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Ex situ powder-in-tube MgB, tapes prepared with ball-milled, undoped powders showed a strong
enhancement of the irreversibility field H*, the upper critical field H,,, and the critical current
density J.(H) together with the suppression of the anisotropy of all of these quantities. J,. reached
10* A/cm? at 4.2 K and 10 T, with an irreversibility field of about 14 T at 4.2 K, and H,, of 9 T
at 25 K, high values for not-doped MgB,. The enhanced J, and H* values are associated with
significant grain refinement produced by milling of the MgB, powder, which enhances grain
boundary pinning, even if at the same time also reducing the connectivity from about 12% to 8%.
Although enhanced pinning and diminished connectivity are in opposition, the overall influence of
ball milling on J.. is positive because the increased density of grains with a size comparable with the
mean free path produces strong electron scattering that substantially increases H,,, especially H,,
perpendicular to the Mg and B planes. © 2008 American Institute of Physics.

[DOI: 10.1063/1.3021468]

I. INTRODUCTION

It is now widely believed that magnesium diboride
(MgB,) is a potential alternative to the Nb-based supercon-
ductors due to its lower raw material costs, its possibility for
cryocooler use at around 20 K, and its reasonable upper criti-
cal field (H,,) values. These advantages would be strength-
ened by further raising the irreversibility field H*, which cor-
responds approximately to Hcl2 because of the strong effect
that H* has on the whole J.(H,T) curve. The highest H,,
values were obtained on thin films, either through introduc-
ing disorder' or after C doping, reaching extrapolated values
of 70 T in the direction parallel to the ab planes.2 Many
efforts focused on the improvement of the critical fields and
the critical current density (J,) on polycrystalline samples,
wires or tapes. It has been shown how the measured J, that
is, the practical parameter useful for applications, is a com-
plex balance between connectivity H., and flux pinning in-
duced by grain boundaries and precipitates.3 The highest H,,
values and better performances of the current-carrying capa-
bility were obtained after doping with C in different forms,
i.e., C, SiC, C nanotubes or carbohydrates. Polycrystalline
MgB, samples doped with double-wall carbon nanotubes
reached extrapolated H,,(0) of about 44.5 T;* H_,(4.2 K)
higher than 33 T and irreversibility field H* of 29 T were
obtained on in situ MgB, wires with SiC additions;’ a strong
vortex pinning and H.,(0) values exceeding 40 T were at-
tained in SiC-doped Fe-sheathed MgB, in situ tapes.3 Be-
sides increasing H,.,, adding SiC to MgB, also significantly
improves J,. of the in situ tapes at high fields, perhaps by
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introducing a high density of structural nanodefects and
nanoscale precipitates.6 Combining mechanical alloying on
powders and C doping in in situ powder-in-tube (PIT) tapes
allowed to reach J, of 10* A/cm? at 14.3 T and 4.2 K.

Often the effect of the doping in increasing the perfor-
mances in magnetic field is enhanced by a simultaneous re-
duction in the grain size that increases the grain boundary
pinning. A combination of C-substitution-induced H,., en-
hancement as well as the strong flux pinning centers induced
by grain boundaries were indicated as responsible for the
high J.-H performances (10* A/cm? at 42 K, 12 T) in
MgB, tapes prepared by the in situ PIT technique by using
maleic anhydride as a dopant.8 Grain refinement induced by
high-energy ball milling C-doped powders was indicated as
the reason for the increased H), and therefore H* that
reached 17.2 T at 4.2 K.’

An alternative way of introducing pinning centers and
increasing H,, is neutron irradiation. In an experiment per-
formed on polycrystalline samples H,, exceeded 30 T (Ref.
10) while at the same time grain boundaries, pointlike de-
fects, and local variations of the superconducting order pa-
rameter contributed to the strong pinning.11 This method,
though scientifically interesting, cannot be applied practi-
cally to tapes and wires.

Most of the data reported in the literature in terms of
enhanced H,, and J,. has been performed on in situ samples.
However, the ex situ process is of great practical importance
too. Recently Herrmann et al’ reported high J. values also
for undoped in situ tapes, i.e., 10* A/cm? at 12.1 T and 4.2
K. Very good results have been recently achieved on ex situ
samples: we performed ball milling with and without C on ex
situ PIT tapes,12 and reported better J, values of 10* A/cm?

