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MgB, precursor wires were prepared using powder in tube technique by Institute of High Pressure
PAS in Warsaw. All samples were annealed under isostatic pressure generated by liquid Argon in
the range from 0.3 GPa to 1 GPa. In this paper, we show the effects of different processing routes,
namely, cold drawing (CD), cold rolling (CR), hot isostatic pressure (HIP) and doping on critical
current density (J.), pinning force (F),), irreversible magnetic-field (B;,,), critical temperature (7T),
n value, and dominant pinning mechanism in MgB,/Fe wires with ex situ MgB, barrier. The results
show that medium pressures (~0.35 GPa) lead to high /.. in low and medium magnetic fields (0T —
9T). On the other hand, higher pressures (~1 GPa) lead to enhanced J. in high magnetic fields
(above 9 T). Transport measurements show that CD, CR, and HIP have small effects on B,, and T,
but CD, CR, HIP, and doping enhance J. and F), in in situ MgB, wires with ex situ MgB, barrier.
Transport measurements on in situ undoped MgB, wire with ex situ MgB, barrier yield a J,. of
about 100 A/mm? at 42K in 6 T, at 10K in 4T and at 20K in 2 T. The results also show that cold

drawing causes increase of n value. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919364]

I. INTRODUCTION

MgB, as a superconducting material was discovered in
2001.! Pure (undoped) MgB, wires have relatively high criti-
cal temperature, low anisotropy, low critical current density
(/) in high magnetic fields, and low irreversible magnetic
field (B;,,). The studies show that J. and B,,, in MgB, wires
with Nb, Ti, and Ta barrier can be increased by improvement
of the MgB, precursor material density and the creation of
pinning centers. Processes such as hot isostatic pressure
(HIP), cold drawing (CD), cold rolling (CR), cold pressure
(CP), and doping all have been shown to improve these prop-
erties. Precursor powders of high purity are desired because
impurities reduce the density and uniformity of the MgB,
material. The high density of MgB, material is very
important because it allows for large number of connections
between the grains.

HIP process increases density and homogeneity of
MgB, materials, number of connections between grains, and
dislocation density while it reduces the size of voids.>”
Gajda et al.* showed that MgB, material annealed under a
0.1 MPa Argon pressure has larger grain size than that of
MgB, material annealed at 1 GPa. These results indicate that
HIP process influences grain size. Adamczyk et al.” showed
HIP-processed SiC doped MgB, wires with Nb barrier
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having a critical current density of 100 A/mm? at 4.2K in
magnetic field of 14 T.

The results in these articles®™ indicate that cold rolling
improves homogeneity of MgB, material. Hancock er al.®
showed that CR increases in situ MgB, material density of
about 37% and ex situ MgB, material density of about 19%.
Higher density of MgB, material leads to more connections
between grains. Moreover, the results presented by HafBller
et al® showed a CR-processed wire attaining a critical
current density of 100 A/mm? at 42K in magnetic field of
16.4T.

The studies by Uchiyama et al.’ and Susner et a
indicate that CD leads to increased homogeneity of MgB,
material, larger length and outer surface of Mg grains,
reduced thickness of Mg grains, and improved critical cur-
rent density (/) in MgB, wires. Susner ef al obtained a criti-
cal current density of 100 A/mm? at 42K in magnetic field
of 12T in MgB, wires with Nb barrier.'’

Published results also suggest that doping of SiC and C
leads to increase in J. and B;,,>'"'? and can accelerate
formation of superconducting phase.'*'*

Research presented by HéBler er al.® shows that the pro-
cess of mechanical alloying can increase the density of the
MgB, material. This technology allows to obtain 100 A/mm?
at 12T and 4.2 K in the undoped MgB, tape.

