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High critical current density and improved irreversibility field in bulk MgB 5
made by a scaleable, nanoparticle addition route
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Bulk samples of MgB were prepared with 5, 10, and 15 wt % Q5 nanoparticles, added using a
simple solid-state reaction route. Transmission electron microscopy showed a fine nanostructure
consisting of ~3—5 nm YB, nanoparticles embedded within MgRyrains of ~400 nm size.
Compared to an undoped control sample, an improvement in the in-field critical current dinsity
was observed, most notably for 10% doping. At 4.2 K, the lower bodgdvalue was~2

X 10° Acm~2 at 2 T. At 20 K, the corresponding value wasx 10* Acm™2. Irreversibility fields

were 11.5 T at 4.2 Kand 5.5 T at 20 K. @002 American Institute of Physics.
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In slightly more than one year after the discovery ofwere steeper than the concomitant reductions in the critical
superconductivity in magnesium diboride, there is now atemperaturd ., suggesting it is viable to improve the acces-
wide body of evidence indicating that MgBloes not contain  sible field range without sacrificing other superconducting
intrinsic obstacles to current flow between grains, unlike theproperties too much.
high-temperature superconducting cuprates. Evidence for To explore more practical and scaleable routes to defect
strongly coupled grains has been found even in randomlyncorporation in bulk MgB, the present study explores
aligned, porous, and impure samplésuggesting that dense chemical and nanostructural changes via addition of nano-
forms of MgB, will be attractive in high-current applications particles. Coherently ordered g4B—O precipitates are
at 20-30 K and perhaps 4.2 K. So far, however, bulkknown to form in bulk MgB,*® thus suggesting MgO as an
samples have demonstrated modest values of the irreversibitbvious second phase addition. However, we chose to study
ity field uoH* (T) reaching about 4 T at 20 Kand 8 T at 4.2 Y,05; nanoparticle additions owing to the fact that nano-
K.3 For comparison, established low-temperature supercor¥,O; can be purchased cheaply and in large quantities.
ductors, e.g., NbT(10 T) and NBSn (20 T), have signifi-  Cimberleet al1* found thatl. increased by up to a factor of
cantly higher irreversibility fields at 4.2 K, while 3 for Li-, Al-, and Si-doped samples, althoughyH* (T)
Bi,Sr,CaCu;0;, (3 T) is becoming established at 20*K. remained unchanged at4 T for 20 K. Likewise, Feng and
MgB, tape results are somewhat more promising, withcoworkers®®claimed much highed. for Ti- and Zr-doped
uoH* values of above 5 at 20 K;® where partial orientation samples at low fields.
of crystallites parallel to the field is playing a role. Since the  In the present letter, we show that by the nanoparticle
irreversibility field is the practical limit to magnet applica- additionuH* is increased to 11.5 T at4.2 Kand 5.5 T at 20
tions, it is desirable to makgoH* values as high as pos- K, with an accompanying increase &f to ~10° A/lcm? at
sible. 20 K, 2 T. Akey finding is evidence for a regular distribution

A central question is how to further increase the irreversof YB, nanoprecipitates.
ibility field in addition to introducing crystallographic tex- Doped samples were prepared from amorphous boron
ture. Alloying additions, such as atomic substitution for Mg powder(99%, Fluka, 5, 10, or 15 wt % YO nanoparticles
or B or added interstitial atoms, increase electron scatteringl5—-30 nm particle size, 99.5%, Pi-Kgnand Mg powder
and decrease the coherence length, producing higher upp@9%, Riedel-de Hagnby mixing and pressing into 5 mm
critical and irreversibility fields:*® Adding nanometer-scale diameter by 2 mm thick pellets. Undoped Mgpellets were
defects can produce similar effects. For example, proton irsimilarly prepared to the control samples. Reactions were
radiation studies showed thai,H* increased significantly performed at 900°C in a reducing gas mixture of
from ~3.5 to ~6 T at 20 K with only moderate damage, Ar—2%H,. In order to counteract the effects of Mg loss, Mg
corresponding to atomic displacements of a few %, due tdoil was present in the reaction vessel during the reaction.
either vacancies or interstitialsMechanical processing also The heating and cooling rates used wer20 °C/min, and
produces structural defects, and similar increases in the irrehe dwell time at the peak temperature was 15 min.
versibility field have been reportéd:'? These increases The samples were clearly macroscopically porous when
viewed by light microscopy(not shown. The geometrical
3Author to whom correspondence should be addressed; electronic maifl€nsities for the different pellets were measured to be 50%
j.driscoll@ic.ac.uk +=5%.
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FIG. 1. X-ray diffraction of ,O3-doped MgB . (a) Diffractograms of un-
doped, 5, 10, and 15 wt %,0;-doped MgB, and(b) volume of MgB, cell
vs wt % Y203 .

Figure Xa) shows the results of x-ray diffractidixRD)
analyses for the series of doped samples compared to an

undoped sgmple. In addition to MngquI quanut.les of FIG. 2. TEM of 10 wt% Y,0,-doped MgB. (a) Micrograph showing
MgO and, in the doped samples, ¥Bare indicated; there nanoprecipitates of YBembedded in MgBgrains, andb) diffraction pat-
are no peaks corresponding to either pure Mg QY. tern along MgB [120] direction. YB, ring pattern is outlined.