© 2008 American Institute of Physics
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at 4.2 K and 13 T for the C-doped sample. Senkowicz et al’
analyzed the effect of ball milling and at the same time of C
doping on H,, and J, in ex situ bulk samples, attaining
10* A/cm? at 14 T. From a performance viewpoint, there
thus seems to be no decisive difference between in situ and
ex situ MgB,.

In this paper we analyze the behavior of ex sifu PIT tapes
prepared with undoped ball-milled MgB, powders and report
a strong enhancement of both H,, and J.(H), together with
the suppression of the anisotropy of both these quantities. We
ascribe such results to strong grain refinement and enhanced
grain boundary density, which has the doubly positive effect
of enhancing grain boundary vortex pinning and enhancing
the electron scattering, which increases H,.,. Our results are
thus very important from an applications point of view since
ball milling can be easily applied to production quantities of
MgB, powders, and the ex situ PIT method has been already
demonstrated on industrial lengths.13

Il. EXPERIMENTAL DETAILS

MgB, powders were prepared from commercial amor-
phous B (95%-97% purity) and Mg (99% purity): the pow-
ders were mixed and underwent a heat treatment at 900 °C
in Ar. High-energy ball milling was conducted in a planetary
ball mill with tungsten carbide (WC) jar and media for dif-
ferent times up to 256 h.

Monofilamentary tapes were fabricated following the ex
situ conventional PIT method."* MgB, powders were packed
inside Ni or Fe tubes, which were groove rolled and drawn
down to a diameter of 2 mm, then cold rolled in several steps
to tapes of about 0.35 mm in thickness and 4 mm in width.
The superconducting transverse cross section of the conduc-
tor was about 0.2 mm?. The conductors were then subjected
to a heat treatment at a temperature between 900 and 950 °C
for 18 min in flowing argon atmosphere. During the final
heat treatment a Ni, sMgB, reaction layer forms between the
Ni sheath and the MgB, core,” and such a layer does not
allow the Ni sheath to be peeled off. Although Fe-sheathed
tapes also produce a tiny reaction layer between Fe and B, it
is easy to mechanically remove the sheath.® Microstructural
analysis and resistive measurements of the MgB, core itself
therefore became possible by using a removable Fe sheath,
avoiding any undesirable effect or superimposed signal due
to the magnetic sheath.

The microstructure of MgB, was investigated using
scanning electron microscopy (SEM) to evaluate the particle
size, and x-ray diffraction (XRD) was performed in order to
identify the phase, give an estimation of its orientation, and
calculate the grain size.

Magneto-optical imaging was employed to assess the lo-
cal nature of current flow.'*"” 3-5 mm long tapes were
placed on the cooling finger of a continuous flow optical
cryostat located on the X-Y stage of a polarized optical mi-
croscope in reflective mode. The Bi-doped garnet indicator
film with in-plane magnetization was placed directly on the
bare core of the MgB, tapes to register the normal compo-
nent of magnetic flux at the tape surface.'®"’

Short pieces of about 6 mm in length cut from the Ni-
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FIG. 1. Magnetic J.. vs magnetic field at 5 K in perpendicular orientation for
tapes fabricated with MgB, powders milled for different times. J. was
evaluated from SQUID magnetization measurements and are thus lower
than conventional transport.

sheathed tapes were employed for the magnetization mea-
surements in a 5.5 T Magnetic Properties Measurement Sys-
tem (MPMS) Quantum Design superconducting quantum
interference device (SQUID) magnetometer. The magnetic
field was applied perpendicular to the tape surface and criti-
cal current density values were extracted from the M-H
loops applying the Bean model. Demagnetization corrections
are negligible at fields above 0.7 T, that is, the saturation
field of Ni.'®

Transport critical current (I,) measurements were per-
formed over ~10 cm long samples at the Grenoble High
Magnetic Field Laboratory (GHMFL) at 4.2 K in magnetic
field up to 13 T, applied both perpendicular and parallel to
the tape surface, while the current was applied perpendicular
to the magnetic field. The criterion for the /. definition was
1 wV/cm.