CP also can increase critical parameters and homogene-
ity of MgB, wires with Nb barrier. Pressure of 1.48 GPa in

1.10
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doped in situ MgB, material leads to J. of 100 A/mm? at
42K in magnetic field of 13T."”> In pure in situ MgB,, a
pressure of 1.5 GPa produces a J,. of 100 A/mm? at 42K in
magnetic field of 9 T,'® whereas pressure of 1.5 GPa leads to
a J. of 100 A/mm? at 42K in magnetic field of 5.7 T in ex
situ MgB, material."’

Currently, in situ MgB, wires are fabricated by two
methods: with barriers'®'®!” and without barriers.?**?
Metal barriers are made with Nb, Ta, and Ti 111 1 situ
MgB, wires with barriers have high J., B;,, and B,,.
However, metal barriers can break during cold working (CD,
CR, CP). Each defect in the barrier may reduce J. in MgB,
wire. In situ MgB, wires without barriers have low J,. in the
medium and high magnetic fields,?® because metallic phases
such as: Fe,B.* CuMg,,” and Cu,Mg? are created during
reaction. The metallic phases decrease the amount of super-
conducting material.

Recently, a new diffusion barrier with an ex situ MgB,
material was studied. This concept was previously showed
by Morawski et al. from Institute of High Pressure Physics
PAS.* Current studies indicate that MgB, wires with an ex
situ MgB, barrier have lower J. anisotropy (i.e., small differ-
ence between the J. in the perpendicular and parallel
magnetic fields), higher homogeneity, and allows to obtain
pure in situ MgB, material.**~2¢

In this article, we present the effects of HIP, CD, CR,
and C—additives on J., B;,, and T. in MgB, wires made
with an ex situ MgB, barrier.

Il. EXPERIMENTAL
A. Wires preparation

Monofilament MgB, wires with an ex situ MgB, barrier
were fabricated at the Institute of High Pressure PAS in
Warsaw. Figure 1 shows a cross sectional and longitudinal
sectional of MgB, wire with ex situ MgB, barrier. These
wires have been produced by modified Powder in Tube (PIT)
method using multi cold isostatic pressure (CIP). In situ
MgB, precursor materials were made from commercial pow-
ders of Mg (99.8% purity), MgH, powders from ABCR
GmbH Karlsruhe, amorphous boron powder (University of
Geneva), and carbon from Institute for Solid State and
Materials Research Dresden. The in situ MgB, precursor
materials were milled for 48 h and then CIP-ed (at the pres-
sure of 0.3GPa) to from rods of ca 8 mm diameters.>>’
Then the ex situ MgB, powders (Alfa Aesar) prepared with

(a) Barier ex-situ
MgB; i
£

FIG. 1. The secondary electron view of the cross section (a) and (b) for sam-
ple 1.
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or without additives were milled for 4 h and ultrasonically
cleaned and then were used to fill around the rods. The as-
sembly of these precursor billets of in situ MgB, rods with
surrounding ex situ MgB, powder in an Fe tube took place
inside a He gas atmosphere glove box.*>%’

These in situ MgB, rods with surrounding ex situ MgB,
powder in an Fe tube were cold drawing to 1.8 mm and
1.6 mm diameter. Sample Nos. 2 and 3 were obtained by
using cold drawing with sample No 1. MgB, tapes were
obtained by cold rolling the same precursor billets. All the
wires and tapes after cold drawing were annealed under
isostatic pressure (argon) in range from 0.3 GPa to 1 GPa.
(Table I—doping level—at. %). The Ex situ MgB, barrier
makes up about 15% of total MgB, material (in situ MgB,
and ex situ MgB,) which itself is 35% of the wire.

B. The measurements’ conditions

The critical current (I.) of the wires was measured by
the four-probe resistive method in a liquid helium bath inside
the Bitter type magnet of 25 mm diameter at International
Laboratory of HMF & LT in Wroclaw. A well stabilized
magnetic field was generated by the Bitter type magnet oper-
ating up to ~14T. A constant current source was the gain
current (maximum 150 A).*?° Transport critical current
measurements were performed at 10K, 20K, and 25K at the
Institute for Solid State and Materials Research in Dresden.®
The 1 pV/cm criterion was used for /. evaluation.

