominant pinning mechanism in the range of B/Bj; =0-0.4 and the
surface dominant pinning mechanism above 0.4 [35]. Results for samples F (1 GPa
and 700 °C) and H (1 GPa and 680 °C) show that the annealing temperature of 680 °C
can significantly increase J. from 0.1 to 0.9 (Fig. 2). The results for sample H show
that J. in the range from 0.1 to 0.3 decreased by 35% and that in the range from 0.3 to
0.5 decreased by 45%. This may suggest that we have a similar number of surface and
point pinning centers in sample H. In the ranges from 0.5 to 0.74 and from 0.74 to 0.8,
we see a significant reduction in J; by 80% and 65%, respectively. Based on the results
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Fig. 3 Transport J dependence on the reduced magnetic field B/B;, for undoped and doped MgB, wires
with a diameter of 0.83 mm at 20 K (Color figure online)

for NbTi wires and MgB, wire (sample G), we can conclude that, in sample H, we
have a very small amount of high-field pinning centers. This leads to the conclusion
that only a small amount of C has substituted for B and that the precipitates between
the grains are also C. The results for samples H and G show that point pinning centers
(precipitates between grains) also effectively increase the J in high magnetic fields.

By comparison of samples C (undoped and 0.1 MPa), E (10% SiC and 0.1 MPa),
D (undoped and 1 GPa), and F (10% SiC and 1 GPa) F, we see that doping increases
J¢ above B/Bjy; of 0.65 and decreases J. below 0.65 (Fig. 2). This indicates that the
doping creates high-field pinning centers and decreases the number of surface pinning
centers. The larger increase in J in sample F than sample E above 0.65 indicates that
the HIP process can increase the density of high-field pinning centers and accelerate
the substitution of C for B (Fig. 2).

6.2 At20K

Dew-Hughes analysis at 20 K of samples C and D shows that, in the range of B/Bij
=0-0.3, the point pinning mechanism is dominant. On the other hand, above 0.3 in
samples C and D, the surface pinning mechanism is dominant. The results in Fig. 3
show that J in samples C and D is decreased by 50% in the ranges from 0.1 to 0.3 and
from 0.3 to 0.5. This suggests that samples C and D have a similar number of surface
and point pinning centers. On the other hand, J. in samples C and D is reduced by
one order of magnitude in the ranges from 0.5 to 0.74 and from 0.74 to 0.8 (Fig. 3).
This indicates that samples C and D have only a small number of high-field pinning
centers.

Dew-Hughes analysis at 20 K of samples I and J shows that, in the range from 0 to
0.65, the point pinning mechanism is dominant [36]. On the other hand, above 0.65 in
samples I and J, the surface pinning mechanism is dominant [36]. The results in Fig. 3

@ Springer



178 Journal of Low Temperature Physics (2019) 194:166-182

show that J. in samples I and J is decreased by 20% in the range from 0.1 to 0.3, by
35% in the range from 0.3 to 0.5, by 80% in the range from 0.5 to 0.74, and by 50%
in the range from 0.74 to 0.8. This suggests that samples I and J mainly have point. It
also indicates that the samples I and J have only a small number of surface and line
pinning centers.

The results for sample C (undoped, 0.1 MPa) and sample I (2% C, 0.1 MPa) show
that C doping and low pressure can increase J. by 30% in the range from 0.72 to
0.8 (lattice substitution pinning). This means that C doping and low pressure create
high-field pinning centers.

At 20 K, the measurement results for sample D (undoped, 1 GPa) and sample J
(2% C, 1 GPa) show that C doping and high pressure can slightly increase J. from
0.3 to 0.5 (Fig. 3). On the other hand, C doping and high pressure increase J. by 35%
in the range from 0.5 to 0.74 and by 75% in the range from 0.74 to 0.8. The greatest
increase in J in the range from 0.74 to 0.8 indicates that high pressure accelerates the
substitution of C for B and creates more crystal lattice substitution pinning. In addition,
the research indicates that the HIP process also creates point and line pinning centers
in C-doped MgB, wires.

Annealing of the in situ undoped MgB, material leads to the shrinking of MgB,. The
shrinking of MgB» creates voids and strains. These big voids create low-field pinning
centers (surface pinning centers) in the MgB; material [25]. In contrast, strains create
defects inside the grains. These defects form high-fields pinning centers. Jie et al.
[88] showed that the use of high pressure and C encapsulated boron leads to a greater
number of high-field pinning centers. Research has shown that impurities reduce the
density of high-field pinning centers [25, 89].