Resistive H_., measurements were performed on the
MgB, core of the Fe-sheathed tapes in a 9T Quantum Design
Physical Properties Measurements System (PPMS) using a
measuring current of 1 mA with the magnetic field applied
both parallel and perpendicular to the tape surface. H,, was
taken to occur at 90% of the resistive transition.

lll. RESULTS AND DISCUSSION

High-energy ball milling was performed on MgB, pow-
ders in order to lower their average grain size and improve
the performance in magnetic field." Figure 1 shows the criti-
cal current density J. as a function of the magnetic field at 5
K as extracted from the M-H loops with the field perpendicu-
lar to the tape surface. We notice that even if J. is not af-
fected much at lower fields, a substantial improvement is
obtained in high fields by increasing the milling time up to
144 h, while upon further increasing the milling time the
in-field behavior worsens.

In order to investigate the dominant pinning mecha-
nisms, we plotted in Fig. 2 the pinning force at 5 K normal-
ized by its maximum value as a function of the normalized
magnetic field H/ Hy=H/H"=h. The irreversibility field was
determined with a linear extrapolation of the Kramer func-
tion F ,(=J(C)'SBO'25 (see inset of Fig. 2)'? and is therefore in-
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FIG. 2. Behavior of the normalized pinning force vs normalized magnetic
field h=H/Hy at T=5 K as extracted from the magnetic J. measurements.
A comparison with grain boundary pinning model Fp=h%3(1-h)? is also
reported (continuous line). In the inset, the Kramer function Fy=J%"B%% is
reported as a function of the field and the linear extrapolation to estimate the
irreversibility field Hy used to plot F),.

dicated as the Kramer field Hg. The pinning force behavior is
well described by the grain boundary pinning model Fp
=h"(1-h)* for all milling conditions. F, rises from
3.8 GN/m? for the not-milled (NM) powders to 4.5 GN/m?
for the tape prepared with powders milled for 144 h, suggest-
ing that the ball milling process lowers the grain size and
increases the number density of grain boundaries, without
introducing additional pinning mechanisms on milling. The
enhanced J,. in magnetic field and the higher H* values are
therefore probably due to increased perpendicular H,., val-
ues, as it will be discussed later.

After investigating the ball milling parameters, we de-
cided to focus on comparison between the tape prepared with
NM powders (sample NM in the following) and the sample
with the best performance in field, i.e., that prepared with
powders milled for the optimum 144 h (sample M).

SEM analysis was performed on the powders. In Fig. 3
the SEM images are shown, of the powders after synthesis
and milling (a), and inside the tapes after cold working and
sintering (b). It is immediately clear that after milling the
powders are much more homogeneous in size and smaller,
and that wire fabrication produces a considerable particle
refinement. We performed a statistics on about 700 particles
taken from several points of the four samples in order to
estimate the average diameter of the powders before and af-
ter milling and into the final tapes. The data were fitted with
a Gaussian, as reported in the lower part of Fig. 3. The mean
diameter values are 1.5 um and 440 nm, respectively, for
the NM and milled (M) powders, indicating a significant,
even if not so strong as reported by other authors,” decrease
in the average diameter of the particles after milling. In the
tapes, the powders are even smaller, resulting in an average
diameter of 400 and 200 nm, respectively, in the NM and M
tape.

Figure 4 compares optical and Magneto-Optical (MO)
images taken on the bare core of the Ni-sheathed tapes pre-
pared with NM (upper panel) and M (lower panel) powders.
Figures 4(a) and 4(c) are the optical images of the surface of
the two samples, in particular, of the Ni-sheathed tapes after
removal of the sheath from both sides. Images of the fields
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FIG. 3. SEM images of the NM and 144 h M powders (a) and NM and M
tapes (b). Note that the scale bars are different. Below, the Gaussian fit of
particle size distribution is reported after measuring about 500 grains for
each sample. The average diameter is 1.4 um and 440 nm for the NM and
M powders (dotted lines), and 400 and 200 nm for the NM and M tapes,
respectively.

produced by the induced currents after cooling in an external
magnetic field (the Field Cooled (FC) state) of 120 mT to a
temperature of 5.7 K [Fig. 4(b)] and 6.4 K [Fig. 4(d)], re-
spectively, for the NM and M sample and then reducing the
field to zero are very different. This procedure produces a
trapped state throughout the whole sample, in which bright
contrast areas correspond to regions of trapped magnetic flux
with high J., while darker areas show lower J,. regions where
the local trapped flux density is lower. It is clear that tape M
made with M powders has a more uniform and stronger
trapped flux area than the NM tape, even though the MgB,
core size is very similar for both tapes.