The samples in perpendicular magnetic field were of
20mm length and in parallel magnetic field were of 70 mm
length. The critical temperature was measured using four-
probe resistive method using AC current (5mA, 14Hz) at
International Laboratory of HMF & LT by using PPMS
Model 7100 (Quantum Design—in the field ranging from 0
up to 14 T).

Analysis of the microstructure was performed with
Quanta 3D FEG Dual Beam at Military Technical Academy
in Warsaw and by Zeiss microscope (high resolution low-
energy type) at the Institute of High Pressure Physics PAS in
Warsaw.

lll. RESULTS
A. SEM analysis

Ex situ MgB, barrier creates very good connectivity
with iron shield, because—between ex situ MgB, barrier and
metal shields—voids and cracks did not appear (Figs. 1(a)
and 1(b)).

Ex situ MgB, barrier makes very good contact with
undoped in situ MgB, material (Figs. 1(a) and 1(b)),
because—between ex situ MgB, barrier and in-situ MgB,—
cracks and voids are not formed. SEM results show that in
microstructure of the ex situ MgB, barriers and in situ
MgB,, material cracks are not formed (Fig. 1).

The results on Figure 2 for MgB, wire with ex situ
MgB, barrier show that cold drawing significantly reduces
size of the defects and increases homogeneity of the MgB,
material. The appearance in the sample 3 of layer structure
(Fig. 2(d)) invisible in the sample 2 suggests that Mg in
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TABLE I. HIP-ing parameters of various samples. Fe—iron sheath.

J. Appl. Phys. 117, 173908 (2015)

Samples identifier ~Wire diameter (mm) In situ material

Ex-situ barrier  Pressure (GPa)  Sintering temperature (°C)  Sintering time (min)

1 Fe Mg +2B ex situ 1 750 40
1.6 MgB,

2 Fe Mg+ 2B ex situ 1 750 40
1.1 MgB,

3 Fe Mg+ 2B ex situ 1 750 40
0.75 MgB,

4 Fe Mg+ 2B ex situ 0.35 750 40
1.6 MgB,

5 Fe MgH2 +2B ex situ 1 750 40
1.6 MgB,

6 Fe MgH2 + 2B ex situ 1 750 40
0.6 x 2.5 MgB,

7 Fe Mg+ 5%Mg + 2B ex situ 0.3 700 10
1.8 MgB,

8 Fe Mg +5%Mg + 2B + 6%C ex situ 0.3 700 10

1.8 MgB, + 6% C

MgB, wire with the ex situ MgB, barrier during cold draw-
ing increases the length just like Mg in MgB, wires with Fe
and Nb barrier.

The results on Fig. 3 for MgB, wires with ex situ MgB,
barrier show that increase of pressure from 0.3 GPa to 1 GPa
allows to obtain smaller grains and voids and higher density
MgB, material. Smaller grains allow to obtain more connec-
tions between grains. Similar results obtained Morawski et
al®” and Cetner et al.*® for MgB, wires with Nb barrier.
They indicate that annealing in a pressure of 1 GPa leads to
grain size of about 50 nm.

SEM results on Figs. 4(a) and 4(b) show that the ex situ
MgB, barrier creates good connection with iron sheath after
rolling and HIP, because between iron sheath and ex situ

(b)

FIG. 2. The secondary electron analysis—Ilongitudinal section: (a) and (b)
sample 2; (c) and (d) sample 3.

MgB, barrier are not formed cracks. We see on Fig. 4(a) that
the ex situ MgB, barrier creates good connection of in situ
MgB,, because—between the in situ MgB,, and ex situ
MgB, barrier—cracks are not formed. Moreover, SEM
results show that cold rolling and annealing in high pressure
increases the density of the MgB, material in wires with ex
situ MgB, barrier. Above mentioned results suggest that the
ex situ MgB, barrier can be used in production of MgB,
tapes because rolling does not cause damage to the micro-
structure of MgB, tapes.