Hence, in the doped samples, it can be concluded that the . -
Y,0, reacted WithpB to forfn YB. Since this decreased the patterns confirm the MgO structure. However, ,Yjirecipi-

amount of B available for reaction to MgB excess Mg tates are also present within the MgO regions. The maximum
either was transported away from the pellet or became oxi'—mrtlcIe sizes calculated fror_n XRD for_\QBand MgO were

: : . L ~10 and~150 nm, respectively, consistent with the TEM
dized. Indeed, an increase of the MgO peak intensities cor-

. . Y analyses.
relates with Increasing 20s fraction in Fig. 1a). The \.IOI' Critical temperaturd  values were obtained by measur-
ume of the MgB unit cell was calculated as a function of

Y,0; fraction, which is shown in Fig. (b). The UnitCell ing the magnetic moment versus temperammd) using a

rogram was used to refine the lattice parameters and calc\/i-brating sample magnetometévSM), shown in Fig. 3.
brog . . para ) gamples were zero-field cooled and then warmed from 10 K
late second phase particle sizes. There is possibly only a e L . ;
slight change in the unit cell volume with increased dobin ih an applied field of 5 mT. Similar transitions, with an onset

g 9 PING.ot 39 K and an endpoint at 38 K, are seen for the control,

This change might represent incorporation of oxygen into theand the 5% and 10% ,0, samples, but these values are

Eactltécse, or it could be due to strain from the added nanopar, 4 o by~1 K for the 15% sample.

Figure 2a) shows a transmission electron microscopy Figure 4 showslc(H) at 20 K for the series of doped
(TEM) diffraction contrast image of the 10%,%0; sample. MgB, samples, as well as the undoped sample, a fragment of

o S - a sample from a commercial source, the 10 at. % Zr-doped
t-we c?i;falrr] f]ltzle \?flthenggi P4r00i nirt'n tandw?tfg Irﬁ)lraatei: at sample of Fengetal!® and high-pressure synthesized
O dinerent [evels are seen. Frecipriates ) M SIZ€ - \1gB,. 17 The inset of Fig. 4 showd,(H) at 4.2 K for the 10
occur at the MgB grain boundariegregion 1, while inside WL % Y-0. doped sample. All samples were measured in a
the MgB, grain interior (region 2, evenly distributed, 3-5 273 P pie. P

nm precipitates are seen. A magnification of region 2 is ol )
shown in the inset of Fig.(2). Selected area diffraction pat- oo :g /me
terns taken from both regions were very similar. Figufie) 2 21| ~v-cantl ]
shows the diffraction pattern along the MgR.20] direction.
The circled spots are consistent with MgBnd the indexed
rings with YB,. Although all diffraction rings from MgO are
contained in the more complex YBattern, additional rings
were present for YB, which could not be due to MgO, and _—

therefore .Conflrm that most of the _pret_:lpltates are,YB FIG. 3. Normalized dc magnetic susceptibility vs temperature for doped and
Large regions of MgO were observed in different areas of th@ngoped pellet samples. The demagnetization factrsyere evaluated

sample and were found with 40—200 nm size. Diffractionusing the external sample dimensions.
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)llgo_,Zr'o_‘Bz engetal) * 1 _ o work, the critical temperature remains near 39 K, and there is
ol B %0, ; a weak increaséf any) in the unit cell volume. We believe,
- 5Wt% Y,0, therefore, that the nanoparticle additions neither alloyed the
”E o'l w";f;'(oha“eetal_% surroundin.g MgB, nor produced significant. disordler. The
s :’:gme"““f“esao % observed increase |710H* may bg due to increasing the_' .
N R " roa2k] O number of point scattering sites, since the observed precipi-
= :g:; 1 tates are 3—5 nm in size and uniformly distributed within the
whe ] . grains. | .
10 Bt bnd In summary, we have shown that incorporatingOg
0 1 > 3 p 5 6 nanoparticles together with Mg and B powders results in the
p,H (Tesla) formation of MgB, with a uniform dispersion of YBnano-

FIG. 4. J.(H) at 20 K for the series of YO,-doped MgB pellet samples, as precipitates. This nanqstructure V\_/a_s achieved using a r_eac-
well as an undoped pellet, a fragment of a sample from a commercial sourdéon at 900 °C for 15 min. The precipitates have 3—5 nm size,
(Alfa Aesai. For comparison, the 10 at. % Zr-doped sample of Fetngl.  with larger ~10 nm precipitates occurring at some grain
(Ref. 15 and high-pressure synthesized Mg@&ef. 19 are included. Inset 1, |nqaries. At 20 K, the critical current density deduced by
showsJ(H) at 4.2 K for the 10 wt % ¥O;-doped sample. L | > . .
magnetization is>10° A/lcm? in low fields, comparable to

_ that of high-pressure synthesized bulk. Significant increases
VSM and the Bean model was used to deduce the criticg, the jrreversibility field were also observed.
current density from the magnetization hysteréSigor our The work at Imperial College was supported by EPSRC

measurements, in fields f1 T the apparent plateau i3 is  ang work at Wisconsin by the U.S. Department of Energy
artificial, due to saturation of the magnetometer. Thereforegnd the National Science Foundation.
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