In order to characterize the in-field behavior at high
magnetic field, the /. of the two samples were measured up
to 13 T at GHMFL. In Fig. 5 the transport critical current /.
with field both parallel and perpendicular to the tape surface
is shown. There is a remarkable increase in the critical cur-
rent values in magnetic field upon milling: the J,.. threshold of
10* A/cm? that is reached at 4 T in the NM sample is
reached at 10 T after milling. A very striking effect is the
disappearance of the J,. anisotropy after ball milling, prob-
ably due to multiple causes. The flat rolling during fabrica-
tion is likely to have a lesser texturing effect when the grains
are smaller, as in the case of the M powders. Furthermore, in
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FIG. 4. Optical and MO images of the NM (upper panel) and M (lower
panel) tapes after removing the Ni sheath. (a) and (c) are the optical images
of the surfaces of the NM and M samples; (b) and (d) are the MO images at
H=0 after FC in H=120 mT, 7=5.7 K, and 6.4 K, respectively.

the sample with smaller grains, the meandering of the current
path between adjacent grains bends more often than in the
sample with larger grains, thus averaging out the relative
orientation between the local current itself and the crystalline
axes. Finally, ball milling introduces disorder, which is indi-
cated by the decreased T, (see Table I) and decreased intrin-
sic H,, anisotropy.19

In order to be able to perform structural and supercon-
ducting property characterization of the MgB, core, we used
the same powders to fabricate Fe-sheathed tapes from which
we mechanically removed the external sheath. The magneti-
cally evaluated J. by dc SQUID magnetometer measure-
ments confirmed that the superconducting behavior of the
Ni- and Fe-sheathed tapes was the same.

XRD was performed on the MgB, cores, as reported in
Fig. 6 where the results are compared with the MgB, starting
powders. Both the powders and the cores of the tapes show a
high degree of randomly oriented MgB,. A small amount of
MgO was identified, particularly in the M powder sample.
WC peaks were also detected in the M powders. The peaks
have been normalized to the most intense MgB, peak: after
milling, the peaks weaken and broaden, a sign of a decrease
in the particle size.

In the inset of Fig. 6 the relative intensity of the (002)
peak is shown: in the NM sample it is higher with respect to
the pristine powders, showing some degree of texturing; after
milling it decreases again, indicating a lower or absent tex-
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FIG. 5. Transport critical current and corresponding calculated critical cur-
rent density as measured up to 13 T at GHMFL in He bath for the tapes with
NM and 144 h M powders. The field was both perpendicular and parallel to
the tapes’ surface.