EDX and XRD studies presented by Kario et al.**
showed that the ex situ MgB, barrier allows to obtain high-
purity in situ MgB, material.

B. MgB, wires with ex situ MgB, barrier in an iron
sheath (at 4.2K)

Figure 5(a) shows the effects of pressure and wires di-
ameter on critical current density (/). These results indicate
that annealing in a pressure of 0.35 GPa leads to an signifi-
cant increase in critical current density in low and medium
magnetic fields (from 0T to 9T) in comparison with sample
1 (1 GPa). However, annealing in a pressure of 1 GPa leads
to an increase in J. in magnetic field above 9T over that of
sample 4 (0.35 GPa). Measurements and calculations show
that reduction (CD) of the diameter from 1.6 mm to 1.1 mm
and the surface (cross section of filament) of MgB, wire

)

i sotens 1297 10000 KX WG PAY

FIG. 3. The secondary electron analysis—cross section: (a) sample 1 and (b)
sample 4.
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FIG. 4. The secondary electron view—cross section: (a) and (b) sample 6.

with ex situ MgB, barrier by about 52% leads to a significant
increase in J. in magnetic fields from OT to 12 T. A further
reduction of diameter from 1.1 mm to 0.75 mm and surface
(cross section of filament) of MgB, wire with ex situ MgB,
barrier of about 55% leads to an additional increase in J,. in
magnetic fields from OT to 12 T. The Kramer analysis was
done with formula J,%7*B%% ? This analysis determines ir-
reversible magnetic field (B, x). Figure 5(b) shows that
annealing in high pressure might increase B;,,x (about 4.8%)
and cold drawing does not increase B, k. Figure 5(c) indi-
cates that annealing in a pressure of 0.35 GPa increases den-
sity of pinning centers in low and medium magnetic fields.

~l-sample 4 - d=1.6 mm 0.35 GPa

J. Appl. Phys. 117, 173908 (2015)

These results suggest that medium pressure significantly
increases density of surface (big voids)*® and point pinning
centers (voids similar in size to the coherence length).>
However, annealing in a pressure of 1GPa leads to an
increase in the density of pinning centers in high magnetic
fields.” These results suggest that high pressure increases
density of line pinning centers.’® Figure 5(d) shows the
effects of pressure and wires diameter on reduced F,/F ,,qy
as a function of reduced B/B;,,x. These results suggest that
cold drawing and pressure do not change dominant pinning
mechanism in undoped MgB, wires (surface pinning cen-
ters). The results in Figs. 5(a) and 5(e) showed that differ-
ence in J. in the perpendicular and parallel direction of the
magnetic field (a measure of J. anisotropy) in the wires of
1.6 mm, 1.1 mm, and 0.75 mm diameter after annealing in a
pressure of 1 GPa is about 4%—7% (Fig. 5(e)). On the other
hand, for the MgB, wires annealed for a pressure of
0.35 GPa, the anisotropy is about 14% (Fig. 5(e)).

Figure 6 shows the effects of cold rolling and the use of
MgH, powder in place of pure Mg on J. and F),. These
results indicate that MgH, powder can increase J. and F), in
low and medium magnetic fields (from OT to 7 T) compared
to the sample made with pure Mg powder. We can see that

Tomraime | w .
T sample 2 - d=1.1 mm a T T T T T
(Q)|_—gr=sample 3- d=0.75 mm 1 GPa 6 (b) z::g:: ?
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(b) —l—-sample 1
~@—sample 5
—h—sample 6 |7

FIG. 6. (a) The critical current density
j as function of magnetic field, J. = f(B).
(b) The pinning force as function of
magnetic field, F,=f(B). The meas-
urements were made in perpendicular
magnetic field for samples 1, 5, and 6
at4.2K.
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T 1400 r .
(a)
12004
100+ 1000
< S 800
Z 600
< o, =
0 a
= W 400
—l—-sample 1 (Mg - wire)
—@—sample 5 (MgH, - wire) 2004
1 —s—sample 6 (MgH, - tape) o
1 10 2 4