7 Discussion and Conclusions

High-field pinning centers are very important in superconducting wires, because they
allow us to significantly increase Jo¢ and J¢y in high magnetic fields. Currently, the
most commonly used methods for the analysis of the dominant pinning mechanism are
those of D. Dew-Hughes [5] and Higuchi et al. [6]. These methods indicate the type
of pinning centers that have the highest density in the superconductor material. The
maximum pinning force is necessary for analyzing the dominant pinning mechanism
by using the methods of D. Dew-Hughes [5] and Higuchi et al. [6]. The Dew-Hughes
method [5] also requires the determination of the irreversible magnetic field (Bj;y) in
the superconducting wire. The By, is determined by the respective criterion of 10% of
the normal-state resistance [36]. The irreversible magnetic field is also determined by
Kramer’s analysis (B0 * J 8‘5) [4]. This method is used in superconducting materials
with a high irreversible magnetic field. The value of Bj; is dependent on high-field
pinning centers [39, 62, 70, 71]. The results in Ref. [18] show that transport mea-
surement methods allow us to investigate low, middle, and high-field pinning centers.
The results in Ref. [18] show that magnetic measurements make it possible to investi-
gate the low-field pinning centers, middle-field pinning centers, and high-field pinning
centers (substitution for the crystal lattice, stains, and pinning centers inside grains),
although magnetic measurements do not detect the line pinning centers created by dis-
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locations [18]. In undoped MgB, wires, MgB, shrinkage creates strains, which create
high-fields pinning centers. Such a study should indicate that strains are in structure
of MgB, wires. This allows to correctly determine Bj+ from the hysteresis loop for
undoped MgB, wires. A badly defined Bj;; does not allow us to correctly determine
the dominant pinning mechanism and the behavior of other types of pinning centers.
With magnetic measurements, we can correctly determine the value of Bj by using
the Kramer analysis in doped wires and doped bulks. Such a study should indicate
that a dopant creates lattice substitution pinning centers. The lack of this kind of pin-
ning center indicates that Bjy; is not correct. This leads to an incorrect analysis of the
dominant pinning mechanism.

The results for NbTi wires and MgB, wires show that a reduction in J. by 80% or
one order of magnitude indicates that the surface pinning centers are dominant. This
also is confirmed by the Dew-Hughes [5] method. Such a large reduction in J in the
range of 0.1-1 indicates that we have only a small number of middle- and high-field
pinning centers. Reduction in J. from 7 to 30%, e.g., in the range from 0.3 to 0.5,
indicates that we have a large number of point pinning centers. The Dew-Hughes [5]
and Higuchi et al. [6] methods show similar results. Reduction in J. from 30 to 50%,
e.g., in the ranges from 0.1 to 0.3 and from 0.3 to 0.5, indicates that we have a similar
number of surface and point pinning centers. Therefore, Dew-Hughes [5] analysis
shows that the dominant pinning mechanism changes from point pinning to surface
pinning [35]. In addition, the analysis in Figs. 1, 2, and 3 shows that this method
of pinning center analysis allows to observe even small changes in the density of
pinning centers. This is very important because it allows to indicate which parameters
of annealing treatment (time, temperature, pressure, admixture) increase the density of
high-field pinning centers and which reduce the density of high-field pinning centers.
This allows to optimize the process of producing superconductor wires to obtain the
highest J..

Strong pinning centers are pinning centers which increase mostly J. in low or
medium or high magnetic fields. This indicates that strong pinning centers mean the
high density of pinning centers. On the other hand, weak pinning centers determine
the low density of pinning centers. The results show that the strong pining centers
in MgB, and NbTi wires in low magnetic fields form surface pinning centers (large
voids and precipitation). In addition, the research indicates that point and high-field
pinning centers are weak pinning centers in low magnetic fields. The results in Figs. 1,
2, and 3 show that surface and point pinning centers are weak pinning centers in high
magnetic fields in NbTi and MgB, wires. Based on the results, we can indicate that
in high magnetic fields strong pinning centers are created by dislocations, strains,
substitutions of C for B, and Ti precipitation inside grain.
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