turing, consistent with the disappearance of anisotropy seen
in Fig. 5 after milling. We conclude that the smaller the
grains, the less effective is flat rolling in inducing texture.
The lower limit for the average crystallite size can be
determined from the half width of the diffraction peaks using
the Debye—Scherrer formula D=a\/( cos 6, where D is the
mean particle size, a is a geometrical factor (=0.94), \ is the
x-ray wavelength (=1.54056 A), B is the half width of the
diffraction peak, and @ is the angular position of the diffrac-
tion peak. By analyzing the (002) peak we obtain D=27 and
18 nm, respectively, for the NM and M samples, indicating a
reduction in the crystallite size by ball milling. These values
are much lower though than the mean particle sizes esti-
mated by SEM analysis, indicating that the particles are
polycrystalline agglomerates of much smaller crystallites.
Magnetoresistivity versus temperature was measured on
the MgB, cores of the Fe-sheathed tapes. In Fig. 7 the resis-
tivities are shown as a function of the temperature for the
NM and M samples, and the resistive properties are summa-
rized in Table I. In the inset of Fig. 7 the transition is mag-
nified after the normalization of its p value at 40 K: the onset
(90%) of the critical temperature T, decreases after milling
from 38.6 to 37 K and the transition smears, due to the
disorder introduced by milling the powders. We also tried to
estimate the effective current-carrying area fraction (A) fol-
lowing the Rowell analysis,”’ where Ap=Ap;gea/[p(300 K)
—p(40 K)] with Apey=7.3 Q) cm.?' The resistivity val-
ues at 40 K are quite high in both samples, 55 and
289 Q) cm, respectively, a first indication of reduced con-
nectivity in both samples. After milling, both p(40 K) and
p(300 K) increased while at the same time the residual re-
sistivity ratio (RRR) almost halved. The calculated effective
cross-section decreased from 12% to 8%. We believe that
these values provide a lower limit for the actual current-
carrying fractions, and although quite low, they are compa-
rable with many other polycrystalline samples reported in the
literature where such analysis was carried out.>”** As re-
ported by other authors too, and also found in our case, the
high resistivity values and the inferred poor connectivity do
not prevent high J.. values. 2! If we try to correct the mea-
sured p(40 K) values with the effective cross section we find
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TABLE I. Resistivity data and critical temperature of the tapes prepared with NM and 144 h M powders.

p(300 K) p(40 K) Ap Ap p(40 K) corrected T.onset AT,
(uem)  (uQem) RRR  (uQem) (%) (u€2 cm) (K) (K)
NM 116 55 2.1 61 12 6.6 38.6 0.4
M 382 289 1.32 93 8 22.7 37.0 1.6

6.6 and 22.7 u{) cm, respectively, for the NM and M
sample (see Table I). A linear relationship between p and T,
has been reported for several kinds of samples.'0 With our
measured critical temperature values, we expect corrected
resistivity values below 10 u{) cm: it is therefore likely that
our samples, in particular, the M one, have an additional
intrinsic source of high resistivity such as insulating phases
at the grain boundaries, e.g., MgO (Ref. 25) given the fact
that the controlled atmosphere has not been maintained dur-
ing the whole process.26 Furthermore, the inconsistency be-
tween the low current-carrying areas and the measured low-
field J. values may also be due to the fact that the current
paths for the normal state and superconducting current may
not be exactly the same.”’

In Fig. 8 the H,, versus the T diagram is reported for the
NM and M samples perpendicular and parallel to the tape
surface. We define the 90% point of the small-current resis-
tive transition, which itself is percolative though the weakly
textured or untextured grain structure, as the parallel upper
critical field H.,. Besides decreasing 7, disorder also in-
creases H,,, while at the same time suppressing its aniso-
tropy, as well as the critical current anisotropy. The H,, val-
ues reached in the M sample at 25 K are quite high,
especially for undoped samples. They are corllpalralbl<3,4’28’29
or considerably higher&zz’mf33 than those reported for SiC or
C-doped polycrystalline samples. In Fig. 9 we also report the
10% points of the resistive transitions. These provide a
marker of the irreversibility line® and H, perpendicular,9
although occurring between H2, and H',, given that our tapes
are far from being completely oriented. Figure 9 compares

v fjjjj AW
s [ %
., 600- & | P AT
3: Al powders.
& 50 51 52 5.
> = 26 [deg]
£ 4004 e Al —~
a T 8
@ 4 9}\
=] Ty "y
£
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FIG. 6. XRD of MgB, powders compared with the core of Fe-sheathed
tapes fabricated with NM and 144 h M powders. The indexed peaks come
from the MgB, phase. In the inset, the (002) peak is magnified for the three
samples.

these evaluations to a critical state evaluation of H*(4.2 K)
defined by J.=500 A/cm?, which corresponds to a critical
current of 1 A flowing in the tapes. Such an estimate of H* is
clearly well below that deduced from the 10% points of the
resistive transitions, even if they do show the same depen-
dence on milling state. After milling, H* doubled reaching
about 14 T at 4.2 K, comparable with the best undoped in
situ samples.7