B(T)

pure Mg powder is associated with higher critical current
density and more pinning centers in MgB, wires with ex situ
MgB, barrier in high magnetic fields (>7T). The Kramer
analysis indicates that the MgH, powder reduced B;.,x by
20%, compared to samples obtained with pure Mg powder.
Fig. 6(b) shows that MgH, powder can increase the density
of surface and point pinning centers and reduce the density
of line pinning centers. Results for samples 5 and 6 with
MgH, powder show that cold rolling increases J. and F), in
low and medium magnetic fields (from O to 7T) and does
not change J. and F, in high magnetic fields. These results
show that cold rolling increases density of surface and point
pinning centers (Fig. 6(b)). It also indicates that cold rolling
does not increase the density of line pinning centers in MgB,
tape. The Kramer analysis shows that cold rolling does not
increase B;,,x (of about 11.5T).

Figure 7(a) shows the effect of C doping on J.. as a func-
tion of magnetic field. These results indicate that the C dop-
ant poorly increases J. in magnetic fields from 4 T to 8T.
Moreover, we see that C dopant significantly increases J.. in
magnetic fields above 8 T. However, results show that C
dopant does not increase J. in magnetic fields from OT to

6 8 10 12
B(T)

4T. Fig. 7(b) indicates than the C dopant increases B;,,x by
about 1.5 T (10%—in sample 6). This dopant shifts F,,,,, to
higher magnetic fields (3 T) and increases density of pinning
centers from 4 T to 14 T. Fig. 7(c) suggests that C dopant cre-
ates point and line pinning centers and does not form surface
pinning centers.”® Comparing results of samples 7 and 8
(Fig. 7(d)), we can see that C dopant does not change the
dominant pinning mechanism. This dominant pinning mech-
anism is characteristic for pure MgB, material. These results
might suggest that the 6% C dopant is too small to change
the dominant pinning mechanism.

C. Measurements in 10K, 20K, and 25K

The results in Fig. 8(a) show that the reduction in diame-
ter of wires from 1.1 mm to 0.75 mm leads to an increase in
J. at 10K by about 35%, at 20K by about 50%, and at 25 K
by about 15%. Increase of temperature from 4.2K to 25K
leads to decrease in J. in all magnetic fields. The Kramer
analysis (Fig. 8(b)) suggests that cold drawing does not
change the value of B;, (10K — B;,x=103T, 20K
—B;,k=6.3T, 25K — B;,,x=3T). Increase in temperature
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from 4.2 K to 25 K leads to a decrease in B;,,x by about 40%.
The calculations of transport pinning force (Fig. 8(c)) indi-
cate that cold drawing significantly increases pinning centers
density in low magnetic fields (at 10K and 20K). These
results suggest that cold drawing slightly increases F), in
high magnetic fields. Figure 8(a) shows that cold drawing
did not lead to an increase in J, at 25 K. Results of scaling
show that cold drawing does not change dominant pinning
mechanism in pure MgB, wires made with an ex situ MgB,
barrier. Figure 8(d) indicates that dominant pinning mecha-
nism is provided by surface pinning centers.

D. T.and B;,,

The results in Fig. 9(a) show that cold drawing does not
change critical temperature (7,). T, is about 37.5 K. Figure
9(a) indicates that the 1GPa pressure improves connection
between grains in undoped MgB, wires of smaller diameter,
because resistance in normal state of sample 3 is lower than
that of sample 2 by about 22%. B;,, with resistance measure-
ments was determined on the basis of 5% (B,-,,R).29 The value
of B;,,g does not change after cold drawing (Fig. 9(b)). When
comparing results of B;,. from the Kramer analysis (B, «)

irrK

(Fig. 5(b)) with results B;,,x (Fig. 9(b)), we see that B;,,x is
lower than B, by about 8%. This result suggests that the
Kramer analysis provides an acceptable estimate of the value
of B, in undoped MgB, wires with ex situ MgB, barrier.

In Fig. 10(a), we see that annealing under 1 GPa pres-
sure (sample 1) slightly decreases T, in comparison with
sample after annealing under 0.35 GPa pressure (sample 4).
Figure 10(a) shows that the annealing under high pressure
improves connection between grains in undoped MgB, better
than annealing under medium pressure, because resistance in
normal state of sample 1 is lower than that of sample 4 by
about 10%. In Fig. 10(b), we see that annealing under 1 GPa
pressure slightly decreases B, at temperature above 22.5K
and slightly increases Bj,; at temperature below 22.5 K.

E. nvalue

The coefficient of n value was determined from the for-
mula (E/E.)=o/l,)">" Ghosh®' shows that the n value
depends on internal factors (connectivity between the grains,
pinning centers, and flux creep) and external factors (distri-
bution and quality of the filaments). The n value is also
dependent on homogeneity of filament. Calzolaio at al.*

3,0 L L s ! T T T
(a) 2Iample2(c|=1,1 mm) 12+ (b) Izgng N
2,54 sample 3 (d= 0.75 mm)
104 E
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0,54 2 ] magnetic field for samples 2 and 3.
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showed that the n value depends on the magnetic field, tem-
perature, and strain.”* Fig. 11. shows two dependence on n
value =f(B) and n value =f(J.). These results show that
reduction of wires surface (cross section of filament) by 80%
increases the n value by 50% (for n value =f(B). For the
dependence of n value=f{J.), reduction of wires surface
(cross section of filament) caused (e.g., for n value of
20-5T) an significant increase of J..

The results in Fig. 11 are very important, because they
provide a method to find the optimal application range of
MgB, wires with ex situ MgB, barrier (the red area). We use
two criteria: current density (100 A/mmz) and n value.
Criterion n value is different, e.g., for NbTi in 5T is
40-60,>" for NbsSn in 12T is 30-40,*' and for HTSC is
15-20.%" We use for undoped MgB, wire criterion proposed
by Ekin.** This criterion suggests that the wires of n value
larger than 20 might be used. We know that pure Mg has low
resistivity in normal state. Annealing in high pressure
increases melting point of Mg.* The higher melting tempera-
ture reduces the rate of synthesis reaction and can cause
remains of pure Mg grains in the wire.* Moreover, Mg grains
are the main influence on structure of MgB, materials,
because Mg grains are three orders of magnitude larger than
the B grains. These factors reduce the n value. Therefore, we
consider that the criterion of Ekin is good for undoped MgB,
wire with ex situ MgB, barrier.” Fig. 11 shows the relations
of n=1(B) and n =f(Jc). These factors are considered in the
design of superconducting coils. The results in Fig. 11 show
that undoped MgB, wire with an ex situ MgB, barrier of
0.75 mm diameter can be used in a coil, which will have
maximum magnetic field of 5T, because in this magnetic
field, n value is 20 and J,. is 130 A/mm?.

IV. DISCUSSION OF RESULTS

The SEM results indicated that ex situ MgB, barrier is
uniformly distributed in MgB, wires. Moreover, the results
showed that the cold work increases uniformity and density
of MgB, wires with ex situ MgB, barrier. Moreover, layers
structure in sample No. 3 suggests that cold drawing
increases the length of Mg grains in MgB, wires with ex situ
barrier. The results of scanning electron microscopy showed
that the pressure reduces the size of voids and grains.
Moreover, this process increases the density of the MgB,
material and number of connections between the grains. Our
results and those of Takahashi et al.** show that large grains
reduce the number of connections between the grains.