We can now try to draw some conclusions from the com-
peting influence of connectivity, H,., and flux pinning. At all
the measured magnetic fields, both from magnetic and trans-
port measurements, the M sample has a higher J,., consistent
with its almost doubled H,,. Near self-field the critical cur-
rent densities are very similar, showing that milling does not
degrade J,. at all, even though the connectivity of the M
sample is about 1/3 lower (see Table I). There is no change in
the pinning mechanisms after milling. The dominant grain
boundary pinning just rises from 3.8 to 4.5 GN/m? due to
the increased grain boundary density. J,. is in fact propor-
tional to the inverse grain size.”* We see that particle refine-
ment by ball milling decreases the crystallite sizes as well,
increasing their number density. We think that the smaller
crystallites are responsible for the raised H,., by scattering
electrons because the mean free path reduction enhances H,,
and the 1resistivity.10 The resistivity values corrected after cal-
culating the effective cross-section following Rowell®
(Table I) for the M sample at 40 K is 22.7 u£) cm. However
as noted above this may still be an overestimate since 7, is
not strongly suppressed. We believe that the real resistivity is
below 10 u) cm, which would lead to a mean free path
around 10 nm.'" In fact the crystallite size inferred from the
XRD measurements on the M sample is around 18 nm,
which is consistent with our conclusion that the crystallites
act as electron scattering centers and are therefore respon-
sible for the substantially increased H,,.

400
300 4
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(3] o
& 200 4
g I
o , 32 34 36 38 40
Not milled TIK
100 - o ——
ol e
0 50 100 150 200 250 300

Temperature [K]

FIG. 7. Resistivity vs temperature curves of the MgB, tapes (after removal
of the Fe sheath) prepared with NM and 144 h M powders. In the inset, the
superconducting transition is magnified, normalized at 40 K.
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FIG. 8. H, vs T diagram (i.e., 90% of normal state resistivities from the
resistive transitions in magnetic field) for the samples prepared with NM and
144 h M powders in both the perpendicular and parallel direction with
respect to the tape surface. The disappearance of the anisotropy after milling
is clear.

In this delicate balance between flux pinning, connectiv-
ity, and H_.,, we therefore think that the poor connectivity
plays a lesser role while the refined crystallite size seems to
be the most significant parameter responsible for enhancing
J.. at high magnetic fields, as reported by several authors.>>°

IV. CONCLUSIONS

In this work we studied the effect of ball milling of
undoped MgB, precursor powders on the connectivity H,,
and J, of ex situ PIT tapes. We optimized the milling time to
obtain the best in-field performance and reached the J,. value
of 10* A/cm? at 4.2 K and 10 T, an irreversibility field of
about 14 T at 4.2 K, and H,, of 9 T at 25 K, all high values
for not-doped MgB,. The powder milling process produces a
grain refinement; at the same time the calculated connectiv-
ity decreases from about 12% to 8% and the anisotropy of
both the critical current and the upper critical field disap-
pears. The increased density of grain boundaries increases
the pinning force and at the same time substantially increases
H_, since the crystallite size is comparable with the mean
free path.

The importance of such method of increasing the in-field
performances of magnesium diboride lies in the fact that the

16
3 - ®- NM 10% perp
— 14 + ] - @8- NM 10% para
= I - ®- M 10% perp
- 121 - ®- M 10% para
E 10 _: H NM H:(IV) perp
i [ a e u NML—| (IV) para
o g4 = N @ ® M H*(IV) perp
= | [ L Q @® NM H*(IV) para
g 6 T .'. ‘~ Q
g 4 F . 'l~:~:,‘
s L ‘mlmE
21 gl L
0 1 1 1 1 ; 1 1 1 1 i 1 1 1 1 ; 1 "L.._
0 10 30 40

20
Temperature [K]

FIG. 9. 10% of normal state resistivities from the resistive transitions in
magnetic field for the samples prepared with NM and 144 h M powders and
measured in both perpendicular and parallel direction. At 4.2 K an estimate
of the irreversibility field as the point at which the transport J,. is low enough
(500 A/cm?) is reported.

J. Appl. Phys. 104, 103908 (2008)

milling of commercial or homemade undoped MgB, pow-
ders is immediately scalable to industrial quantities for the
fabrication of long-length multifilamentary ex sifu tapes with
the same improved performances.
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