CD increased critical current density in pure MgB,
wires, because this process reduces thickness of Mg grains
and increases their length. Moreover, this process leads to an
increase in the outer surfaces area of Mg grains. The larger
surface of MgB, grains and 1 GPa pressure leads to more
connections between grains and more pinning centers. The
larger number of connections increases critical current den-
sity (J.) and reduces resistance after transition of supercon-
ducting material to normal state. Moreover, our results
indicate that the dominant pinning mechanism on the grain
boundaries (surface centers) increase J. in the temperature
range from 4.2K to 20K. Our results indicate that the cold
drawing creates pinning centers, which poorly increase the
J. at 25 K. The strong reduction of J. at 10K, 20K, and 25K
suggest that the increase of temperature strongly degrades
effectiveness of surface pinning centers.

HIP of 1 GPa leads to smaller grain size, and pressure of
0.35 GPa forms bigger grain size. The grain sizes influence
size and density of voids. We know that voids create point

40 —l-sample 1 (d = 1.6 mm)
T 71 —@—sample2(d=11mm) T T T
~fl—sample 1 (d = 1.6 mm) ——sample 3 (d = 0.75 mm) (b)
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FIG. 11. (a) The magnetic fields (B) as
function of n value. (b) The critical
current density (J.) as function of n
value for undoped MgB, wires with ex
situ MgB, barrier in perpendicular
magnetic field at 4.2 K.
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and surface pinning centers. These pinning centers increase
J. in low and medium magnetic fields.®® Therefore, the
annealing in 0.35 GPa pressure increases J. in magnetic
fields from O to 9T compared to sample 1 (1 GPa), because
this pressure leads to more surface and point pinning centers.
1 GPa pressure significantly reduces the size and density of
voids,* and increases density of dislocation,” (line pinning
centers).” High pressure and smaller grains allow for more
connections between grains.>>**> However, the results sug-
gest that the greater number of connections between grains
without pinning centers do not increase J. in low and
medium magnetic fields. Furthermore, the results for sample
1 indicate that pinning centers which increase J. in high
magnetic fields poorly increase J. in low and medium mag-
netic fields. Therefore, J. of MgB, wire annealed in 1 GPa
pressure is lower in range from OT to 9T than J. of MgB,
wires annealed in 0.35 GPa. The SEM results and results in
articles™® show that annealing in pressure of 0.35 GPa leads
to poorer connection between the grains than that annealed
in pressure of 1 GPa. These results suggest that the pinning
centers affect J. in low and medium magnetic fields more
strongly than the connection between the grains.

MgB, wire made from pure Mg powder (sample 1) had
higher critical current density in magnetic fields above 7.5T
than that made from MgH, powder (sample 5). On the other
hand, J. in magnetic fields below 7.5T in wires made with
pure Mg powder is lower than J. in wires made with MgH,
powder. Results of studies in article®®?” show that reaction
in samples 1 and 5 was the solid state of Mg and B. In this
process, MgB, material exhibits smaller shrinkage by about
5%.>® Increase of J,. for the sample with pure Mg is not asso-
ciated with pressure (the same for both samples) and shrink-
ing (very small by about 5%). These results suggest that
impurities and voids associated with H can create surface
pinning centers. These centers cause increase of J. in the low
and medium magnetic fields. Moreover, they limit the forma-
tion of line pinning centers and weaken connections between
grains.

CR increases the density of the MgB, material.
Annealing in samples 5 (wire) and 6 (tape) was performed in
the solid state of Mg and B. Results obtained after cold roll-
ing and annealing in pressure of 1 GPa for undoped MgB,
wires with MgH, powders indicate that this process increases
the density of pinning centers in low and medium magnetic
fields and does not increase J.. in high magnetic fields. Shi et
al.*® indicate that the transport current flows mainly longitu-
dinal connections. These results might suggest that cold roll-
ing does not create line pinning centers,® at across
longitudinal connection, because the cold rolling slightly
increases the length of Mg grains. This process reduces
thickness of the Mg grains and increase transverse surface of
Mg grains. This explains why we did not observe increase of
J. in high magnetic fields and increase of B;,,, in sample 6.
Comparing J,. of wires and tapes, we can conclude that the
cold drawing allows for more linear pinning centers at longi-
tudinal connections than cold rolling. We only suppose that
CR can increase the density of line pinning centers on the
transverse connections. Moreover, based on results for sam-
ples 5 and 6, we can deduce that pinning centers in, e.g., SiC

J. Appl. Phys. 117, 173908 (2015)

doped samples in high magnetic fields can form by substitu-
tion of C for B and is not created by process of cold rolling.

In the undoped sample (No. 7) and C doped sample (No.
8) under the pressure of 0.3 GPa and annealed at the temper-
ature of 700°C, Mg is in liquid state and B is in the solid
state.®” In this process, in situ MgB, superconducting mate-
rial shrinks by 25%.%° We know that the shrinking creates
stress-dislocations (line pinning centers).***° Samples 7 and
8 were obtained in the same conditions. This indicates that
the shrinking is very similar in both samples. Comparing
results of samples 7 and 8, we can see that the increase of /.,
Fp, and B;,, in high magnetic fields come from the substitu-
tion of C for B. In addition, the increase of J. and F), in me-
dium magnetic fields comes from the point pinning centers.
These centers created by C substitution on grains boundaries
are of size similar to coherence length.*°

Results in Fig. 9(a) show that the high pressure leads to
more connectivity between the grains in the wire of 0.75 mm
diameter than in the wire of 1.6 mm diameter. This indicates
that pressure acts more strongly on wire of smaller diameter.
Serquis er al.® showed that the HIP process increases the
density of strain (dislocation). This result indicates that the
wire of 0.75 mm diameter has more strain than the wire of
1.6 mm diameter. Greater density of strains increases the re-
sistivity in normal state and also n value. In addition, Fig.
10(a) shows that greater density of strains decrease critical
temperature.

V. CONCLUSIONS

The HIP process leads to better control of grain size and
improved density of MgB, materials. The transport results
show that cold drawing and HIP increase J. and F), at 4.2K,
10K, and 20K in undoped MgB, wires with ex situ MgB,
barrier. These processes do not increase B, and do not
decrease T,.. Cold drawing and pressure of 1 GPa also lead to
significant decrease in resistance in superconducting material
after the transition to normal state in wire of smaller diame-
ter. The lower resistance indicates that wire of smaller diam-
eter has more connections between the grains. The results for
the undoped MgB, wires with ex situ MgB, barrier after CD
and HIP show that surface pinning centers increase J,. in the
range from 4.2 K to 20 K, but not at 25 K.

Calculations indicate that J. and F, increase in undoped
MgB, wire with ex situ MgB, barrier after cold rolling in
low and medium magnetic fields. The data for pure MgB,
wires indicate that the rolling process does not increase the
density of pinning centers in high magnetic fields (longitudi-
nal connections). Moreover, the measurements show that in
comparison with MgH,, the pure Mg powder increases J.
and £, in high magnetic fields.

Analyses indicate that B, determined with the Kramer
model is lower by 8% than B,,, determined with resistance
R=1 (T). This result suggests that we can determine B,
with the Kramer analysis for undoped MgB, wires with ex
situ MgB, barrier.

J. in doped MgB, wires with ex situ MgB, barrier
increases in high magnetic fields and decreases in low and
medium magnetic fields after annealing in 1 GPa pressure. In
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contrast, annealing in 0.35 GPa pressure increases J. and F),
in low and medium magnetic fields. Our results indicate that
the grains of suitable size allow for high J. and F), in low and
medium magnetic fields, but other grains size leads to
increase of J. in high magnetic fields. Results suggest that
increase of MgB, material homogeneity in wires with ex situ
MgB, barrier can significantly reduce the anisotropy of J...

Annealing in high pressure of 1GPa creates a lot of
strains. These strains increase n value in undoped MgB,
wires with an ex situ MgB, barrier.
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